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Preface

Advanced healthcare materials are attracting strong interest in fundamen-
tal as well as applied medical science and technology. Advanced Healthcare 
Materials summarizes the current state of knowledge in the fi eld of 
Advanced Materials for functional therapeutics, point-of-care diagnostics, 
translational materials and up-and-coming bioengineering devices. In this 
book we have highlighted the key features which enable the design of stim-
uli-responsive smart nanoparticles, novel biomaterials, and nano/micro 
devices for either diagnosis or therapy, or both, called theranostics. Th e 
latest advancements in healthcare materials and medical technology are 
also presented. In narrative outline, this volume of the Advanced Materials 
series includes fourteen chapters divided into four main areas: “Functional 
Th erapeutics,” “Point-of-Care Diagnostics,” “Translational Materials” and 
“Up-and-Coming Bioengineering Devices.” 

Th e chapter “Stimuli-Responsive Smart Nanoparticles for Biomedical 
Application,” describes the synthesis and engineering of stimuli-responsive 
polymeric nanosystems and their use in sensors, logic operations, biomed-
icine, tissue engineering and regenerative medicine, synthetic muscles, 
“smart” optical or microelectromechanical systems, membranes, electronics 
and self-cleaning surfaces. Th e chapter entitled “Diagnosis and Treatment 
of Cancer – Where We Are and Where We Have to Go!” is an overview 
of new methods and technology such as functional nanoparticles-based 
drug delivery and diagnostics systems for overcoming obstacles in cancer 
diagnosis and treatment. Also, exploratory fundamental and cutting-edge 
accounts of advanced materials including nanoparticles, nanopolymers, 
metal-organic frameworks and zeolites in drug delivery and diagnostics are 
presented in the chapter, “Advanced Materials for Biomedical Application 
and Drug Delivery.” Another chapter, “Nanoparticles for Diagnosis and/
or Treatment of Alzheimer’s Disease,” focuses on the nanotheranostic 
approach to Alzheimer’s treatment. 

Th e chapters “Novel Biomaterials for Human Health: Hemocompatible 
Polymeric Micro- and Nanoparticles and Th eir Application in Biosensor” 
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and “Th e Contribution of Smart Materials and Advanced Clinical 
Diagnostic Micro-Devices on the Progress and Improvement of Human 
Health Care,” cover the application of advanced healthcare materials for 
point-of-care diagnostics. Th e notable advantages and limitations of trans-
lational biomaterials are described in the chapters “Hierarchical Modeling 
of Elastic Behavior of Human Dental Tissue Based on Synchrotron 
Diff raction Characterization,” “Biodegradable Porous Hydrogels,” and 
“Hydrogels: Properties, Preparation, Characterization and Biomedical 
Applications in Tissue Engineering, Drug Delivery and Wound Care.” 
Up-and-coming bioengineering devices are covered in the chapters 
entitled “Modifi ed Natural Zeolites – Functional Characterization  and 
Biomedical Application,” “Supramolecular Hydrogels Based on 
Cyclodextrin Poly(Pseudo)Rotaxane for New and Emerging Biomedical 
Applications,” “Polyhydroxyalkanoate-Based Biomaterials for Applications 
in Biomedical Engineering,” “Biomimetic Molecularly Imprinted Polymers 
as Smart Materials and Future Perspective in Health Care,” and “Th e Role 
of Immunoassays in Urine Drug Screening.”

Th is book has been written for a large readership including university 
students and researchers from diverse backgrounds such as chemistry, 
materials science, physics, pharmacy, medical science, and biomedical 
engineering. It can be used not only as a textbook for both undergraduate 
and graduate students, but also as a review and reference book for research-
ers in materials science, bioengineering, medical, pharmacy, biotechnology 
and nanotechnology. We hope the chapters of this book will provide read-
ers with valuable insight into the important area of advanced healthcare 
m aterials, especially the cutting-edge technology in functional therapeu-
tics, point-of-care diagnostics, translational materials and up-and-coming 
bioengineering devices. Th e interdisciplinary nature of the topics in this 
book will help young researchers and senior academicians. Th e main credit 
for this book goes to the contributors who have comprehensively written 
their updated chapters in the fi eld of Advanced Healthcare Materials.

Ashutosh Tiwari, PhD, DSc
Linköping, Sweden

March 6, 2014
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1.1 A Brief Overview of Nanotechnology

Nanotechnology has emerged in the last decades of the 20th century with 
the development of new enabling technologies for imaging, manipulating, 
and simulating matter at the atomic scale. Th e frontier of nanotechnology 
research and development encompasses a broad range of science and engi-
neering activities directed toward understanding and creating improved 
materials, devices and systems that exploit the properties of matter that 
emerge at the nanoscale. Th e results promise benefi ts that will shift  par-
adigms in biomedicine (e.g., imaging, diagnosis, treatment, and preven-
tion); energy (e.g., conversion and storage); electronics (e.g., computing 
and displays); manufacturing; environmental remediation; and many 
other categories of products and applications.

Amongst leading scientists, there is growing awareness about the tre-
mendous impact this fi eld will have on society and the economy. It is fore-
casted to become possibly even more important than, for example, the 
invention of the steam engine or the discovery of penicillin. 

Th e landmark lecture by eminent Nobel Laureate Richard Feynman in 
1959 entitled “Th ere’s plenty of room at the bottom,” brought life (to) the 
concept of nanotechnology, which has been infl uencing all the diff erent 
fi elds of research involving hard core science such as chemistry, physics, 
and other applied fi elds of science, such as electronics, materials science 
and biomedical science, agrochemicals, medicine and pharmaceutical sci-
ences etc. [1].

Nanotechnology and nanoscience are widely seen as having a great 
potential to bring benefi ts to many areas of research and applications. Th ey 
are attracting increasing investments from governments and private sector 
businesses in many parts of the world. Concurrently, the application of 
nanoscience is raising new challenges in the safety, regulatory, and ethical 
domains that will require extensive debates on all levels. 

Th e prefi x nano is derived from the Greek word dwarf. One nanometer 
(nm) is equal to one-billionth of a meter, that is, 10−9 m. Th e term “nano-
technology” was fi rst used in 1974, when Norio Taniguchi, a scientist at the 
University of Tokyo, Japan, referred to materials in nanometers.

At the nanometer scale, the physical, chemical and biological proper-
ties of nanomaterials are fundamentally diff erent from those of individual 
atoms, molecules, and bulk materials. Th ey diff er signifi cantly from other 
materials due to two major principal factors: the increased surface area 
and quantum eff ects. A larger surface area usually results in more reactive 
chemical properties and also aff ects the mechanical or electrical properties 
of the materials. At the nanoscale, quantum eff ects dominate the behaviors 
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of a material, aff ecting its optical, electrical and magnetic properties. By 
exploiting these novel properties, the main purpose of research and devel-
opment in nanotechnology is to understand and create materials, devices 
and systems with improved characteristics and performances [2].

1.2 Nanoparticulate Delivery Systems

Th e nanoparticulate system comprises of particles or droplets in the sub-
micron range, i.e., below 1μm, in an aqueous suspension or emulsion, 
respectively. Th is small size of the inner phase gives such a system unique 
properties in terms of appearance and application. Th e particles are too 
small for sedimentation; they are held in suspension by the Brownian 
motion of the water molecules. Th ey have a large overall surface area and 
their dispersions provide a high solid content at low viscosity.

Historically, the fi rst nanoparticles proposed as carriers for therapeu-
tic applications were made of gelatin and cross-linked albumin [3]. Use 
of proteins may stimulate the immune system, and to limit the toxicity 
of the cross-linking agents, nanoparticles made from synthetic polymers 
were developed. At fi rst, the nanoparticles were made by emulsion polym-
erization of acrylamide and by dispersion polymerization of methylmeth-
acrylate [4]. Th ese nanoparticles were proposed as adjuvants for vaccines. 
Couvreur et al. [5] proposed to make nanoparticles by polymerization of 
monomers from the family of alkylcyanoacrylates already used in vivo as 
surgical glue. During the same period of time, Gurny et al. [6] proposed 
a method for nanoparticle synthesis from another biodegradable polymer 
consisting of poly(lactic acid) used as surgical sutures in humans. Based 
on these initial investigations, several groups improved and modifi ed the 
original processes mainly by reducing the amount of surfactant and organic 
solvents. A breakthrough in the development of nanoparticles occurred in 
1986 with the development of methods allowing the preparation of nano-
capsules corresponding to particles displaying a core-shell structure with a 
liquid core surrounded by a polymer shell [7]. Th e nanoprecipitation tech-
nique was proposed as well as the fi rst method of interfacial polymeriza-
tion in inverse microemulsion [8]. In the succeeding years, the methods 
based on salting-out [9], emulsion–diff usion [10], and double emulsion 
[11] were described. Finally, during the last decade, new approaches were 
considered to develop nanoparticles made from natural origin such as 
polysaccharides [12]. Th ese nanoparticles were developed for peptides 
and nucleic acid delivery. A further development was surface modifi ca-
tion of nanoparticles to produce long circulating particles able to avoid the 



6 Advanced Healthcare Materials

capture by the macrophages of the mononuclear phagocyte system aft er 
intravenous administration [13].

1.3 Delivery Systems

Th e specifi c delivery of active principles to the target site, organ, tissue, 
or unhealthy cells by carriers is one of the major challenges in bioactive 
delivery research. Many of the bioactive compounds have physicochemical 
characteristics that are not favorable to transit through the biological barri-
ers that separate the administration site from the site of action. Some of the 
active compounds run up against enzymatic barriers, which lead to their 
degradation and fast metabolization. Th erapeutically, distribution of such 
active molecules to the diseased target zones can therefore be diffi  cult. 
Moreover, the accumulation of drugs in healthy tissues can cause unac-
ceptable toxic eff ects, leading to the abandonment of treatment despite its 
eff ectiveness [14].

In order to overcome the above challenges an ideal delivery system must 
possesses basically two elements: the ability to transport loaded payload 
to the target site and control its release. Th e targeting will ensure high 
effi  ciency of loaded payload at the site of core interest and reduces any 
unwanted biological eff ects. Various delivery devices have been devel-
oped and an overview of each type of nanocarrier is given in the following 
section. 

According to the process used for the preparation of nanoparticles, 
nanospheres or nanocapsules can be obtained. Nanospheres are homoge-
neous matrix systems in which the drug is dispersed throughout the par-
ticles. Nanocapsules are vesicular systems in which the drug is confi ned to 
a cavity surrounded by a polymeric membrane [15].

1.3.1 Hydrogels

Hydrogels are three-dimensional networks composed of hydrophilic poly-
mer chains. Th ey have the ability to swell in water without dissolving. Th e 
type of cross-linking between the polymer chains can be chemical (cova-
lent bonds) or physical (hydrogen bonds or hydrophobic interactions). 
Th e high water content in these materials makes them highly biocom-
patible. Th ere are natural hydrogels such as DNA, proteins, or synthetic, 
e.g., poly(2-hydroxyethyl methacrylate), poly(N-isopropylacrylamide) or 
a biohybrid [16]. Th e release mechanism can be induced by temperature 
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or pH. Temperature-controlled release is due to the competition between 
hydrogen bonding and hydrophobic interactions. At lower temperatures, 
the hydrogen bonding between polar groups of the polymer is predomi-
nant, causing the polymer to swell in water. At higher temperatures, the 
hydrophobic interactions take over, leading to its shrinkage [17]. Glucose-
sensitive hydrogels can release insulin in a controlled fashion in response 
to the demand [18].

1.3.2 Dendrimers

Dendrimers are highly branched cascade molecules that emanate from a 
central core through a stepwise repetitive reaction sequence. Such a mol-
ecule consists of three topologically diff erent regions: a small initiator core 
of low density and multiple branching units, the density of which increases 
with increasing distance from core, thus eventually leading to a rather 
densely packed shell. Finally, outer terminal units for shielding actually 
amount to an encapsulation that can create a distinct microenvironment 
around the core moiety and hence aff ect its properties [19].

Dendrimers can be synthesized in multiple ways. A dendrimer can 
be synthesized originating form core by repetition of a sequence of 
reactions, which allows fast growth of the dendrimer in both size and 
in number of terminal groups [20]. Another method is the convergent 
method, in which the core is incorporated in the fi nal step of elaboration 
of the dendrimer [21].

Owing to their large number of surface groups, dendrimers have the 
ability to create multivalent interactions [22]. Dendritic structures may 
also be engineered to encapsulate certain hydrophobic drugs like indo-
methacin [23].

Th e dendrimeric surface can be tuned for functional groups to induce 
an electrostatic-type interaction with active molecules. For example, nega-
tively charged DNA chains can be complexed to positively charged den-
drimers. Several research groups have demonstrated that dendrimer/DNA 
complexes, which are very compact, easily penetrate cells by endocytosis 
and therefore improve transfection [24]. In some cases, the bulkiness of the 
dendrimer and the density of its structure make the cleavage of the water-
soluble and biodegradable bonds of the peripheral layer quite diffi  cult [25]. 
Delivery of active principles is therefore not so straightforward. In other 
cases, the encapsulated molecules are not well trapped and may be released 
prematurely [23]. Nevertheless, the functional groups of dendrimers can 
be easily tuned and therefore make versatile drug vectors.
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1.3.3 Liposomes

Liposomes are vesicles formed by the auto-association of one or several 
phospholipid bilayers that enclose an aqueous compartment. Th ey have 
attracted the attention of a number of research groups in various fi elds, 
such as physical chemistry, biophysics, and pharmaceutics because of their 
structure, which is comparable to the phospholipid membranes of living 
cells [26]. Th e innocuous nature of phospholipidic components in lipo-
some make them suitable reservoir systems that rapidly became the ideal 
candidates for drug vectorization in biological media. Liposomes are able 
to transport both hydrophobic substances anchored into the bilayer, and 
hydrophilic substances encapsulated in their cavity.

Temperature-sensitive liposomes have also been elaborated using lipids 
such as 1,2-dipalmitoyl-sn-glycero-3-phosphocholine, which has a phase-
transition temperature between 41 and 43 °C. Th ese liposomes could be used 
in association with hyperthermia treatments, for example, in the delivery of 
drugs into solid tumors [27]. Ligands can be anchored onto the liposome 
surface to deliver encapsulated drugs for specifi c action sites. Th ese ligands 
can be antibodies, which bind to specifi c cell receptors, or less- specifi c 
ligands, such as folate or selectin [28]. Attachment of PEG to liposomes can 
also protect them from detection by monocytes and macrophages [29] in 
the liver and spleen, which allows a prolonged circulation time within the 
bloodstream. Th e liposomes utilized in doxil, which is marketed as a che-
motherapy drug, are formulated with surface-bound methoxypolyethylene 
glycol (MPEG). Liposomes are thus versatile reservoir systems. Th e more 
they develop, the more sophisticated their compositions become, allowing 
very specifi c targeting and completely controlled drug delivery. However, 
these rather complex systems have to be systematically tuned according to 
the drug to be encapsulated and the desired application.

Th e physical and chemical stability of liposomes also limits their use 
in vectorization. Chemically, their poor stability can be attributed to lipid 
ester bond hydrolysis, and physically, the aggregation or the fusion of sev-
eral liposomes can lead to the formation of large-sized objects that are 
therefore no longer usable in vectorization. Moreover, these objects may 
be subject to leakage, releasing the encapsulated drugs before they reach 
their site of action. Th eir preparation procedure also requires the use of an 
organic solvent, which can leave toxic residual traces.

1.3.4 Niosomes

Niosomes [14] are made of nonionic surfactants that are organized 
into spherical bilayers enclosing an aqueous compartment, and have an 
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identical structure to liposomes and polymersomes. Several preparation 
methods [30] for niosomes have been described in the literature. In most 
cases, niosome formation requires the addition of molecules such as cho-
lesterol to stabilize the bilayer and molecules that prevent the formation of 
niosome aggregates by steric or electrostatic repulsion.

In an analogous fashion to liposomes, niosomes are able to vectorize 
hydrophobic drugs enclosed in their bilayer and hydrophilic substances 
encapsulated in their aqueous cavity. Unlike phospholipidic liposomes, 
niosomes, which are made of surfactants, are not sensitive to hydrolysis or 
oxidation. Th is is an advantage for their use in biological media. Moreover, 
surfactants are cheaper and easier to store than phospholipids. A further 
advantage of niosomes relative to liposomes lies in their formulation, as 
these vectors can be elaborated from a wide variety of surfactants, the 
hydrophilic heads of which can be chosen according to the application 
and the desired site of action [30]. Notably, surfactant niosomes have been 
obtained with glycerol [31], ethylene oxide [32], crown ethers [33], and 
polyhydroxylated [34] or sugar-based [35] polar headgroups.

Th e encapsulation of active substances in niosomes can reduce their tox-
icity, increase their absorption through cell membranes, and allow them to 
target organs or specifi c tissues. Recently, antibody surface-functionalized 
niosomes [36] were developed in a similar way to virosomes.

Niosomes have been developed to reach the same specifi c drug delivery 
objectives as liposomes, thus overcoming the drawbacks of phospholipid 
use. However, niosome membranes are permeable to low-molecular-
weight molecules, and a leakage of drugs encapsulated in the aqueous cav-
ity of niosomes over time has been observed.

1.3.5 Polymersomes

Polymersomes are tank-like systems [37] consisting of a liquid central core 
enclosed in a thin polymer wall not more than a few nanometres thick 
[16b]. Th e polymersome membrane is formed from a block copolymer that 
is organized in a bilayer, in a similar fashion to those of the liposomes. Th ese 
polymersomes have an aqueous internal cavity. Polymersomes exhibit ver-
satile transport properties, as hydrophobic drugs can be enclosed in the 
membrane of the carrier, whereas hydrophilic drugs are encapsulated in 
their aqueous cavity.

Polymersome systems have been used for delivery of anticancer 
drugs, such as paclitaxel (hydrophobic) and doxorubicin (hydrophilic). 
Doxorubicin was encapsulated in the internal cavity of the polymersome, 
whereas paclitaxel was incorporated into the polymer bilayer during poly-
mer fi lm formation to maximize the anticancer drug effi  ciency with a 
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cocktail of active substances [38]. Polymersomes were obtained by mix-
ing two block copolymers, namely biodegradable PLA–PEG and inert 
poly(ethylene glycol)–poly(butadiene) (PEG–PBD). Hydrolysis of PLA–
PEG then forms pores in the membrane, which allows the delivery of both 
drugs to be controlled. Twice as much apoptosis was induced in the tumors 
by the polymersome–drug cocktail aft er two days than by the two drugs 
taken separately. 

Despite their effi  ciency, the major drawback of polymersomes is their 
instability, leading to leakage of the encapsulated drugs. Moreover, passive 
encapsulation used in the case of polymersomes requires a high amount 
of active substances, as the encapsulated concentration is identical to the 
concentration of the aqueous solution used to rehydrate the polymer fi lm.

1.3.6 Solid Lipid Nanoparticle (SLN)

Nanoparticles [39] composed of lipids, which are solid at room and physi-
ologic temperatures, are referred to as SLNs. Th ese are typically composed 
of stabilizing surfactants, triglycerides, glyceride mixtures, and waxes. Th ey 
are usually prepared by various procedures like high-pressure homogeni-
zation, microemulsion, and nanoprecipitation. Generally, lipids such as 
triglycerides are well tolerated by the organism. Moreover, the production 
of these nanoparticles is much simpler than that of the nanospheres and 
can be transposed to the industrial scale at lower cost.

Th e active substance required for the desired application is dissolved 
or dispersed into the melted lipid phase, and then one of the methods 
for SLN preparation is applied to obtain the drug-containing nanocar-
riers. Following fast cooling of the glycerides, an α-crystalline structure 
[40] is obtained that is unstable and not well ordered. Active molecules 
then preferentially gather in the amorphous areas of the matrix. However, 
the α-crystalline structure adopted by the lipids alters during standing to 
a β-crystalline structure [41], which is more stable and better ordered. 
During this rearrangement, the increase in the ordering of the lipid phase 
leads to an expulsion of the active substances into the amorphous regions 
[42]. Control of the lipid matrix transformation from the α form to the 
β form (for example, by temperature control) should therefore allow an 
on-command [39] release of the drug. However, to date, these SLN with 
controlled crystalline transformation have not been fully mastered.

As the drug loading capacity of the particles relies essentially on the 
structure and the polymorphism of the lipid forming the nanoparticles, 
some new types of lipid particles exhibiting amorphous zones have been 
developed [43]. Th ese lipid particles, which are partially crystalline, can be 
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composed of a mixture of glycerides with diff erent fatty acids possessing 
various chain lengths and degrees of unsaturation, leading to an imperfect 
material, and therefore off ering a better drug-loading rate. A second type 
of lipid particle, called multiple lipid particles, is obtained by mixing liq-
uid lipids with solid lipids when preparing the nanoparticles. Th e active 
substances become localized in the oily compartments contained in the 
solid lipid particles. Finally, an amorphous system can be obtained with a 
particular mixture of lipids. Th e incorporation of active molecules into this 
kind of solid nanoparticles is one of the most effi  cient.

Th e use of these solid nanoparticles in drug vectorization is now under 
development, as both in vitro and in vivo studies have proved that these 
carriers are well tolerated. However, the polymorphism of these lipid 
matrixes and possible crystal rearrangements has to be controlled to 
avoid stability problems in these structures (gelifi cation problems) [44]. 
Moreover, the release of the active molecules incorporated into these solid 
nanoparticles is not always well controlled, which limits their applications 
in vectorization.

1.3.7 Micro- and Nanoemulsions 

Emulsions are heterogenous dispersions of two immiscible liquids such as 
oil in water (O/W) or water in oil (W/O). Without surfactant molecules, 
they are susceptible for rapid degradation by coalescence or fl occulation 
leading to phase separation [45]. Th e use of micro- and nanoemulsions are 
becoming increasingly common in drug delivery systems. Microemulsion 
is used to denote a thermodynamically stable, fl uid, transparent (or trans-
lucent) dispersion of oil and water, stabilized by an interfacial fi lm of 
amphiphilic molecules [46]. Th e striking diff erence between a conven-
tional emulsion (1–10 μm) and the microemulsion (200 nm–1 μm) is that 
the latter does not need any mechanical input for its formation as it is ther-
modynamically more stable. On the other hand, nanoemulsions (20–200 
nm) are at best kinetically more stable.

Nanoemulsions are of great interest as pharmaceutical, cosmetic, etc., 
formulations [47]. Nanoemulsions are used as drug delivery systems for 
administration through various systemic routes. Parenteral administration 
[48] of nanoemulsions is employed for a variety of purposes, controlled 
drug delivery of vaccines or as gene carriers [49]. Th e benefi t of nano-
emulsions in the oral [50], ocular [49a, 51] administration of drugs has 
been also reported. Cationic nanoemulsions have been evaluated as DNA 
vaccine carriers to be administrated by the pulmonary route [52]. Th ey 
are also interesting candidates for the delivery of drugs or DNA plasmids 
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through the skin aft er topical administration [53]. Th e drawback in emul-
sion systems is the use of high concentration of surfactant, which leads to 
toxicity and embolism.

1.3.8 Micelles

Micelles are aggregates of amphiphilic molecules in which the polar head-
groups are in contact with water and the hydrophobic moieties are gathered 
in the core to minimize their contact with water. Th e main driving force 
in the auto-association process of these surfactants is their hydrophobic-
ity. Th e micelles form above a certain concentration, known as the critical 
micelle concentration (CMC). Th e mean size of these objects usually varies 
from 1 nm to 100 nm. Th e micellar systems are dynamic in nature, as the 
surfactants can exchange freely and rapidly between the micellar structure 
and the aqueous solution.

In addition to surfactants, block copolymers (having both a hydrophilic 
and a hydrophobic part) or triblock copolymers (with one hydrophobic and 
two hydrophilic parts or one hydrophilic and two hydrophobic parts) can 
also self-assemble to form polymeric micelles. Th ese polymeric micelles 
have a mean diameter of 20 to 50 nm and are practically monodisperse. 
Polymeric micelles are generally more stable than surfactant micelles, and 
form at markedly lower CMCs. Th ese objects are also much less dynamic 
than those formed from surfactants.

Polymeric micelles are more frequently used in vectorization than sur-
factant micelles. Th e slow degradation kinetics of polymeric micelles has 
contributed to their success in vectorization applications, usually for anti-
cancer hydrophobic drug delivery (such as paclitaxel) to tumors.

Polymeric micelles also have the advantage of being able to deliver 
an active principle to its specifi c site of action if the polymer structure is 
tuned to make them sensitive to the medium in which they are found. An 
example is the development of pH-sensitive copolymers by inclusion of 
amine [54] or acid functional groups [55] into the copolymer skeleton, 
which changes the solubility of the polymer and therefore the stability of 
the vectors according to the pH. Th e active principles can then be delivered 
by micelle destabilization at a site of action possessing a specifi c pH.

Th e major drawback of micellar vectors, and in particular surfactant 
vectors, is their tendency to break up upon dilution. Th is is not the case 
for polymeric micelles, but their synthesis can sometimes prove diffi  cult 
for use in biological applications, which have specifi c requirements, such 
as nontoxicity, biocompatibility, degradability, and accurate molecular 
weight.



Stimuli-Responsive Smart Nanoparticles 13

1.3.9 Carbon Nanomaterials

Carbon nanomaterials for drug delivery applications mainly include fuller-
enes and carbon nanotubes (single and multiwalled). Considerable amount 
of work has been done to utilize them as nanocarriers for drug delivery 
[56]. Th e inert surface of these materials has posed challenges in terms 
of surface modifi cations to make them water soluble, biocompatible, and 
fl uorescent. But despite all these, a number of recent reports establish that 
carbon nanotubes are toxic [57]. More recently glucose-derived function-
alized carbon spheres [58] seem to present hopes as effi  cient nanocarri-
ers. Th ey have been shown to be nuclear targeting and nontoxic. But more 
detailed studies on their mechanism of entry and other possible applica-
tions are awaited.

1.4 Polymers for Nanoparticle Synthesis

Th e polymers that can degrade into biologically compatible components 
[59] under physiologic conditions present a far more attractive alterna-
tive for the preparation of delivery systems. Degradation may take place 
by a variety of mechanisms, although it generally relies on either erosion 
or chemical changes to the polymer. Degradation by erosion normally 
takes place in devices that are prepared from soluble polymers. In such 
instances, the device erodes as water is absorbed into the system causing 
the polymer chains to hydrate, swell, disentangle, and, ultimately, dissolve 
away from the dosage form. Alternatively, degradation could result from 
chemical changes to the polymer including, for example, cleavage of cova-
lent bonds or ionization/protonation either along the polymer backbone or 
on pendant side-chains. As a necessity due to this process, biodegradable 
polymers and their degradation products must be biologically compatible 
and non-toxic. Consequently, the monomers typically used in the prepara-
tion of biodegradable polymers are oft en molecules that are endogenous to 
biological systems. Few biocompatible and biodegradable polymers used 
for nanoparticle synthesis for delivery purposes are discussed below.

1.4.1 Polyesters

A variety of hydrolytically labile polyesters have been evaluated in delivery 
applications [60]. Among these, however, poly(glycolide), poly(lactide), 
and various copolymers of poly(lactide-co-glycolide) are the ubiquitous 
choice because of their proven safety and lack of toxicity, their wide range 
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of physicochemical properties, and their fl exibility to be processed into 
a variety of physical dosage forms. Th ese polymers remain popular for a 
variety of reasons including the fact that both of these materials have prop-
erties that allow hydrolytic degradation. Once degraded, natural pathways 
remove the degradation products, namely, the monomeric components of 
each polymer, glycolic acid that can be converted to other metabolites or 
eliminated by other mechanisms, and lactic acid that can be eliminated 
through the tricarboxylic acid (TCA) cycle [61].

Homopolymers of poly(D-lactide) and poly(L-lactide) tend to be semi-
crystalline. As a result, water transport into these polymers is slow. Because 
of the slow uptake of water and the structural integrity introduced by crys-
tallites, degradation rates of these polymers tend to be relatively slow (i.e., 
18–24 months). In contrast, poly(D,L-lactide) (PLA) is amorphous and is 
observed to degrade somewhat faster (i.e., 12–16 months). Adding increas-
ing proportions of glycolide into PLA lowers Tg and generally increases 
polymer hydrophilicity. In contrast, poly(L-lactide-co-glycolide) (PLGA) 
is amorphous when the glycolide content is 25–70 mole%. Th e most rapid 
degradation rate (i.e., 2 months) is observed in PLGA copolymers contain-
ing 50% glycolide. Poly(glycolide), (PGA) despite being semi-crystalline, 
is found to degrade relatively fast (i.e., 2–4 months) even compared to 
the amorphous PLA. Th is is attributed to the much greater hydrophilicity 
of the glycolide over the lactide. Actual degradation times, though, will 
depend on environmental conditions, polymer molecular weight, system 
geometry and morphology, and processing conditions [59].

PLGA-loaded nanoparticles have been developed for oral delivery of 
active molecule such as ellagic acid [62], streptomycin [63], estradiol [64] 
and cyclosporine [65]. PLGA nanoparticles showed an initial burst release 
and then sustained release phase for adriamycin [66], an anticancer drug. 
Th e cisplatin-loaded PLGA-mPEG nanoparticles appeared to be eff ective 
in delaying tumor growth in HT 29 tumor-bearing SCID mice. Th e group 
of mice treated with intravenous injection of cisplatin-loaded nanoparti-
cles [67] exhibited a higher survival rate compared with the free cisplatin 
group. PLGA microspheres with an incorporated antigen [68] represent 
a good antigen delivery system for both cellular and humoral responses.

1.4.2 Poly-ε-caprolactone

Poly-ε-caprolactone (PCL) is derived by the ring opening polymeriza-
tion of ε-caprolactone [59]. PCL is a biodegradable, biocompatible [69] 
and semicrystalline polymer having a melting point in the range of 
59–64°C and very low glass transition temperature (Tg) of –60°C. PCL 
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was developed as synthetic plastic material to be used in biodegradable 
packaging designed to reduce environmental pollution, like container for 
aerial planting of conifer seedlings [59]. Slow degradation of PCL has led 
it to the application in the preparation of diff erent delivery systems in the 
form of microspheres, nanospheres and implants [69].

PLA degrade in two phases. In the fi rst phase, a random hydrolytic 
chain scission occurs, which results in a reduction of the polymer molec-
ular weight. In the second phase, the low molecular fragments and the 
small polymer particles are carried away from the site of implantation by 
solubilization in the body fl uids or by phagocytosis [70], which results in 
a weight loss. Complete degradation and elimination of PCL homopoly-
mers may last for 2 to 4 years. Th e degradation rate of PCL is still slower 
than other biodegradable polymers, thus making it suitable for long-term 
biological implantable systems. U.S. FDA approved Levonorgestrel con-
taining an implantable contraceptive [71], Capronor®, has been fabricated 
by PCL matrix.

Indomethacin loaded submicron system of PCL developed by Calvo 
et  al. [72] showed 300% ocular bioavailability in comparison to com-
mercial solution. PCL has been used to develop other anti-infl ammatory 
agents like fl ubiprofen [73] and diclofenac [74] containing nanospheres. 
Isradipine [75], a antihypertensive agent, was encapsulated by PCL as 
delivery system for oral administration, to reduce the initial hypotensive 
peak and to prolong the antihypertensive eff ect of the drug.

1.4.3 Poly(alkyl cyanoacrylates)

Poly(alkyl cyanoacrylates) (PACA) are synthesized from cyanoacrylates. 
Th ey have excellent adhesive properties as a result of the strong bonds 
that can form with polar substrates including living tissues and skin [76]. 
Th ey are widely used as surgical adhesives [77]. Alkylcyanoacrylates [78], 
commonly known as Superglue® (Super Glue Corporation, USA/Henkel 
Loctite, Germany), have been used as suture materials for more than four 
decades.

PACA are used in several biomedical applications and more recently 
with increasing interest in the fi eld of nanotechnology [79] for targeting of 
bioactives, including low molecular weight drugs, peptides, proteins, and 
nucleic acids. As polymerized nanoparticles they were introduced to the 
area of drug delivery by Couvreur et al. in the 1970s [78]. Th e extensive 
interest in PACA nanoparticles as drug carriers is due to the biocompat-
ibility and biodegradability of the polymer, the ease of preparation of the 
particles, and their ability to entrap bioactives, including subunit antigens. 
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In 2006 BioAlliancePharma [80] announced clinical phase II/III trials 
for Transdrug®, doxorubicin (DOX)-loaded poly(isohexyl cyanoacrylate) 
(PiHCA) nanoparticles suitable for intra-arterial, intravenous (IV), or oral 
administration. However, because of acute pulmonary damage, phase II 
trials of Transdrug® were suspended in July 2008.

Th e major in vivo degradation mechanisms consist of the hydrolysis of 
the ester bond of the alkyl side chain of the polymer. Degradation products 
consist of an alkylalcohol and poly(cyanoacrylic acid), which are soluble 
in water and can be eliminated in vivo via kidney fi ltration. Th is degrada-
tion has been shown to be catalyzed by esterases from serum, lysosomes 
and pancreatic juice. Th e degradation rate of PACA nanoparticles [79], and 
therefore the drug release, depends on the alkyl side chain length, and an 
increase in length leads to a decrease in the degradation rate.

PACA nanoparticles have been used for oral peptide delivery of insu-
lin [81] and calcitonin [82]. Pilocarpine-loaded PACA nanoparticles [83] 
administered in a Pluronic® gel were more promising and signifi cantly 
increased the bioavailability of the drug. Polysorbate 80-coated PACA 
nanoparticles were shown to enable the transport of anti-tumor antibiotic 
doxorubicin [84] across the blood–brain barrier (BBB) to the brain aft er 
intravenous administration and to considerably reduce the growth of brain 
tumors in rats.

1.4.4 Polyethylene Glycol

Polyethylene oxide (PEO) and polyethylene glycol (PEG) are essentially 
identical polymers. PEO has the repeat structural unit –CH2CH2O– and 
PEG has general structure of HO-(CH2CH2O)n-CH2CH2-OH, possesses 
[85] a similar repeating unit of PEO, and has hydroxyl groups at each end 
of the molecule. PEO and PEG are highly biocompatible [61].

PEG and PEO employed modifi cation has emerged as a common strat-
egy to ensure such stealthshielding and long-circulation of therapeutics or 
delivery devices. PEG-modifi cation is oft en referred to as PEGylation [85], 
a term that implies the covalent binding or non-covalent entrapment or 
adsorption of PEG onto an object. PEG coating of nanospheres provides 
protection against interaction with the blood components, which induces 
removal of the foreign particles from the blood [86]. PEG-coated nano-
spheres may function as circulation depots of the administered drugs [87].

Th e terminal hydroxyl groups of PEG can be activated for conjugation 
to diff erent types of polymers and drugs. Amphiphilic block co-polymers, 
such as poloxamers (commercially available as Pluronics) and polox-
amines (Tetronics), consisting of blocks of hydrophilic PEG (or PEO) and 
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hydrophobic poly(propylene oxide) (PPO) are additional forms of PEG 
derivatives, oft en employed for modifi cation by surface adsorption or 
entrapment [85].

PEG has little limitation in its biological use as these are usually excreted 
in urine or feces but at high molecular weights they can accumulate in 
the liver, leading tomacromolecular syndrome. Apart from limitations, still 
U.S. FDA [88] has approved some of PEG conjugates for marketing namely, 
PEG–asparaginase (Oncaspar®) for acute lymphoblastic leukemia, PEG–
adenosine deaminase (Adagen®) for severe combined immunodefi ciency 
disease, PEG–interferon α2a (Pegasys®) for Hepatitis C, PEG–G-CSF (peg-
fi lgrastim, Neulasta®) for treating of neutropenia during chemotherapy 
and PEG–growth hormone receptor antagonist (Pegvisomant, Somavert®) 
for curing Acromegaly.

Peracchia et al. [89] showed the polymeric nanoparticle coated with 
PEG can reduce either protein adsorption and complement consumption 
as a function of the PEG density. Th e eff ect of PEO surface density on long-
circulating PLA-PEO nanoparticles synthesized by Vittaz et al. [90] has 
shown some advantages in preventing opsonization and thereby avoiding 
the mononuclear phagocytes system (MPS) uptake. Jaeghere et al. [91] 
studied the freeze-dried PEO-surface modifi ed NPs as a function of PEO 
chain length and surface density to avoid the MPS uptake.

1.5 Synthesis of Nanovehicles

Th e approaches for synthesis of nanomaterials are commonly categorized 
into top-down approach, bottom-up approach, and hybrid approach.

1.5.1 Top-Down Approach

Th is approach starts with a block of material and reduces the starting mate-
rial down to the desired shape in nanoscale by controlled etching, elimina-
tion, and layering of the material. For example, a nanowire fabricated by 
lithography impurities and structural defects on the surface. One problem 
with the top-down approach is the imperfections of the surface structure, 
which may signifi cantly aff ect the physical properties and surface chemis-
try of the nanomaterials. Further, some uncontrollable defects may also be 
introduced even during the etching steps. Regardless of the surface imper-
fections and other defects, the top-down approach [92] is still important 
for synthesizing nanomaterials usually contains. Th is technique employs 
two very common high-energy shear force methods [59] viz., milling and 
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high-pressure homogenization. Milling yields nanoparticle in dry state 
and high-pressure homogenization of suspension form. 

1.5.2 Bottom-Up Approach

In a bottom-up approach, materials are fabricated by effi  ciently and eff ec-
tively controlling the arrangement of atoms, molecules, macromolecules 
or supramolecules. Th e synthesis of large polymer molecules is a typical 
example of the bottom-up approach, where individual building blocks, 
monomers, are assembled into a large molecule or polymerized into bulk 
material. Th e main challenge for the bottom-up approach is how to fabri-
cate structures that are of suffi  cient size and amount to be used as materi-
als in practical applications. Nevertheless, the nanostructures fabricated in 
the bottom-up approach usually have fewer defects, a more homogeneous 
chemical composition and better short and long range ordering [92]. In 
bottom-up approach precipitation, crystallization and single droplet evap-
oration processes [93] are used produce nanoparticles. Few techniques 
used for fabrication of nanoparticles for bottom-up approach are detailed 
in further sections of the same chapter.

1.5.3 Hybrid Approach

Th ough both the top-down and bottom-up approaches play important 
roles in the synthesis of nanomaterials, some technical problems exist with 
these two approaches. It is found that, in many cases, combining top-down 
and bottom-up method into an unifi ed approach that transcends the limi-
tations of both is the optimal solution [92]. A thin fi lm device, such as a 
magnetic sensor, is usually developed in a hybrid approach, since the thin 
fi lm is grown in a bottom-up approach, whereas it is etched into the sens-
ing circuit in a top-down approach.

1.6 Dispersion of Preformed Polymers

1.6.1 Emulsifi cation-Solvent Evaporation

A hydrophobic polymer organic solution is dispersed into nanodrop-
lets, using a dispersing agent and high-energy homogenization [94], in a 
non-solvent or suspension medium such as chloroform, dichloromethane 
(ICH, class 2) or ethyl acetate (ICH, class 3) [95]. Th e polymer precipi-
tates in the form of nanospheres in which the drug is fi nely dispersed in 
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the polymer matrix network. Th e solvent is subsequently evaporated by 
increasing the temperature under pressure or by continuous stirring. Th e 
size can be controlled by adjusting the stir rate, type and amount of dis-
persing agent, viscosity of organic and aqueous phases, and temperature 
[96]. In the conventional methods, two main strategies are being used for 
the formation of emulsions: the preparation of single-emulsions, e.g., oil-
in-water (o/w) or double-emulsions, e.g., (water-in-oil)-in-water, (w/o)/w 
[97]. Even though diff erent types of emulsions may be used, oil/water 
emulsions are of interest because they use water as the nonsolvent; this 
simplifi es and thus improves process economics, because it eliminates the 
need for recycling, facilitating the washing step and minimizing agglomer-
ation. However, this method can only be applied to liposoluble drugs, and 
limitations are imposed by the scale-up of the high energy requirements 
in homogenization. Frequently used polymers are PLA [98], PLGA [99], 
PCL [100], and poly(h-hydroxybutyrate) [101]. Few drugs encapsulated 
were texanus toxoid [102], loperamide [98] and cyclosporin A [103] by 
this technique.

1.6.2 Solvent-Displacement, -Diff usion, or Nanoprecipitation

A solution of polymer, drug and lipophilic stabilizer (surfactant) in a 
semi-polar solvent miscible with water is injected into an aqueous solu-
tion (being a non-solvent or anti-solvent for drug and polymer) contain-
ing another stabilizer under moderate stirring. Nanoparticles are formed 
instantaneously by rapid solvent diff usion and the organic solvent is 
removed under reduced pressure. Th e velocity of solvent removal and 
thus nuclei formation is the key to obtain particles in the nanometer 
range instead of larger lumps or agglomerates [15]. As an alternative to 
liquid organic or aqueous solvents, supercritical fl uids can be applied. 
Fessi et al. [104] proposed a simple and mild method yielding nanoscale 
and monodisperse polymeric particles without the use of any prelimi-
nary emulsifi cation for encapsulation of indomethacin. Both, solvent 
and non-solvent must have low viscosity and high mixing capacity in all 
proportions, e.g., acetone (ICH, class3) [95] and water. Another delicate 
parameter is the composition of the solvent/polymer/water mixture lim-
iting the feasibility of nanoparticle formation. Th e only complementary 
operation following the mixing of the two phases is to remove the volatile 
solvent by evaporation under reduced pressure. One of the most interest-
ing and practical aspects of this method is its capacity to be scaled up 
from laboratory to industrial amounts, since they can be run with con-
ventional equipment.
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Th is method has been applied to various polymeric materials, such as 
PLA [105] and PCL [106]. Barichello et al. [107] demonstrated application 
of this method for entrapment of valproic acid, ketoprofen, vancomycin, 
phenobarbital, and insulin by using PLGA polymer.

1.6.3 Emulsifi cation-Solvent Diff usion (ESD)

Th e encapsulating polymer is dissolved in a partially water-soluble solvent 
such as propylene carbonate, and saturated with water to ensure the ini-
tial thermodynamic equilibrium of both liquids. To produce the precipita-
tion, it is necessary to promote the diff usion of the solvent of the dispersed 
phase by dilution with an excess of water when the organic solvent is partly 
miscible with water or with another organic solvent in the opposite case. 
Subsequently, the polymer-water saturated solvent phase is emulsifi ed in an 
aqueous solution containing stabilizer, leading to solvent diff usion to the 
external phase and the formation of nanospheres or nanocapsules, accord-
ing to the oil-to-polymer ratio. Finally, the solvent is eliminated [96]. Several 
drug-loaded nanoparticles were produced by the ESD technique, including 
doxorubicin-PLGA conjugate nanoparticles [108], plasmid DNA-loaded 
PLA-PEG nanoparticles [109], cyclosporin (Cy-A)-loaded gelatin and cyclo-
sporin (Cy-A)-loaded sodium glycolate nanoparticles [110].

1.6.4 Salting-Out 

Salting-out is based on the separation of a water-miscible solvent from 
aqueous solution via a salting-out eff ect. Th e salting-out [96–97] procedure 
can be considered as a modifi cation of the emulsifi cation/solvent diff usion. 
Polymer and drug are initially dissolved in a solvent such as acetone (ICH, 
Class3), which is subsequently emulsifi ed into an aqueous gel containing 
the salting-out agent (electrolytes, such as magnesium chloride, calcium 
chloride, and magnesium acetate, or non-electrolytes such as sucrose) and 
a colloidal stabilizer such as polyvinylpyrrolidone or hydroxyethylcellu-
lose. Th is oil/water emulsion is diluted with a suffi  cient volume of water 
or aqueous solution to enhance the diff usion of acetone into the aqueous 
phase, thus inducing the formation of nanospheres. Th e selection of the 
salting-out agent is important, because it can play an important role in the 
encapsulation effi  ciency of the drug. Both the solvent and the salting-out 
agent are then eliminated by cross-fl ow fi ltration. 

In a work carried out by Song et al. [111], PLGA nanoparticles were 
prepared by employing NaCl as the salting-out agent instead of MgCl2 
or CaCl2.
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1.6.5 Dialysis

Polymer is dissolved in an organic solvent and placed inside a dialysis 
tube with proper molecular weight cutoff . Dialysis is performed against 
a non-solvent miscible with the former miscible. Th e displacement of the 
solvent inside the membrane is followed by the progressive aggregation 
of polymer due to a loss of solubility and the formation of homogeneous 
suspensions of nanoparticles. Dialysis method was used for synthesizing 
PLGA [112], PLA [113] and dextran ester [114] nanoparticle. Poly(ε-
caprolactone) graft ed poly(vinyl alcohol)copolymer nanoparticles [115] 
were investigated as drug carrier models for hydrophobic and hydrophilic 
anti- cancer drugs; paclitaxel and doxorubicin. In vitro drug release experi-
ments were conducted; the loaded NPs reveal continuous and sustained 
release form for both drugs, up to 20 and 15 days for paclitaxel and doxo-
rubicin, respectively.

1.6.6 Supercritical Fluid Technology

Conventional methods, such as in situ polymerization and solvent evapo-
ration, oft en require the use of toxic solvents and surfactants. Supercritical 
fl uids allow attractive alternatives for the nanoencapsulation process 
because these are environmentally friendly solvents. Th e commonly used 
methods of supercritical fl uid technology [97, 116] are the rapid expansion 
of supercritical solution (RESS) and the supercritical anti-solvent (SAS) 
method. A supercritical fl uid is a substance that is used in a state above the 
critical temperature and pressure where gases and liquids can coexist. It is 
able to penetrate materials such as gas, and to dissolve materials such as 
liquid. For example, use of carbon dioxide or water in the form of a super-
critical fl uid allows substitution for an organic solvent.

In the RESS method, a polymer is solubilized in a supercritical fl uid 
and the solution is expanded through a nozzle. Th us, the solvent power 
of supercritical fl uid dramatically decreases and the solute eventually pre-
cipitates. A uniform distribution of drug inside the polymer matrix, e.g., 
PLA nanospheres, can be achieved only for low-molecular-mass (<10,000) 
polymers because of the limited solubility of high-molecular-mass poly-
mers in supercritical fl uids. Chernyak et al. [117] produced droplets of 
poly(perfl uoropolyetherdiamide) from the rapid expansion of CO2 solu-
tions. Sane and Th ies [118] presented method for developing poly(l-lac-
tide) nanoparticle by using CO2+THF solution.

In the SAS method, the solution is charged with the supercritical fl uid 
in the precipitation vessel containing a polymer in an organic solvent. At 
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high pressure, enough anti-solvent will enter into the liquid phase so that 
the solvent power will be lowered and the polymer precipitates. Aft er pre-
cipitation, the anti-solvent fl ows through the vessel to strip the residual 
solvent. When the solvent content has been reduced to the desired level, 
the vessel is depressured and the solid nanoparticles are collected. Meziani 
et al. [119] reported the preparation of poly(heptadecafl uorodecylacrylate) 
by nanoparticles by this technique.

1.7 Emulsion Polymerization

Emulsion polymerization is the most common method used for the pro-
duction of a wide range of specialty polymers. Th e use of water as the dis-
persion medium is environmentally friendly and also allows excellent heat 
dissipation during the course of the polymerization. Based on the utiliza-
tion of surfactant, it can be classifi ed as conventional and surfactant-free 
emulsion polymerization [97].

1.7.1 Conventional Emulsion Polymerization

In conventional emulsion polymerization [97], initiation occurs when a 
monomer molecule dissolved in the continuous phase collides with an 
initiator molecule that may be an ion or a free radical. Alternatively, the 
monomer molecule can be transformed into an initiating radical by high-
energy radiation, including γ-radiation, ultraviolet or strong visible light. 
Phase separation and formation of solid particles can take place before or 
aft er the termination of the polymerization reaction. Brush-type amphi-
philic block copolymers of polystyrene-b-poly[poly(ethylene glycol) 
methyl ether methacrylate] [120] was synthesized by conventional emul-
sion polymerization.

1.7.2 Surfactant-Free Emulsion Polymerization

Th is technique has received considerable attention for use as a simple, 
green process for nanoparticle production without the addition and sub-
sequent removal of the stabilizing surfactants [97]. Th e reagents used in 
an emulsifi er free system include deionized water, a water-soluble initia-
tor (potassium persulfate) and monomers, more commonly vinyl or acryl 
monomers. In such polymerization systems, stabilization of nanoparti-
cle occurs through the use of ionizable initiators or ionic co-monomers. 
Th e emulsifi er-free monodisperse poly(methyl methacrylate) (PMMA) 
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microspheres [121] was synthesized with microwave irradiation. Th e 
emulsifi er-free core–shell polyacrylate latex [122] nanoparticles contain-
ing fl uorine and silicon in shell were successfully synthesized by emulsifi er-
free seeded emulsion polymerization with water as the reaction medium.

1.7.3 Mini-Emulsion Polymerization

Mini-emulsion polymerization formulation consists of water, monomer 
mixture, co-stabilizer, surfactant, and initiator [97]. Th e key diff erence 
between emulsion polymerization and mini-emulsion polymerization is 
the utilization of a low molecular mass compound as the co-stabilizer and 
also the use of a high-shear device (ultrasound, etc.). Mini-emulsions are 
critically stabilized, require a high-shear to reach a steady state and have an 
interfacial tension much greater than zero. Polymethylmethacrylate [123] 
and poly(n-butylacrylate) [124] nanoparticles were produced by employ-
ing sodium lauryl sulfate/dodecyl mercaptan and sodium lauryl sulfate/
hexadecane as surfactant/co-stabilizer systems, respectively.

1.7.4 Micro-Emulsion Polymerization

In micro-emulsion polymerization, an initiator, typically water-soluble, 
is added to the aqueous phase of a thermodynamically stable micro- 
emulsion containing swollen micelles. Th e polymerization starts from this 
thermodynamically stable, spontaneously formed state and relies on high 
quantities of surfactant systems, which possess an interfacial tension at the 
oil/water interface close to zero. Furthermore, the particles are completely 
covered with surfactant because of the utilization of a high amount of sur-
factant [97]. Initially, polymer chains are formed only in some droplets, 
as the initiation cannot be attained simultaneously in all microdroplets. 
Later, the osmotic and elastic infl uence of the chains destabilize the frag-
ile microemulsions and typically lead to an increase in the particle size, 
the formation of empty micelles, and secondary nucleation. Synthesis of a 
functional copolymer of methyl methacrylate and N-methylolacrylamide 
(NMA) [125] and polymerization of vinyl acetate [126] in microemulsions 
was prepared with Aerosol OT.

1.7.5 Interfacial Polymerization

Interfacial polymerization involves step polymerization of two reactive 
monomers or agents, which are dissolved respectively in two phases 
(i.e., continuous- and dispersed-phase), and the reaction takes place 
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at the interface of the two liquids [127]. Th e relative ease of obtain-
ing interfacial polymerization has made it a preferred technique in 
many fi elds, ranging from encapsulation of pharmaceutical products 
to preparation of conducting polymers [97]. α-tocopherol-loaded poly-
urethane and poly(ether urethane)-based nanocapsules [128] were 
reported by Bouchemal el al. Core-shell biocompatible polyurethane 
[129] nanocapsules encapsulating ibuprofen was obtained by interfacial 
polymerization.

1.8 Purifi cation of Nanoparticle

Purifi cation of nanoparticle is needed to remove impurities and excess 
of reagents involved during manufacture. Depending on the method of 
preparation, impurities include organic solvents, oil, surfactants, residual 
monomers, polymerization initiators, salts, excess of surfactants or stabi-
lizing agents, and large polymer aggregates. It becomes essential to obtain 
highly purifi ed nanoparticle suspensions for dosages form synthesized for 
administered by specifi cally in vivo route.

Th ere are several suitable methods that can be applied to purify nanopar-
ticle dispersions. Th ey include evaporation under reduced pressure, cen-
trifugation, ultracentrifugation techniques fi ltration through mesh or 
fi lters, dialysis, gel fi ltration, ultrafi ltration, diafi ltration and cross-fl ow 
microfi ltration.

1.8.1 Evaporation

Evaporation under reduced pressure is the most common approach to 
remove large quantities of volatile organic solvents and a part of water. Th is 
process is usually used aft er the obtaining of nanoparticle suspensions by 
nanoprecipitation [130], emulsifi cation-reverse salting-out, emulsifi cation-
solvent diff usion [131] and interfacial poly-condensation [128] combined 
with spontaneous emulsifi cation.

1.8.2 Filtrations Th rough Mesh or Filters 

Filtrations through mesh or fi lters are applied to remove large particles or 
polymer aggregates which formed during preparations [132]. Such purifi -
cation is systematically applied on nanoparticle suspensions designed for 
intravenous injections.



Stimuli-Responsive Smart Nanoparticles 25

1.8.3 Centrifugation

A centrifugation at low gravity force can also be applied to remove aggre-
gates and large particles on most of the polymer nanoparticle suspensions. 
It does not warranty the elimination of all particles with a diameter above 
a very defi ne size as fi ltration on calibrated membrane does. Moreover, it is 
not suitable to purify nanoparticles having a high density because they will 
sediment with aggregates. For instance, this restriction applies in the case 
of metal colloids containing nanoparticles, which are designed for applica-
tions in diagnosis by imaging techniques or in techniques based on ther-
mal treatments applied in cancer therapy.

1.8.4 Ultracentrifugation 

Ultracentrifugation methods consist in very high speed centrifugations. 
For example, ultracentrifugations are performed at 100,000–110,000×g for 
30 to 45 min. Th e nanospheres, those having a slightly higher density than 
water, can sediment and concentrate in a pellet form. Th e main problem 
of this technique is that nanospheres are not always easy to re-disperse 
aft er ultracentrifugation. Aggregates may remain and the uses of vortex 
or ultrasounds are oft en mentioned as methods used to redispersed pel-
lets aft er ultracentrifugation. Nanocapsules are more diffi  cult to separate 
from the dispersing medium because the cream remains semi-liquid. In 
addition, they are fragile and the application of several cycles of ultra-
centrifugation is hazardous because they can break easily. Despite these 
drawbacks, ultracentrifugation appeared as a method of choice to facili-
tate the transfer nanoparticle from one dispersion medium to another, and 
nanoparticle washing can also be applied. Ultracentifugation was used for 
separation and purifi cation of PEG-coated poly(isobutyl 2-cyanoacrylate) 
(PIBCA) nano-particles [133]. Budesonide loaded poly(lactic acid) [134] 
and doxorubicin-loaded human serum albumin [135] nanoparticle were 
purifi ed by this method.

1.8.5 Dialysis

Purifi cation by dialysis can be performed using diff erent kinds of cellulose 
membranes of various molecular weight cut off , allowing substances hav-
ing low or high molecular weight to diff use toward the counter dialysing 
medium. While purifying nanoparticles, premature release of nanopar-
ticle payload can occur during the long purifi cation period it requires, 
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and because large volume of counter dialysing medium are required to 
make the purifi cation effi  cient. Furthermore, the application of dialysis in 
a large-scale is disputable from an economical point of view and from the 
high risk of microbial contamination of the fi nal product due to the long 
duration of the process [136].

1.8.6 Gel Filtration

It is much faster than methods based on simple dialysis but it is greatly 
limited by the relatively small volume of sample that can be processed at a 
time. In addition, irreversible adsorption of actives onto the column sta-
tionary phase and the poor resolution between large impurities and small 
nanoparticles can restrict the use of this technique for purifi cation of drug-
loaded nanoparticulate formulations. Beck el al. [136] presented a purifi ca-
tion method by gel fi ltration [137] method in Sephadex® G 50 medium.

1.9 Drying of Nanoparticles

Storage of nanoparticles as suspensions presents many disadvantages. Th e 
major obstacle that limits the use of these nanoparticles is due to the physi-
cal instability (aggregation/particle fusion) and/or to the chemical insta-
bility (hydrolysis of polymer materials forming the nanoparticles, drug 
leakage of nanoparticles and chemical reactivity of medicine during the 
storage) which are frequently noticed when these nanoparticle aqueous 
suspensions are stored for an extended period. Other risk includes micro-
biological contamination, premature polymer degradation by hydrolysis, 
physicochemical instability due to particle aggregation and sedimentation 
and loss of the biological activity of the drug. To circumvent such prob-
lems, pharmaceutical preparations are stored under a dry form. In gen-
eral, the transformation of a liquid preparation into a dry product can be 
achieved using freeze-drying or spray-drying processes.

1.9.1 Freeze Drying 

Freeze drying, also known as lyophilization, is a very common technique 
of conservation used to ensure long-term stability of pharmaceutical and 
biological products preserving their original properties. Th e basic prin-
ciple of this process consists of removing water content of a frozen sample 
by sublimation and desorption under vacuum. In general, freeze-drying 
processes can be divided in three steps: 
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• Freezing of the sample (solidifi cation);
• Primary drying corresponding to the ice sublimation; and 
• Secondary drying corresponding to desorption of unfrozen 

water. 

During the freeze drying process, several problems may arise, which can 
lead to a loss of integrity of the nanoparticle characteristics. For instance, 
crystallization of ice may exert a mechanical stress on nanoparticles lead-
ing to their destabilization. Th is eff ect is more critical during the lyophi-
lization of nanocapsules, which are very fragile upon lyophilization. Th e 
high concentration in nanoparticles in the fi nal dried product may favor 
aggregation and even in some cases irreversible coalescence of nanopar-
ticles [138]. 

Th e addition of cryoprotectants can improve the resistance of nanopar-
ticles toward freezing and drying stresses and also increase stability during 
long-term storage. Sugars including trehalose, mannose, sucrose, glucose, 
lactose, maltose and mannitol are oft en used.

1.9.2 Spray-Drying

Th e spray-drying technique transforms liquids into dried particules under 
a continuous process. Spray-drying process includes four important steps: 
atomization of the feed, i.e., nanoparticle suspension, into a spray, spray-air 
contact, drying of the spray and separation of the dried product from the 
drying gas [139]. Nanoparticle formulations submitted to spray-drying are 
generally aqueous suspensions and contain one soluble compound added 
as drying auxiliary. Examples of drying auxiliaries are lactose, mannitol, 
trehalose and PVP [140].

1.10 Drug Loading

A successful nanodelivery system should have a high drug-loading capac-
ity, thereby reducing the quantity of matrix materials for administration. 
Drug loading can be accomplished by two methods. Th e incorporation 
method requires the drug to be incorporated at the time of nanoparticle 
formulation. Th e adsorption/absorption methods call for absorption of 
the drug aft er nanoparticle formation; this is achieved by incubating the 
nano-carrier with a concentrated drug solution. Drug loading and entrap-
ment effi  ciency depend on drug solubility in the excipient matrix material 
(solid polymer or liquid dispersion agent), which is related to the matrix 
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composition, molecular weight, drug–polymer interactions, and the pres-
ence of end functional groups (i.e., ester or carboxyl) in either the drug or 
matrix [132b, 141]. A polymer of choice for some nanoparticle formula-
tions is PEG, which has little or no eff ect on drug-loading and interactions 
[142]. In addition, the macromolecules, drugs, or protein encapsulated 
in nanoparticles [143] show the greatest loading effi  ciency when they are 
loaded at or near their isoelectric point (pI) [144].

1.11 Drug Release

It is important to consider both drug release and polymer biodegradation 
when developing a nanoparticulate delivery system. In general, the drug 
release rate depends on:

1. Drug solubility
2. Desorption of the surface-bound or adsorbed drug
3. Drug diff usion through the nanoparticle matrix
4. Nanoparticle matrix erosion or degradation
5. Combination of erosion and diff usion processes.

Hence, solubility, diff usion, and biodegradation of the particle matrix 
govern the release process. In the case of nanospheres, where the drug is 
uniformly distributed, drug release occurs by diff usion or erosion of the 
matrix. If the diff usion of the drug is faster than matrix erosion, then the 
mechanism of release is largely controlled by a diff usion process. Th e rapid, 
initial release, or “burst,” is mainly attributed to weakly bound or adsorbed 
drug to the relatively large surface of nanoparticles. It is evident that the 
method of incorporation has an eff ect on the release profi le. If the drug 
is loaded by the incorporation method, then the system has a relatively 
small burst eff ect and sustained release characteristics. If the nanoparticle 
is coated by polymer, the release is then controlled by diff usion of the drug 
from the polymeric membrane [145].

Membrane coating acts as a drug release barrier; therefore, drug solubil-
ity and diff usion in or across the polymer membrane becomes a determin-
ing factor in drug release. Furthermore, the release rate also can be aff ected 
by ionic interactions between the drug and auxiliary ingredients. When the 
entrapped drug interacts with auxiliary ingredients, a less water-soluble 
complex can form, which can slow the drug release—having almost no burst 
release eff ect. Whereas if the addition of auxiliary ingredients, e.g., ethylene 
oxide–propylene oxide block copolymer (PEO-PPO) to chitosan, reduces 
the interaction of the drug with the matrix material due to competitive 
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electrostatic interaction of PEO-PPO with chitosan, then an increase in drug 
release could be achieved. Various methods can be used to study the release 
of drug from the nanoparticle: (1) side-by-side diff usion cells with artifi cial 
or biological membranes; (2) dialysis bag diff usion; (3) reverse dialysis bag 
diff usion; (4) agitation followed by ultracentrifugation/centrifugation; or (5) 
ultra-fi ltration. Usually the release study is carried out by controlled agitation 
followed by centrifugation. Due to the time-consuming nature and techni-
cal diffi  culties encountered in the separation of nanoparticles from release 
media, the dialysis technique is generally preferred [144].

1.12 Conclusion

Th e mimic nature in designing “smart” synthetic materials from various 
functional molecular building blocks can respond to stimuli including 
temperature, pH, ionic strength, light, electric or magnetic fi eld, chemi-
cal and biochemical stimuli. Th e biomimetic approaches employed in the 
design, synthesis and engineering of stimuli-responsive polymeric sys-
tems, which undergo reversible abrupt phase transitions upon variation of 
a variable around a critical point and their use in sensors, logic operations, 
biomedicine, tissue engineering, regenerative medicine, synthetic muscles, 
“smart” optical or microelectromechanical systems, membranes, electron-
ics and self-cleaning surfaces. 
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Abstract
Cancer is a group of diseases that can be managed if diagnosed early. In the past 
few decades, we have made considerable advances in diagnosis, and opened new 
avenues for early identifi cation of cancer. Even with tremendous eff orts, it appears 
that we have a long way to go in terms of making a full-proof diagnosis at the early 
stage of cancer development. Th e key hurdle in cancer diagnosis is the availability 
of cancer cells and markers in body fl uids. In the contemporary era of new mate-
rials in pace with advance technology, we can look forward for better diagnosis. 
Treatment is another revolting aspect of cancer. Present diagnostics can pick up 
cancer cells aft er plentiful development; by this time metastasis might have already 
been started. Decimation of cancer stem cells deep into tissue provides a safe niche 
to hide and facilitate cancer cells to proliferate to new tumors. Metastasis enables a 
good amount of cancerous cells to remain away from drugs. Although the search 
for new anticancer drugs is always in demand, at the same time, it is necessary to 
fi nd out the mode of delivering the drug to every single niche which can hide and 
nourish the cancer cells. In the present age of treatment, we have to look forward 
for using new methods and technology like nanoparticle drug delivery system to 
overcome this obstacle. Th ere is a lot of scope to ameliorate the existing technol-
ogy with advance materials for making substantial progress in cancer diagnosis 
and treatment. 
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2.1 Cancer Pathology

Cancer is a wide range term used for the group of diseases. Th e hallmark 
events of cancer are: uncontrolled growth, immortality, invasion, and 
metastasis. Th e principal cause claimed for cancer formation is a vari-
ety of lifestyle-related stresses, which can range from the environment to 
diet, and eventual alteration of genes [3]. Once genes modify, the cells 
start independent replication to form numerous replica and mass of cells 
known as tumors (in the case of solid tumors). At this point, the tumor 
may be benign, which rarely spread, but if it is malignant, it will grow 
faster. A benign tumor has the cancer cells in the center surrounded by 
normal cells. In contrast, malignant tumor has mixed cancer and normal 
cells (Fig 1). 

For a certain size of tumor, core cells can survive, as the requirement of 
oxygen can be accomplished through blood from surrounding blood ves-
sels. Beyond threshold limit, the core cells can die in the absence of oxygen 
and nutrients, as all living cells remain 100–200 μm vicinity of blood ves-
sel [3]. At the stage of intermediate size, a tumor may remain dormant, as 
the supply of oxygen and nutrients are just enough to keep the cancer cells 
alive. More nutrients and oxygen are needed for cancer cells to grow and 
divide, which can be accomplished by angiogenesis (formation of blood 
vessels) [3]. Aft er completion of angiogenesis, cancer cells multiply under 
no control as nutrients and oxygen are in abundance. Researchers have 
proved that high angiogenic potential leads to highly malignant tumors 
[25]. Solid tumors are graded according to their severity; increases in grade 
show advanced stage of disease [9]. Once formed, cancer cells move to 
the distal part of the body to form secondary tumors by a process know 
as metastasis [6]. It is still not known that what are the infl uences which 

Figure 1 Basic composition of cells in the tumor. In benign tumor, cancer cells  
restrict to the core, surrounded by non-cancerous cells . Th ere is no zonal distribution 
in a malignant tumor as cancerous cells are intermingled with non-cancerous cells. 

Benign tumor Malignant tumor
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remove the cells from tumors to go to settle to distal organs and develop 
new tumors [19]. More than 100 years ago, Stephen Paget (1889) proposed 
the “seed and soil” hypothesis, which is still convincing, but at the same 
time, it is intriguing that we know very little about the “soil” which attracts 
the “seed.” [7]. In light of the facts given above, it is explicit that there is 
more to know about cancer. Early and accurate diagnosis could be the way 
to treat cancer and halt it at the initial stage.

In this chapter, we will dissect the possibility of cancer detection, the 
need for advance diagnostic and the technological advantage to do so. In 
the next part, we discuss the possibility of cancer treatment with newer 
technology and how it is better in comparison to old and existing treatment.

2.2 Cancer Diagnosis

According to the World Health Organization, 7.6 million people died of 
cancer in 2008 [28] and this number can go up in the near future. Most 
of the cancers are detected in late metastatic stage with secondary tumors. 
Researchers have shown that several advanced techniques can be useful 
in quick cancer detection, for example, polymerase chain reaction can 
detect cancer from a very small fraction of a tissue sample [14]. Although 
this technique has great success in detection of cancer cells, even thought 
it needs lots of profi ciency, mutation in the gene can provide discordant 
results. Th e PCR based detection comes with other choices of RT-PCR 
(reverse transcription), quantitative PCR etc., with the cost of increased 
expense and equipment sophistication [20]. Another possibility is the 
blood test [8], which is being utilized with confi dence in a diff erent part of 
the globe. Most of the blood base diagnosis kits are measuring the cancer 
markers as surrogates for cancer cells. Several of these tests are already in 
use, like the prostate-specifi c antigen (PSA) blood test for prostate [16]. 
PSA provides a good preliminary screening for prostate cancer, but new 
markers are needed for detection [23].

New technology is not benefi cial for cancer detection at every single time. 
X-rays are used to detect lung cancer, and recently the computed tomogra-
phy (CT) scan has been introduced as better test. In year 2002, the National 
Cancer Institute started a big study for comparison of the X-ray and CT 
scan, and the study concluded that CT scans are doing more harm when 
used for detection [18]. Mammographic detection techniques are in use 
for breast cancer worldwide, through results are not very satisfactory [31]. 
Magnetic Resonance Imaging (MRI) techniques are used for breast can-
cer. Marker diagnosis is another way to diagnose cancer. Breast cancer type 
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susceptibility proteins (BRCA1, 2) are markers used for cancer detection, 
with pros and cons [32]. Likewise, for ovarian cancer, pelvic examination, 
blood tests (for markers like CA-125), and ultrasounds are routine diag-
nostics [15]. Biopsies are used for cancer detection and confi rmation for all 
solid tumors [29]. Although current tests off er variety and make the back-
bone of treatment, detection limit and ease need more refi nement. Better 
tests are in need for more sensitive, rapid, easy, and accurate diagnosis. 

Nanomaterials (NMs) with promising newer intervention are receiving 
acclaim for cancer diagnosis [27]. Variety, ease, size, manipulation, and sur-
face charge are manageable properties of NMs that are used for diagnosis 
of cancer [5]. NMs can be manipulated for their surface charge, hydropho-
bicity, and surface structure. For example, large NMs can be easily cleared 
by the reticuloendothelial system or mononuclear phagocytic system. 
Various components of the reticuloendothelial system (e.g., macrophage 
and monocytes) recognize the antediluvian cells and remove them from 
circulation and tissue. Th e basic steps involved in the removal of these cells 
are recognition, tagging (opsonization) and removal. Large NMs are fall-
ing in the category of antediluvian cells and clear in the same fashion [13]. 
Once cancer cells fi lter out from active circulation to tissue, the destination 
would be either liver or spleen. Th us, liver and spleen are good targets for 
identifi cation of cancer cells. Smaller NMs can escape to fi lter and remain 
in circulation or in tissue for a long time. Base material of NMs is an essen-
tial aspect to consider. Soon aft er phagocytosis, enzyme acts on NMs to 
break apart for disposal. Th ere are at least three mechanisms known for 
phagocytosis of opsonized NMs: i) non-specifi c association of phagocytes 
with opsonized NMs; ii) activation of opsonins followed by recognition via 
phagocytic receptor; and iii) by activation of complementary systems [21]. 
Once encapsulated, they can be cleared by an oxidative burst or enzymatic 
mechanisms (Fig 2). During degradation, base material plays a crucial role 
as if it is non-biodegradable, will retain in the reticuloendothelial system 
or can be cleared by renal system if biodegradable. 

Surface charge and hydrophobicity are aspects of consideration for 
design of NMs. From adherence to opsonins, followed by clearance through 
phagocytosis, surface charge and hydrophobicity play a crucial role [1]. Th e 
opsonization process is expedited for more hydrophobic particles as they 
attract and absorb more protein on their surface to be recognized by phago-
cytic cells. Likewise, charges on nanoparticles (NPs) equally infl uence its 
uptake for clearance. As a rule of thumb, low or neutral charges are easy to 
accommodate. Negatively charged particles can be cleared up quickly; on 
the contrary, positive charges enable NPs to stick to cells non-specifi cally. 
In the preparation of NPs, proper consideration should be given to zeta 
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potential (ζ-potential). One other consideration is self aggregation, which 
can be prevented by surface charge balance. ζ-potential equal to or higher 
than ± 30 mv is considered as stable, and prevents aggregation of NPs.

Th e basic NP removal activity of the immune system is widely exploited 
in identifi cation of cancerous cells or tissue. Th e versatile manipulation of 
size, material, charge, and surface structure provide a great possibility to 
utilize NPs for identifi cation of cancer. For example, to save NPs from opso-
nization and eventual clearing by the immune system, polyethylene glycols 
(PEG) are widely used [12].  PEG containing NPs do not allow opsonin to 
attach and escape from being phagocytosed. Th e ability to cross-diff erent 
compartments of the human body are explored in the design and utiliza-
tion of NPs. 

Most of the diagnosis aims to identify the cancer cells via imaging. 
Imaging provides an advantage to identify the location and maybe the size, 
if not number of cancer cells [35]. Th e other advantage of imaging could be 
targeting the metastatic cells. It is debatable to detect micro-metastasis by 
imaging as signal cells or few cells may have a weak signal to read. 

Cancer cells diff er in physiology from normal cells, and thus the diff erence 
can be targeted by NPs [30]. In healthy cells, aerobic metabolism is coupled 
with gaseous exchange (removal of CO2 and absorption of O2) and the pro-
cess maintains the pH homeostasis at intracellular pH ≈ 7.2 and extracellular 
pH ≈ 7.4. To the contrary, in tumors (solid), because of high metabolic rate 

Figure 2 Nanomaterial removal by immune cells from blood circulation. 
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and poor vascular supply, aerobic and anaerobic breakdown of glucose com-
bined with less O2 intake and less CO2 removal make an imbalance in pH. 
Because of biochemical reactions, intracellular pH remains neutral (pH≈ 
7.2) but extracellular pH drops to acidic. Th is physiological imbalance has 
been exploiting to make functional NPs, which respond to pH.

Cell surface markers are unique signatures of cancer cells. Th ese markers 
are a lucrative target for diagnosis. Some of these markers are also present 
on the surface of normal cell but will diff er in number, and these markers 
may be specifi c to cancer cells. Th e specifi city of cancer cells by several 
physical and physiological means make it identifi able. Th ere is a long list of 
markers for diff erent cancers, like human epidermal growth factor receptor 
2 (HER2) for breast cancer [27], cancer antigen 125 (CA-125) for ovarian 
cancer [30], prostate specific antigen (PSA) for prostate cancer [29] and so 
on. A common strategy for identifi cation of cancer cells is to target these 
cell surface markers. NPs can be conjugated with active recognition moi-
ety, to recognize cancer cells. Th e other strategy is to make NPs as ligand 
to target to cancer cells.

Inorganic NPs are also exploited for identifying the cancer cells. Metal 
NPs can be used as colloidal solution because of their size and light scatter-
ing character [26]. Magnetic resonance imaging (MRI) has already been in 
use for decades. Oxides of iron (Fe3O4

--) are well studied and the fi rst choice 
for making magnetic NPs. Th e concept of supermagnetism is also being 
tested to develop newer diagnostics [33]. Th e concept of supermagnetism 
has been tested to develop newer diagnostics as some compounds have 
intrinsic property to show strong magnetism in the presence of magnetic 
fi eld, and lost it aft er removal of magnetic fi eld. In conjunction of elements, 
biological materials are also used for cancer diagnostics. Protein-based 
fl uorophores are radially used for diagnostics and can be organic fl uoro-
phores or recombinant fl uorescent protein. In recent years, semiconductor 
nanocrystals and Quantum Dots (QDs) were tested as a newer strategy for 
cancer diagnosis [34]. Single Nucleotide Polymorphisms (SNPs) provides 
a fair method for identifi cation of cancer cells [22]. Th e specifi city, sensitiv-
ity and its use is in the development phase, but initial results indicate it as 
a bright candidate for future cancer diagnosis. Some approaches like gold 
conjugated NPs attached to DNA were tested.

Th us, with increasing cancer incidence, early diagnosis is the key to 
control. Th e ultimate lead would be to identify cancer quickly. Th e key to 
cancer control is detection of metastasis, which is still far from diagnos-
tics. NPs provide seamless possibilities to be explored for diagnosis. More 
research will needed with collaboration of various disciplines to make a 
full proof diagnosis for cancer.
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2.3 Treatment 

Radiotherapy [24], and chemotherapy [4] form the backbone of cancer treat-
ment with associated side eff ects. Radiotherapies lack specifi city and gen-
erate equal harm to normal cells [17]. Radiation meant to harm DNA of 
cancer cells, even aft er best-targeted radiation, generate toxic radicals from 
water and oxygen present in surrounding areas to damage non cancerous 
cells [11]. Chemotherapies are designed for rapidly dividing cells and routed 
via bloodstreams. Before reaching the real target, drugs can harm the normal 
dividing cells falling in their path [2]. Th e magnitude of the adverse eff ects 
depends on the site of drug introduction (more distance from cancer cells 
will lead the drug to remain in circulation for longer before reaching cancer 
cells) and the drug. A better approach to treat cancer can be achieved by 
enhanced permeability and retention (EPR) eff ect for cancer drugs with NPs. 
EPR results in delivery and localization of NPs inside cancer cells. Various 
approaches have been tested to pack NPs inside the delivery vehicle. Once 
packed, NPs can remain in blood circulation for long extents of time. Th e 
release of the drug can be achieved by degradation (chemical or enzymatic) 
of the vehicle. NPs containing active cancer targeting molecules (on the sur-
face) with anticancer drugs (in the core) are well taken by cancer cells. Once 
internalized in lysosome, the drug and NP get separated and thus anticancer 
drugs deliver to their target. In the present era of advanced nanotechnology, 
complex organic molecules can be attached to NPs; one example of this kind 
of NPs is gold-NP. One working example for this class is NP protected by 
PEG and functionally activated by tumor necrosis factor alpha (TNF-α) on 
the surface [10]. One approach to deliver anticancer drugs is the magnetic 
NPs under the infl uence of external magnetic fi eld. Various NPs are under 
trial like magnetolippsomes. Carbon nanotubes containing magnetic nickel 
NPs tend to get in the cells with great success. Hydrophobicity can be com-
pensated by NPs. Certain hydrophobic drugs can be delivered to cancer cells 
by attaching to the NPs and can be further protected by packing in vehicle. 
Toxicological consideration is one of the criteria to be considered before 
making NPs. Th ough most of the strategies utilize NPs in very small quan-
tity, its proper disposal out of the host should be the fi rst criteria to consider. 

NPs have been greatly exploited for radiation-based therapy. Radiations 
are tough to control and target; photons generated near cancer cells harm 
the surrounding non-cancerous cells and pose toxic eff ects. Th e ioniz-
ing radiations generate free radicals, which are equally harmful for non-
cancerous cells. Th us, radiation may be a non-targeted therapy. It is hard 
to decide whether radiation therapy does more harm than benefi t. One 
way to overcome the side eff ects is to manage the radiation at a lower dose. 



44 Advanced Healthcare Materials

Elements of diff erent atomic numbers were studied to target cancer tissue 
with increased dose of radiation [17]. By now, scientists aim to fi nd out non 
toxic elements to explore radiation therapy and recently, in vivo testing 
show up some promising results [11]. Th e NPs present in the tumor facili-
tate the radiation therapy to regress the tumor. Inspired by these studies, 
several researchers reported their work in fi nding the utility of elements at 
the interface of cancer cells and radiation to get more out of radiation in 
the cure and treatment of cancer. 

Conclusion

Nanomaterials are becoming a tool to combat a variety of diseases, including 
cancer. Certain newer NPs are gaining popularity in battle against cancer, 
like carbon nanoparticles. Multiplex NPs make diagnosis more promising; 
though in the juvenile stage, it is promising as it can measure more mark-
ers at a time to confi rm cancer. More research is needed for accurate, easy, 
quick, and cheap diagnostics of cancer. Accurate and early diagnoses of 
cancer followed by targeted treatment are demand of time, which can be 
explored by NPs. In the current scenario, single drugs are not signifi cant 
in killing cancer cells. Alternate medicine and newer drugs are available 
more frequently than ever, and drug delivery methods are in the process of 
improving. In the present paradigm, we lack early diagnosis and can start 
treatment aft er advanced stage of cancer in most cases. Early diagnosis and 
treatment of cancer will certainly enhance the effi  cacy of anticancer drugs 
to a certain extent. NP-based cancer marker tests could be the best pos-
sibility of cancer diagnosis by now. But there is a need of more advanced, 
sophisticated, early, and accurate diagnosis followed by equally effi  cient 
drugs and their delivery to the accurate target. It would be relevant to have 
some monitoring system for emerging or relapsing tumors. Conclusively, 
having a foolproof strategy against cancer means identifi cation at a very 
early stage with precisely targeted treatment. Nanomaterials have proved to 
be a contribution against cancer and will certainly help us to come up with 
advanced and useful ways to eliminate the disease we call cancer.
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3.1 Introduction

For the last two decades, intense interest has been developed around the 
nanotechnology fi eld of research. Nanoparticles have been widely used in 
diverse areas such as advanced materials, catalysis, electronics, environ-
mental remedies as well as pharmaceuticals [1–4].

On the other hand, advanced materials have also been widely used in 
biomedical applications due to their specifi c physical and chemical prop-
erties, which are totally diff erent from the bulk materials, and thus the 
former have a great eff ect on activities such as catalytic biological and bio-
medical. As a result, these smart nanomaterials showed many promising 
applications in various diverse areas such as advanced material, industry, 
biology, electronics, biosensing, environmental detection and pharmaceu-
ticals, protein purifi cation, drug delivery, and medical imaging [5–7].

Th e design of materials with specifi c functional and eff ective proper-
ties is of great interest, and there is enormous potential in the application 
of biomedical sciences and drug delivery. With the remarkable develop-
ment of innovative methods for the synthesis of new advanced materials in 
last decade, new approaches based on the state-of-the-art nanotechnology 
have been developed and are still receiving signifi cant attention.

Th e main focus on the development of technologies in the fi eld of drug 
delivery has been the delivery of the medicine directly to the specifi c dis-
ease sites in order to maximize therapeutic outcomes by promoting medi-
cation adherence and persistence, to minimize the risk of side eff ects, and 
most importantly, to enhance the patients’ quality of life.

Th is chapter focuses on a number of novel advanced materials for drug 
delivery and addresses the problems related to their synthesis and their 
side eff ects.

3.2  Anticancer Drug Entrapped Zeolite Structures as 
Drug Delivery Systems

Zeolites have special features, such as their three-dimensional stable micro-
structure, presence of variable channels and cavity systems, and pore sizes 
that can be tailored to suit the need, high surface areas and above all, lack 
of cytotoxicity. All of these above features make zeolites an excellent can-
didate for drug release. Th e cavities formed by the framework units have 
diameters ranging from about 2 to 50 angstroms, which permits relatively 
easy movement of drugs inside the cavities. Th is in turn will facilitate the 
release of guest molecules through the escape from the cavities that form 
the openings through the channels.
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Zeolite molecular sieves are crystalline, hydrated alumino silicates of group 
I and II elements and are involved with infi nitely extending a three-dimen-
sional aluminosilicate network of tetrahedra links. Zeolites, in general, may 
be represented by the empirical formula Mn+

x/y
[(AlO2)x

(SiO2)y
]·mH2O having 

pores of uniform size (3–10 Å), which are uniquely determined by the unit 
structure of the crystal. Th e framework of zeolites is formed between AlO2 
and SiO4 by the sharing of all the oxygen atoms. Th is framework contains 
channels and interconnected voids, which are occupied by exchangeable cat-
ions and water molecules [8–10].

Zeolites are being explored in a variety of applications, which include 
the catalysis of various reactions, chemical engineering process technol-
ogy, removal of sulfur and carbon dioxide from natural gas, and the recov-
ery of radioactive ions from waste solutions [8].

Th ere are several examples of biomedical applications of zeolites 
reported in the literature [11–24].

Zeolite nanocrystals have been also used in the immobilization of 
enzymes for biosensing and magnetic resonance imaging [25].

In the early 1980s, Unger and co-workers [26] visualized the use of silica 
as a drug support. Nowadays, various inorganic silica porous materials are 
being developed as promising drug hosting systems. In the last decade, 
numerous microspheres and porous materials, such as zeolites, silica, xero-
gels, titania, lamellar clays, and ceramics have been explored for their use 
as carriers for a variety of drugs. 

On the other hand, zeolites have been investigated for encapsulation of 
drugs in their cavities that make them suitable for the storage and release 
of drugs and may thus also be used as carriers in a variety of drug delivery 
systems [27–33].

Diff erent zeolites can be exchanged with cations, functionalized and 
loaded or encapsulated with drug molecules and used for specifi c biomed-
ical applications. In this regard, zeolite-based compositions loaded with 
zinc and erythromycin have been used in the treatment of acne [34]. Th e 
ability of zeolite-Y to act as a slow release agent for various anthelmintic 
drugs has been published earlier [21, 23, 35, 36].

Microencapsulation is another potential route for a slow drug release 
carrier. Commercial zeolite-Y was used as a carrier for some anthelmintic 
drugs and was demonstrated to be a slow-release carrier. Th e results indi-
cate that zeolite-Y is therefore a most suitable slow-release carrier and has 
led to an improvement of the drug’s effi  ciency [21, 37].

Doxorubicin and paraquat molecules have been successfully loaded into 
a trimethylsilyl functionalized version of zeolite-Y. Th e controlled release 
of sulfonamide antibiotics adsorbed on zeolite-Y has been investigated by 
changing the pore size, modifying the external surface, and the nature of 
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the graft ed functional groups [19, 20]. Th e controlled release of ibuprofen 
encapsulated in dealuminated zeolite-Y is another example of an effi  cient 
drug delivery [38, 39]. 

Th e zeolite structure with the lowest framework density (ITQ-40), 
which contains large pore openings viz., 15- and 16-membered ring chan-
nels, have been synthesized. Th e results indicated that zeolites have a high 
potential for use in the controlled delivery of drugs to specifi c sites in addi-
tion to then being available for electronics and catalysis [40].

One of the most promising applications for nano-engineered drug car-
riers is gene silencing, in which small bits of RNA are deployed to shut 
down the activity of crucial cancer genes through a process known as RNA 
interference.

Various zeolites with diff erent Si/Al ratios were studied to explore their 
ability to encapsulate and to release drugs [41]. Changing the Si/Al ration 
oft en changes their adsorption properties [42]. Zeolite materials are used 
in the pharmacological fi eld for skin-related conditions due to the negli-
gible dermal uptake of the zeolite on the undamaged skin upon long term 
exposure [43].

New horizons in clinical medicine have opened, using synthetic nano-
zeolite biomaterials in various medical applications, in particular the mul-
tifunctional therapeutic delivery systems. [41, 44–48]. Th ese non-toxic 
zeolitic materials, together with the physical–chemical properties, off er 
considerable advantages in their use compared to the polymeric materials 
utilized at present [49].

Immobilization of famotidine (sulphonamide derivative) on two zeo-
lite structures (ZSM-5 and MOR) revealed that the amount of famotidine 
adsorbed was generally greater in ion-exchanged-zeolites, suggesting that 
these cations act as binding sites for the famotidine molecules. Th e equilib-
rium and kinetic characteristics of the drug on these materials were stud-
ied by varying the incubation time, the famotidine concentration and the 
pH of the solution [50].

Mixed matrix membrane (MMM) loaded with NaX zeolite was used as 
devices for the transdermal controlled release of the model drug, tramadol. 
Th e release of tramadol from the MMMs was done to evaluate the eff ects 
that the zeolite has on the release kinetics of the drug [51–53]. 

Algieri et al. revealed that the most promising combination for an eff ective 
transdermal device was achieved when the Polydimethylsiloxane (PDMS) 
membrane containing 17 wt% of zeolite and 0.2 wt% of drug was used [53].

Natural enzymes frequently suff er limitations in various applications 
due to denaturation. Th ey are easily deactivated under extreme tempera-
tures and/or pH. For these reasons, zeolites were also used as drug carriers 
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and delivery systems for a number of enzymes such as glucose oxidase and 
antibodies [54, 55].

New drug delivery and controlled-release systems were also designed 
by surface solubilization or adsolubilization of drugs by zeolite–surfactant 
complexes [56]. Surfactant-modifi ed zeolites incorporate the hydrophobic 
surfactant micelles to solubilize water-insoluble compounds in the hydro-
phobic core. Th e effi  cient adsolubilization of the drug chloroquin by zeo-
lite–surfactant complexes has been described by Hayakawa et al. [45].

Zeolite-X and a zeolitic product obtained from a co-crystallization of 
zeolite-X and zeolite-A were examined in order to investigate their ability 
to encapsulate and to release drugs viz., Ketoprofen. Th us ketoprofen (800 
mg) was encapsulated in 2 g of a zeolite matrix by a soaking procedure. Th e 
absence of drug release in acid conditions suggests that aft er activation, 
these materials off er good potential for a modifi ed release delivery system 
of ketoprofen [41].

Zeoliote encapsulated drugs (ZED) have a profound impact in the area 
of drug delivery with several advantages as delivery systems. For example, 
one of the key aspects in drug delivery is the controlled release of the drugs. 
Th ese zeolites were studied in order to investigate their ability to encapsulate 
and to release drugs. In particular, a zeolite-X and a zeolitic product obtained 
from a co-crystallization of zeolite-X, Y and zeolite-A were examined.

Neves and Baltazar et al. [23, 57] studied the encapsulation of an antican-
cer drug α-cyano-4-hydroxycinnamic acid (CHC) into faujasite (FAU) and 
Linde type A (LTA) zeolite cavities (Figure 3.1). Th ey revealed unequivocal 

Figure 3.1 Encapsulation of an anticancer drug α-cyano-4-hydroxycinnamic acid (CHC) 
into faujasite (FAU) zeolite cavities.
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evidence for the encapsulation of the drug in the framework structure of 
the zeolite. Th ese ZEDs were used as a model for colon carcinoma treat-
ment. Th eir results indicate the potential for drug loading of CHC@NaY 
and delivering it to the cancer cells leading to an inhibition of cell viability 
up to 110-fold compared to the nonencapsulated drug.

Various model drugs, such as aspirin [57], and ketoprofen [41] have 
been chosen for the design of controlled-release dosage systems. Due to 
the undesirable side eff ects of aspirin taken by mouth, especially in higher 
doses, these drugs were encapsulated into the zeolite’s cavities by various 
methodologies in which the drug is released slowly over a period of time. 
Th e amount of drug entrapped in the zeolite matrices was estimated by 
thermogravimetric behavior.

In the case of ketoprofen, it was found that the total amount of 800 mg 
was encapsulated in 2 g of activated zeolite matrix. Th e amount of drug 
released was measured by HPLC at diff erent pHs to mimic gastrointestinal 
fl uids. Th e result was promising and the zeolite materials used off er good 
potential for a modifi ed release delivery system for ketoprofen. Th is is due 
to the absence of drug release under acidic conditions.

Th e principal aspects in drug delivery are: (i) to transport the drug mol-
ecules to the target organ without the loss of its pharamaceutical and thera-
peutic activity; (ii) controlled release of drugs, i.e., concentration (in the 
dosage needed). Th e amount of drug released should be in the range of the 
needed dosage. Increasing the amount of drug released would cause toxic 
side eff ects, while if released below this limit, the drug would be ineff ective.

3.3  Mesoporous Silica Nanoparticles and 
Multifunctional Magnetic Nanoparticles in 
Biomedical Applications

Mesoporous silica nanoparticles (MSNs) are another form of silica materi-
als which were synthesized in 1990. Originally, mesoporous silica was fi rst 
found between 1968 and 1971 [58–60].

Th ese types of Mesoporous silica nanoparticles, such as MCMs and SBA-
15, have various applications in the biomedical fi eld, such as in medicine, 
imaging and drug delivery. Due to their high surface area, these mesopo-
rous silica nanoparticles can accommodate a drug in their cavities and may 
thus be considered to be used as a Trojan Horse. Th ere are several examples 
of biomedical applications of zeolites reported for drug delivery [61].

Another type of silica viz., UVM-7, with diff erent pore systems was used 
as support for ibuprofen storage and delivery [62–65].



Advanced Materials for Biomedical Application 55

Th e drug-storage and delivery study based on the use of nanoparticulate 
bimodal mesoporous silicas as supports was investigated by Amors et al. 
[62 –65]. In the drug-charge a high ibuprofen loading was achieved owing 
to the decrease in pore-blocking eff ects in comparison to unimodal meso-
porous materials viz., MCM-41 as well as the availability of intra-nanopar-
ticle mesopores and large textural voids.

Th e drug-delivery processes for UVM-7/ibuprofen nanocomposites 
were monitored by spectrometric techniques. Th e bimodal porosity results 
in two-stage drug-delivery processes, which were analysed through kinetic 
models.

Figure 3.2 shows a schematic diagram of the drug-delivery mechanism 
for a two-stage profi le from UVM-7 silica. Th e fi rst stage involves the ibu-
profen molecules being released from the external surfaces of the pores (or 
macropores), while the second stage is correlated to the release of the drug 
molecules located inside the intraparticle mesopores.

Ibuprofen Buffer solution

Intraparticle

large poreIntraparticle

mesopore

1st Stage

2nd Stage

Figure 3.2 Schematic diagram of the drug-delivery mechanism of ibuprofen from 
UVM-7 silica.
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Th e fi rst article on sorption of an anticancer drug “taxol” into ordered 
mesoporous silicas was published by Kuroda et al. [66] followed by Vallet-
Regi et al. who described a comprehensive study on the sorption and release 
of ibuprofen supported on MCM-41 silicas [67, 68]. Since then, various mes-
oporous M41s- materials have been explored as supports for hosting vari-
eties of drugs and screened their potential capability for drug storage and 
release [69–74]. Th ese drug carrier systems were studied for both in vitro 
and in vivo stages as well as in targeted cancer therapy [75]. Several drugs 
were also loaded on hollow porous spheres, which involve mesoporous shells 
and large micrometric core voids [76–77]. Recent review articles on the state 
of art in this emerging topic have been reported [54, 55, 78–82].

Very recently, an article on the synthesis of mesoporous hollow silica 
nanospheres using polymeric micelles as template was reported [83]. Th ese 
mesoporous hollow silica nanospheres were applied as a drug-delivery car-
rier by an in vitro method using ibuprofen as a model drug. Th e study 
revealed that mesoporous hollow silica nanospheres exhibited a higher 
storage capacity than the normal mesoporous materials. Th ey addition-
ally found that the amine functionalized hollow nanospheres showed more 
sustained drug-release behavior than the unfunctionalized counterparts. 
Th is led to a suggestion that a huge potential of hollow silica nanospheres 
was involved in the controlled delivery of small drug molecules.

Vallet-Regi’s research group pioneered the synthesis of the fi rst silica 
mesoporous-based system for the controlled release of a chemical species. 
In their study, mesoporous materials loaded with drug systems viz., the 
MCM-41 scaff old loaded with ibuprofen, was among the very fi rst to be 
evaluated as a potential drug delivery system. Later several other successful 
drug releasing systems were designed by the group by selecting the appro-
priate matrix and loading materials and concentrations [67].

Some years later, the same group reported on the functionalization of 
the silica surface with certain organic moieties to provide for supramo-
lecular interactions with the guest, which could both accommodate the 
molecules and control the delivery rate [54, 71].

A further advance in the fi eld of control delivery applications was 
accomplished by Fujiwara et al. [84, 85] who developed the fi rst gate-like 
hybrid material in which the functional group on the external surface was 
capable of being opened or closed. Th is innovative open-closing system 
was designed to regulate the storage and release of guest molecules in the 
pore void of coumarin-modifi ed mesoporous materials by irradiation with 
the appropriate light wavelength. A conceptual scheme of photo-switched 
storage-release controlled release by coumarin-modifi ed MCM-41 is 
shown in Figure 3.3. Since then, several photo-triggered based systems 
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have been developed to be utilized in the photo-switched controlled release 
of included compounds [86–90].

In the last decade, many drugs, proteins, and other biogenic molecules 
have been encapsulated in mesoporous materials [91–93]. 

Berlier and co-workers recently reported on the immobilization of the 
unstable guest molecule “Trolox” inside the hexagonal MCM-41 porous 
structure. Trolox, a water-soluble derivative of vitamin E, is used as a stan-
dard antioxidant in biochemical studies. Th e mesoporous support acts 
as a vehicle and facilitates the reductive photo-degradation of the active 
ingredient.

Analysis of the results showed that Trolox was mainly located within the 
mesopores of the carrier. Th e resulting complexes were tested for the infl u-
ence of the host on the release of Trolox. In vitro diff usion tests showed a 
slower release of Trolox aft er insertion and with an increase in the photo-
stability of the complex [94].

Diff erent approaches were employed for the absorption of (-)-menthol 
on nanoporous silica materials for isothermal release of (-)-menthol once 
again. Four parameters were found to play a role in the isothermal release 
of (-)-menthol viz., pore size, structure, wall thickness and surface func-
tionality of the nanoporous adsorbents. By tuning these parameters, con-
trolled release of (-)-menthol was achieved [95].

A broad review on various ordered mesoporous materials used as drug 
delivery systems has shown that these mesoporous materials off er prom-
ising potential for controlling drug release. Modifi cation of mesoporous 
silicas by functionalization resulted in higher drug loading and provided 
for an improved controlled drug release. Table 3.1 summarizes some drugs 
loaded on various mesoporous materials having diff erent surface areas and 
pore diameters [79].

~1.3 nm

~2.62 nm

Release

Photo Irradiation

>310 nm

250–260 nm

Storage

Coumarin

Dimer

Figure 3.3 Conceptual scheme of photo-switched storage-release controlled release by 
coumarin-modifi ed MCM-41.
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Table 3.1 Comparison of the surface area for various mesoporous solid-drug 
delivery systems.

Mesoporous 

solid

SBET 

(m2/g)

Pore 

diameter (Å)

Drug Loading 

(wt%)

Reference

MCM-41 1157 36 Ibuprofen 34 [67]

AlSi-MCM41 1124 43 Difl unisal 8.7 [69]

AlSi-MCM41 1124 43 Naproxen 7.3 [69]

AlSi-MCM41 1124 43 Ibuprofen 6.4 [69]

AlSi-MCM41 1124 43 Ibuprofen 
Na salt 6.9 

[69]

Si-MCM41 1210 27.9 Captopril 32.5 [96]

Si-MCM41-A 1157 25 Ibuprofen 2.9 [71]

Si-MCM41-A 1024 35.9 Aspirin 3.88 [97]

Si-SBA-15 787 61 Gentamicin 
20.0 

[68]

Si-SBA-15 787 88 Erythromycin 
34 

[98]

Si-SBA-15-C8T 559 82 Erythromycin 
13 

[98]

Si-SBA-15-
C18ACE

71 54 Erythromycin 
15 

[98]

Si-SBA-15 602 86 Ibuprofen 14.6 [99]

Si-SBA-15-
APTMS-O

571 86 Ibuprofen 16.9 [99]

Si-SBA-15-
APTMS-P

473 78 Ibuprofen 20.6 [99]

Si-SBA-15 602 86 Bovine serum 
albumin 9.9 

[99]

Si-SBA-15-
APTMS-O

571 86 Bovine serum 
albumin 
28.5 

[99]

Si-SBA-15-
APTMS-P

473 78 Bovine serum 
albumin 1.1 

[99]

Si-SBA-15 787 49 Amoxicillin 24 [100]

HMS 1152 – Ibuprofen 35.9 [101]
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Mesoporous 

solid

SBET 

(m2/g)

Pore 

diameter (Å)

Drug Loading 

(wt%)

Reference

MCM-41 1210 26.7 Ibuprofen 74.4 [101]

HMS 1244 27.1 Ibuprofen 96.9 [76]

HMS-N-TES 1083 25.2 Ibuprofen 76.8 [76]

HMS-NN-TES 1036 24.6 Ibuprofen 74.2 [76]

HMS-NNNTES 990 24.7 Ibuprofen 70.9 [76]

Si-MSU 1200 42 Pentapeptide – [102]

MCM-41 1200 33 Ibuprofen 41 [103]

SBA-3 1000 26 Ibuprofen 33 [103]

SBA-1 1000 18 Ibuprofen 25 [103]

SBA-16 490 85 ZnNIA 14.3 [104]

SBA-16 490 85 ZnPCB 18.3 [104]

MCM-48 1166 36 Ibuprofen 28.7 [105]

LP-Ia3d 857 57 Ibuprofen 20.1 [105]

MCM-48 1166 36 Erythromycin 
28.0 

[105]

Other drugs that have been loaded on mesoporous silica other than 
those mentioned in Table 3.1 to be used as a drug delivery system were 
vancomycin [106], famotidine [107] and itraconazole [108].

An envelope-type mesoporous silica nanoparticle was designed for 
tumor-triggered targeting drug delivery to cancerous cells. Th e antineo-
plastic drug, doxorubicin hydrochloride, was loaded on the surface of the 
mesoporous silica core linked with β-cyclodextrin via disulfi de bonding. 
Th ereaft er, the surface of the nanoparticles was allowed to interact with 
diff erent peptide sequences via a host-guest interaction. Th e resultant 
nanoparticles were further decorated with poly(aspartic acid) to obtain the 
desired material. Th e purpose of the later step was to protect the target-
ing ligand and preventing the nanoparticles from being taken up by nor-
mal cells. In vitro studies revealed that the envelope- mesoporous silica 
nanoparticles were shielded against normal cells and enhanced cell growth 
inhibition effi  ciency in cancerous cells [109].

Th is new type of mesoporous silica nanoparticle was fi rst introduced by 
a group of Japanese scientists [110].
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Very recently, Regi et al. reviewed the use of the mesoporous silica 
nanoparticles for the design of smart delivery nanodevices [111]. Th is 
review pictured the multifunctionality and drug loading possibilities for 
the design of smart delivery nanomaterials (Figure 3.4).

Loading of small drug molecules into the mesopores occurred via the 
adsorption approach. Whereas the prodrugs could be attached to the func-
tional groups present in the inner part of mesoporous silica walls, the sur-
face of the silica nanoparticles can be modifi ed by using diff erent functional 
groups to further enhance controlling drug release. Th e review describes 
the use of diff erent nanocaps to design stimuli-responsive drug delivery 
systems and incorporate magnetic nanoparticles into the silica matrix to 
provide the mesoporous silica nanoparticles with magnetic properties 
suitable for various applications such as magnetic guidance, hyperthermia 
and magnetic resonance imaging (MRI).

Mesoporous silica nanoparticles (MSNPs) are attracting an increasing 
interest in the nanomedicine fi eld and are consequently receiving enormous 
attention due to the possibility for high drug loading into the mesopore cavi-
ties and covering the pore entrances with diff erent nanogates. Th ese features 
and functionality can be tailored to serve specifi c clinical needs.

A summary of various mesoporous materials employed for encapsula-
tion of enzymes was reported and is summarized in Table 3.2 [112]. 

DNA and other nucleic acids

Proteins

Magnetic

nanoparticles

Adsorbed drug

Anchored prodrug

MRI active

agent

Functional groups to tune

the surface charge

External funcionalization

Nanocaps

(stimuli-responsive)

Fluorescent

molecules

Polyethylene glycol

Targeting agents

Sensitive coverage

Figure 3.4 Various possibilities in designing smart drug delivery nanomaterials for 
numerous therapeutic applications. 
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Many researchers revealed that mesoporous structures are selective for 
the size of the drug and also are able to control the level of loading over the 
target molecule [123–126].

Th e concept of controlling the mesoporous silica nanoparticles pore size 
was demonstrated in a study by Min et al. [126]. Th e study revealed that 
loading of large amounts of plasmid DNA could be achieved using meso-
porous silica NPs with pores more than 15 nm.

Other researchers prepared carboxylic acid modifi ed mesoporous silica 
nanoparticle carriers by surface modifi cation. Surface modifi cation was 
achieved by functionalization of the surface via a two-step process: (i) 
3-amino-propyltriethoxysilane; and (ii) reaction with succinic anhydride. 
Th e carboxylic-modifi ed mesoporous silica materials showed high adsorp-
tion capacity (~50 wt.%) for sulfadiazine. In vitro release studies showed that 
the functionalized mesoporous materials with carboxylic groups are appro-
priate carriers for prolonged release of sulfadiazine. Also the drug-loaded 
silica materials demonstrated no cytotoxicity to the Caco-2 cell line [127].

Another family of modifi ed silica mesoporous supports with vari-
ous alkyl groups anchored on the pore outlets of mesoporous MCM-41 
has been prepared [128]. Th ese supports could be modifi ed to display a 
unique architecture to design gated systems able to achieve zero release. 
Th e hybrid mesoporous silica surface provides adequate controlled drug 
release features through advanced controlled release from the pore voids 
by control of the open-close gate operation (Figure 3.5). Th e rate of delivery 

Massive release Tuned release

Figure 3.5 Schematic representation on guest release rate from diff erent alkyl modifi ed 
surface support with the surface perspective views of obtained models for alkyl chains 
containing (left ) 8 and (right) 16 carbon atoms.
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was found to be dependent on the length of the alkyl chain anchored on 
the pore outlets.

Amine functionalized MCM-41 with organic functional groups was 
employed for aspirin loading and release studies. Th e modifi cation meth-
ods used for functionalization were co-condensation and post synthesis 
graft ing routes as illustrated in Figure 3.6.

Th e carboxylic acid group of aspirin interacts with surface silanol groups 
or amino groups modifi ed with aminopropyltriethoxysilane (APTES) 
functional groups on the pore walls which make these materials useful 
for controlled drug release. Th e loading and release of aspirin from the 
mesoporous silica was studied to provide insight into the molecular level 
interactions of drug with the mesoporous host and how these interactions 
infl uence loading and release properties [129].

Th e release profi les for the amine functionalized silica were studied 
at pH = 7.4 and 37.4 °C and the aliquots were analysed for aspirin with 

(a) Co-Condensation method

(b) Postsynthesis Grafting

APTES + Toluene

TEOS + APTES,

Ethanol Extraction

Figure 3.6 Schematic diagrams illustrating the functionalization of mesoporous 
materials by:

1. Graft ing (subsequent attachment of 
organic components onto a pure silica 
matrix; 2. co-condensation (one-pot 
synthesis) simultaneous reaction of 
condensable inorganic silica species and 
silylated organic compounds; 3. periodic 
mesoporous organosilicas (PMOs), 
hydrolysis and condensation reactions of 
bridged organosilica precursors, i.e., use of 
bissilylated organic precursors [130].

(A) Co-condensation: organosilane 
with the desired functional group is 
added during the synthesis so that the 
organic functionality is incorporated into 
mesoporous silica directly during the 
synthesis.
In postsynthesis graft ing, and (B) 
postsynthesis graft ing: calcined 
mesoporous silica is treated with the 
organosilane that reacts with surface 
silanol groups [129].
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UV−Vis spectroscopy at λ = 296 nm. Th e amount of released aspirin was 
calculated using the literature reported relation [97].

Drug release data indicated that the distribution and loading of the 
amine groups and the method of loading (co-condensation or post syn-
thesis) are important factors and also aff ect the release of aspirin. Th e 
diff erence in release models was explained by the relatively weaker inter-
action of aspirin with the parent MCM-41 relative to the amine function-
alized samples. On the other hand, it was found that materials prepared 
by co-condensation demonstrated that the maximum release of the drug 
decreased signifi cantly (from 71 to 50%) due to increased pore blocking 
by APTES.

Th e same group also successfully loaded aspirin into the pores of vari-
ous (SiO2/Al2O3) ratios of zeolite HY [107]. Th e study revealed that the 
amount of aspirin loaded was found to increase with decreasing of SiO2/
Al2O3 ratios. Nitrogen adsorption−desorption experiments revealed that 
aspirin was loaded into the internal pore surface of these materials.

Th e nature of intermolecular aspirin-zeolite interactions were obtained 
from the spectroscopic methods viz., FT-IR, 27Al and 13C magic angle 
spinning nuclear magnetic resonance spectra. Th e extent of loading has 
been determined by analytical techniques viz., N2 adsorption/desorption 
isometry.

Aspirin was bonded to silanol sites via hydrogen bonding on higher 
SiO2/Al2O3 ratio of HY zeolites. Th e theoretical quantum calcula-
tions provided aspirin/host interactions and the zeolite properties that 
control the loading and release. Th e drug release study from the zeo-
lite matrix at pH = 7.4 in aqueous solution revealed nearly complete 
release of aspirin HY-5, while HY-30 and 60 exhibited partial release 
of aspirin (Figure 3.7). Th e partial release of the drug was attributed to 
the increased hydrophobicity in HY-30 and HY-60 materials due to an 
increase of van der Waals interactions. Th e aim of the study was to con-
trol the delivery of the drug, i.e, the optimal release of the drug in eff ec-
tive amounts while minimizing the side eff ects that can occur depending 
on the dosage forms [131].

Several articles on loading drugs, genes and proteins (i.e., cytochrome 
c) on mesoporous silicas have been reported [124, 132–135]. Th e release 
of drug/genes/proteins from the mesoporous silica was studied in vitro 
within human cells when showing integral activity.

Wheatley and co-workers in 2006 published the synthesis of systems 
that involve coordination of NO to ion-exchanged sites within the zeolite 
framework [136, 137].
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Th is system was releasing nearly 100% of the incorporated NO over ∼40 
min in moisture-rich air, which is very diffi  cult to control and cannot avoid 
cellular damage due to exposure to excess NO.

Recently, Mascharak and his team developed a photoactive system that 
releases bactericidal amounts of nitric oxide (NO) under the control of 
low-power (10−100 mW) levels of visible light [138]. Th e system consists 
of photoactive manganese nitrosyl, [Mn(PaPy3)(NO)](ClO4), which was 
entrapped within the extended pores of the mesoporous material MCM-
41 as well as aluminosilicate-based material that has a negatively charged 
host structure.

In this study, the loading effi  ciency and leaching and the NO-releasing 
capacities from Si- and Al-MCM-41 systems have been determined 
(Scheme 3.1). Th e loading effi  ciency was improved using Al-MCM-41. 
Leaching of the nitrosyl from the host was found to be minimal in physi-
ological saline. 

Th e NO-releasing capacities from these two hybrid materials by visible 
light exposure results in rapid release of NO from the entrapped com-
plex while the photoproducts are retained in the host structure. Th erefore 
these hybrid NO-donors could be employed to deliver NO under the 
control of light with very little toxicity from the biocompatible host that 
also retains the photoproducts. Th us these NO-porous materials could be 

Aspirin released (mg/g)

Aspirin loaded (mg/g)

HY-60

HY-30

HY-5

0 20 40 60

mg Aspirin/g zeolite

80 100 120

Figure 3.7 Drug release study from HY-5, while HY-30 and 60 zeolite matrix at 
pH = 7.4 in aqueous [131].
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applied to infected wounds for treatment for A. baumannii infections in 
battlefi eld wounds.

3.4  BioMOFs: Metal-Organic Frameworks for 
Biological and Medical Applications 

3.4.1 Introduction

Metal-organic frameworks (MOFs) are some of the most exciting and 
high-profi le areas that have emerged as an important fi eld of innovative 
research over the past decade. Metal-organic frameworks (MOFs), com-
posed of metal ions or metal ion clusters as “nodes” and organic ligands 
as “linkers,” has been the subject of current research due to an upsurge of 
scientifi c interest in the creation of new porous materials and their enor-
mous potential in applications such as photonics, heterogeneous catalysis 
and separation [139–153]. Recently MOFs have been extensively reviewed 
in the fi eld of gas storage and are therefore oft en highlighted for their gas-
storage properties.

Th e coordination compounds with infi nite one-, two-, three-dimen-
sional network structures with backbones constructed by metal ions and 
ligands are called “coordination polymers” [154]. Metal organic frame-
works (MOFs) can be defi ned as having an extended array of metal ions 
or complexes that are linked by multifunctional bridging organic ligands. 
MOFs are specially defi ned as strong bonding (such as covalent bonding) 

λ ~ 600 nm

multi-drug resistant

Acinetobacter baumannii

Scheme 3.1 A photoactive and multi drug resistance manganese nitrosyl loaded into 
the columnar pores of MCM-41 host as NO delivery for treatment for Acinetobacter 
baumannii infections. 
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three dimensional networks with geometrically well-defi ned structure 
[155]. In this chapter, we will discuss the potential applications of MOFs in 
biological systems, an area that is only recently being developed. In order 
to evaluate any in vivo biological application, there is a need for a strict 
regulatory approval which in general is not the case for other commer-
cial activities. Th e regulatory approval for human and animal application 
requires capital investments, but good signs are that early studies on MOFs 
have demonstrated some excellent results which serve to facilitate continu-
ation in the research on their therapeutic and diagnostic applications.

3.4.2 Synthesis, Properties and Structures of MOFs

Th e synthesis of MOFs can be considered to be aligned to a building-block 
approach by connecting metal ions with organic linkers illustrated in 
Figure 3.8.

Typically, MOFs have low density (0.2–1 g/cm3), high surface area 
(500–4500 m2/g), very high porosity, and moderate thermal and mechani-
cal stability. Th e greatest advantage of MOFs over other well-known nano-
porous materials such as zeolites is the ability researchers have to tune the 
structure, functionality and properties of MOFs directly during synthe-
sis by changing the shape of building blocks. Th is type of MOFs design 
approach is well known as reticular synthesis [141, 155]. Th e broad ranges 
of metal and linkers off ers a theoretically large number of materials with 
a wide range of structural and diff erent physical properties in addition to 
chemical, optical, magnetic, and electrical properties. Th e wide variety and 
numbers of MOFs available aff ord both a challenge and an opportunity for 
their implementation in practical applications. Th e wide range of available 

Metal oxide

Organic linker

Figure 3.8 Building block approach of synthesis of MOFs. 
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pore sizes, topologies, and functionalities suggests that existing MOFs will 
have useful properties in several fi elds of biomedical applications. Despite 
the fact that MOFs are a rapidly expanding area of research, it still remains 
a challenge to predict which frameworks are best suited for a specifi c bio-
medical application.

MOFs are generally synthesized using hydrothermal or solvothermal 
techniques in which the crystals are grown slowly from the mother liquor 
of metal precursors and the organic moiety [156–158]. Th ere are several 
organic linkers which have been used for the synthesis of bio-MOFs and a 
few are listed in Scheme 3.2. 

MOFs are usually characterized by X-ray crystallography due to their 
high crystallinity. Since MOFs contain large pores, they become fi lled by 
the solvent used in the synthesis. Removal of the solvent molecules from 
the pores is referred to as the activation of MOFs. Generally, the activation 
collapses the frameworks and results in decomposition of MOFs. Most of 
the MOFs have unsaturated metal sites (open metal sites) on the walls of 
pores. Th ese open sites are further responsible for binding the guest mol-
ecules through various interactions [159–161].

COOH

COOH
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N N
H
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HOOC COOH

COOH

COOHCOOH
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Scheme 3.2 Building blocks for BioMOFs. (a) Biphenyl dicarboxylate. (b) Adenine. 
(c) 2,5-Piperazinedione-1,4-diacetic acid. (d). (e) 2,5- Dihydroxyterephthalic acid (f) 
5,5′,5′′-(1,3,5-triazine-2,4,6-triyl)tris(azanediyl)triisophthalate.
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One very important aspect to be considered while considering using 
MOFs in biomedical application is their stability. For example, IRMOF-1 
is hydrolytically unstable. Th eoretical simulations and experiments have 
shown that it collapse in 3.9% of water. Th is is mainly due to the replace-
ment of oxygen of MOFs which is coordinated to Zn2+ by the oxygen of 
water [162, 163].

Toxicology of the materials is another key factor when considering 
health, biomedical or biological application. Another very important 
issue which has to be considered is the toxicology of the metal ions pres-
ent in the MOFs. More research work is needed to explore the behavior 
of carboxylate-based MOFs as these are the better known members of the 
MOFs family. 

3.4.3 MOFs as Drug Delivery Agents

One of the major challenges faced in drug delivery using MOFs is the 
effi  cient delivery of the drug using non-toxic nano-carriers. In order to 
deliver the drug into the cell, the carriers should have the following fea-
tures: (1) effi  ciently drug trapping within the pores of MOFs; (2) controlled 
release; (3) controlled degradation; and (4) be detectable by imaging tech-
niques (Figure 3.9). Recently Patricia Horcajada’s research group demon-
strated the ibuprofen release [164], R. Morris et al. [165, 166] demonstrated 
delivery of NO gas for antithrombosis and vasodilatation and Lin et al. 
[167–169] demonstrated the imaging application using MOFs. 

A series of biologically and environmentally favourable non-toxic 
carboxylate MOFs have been reported by Ferey and coworkers [170]. 

Th e MIL family, synthesized from Cr3+ centers and benzene dicar-
boxylic acid have large pore sizes (25–34 Å) and outstanding surface 
areas (3100–5900 m2/g), and are the ideal systems for drug delivery. 

Loading of drug

into MOFs

Slow release of

drug from MOF

Figure 3.9 Absorption and release of drug molecule through MOFs pores.



70 Advanced Healthcare Materials

Th e storage and release of ibuprofen with chromium-based MIL-101 
and MIL-100 materials showed high ibuprofen loading, with 0.347 g 
ibuprofen/g MOF for MIL-100 and 1.376 g ibuprofen/g MOF for MIL-
101. Th e diff erence in drug loading between the two materials is due 
to the pore sizes of the materials; MIL-101 has larger pore volumes of 
12700 and 20600 Å3 (8200 and 12 700 Å3 for MIL-100). Th e kinetics of 
ibuprofen release was investigated by suspending the ibuprofen-loaded 
materials in simulated body fl uid (SBF) at 37 ºC.

Th ese MOFs contain toxic chromium, and thus, the use of these materi-
als for drug delivery is very limited. A less-toxic analog, MIL-101(Fe) has 
been developed and reported by Horcajada as a biocompatible alternative, 
and should be a much more appropriate drug carrier [164]. Th ese MOFs 
have been modifi ed into nanoparticles for effi  cient delivery of anti HIV and 
anticancer drugs (busulfan, azidothymidine triphosphate,  doxorubicin or 
cidofovir) (Figure 3.10) [171].

Th e physical properties and the structures of the drugs are summarized 
in Table 3.3 and Scheme 3.3.

Recently, Zhong-Min Su and coworkers reported on chiral MOFs synthe-
sized from 5,5′,5′′-(1,3,5-triazine-2,4,6-triyl)tris(azanediyl)triisophthalate 
and zinc nitrate [172]. Single crystal X-ray diff raction analysis revealed that 
enantiomers exhibit homochiral 3D structures with nanoscale porous and 
helical channels (Figure 3.11a). Th e large pore size of MOFs (27579.3 Å3) 
facilitate drug storage and subsequent drug (anticancer 5-FU D) release was 
observed with no burst eff ect. Th e delivery of 5-FU occurred within a week 
and 86.5% of the loaded drug was released (Figure 3.11b). Th e interaction 
between pore walls and the guest drug are mainly hydrogen bonding and 
π-π interaction. 

Another interesting BioMOFs has been reported by Rosi and cowork-
ers employing adinine, diphenyl dicarboxylate and zinc acetate [173]. Th e 

MIL-53

8 Å

MIL-88

6–11 Å

MIL-100

24–29 Å

MIL-101

29–24 Å

Figure 3.10 Porous iron MOFs for drug delivery applications. 
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Table 3.3 Th e physical properties of and the structures of the drugs.

MIL89 MIL88A MIL100 MIL53

Organic linker Muconic 
acid

Fumaric 
acid

Trimesic 
acid

Terphthalic 
acid

Structure

Flexiblity Yes Yes No Yes

Pore size (Å) 11 6 25(5.6) 8.6

Particle 
size (nm)

50–100 150 200 350

Bu loading(%) 9.8(4.2) 8 (3.3) 25.5(31.9) 14.3(17.9)

AZT-TP 
loading (%)

– 0.6(6.4) 21.2(85.5) 0.24(2.8)

CDV loading (%) 14(81) 2.6(12) 16.1(46.2) –

Doxorubicin 
loading (%)

– – 9.1(11.2 –

Ibuprofen load-
ing (%)

– – 33(11.0) 22 (7.3)

Caff eine- loading 
(%)

– – 24.2(16.5) 23.1(15.7)

Urea loading (%) – – 69.2(2.1) 63.5(1.9)

Benzophenone 4 
loading (%)

– – 15.2(22.8) 5(7.5)

Benzophenone 3 
loading (%)

– – 1.5(74.0) –

Doxorubicin 
loading (%)

– – 9.1(11.2) –
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MOFs have a large pore volume and surface area which greatly facilitates 
loading of the drug (procainamide) effi  ciently. Since the drug has a very 
short in vivo half-life, the patient is required to be dosed every 3–4 hours. 
Complete loading (0.22 g/g material) was achieved aft er 15 days, and it 
has been estimated that ~2.5 procainamide molecules per formula unit 
remains in the pores while the rest adhere to the surface. Due to the ionic 
interactions between host and guest, cations can be used to trigger pro-
cainamide release from the framework (Figure 3.12).

Lin’s research group designed and synthesized a nano-MOF (NCP-
1) from Tb3+ ions and c,c,t-(diamminedichlorodisuccinato)Pt(IV)
(disuccinatocisplatin, DSCP), a cisplatin prodrug for cancer treatment 
[174]. Th e nanoparticles of NCP-1 (58.3-11.3 nm) were encapsulated 
with silica to enhance the half-life time in HEPES buff er at 37 ºC. Th ese 
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silica coated nanoparticle were further functionalized with c(RGDfk ), a 
cycllic peptide which targets the αnβ3 integrin, which is over expressed 
in many cancers. Th ese particles displayed a lower IC50 (inhibitory 
concentration, 50%) than that of cisplatin (9.7 mM versus 13.0 mM for 
cisplatin), while the untargeted particle did not exhibit signifi cant cell 
death. Th e improved cytotoxicity of the functionalized particles sug-
gests that these particles are taken up by receptor-mediated endocytosis, 
followed by reduction to the active cis platinPt(II) species inside the cell 
(Figure 3.13).

3.4.4 Applications of MOFs as NO storage

Metal organic frameworks have a great capability of storing gas since they 
have large pore volumes and large surface areas incorporated into their 
structures. NO storage is one of the most important but less studied fi elds 
of MOFs. NO is a gaseous radical which is involved in most of the biological 
processes such as neural, immune and vascular systems. In vivo and in vitro 
delivery of NO through MOFs is thus considered to be a most attractive and 
challenging task. Th ere are several materials and polymers such as zeolites 
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Figure 3.12 Scheme depicting cation-triggered procainamide release from bio-MOF-1. 
(B) Procainamide release profi les from bio-MOF-1 (blue, PBS buff er; red, deionized 
nanopure water).
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which are available in the literature but have a disadvantage in that they are 
responsible for also delivering the carcinogenic by-products inside the liv-
ing cells. Th erefore development of target oriented NO delivering materials 
would be of immense interest and this would ensure that no side products 
would remain inside the living cells. An ideal material should be able to load 
NO effi  ciently and be able to release the NO the specifi c target sites effi  ciently.

Xiao and co-workers reported a MOF which was derived from benzene 
tricarboxylic acid and copper acetate (also known as HKUST-1) [175]. 
Th is MOF has open metal sites available for NO adsorption aft er activa-
tion. Th ey measured NO adsorption gravimetrically and observed that 
HKUST adsorbs NO with a large adsorption capacity of 9 mmol/g at 1 bar 
and 196K, which is signifi cantly greater than any other adsorption capacity 
reported for a poro us solid. However, at 1 bar and 298K it only absorbs 3 
mmol/g. Infra-red experiments further confi rms that the NO binds to the 
empty copper metal sites in HKUST-1. Th ey confi rmed NO release from 
HKUST-1 on contact with water vapor. However, the total amount of NO 
released was around 1 μmol NO/g MOF.

Morris and co-workers reported two MOFs viz., [M2(C8H2O6)
(H2O)2]·8H2O where (M) = Co, Ni) (CPO-27-Co and CPO-27-Ni) which 
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Figure 3.13 (a) Schematic showing the synthesis of Tb-DSCP NMOF (designated as 
NCP-1) and its subsequent coating with silica shell (NCP-10) and conjugation with cyclic 
peptide (PVP, polyvinylpyrollidone; TEOS, tetraethylorthosilicate); (b) TEM micrograph 
for as-synthesized NCP-1; (c) TEM; and (d) SEM micrographs for NCP-10; (e) In vitro 
cytotoxicity assay curves for HT-29 cells obtained by plotting the % cell viability against 
the Pt concentration of various samples and cisplatin control.
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perform exceptionally well for the adsorption, storage and water-triggered 
delivery of NO [176]. Th ey further confi rmed by powder X-ray diff rac-
tion studies, that each of the unsaturated metal ion sites coordinates to one 
NO molecule. Th e high adsorption of NO by these MOFs is as a result of 
chemisorption which was later confi rmed by IR studies. Th e stored NO 
in these MOFs could be maintained for several months. Th e capability of 
storing NO for long term and high adsorption capacity (~ 7 mmol NO/g of 
MOF which is ~ 7000 times more than the HKUST-1) inspired researchers 
to study these types of MOFs further. It was found that since Cr-MIL53 
and AL-MIL53 do not possess open metal sites they adsorb very little NO. 

3.4.5 Applications of Bio-MOFs as Sensors

Apart from the fascinating property for gas storage, MOFs have also dem-
onstrated a capacity to behave as sensors. MOFs possessing a luminescent 
property have a great advantage as biomedical diagnostic tools that are 
apparent from a few reports in the literature on luminescence [177, 178].

Rosi and coworkers fi rst reported that bio-MOF-1 derived from adenine 
and biphenyldicarboxylic acid is an effi  cient sensor for certain visible and 
NIR-emitting lanthanides (Tb3+, Sm3+,Eu3+ and Yb3+) [179]. Th e lanthanide 
ions were inserted into the pores of bio-MOF-1 as nitrate salts in DMF solu-
tion. Th e lanthanide loading doesn’t disturb the crystallinity order, which 
was further confi rmed by X-ray powder diff raction pattern (Figure 3.14). 
Similar experiments were performed in water as solvent. Despite the fact that 
water is a strong luminescent quenching solvent, the bio-MOF-1 showed a 
strong luminescent property because the material protects the lanthanide 
within its pores enabling the use of NIR-emission. Th e encapsulation of large 
lanthanide cations within the defi ned space is the main reason for the bio-
MOF-1 having such a high luminescence intensity.

In another report, Chen et al. mentioned a new application of MOFs 
as a temperature dependent luminescent thermometer [180]. Th ey syn-
thesized isostructural MOFs, [Tb2(dmbdc)3]n or [Eu2(dmbdc)3]n, based 
on (2,5-dimethoxy-1,4-benzenedicarboxylate) (Figure 3.15). Th e organic 
linker acted as a sensor which upon excitation at 381 nm underwent a 
p-p* electron transition between the linker and the metal centres occurred. 
By increasing the temperature from 10K to 300K the emission intensity 
gradually decreased due to the thermal non-radiative decay. Doping of 
[Tb2(dmbdc)3]n with Eu3+ ions using a one-pot synthesis led to the forma-
tion of [(Eu0.0069Tb0.9931)2(dmbdc)3]n. Interestingly, the mixed-MOF shows a 
novel temperature-dependent luminescence. At 300 K, the Eu3+ emission 
dominates the whole spectrum, which is most likely due to the tempera-
ture-dependent photon-assisted Förster transfer mechanism. 



76 Advanced Healthcare Materials

bio-MOF-1

Sm3+@bio-MOF-1

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0
300 400 500

Wavelegth (nm)

N
o

rm
a

li
ze

d
 i

n
te

n
si

ty
 (

a
.u

.)

N
o

rm
a

li
ze

d
 i

n
te

n
si

ty
 (

a
.u

.)

600 700 300 400 500

Wavelegth (nm)

600

1.0

0.8

0.6

0.4

0.2

0.0

N
o

rm
a

li
ze

d
 i

n
te

n
si

ty
 (

a
.u

.)

300 400 500

Wavelegth (nm)

600 700

Tb3+@bio-MOF-1 Eu3+@bio-MOF-1

Tb3+Sm3+ Eu3+

(a)

(b)

i ii iii

Figure 3.14 Bio-MOF-1 encapsulation and sensitization of lanthanide cations. 
(a) Schematic illustration of Ln3þ incorporation into bio-MOF-1 and subsequent 
Ln3+sensitization by the framework. (b) Excitation and emission spectra of Sm3+@bio-
MOF-1 (i), Tb3+@bio-MOF-1 (ii), and Eu3+@bio-MOF-1 (iii).

In another example, Nenoff  et al. reported the Indium based white light 
emitter MOF [In3(btb)2(oa)3]n) (btb = (btb=1,3,5-tris(4-carboxyphenyl)
benzene and oa=oxalic acid) [181]. Th e emission is based on a LMCT 
(ligand to metal charge transfer) mechanism. Aft er doping with 9% Eu3+ 
ions onto the [In3(btb)2(oa)3]n), the doped-MOF [(Eu0.09In0.91)3(btb)2(oa)3]n 
behaved as a red light emitter. Th e objective of the doping in this case was 
to enhance the properties such as color rendering index (CRI) and thus 
correlated color temperature (CCT), and chromaticity to approach the 
requirements for solid-state lighting (SSL).
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3.5 Conclusions

Most signifi cant and effi  cient progress has been made over the past decade 
employing MOFs in various important biological applications viz., drug 
delivery and diagnostic application. Th e distinguishing properties of 
bio-MOFs made them an important class of new biologically applicable 
materials. MOFs were previously known for their impressive gas stor-
age application. Th eir latest emerging biological application has, how-
ever, made them extraordinary new candidates for further exploration in 
this newly discovered research enterprise. A few issues still remain to be 
addressed viz., toxicity, instability, biocompatibility and biodegradability 
all of which hinder the biological applications of MOFs. However, with the 
ever-increasing numbers of groups working in this fascinating area there is 
no doubt that all these problems will be solved in the near future. 
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Abstract
Recent attempts to develop nanoparticulate systems for diagnosis and/or therapy 
of neurodegenerative diseases, with main focus on Alzheimer’s Disease (AD) are 
presented. Since the main obstacle to treat brain-located pathologies is the blood-
brain barrier, a brief description of its physiology, and methodologies used for 
studying transport of drugs across the BBB, are mentioned. All types of nanopar-
ticulates which have been employed to-date to target AD (and deliver drugs or 
imaging substances to AD-related pathological features) are described, and the 
results accomplished so far together with advantages/disadvantages of each specifi c 
category of nanoparticles are mentioned. Th e philosophy and main physicochemi-
cal characteristic prerequisites of nanoparticles used as systems to target diseases 
in general, and brain-located pathologies particularly, are analyzed. Finally, the 
main current accomplishments and challenges for the future are summarized. 

Keywords: Nanoparticulate systems, diagnosis and therapy, neurodegenerative 
diseases, Alzheimer’s disease

4.1 Introduction

Neurological disorders (ND) (such as Alzheimer’s disease [AD], Parkinson’s 
disease [PD], multiple sclerosis [MS], and primary brain tumors) occurrence 
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is constantly increasing in the last years [1], mainly as a result of the contin-
uously increasing aging population and life expectancy. Th ereby, strategies 
for ND early detection and treatment are currently among the most urgent 
and challenging areas in therapeutics. Since NDs are “located” in the central 
nervous system (CNS), the blood-brain barrier (BBB) presents a serious 
impediment for their diagnosis and treatment. Th e ability of nanoparticu-
late systems or nanoparticles (NPs) to traverse the BBB provides alternate 
means for targeted drug delivery to the CNS and novel therapeutic applica-
tions for ND [2], as well as increased opportunities for their early diagno-
sis. “Th eranosis” (a word derived by combining the two greek-origin words 
“therapy” and “diagnosis”) has been proposed recently, as a term to describe 
systems which deliver imaging and therapeutic agents simultaneously. Th is 
chapter will focus on recent nanotechnological approaches (mainly devel-
opment of nanoparticulate systems, or else, nanoparticles) for detection 
and/or therapy (theranosis) of AD. Th erapy and diagnosis are two major 
categories in the clinical treatment of disease. AD is the most common 
form of dementia in people over the age of 65. Today, millions of people are 
aff ected by AD, resulting in a heavy social and economic burden, which is 
projected to seriously increase and profoundly impact the health care sys-
tems, if no effi  cient early detection and therapies become available. Various 
types of nanoparticles are currently under investigation for their potential 
to target AD-related pathologies and thus be used for development of diag-
nostic and/or therapeutic systems.

4.2 Nanoparticles

NPs have been considered as alternative and ideal nano-diagnostics/nano-
therapeutics (compared to traditional diagnostics and therapeutics) due to 
their advantages [3], the most important of which are: (1) Th at they can be 
easily loaded (or they can integrate) with more than one kind of imaging or 
therapeutic agents, which makes them potential multifunctional nanoplat-
forms for theranosis; (2) Th at they can accommodate large amounts of imag-
ing agents or drugs (by simple loading or chemical conjugation) as a result 
of their large surface area and/or interior volume (depending on the specifi c 
NP type); (3) Th at they can target disease sites, aft er decoration with specifi c 
targeting moieties or aft er optimization of their physicochemical properties 
(size, surface charge and hydrophobicity, etc). In fact it has been confi rmed 
that decoration with more than one targeting molecule can highly increase 
NP target binding capability and specifi city (compared to single molecule 
[or targeting ligand] decoration) due to multivalent eff ects [4]; (4) Th at their 
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circulation time in the blood can be enhanced by modifi cation of their size 
and/or surface characteristics, due to reduced degree of opsonization and 
subsequent uptake by the reticuloendothelial system (RES) [5]. Indeed, in 
most cases NPs can be engineered to have specifi c blood circulation times, 
depending on the specifi c application requirements.

Various types of nanoparticles, composed of organic (polymers, pro-
teins, lipids, polysaccharides, etc.) or inorganic materials (iron, gold, silica, 
etc.) have been developed, and are currently under clinical or preclinical 
evaluation, or even in the market, for delivery of imaging agents and/or 
drugs (Table 4.1) [6, 7]. Th e structural characteristics of most NP types is 
presented in Figure 4.1 [6].

Table 4.1 Categories of Nanoparticles (NPs) used in theranosis.

TYPE ADVANTAGES DISADVANTAGES

Organic Nanoparticles

-Polymeric NPs 

or micelles 

-Biological NPs

-Good loading for lipo-
philic drugs/agents; 
Homogeneity; biological 
synthesis; biodegradable/
biocompatible;

-Bad loading of hydrophilic 
molecules; some poly-
mers or stabilizers have 
possible: toxicity, slow 
biodegradability, etc;

-Diffi  cult modifi cation; 
handling;

Lipidic NPs:

-Solid Lipid 

NP (SLN)

-Liposomes

-Small uniform size; Good 
easy loading of lipophilic 
molecules; easy scale-up 
of production;

-FDA approved carriers; 
good/easy loading of 
any type of molecule; 
easy surface modifi ca-
tion (many chemistries 
 available; commercially 
available building blocks);

-High content of 
 surfactants; possible 
toxicity/biocompatibil-
ity problems; problem 
to load hydrophilic 
molecules;

-Poor in vivo stability; 
limited sustained release 
potential;

Dendrimers -High loading capacity; 
controllable & uni-
form size/chemical 
composition;

Limited synthetic possibili-
ties; toxicity issues;

(Continued)
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TYPE ADVANTAGES DISADVANTAGES

Inorganic NPs

Iron NPs Clinically available contrast 
agent (MRI); biocompat-
ible; controllable size/
shape/properties;

poor aqueous stability;

Gold NPs Optical quenching capabil-
ity; controllable size/
shape; easy surface modi-
fi cation; biocompatible;

poor aqueous stability;

Quantum Dots Very good imaging proper-
ties; high S/N; in vivo 
longevity;

Cytotoxicity; questionable 
biocompatibility and 
clearance;

Carbon-based 

NPs

Structural rigidity; mechan-
ical properties; good 
electrical properties;

Potential toxicity;

Silica NPs Biocompatible; high 
loading capacity;

Mechanical stability;

Table 4.1 (Cont.)

INORGANIC NPs

Iron oxide/Gold NPs

Polymeric NPs Solid Lipid NPs

Immuno-Liposomes

Liposomes Dendrimers

Nanocrystals Nanotubes

ORGANIC NPs

TARGETTED NPs

Figure 4.1 Structure of the main types of NPs currently used or being under investigation 
for therapeutic and/or diagnostic applications. Part of the fi gure was extracted from 
Ref [6] aft er permission. 
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4.2.1 Types of NPs Used for Th erapy and/or Diagnosis

As stated above, NPs can be categorized in two main groups: those con-
sisting of organic components (or building blocks); i.e., Organic NPs, 
and those consisting of inorganic building blocks, i.e., Inorganic NPs. In 
Table 4.1 a brief presentation of the advantages and disadvantages of the 
basic types of NPs, in regards to their applicability for theranostic applica-
tions, is given.

Over the past decade, several kinds of organic NPs, such as polymeric 
NPs or micelles (consisting of various synthetic or naturally occurring 
polymers), Dendrimers, Biological NPs (mainly consisting of proteins 
as albumin etc.), and lipidic NPs having sphere (Solid Lipid NPs-SLNs) 
or capsule geometry (liposomes), have been used in various applications 
for diagnosis and therapy [8, 9]. Th ese organic NPs can extend the blood 
circulation time of therapeutic agents and selectively accumulate in the 
pathological sites via the enhanced permeability and retention (EPR) eff ect 
[10]. NPs carrying imaging agents such as radionuclides, dyes, MRI con-
trast agents etc., have shown potential for early diagnosis of diseases, while 
various organic or inorganic NPs have also shown great potential as ther-
anostic systems. Furthermore, stimuli-responsive organic NPs can release 
their payloads only in response to an appropriate stimulus such as pH, 
temperature, light, or ultrasound. Controlled release upon these stimuli 
results in a more specifi c delivery of the payload to the target sites, and 
this strategy is currently under intensive preclinical evaluation for targeted 
drug delivery and biomedical imaging [11, 12]. A brief description for each 
NP-type follows:

Polymeric NPs and Micelles have attracted great attention as carriers 
of hydrophobic molecules because they are able to provide a narrow size 
distribution, incorporate multiple functionalities into one system, increase 
the solubility of hydrophobic drugs, control their release over extended 
time periods, and exhibit slow elimination through the RES [13, 14]. 
Polymeric micelles are composed of a hydrophobic core, and the hydro-
philic part forms the shell. Th e core of the micelles can contain hydropho-
bic imaging or therapeutic agents, while the shell provides stability under 
aqueous conditions and binding locations for targeting moieties. 

Dendrimers are spherical, branched or hyper-branched macromol-
ecules with a tree-like structure. Imaging and therapeutic agents can be 
encapsulated in the internal cavity or on the surface of the dendrimers with 
high loading capacity [15]. By monomer selection and control of polymer-
ization degree, dendrimer size, molecular weight and chemical composi-
tion can be modulated. Due to their high loading and capability to control 
the polymer structure, dendrimers are favorable platforms for multimodal 
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imaging and theranosis. Polyamidoamine (PAMAM) dendrimers derived 
from polypropyleneimine and a 1,2-diaminoethane core have shown great 
promise in diagnostic and therapeutic applications because of their bio-
compatibility, small (< 5nm diameter) and uniform size and shape, mono-
disperse molecular weight distribution, good blood clearance through 
renal excretion and availability of numerous amino groups to conjugate 
targeting moieties and/or imaging/therapeutic agents [16].

Other types of polymers, which may be considered as Biological poly-
mers, such as proteins, antibodies, enzymes, lipoproteins, and viruses, also 
possess the required properties to make signifi cant contributions for ther-
anosis. A few of the various advantages they off er, compared to synthetic 
polymer-based nanoparticles, are good biocompatibility, biodegradability, 
quick and easy synthetic steps, and homogeneity [17], which make them 
desirable drug carriers. Albumin, a blood-plasma protein that transports 
various molecules through the circulatory system, has been used as a car-
rier because of its innate transport role, and excellent biocompatibility / 
biodegradability. Natural source derived polymers, such as chitosan, algi-
nate, collagen, and hyaluronic acid, are also useful biomaterials for delivery 
of imaging or therapeutic agents due to their easy modifi cation (by simple 
chemical methodologies) as well as their minimal infl ammation induction 
and good biodegradability.

Lipidic NPs: Such NPs are constructed of lipids as building blocks and 
are mainly solid lipid NPs (SLNs) or nanocapsules or liposomes (LIPs). 

SLNs are generally constituted by a matrix of lipids that remain solid at 
room and body temperature. Th ese solid lipids are mostly physiological 
lipids such as fatty acids, mono-, di- or triglycerides, glycerin mixtures and 
waxes [18]. A related class of nanocarriers is called lipid nanocapsules, and 
typically consist of a mixture of triglycerides and phospholipids [19]. Both 
types of the nanocarriers mentioned above require surfactants (non-ionic 
or ionic) for stabilization and may facilitate sustained or controlled release 
of therapeutic agents. In addition, lipophilic particulate matters are known 
to cross the BBB well [20] and enter the CNS compartment even without 
surface modifi cation. Th ey therefore demonstrate strong potential for CNS 
drug delivery. Some examples of SLNs known to bind apolipoproteins and 
target brain tissues will be described below [21].

LIPs have been extensively studied as carriers for both imaging and 
therapeutic agents. Th ey are small artifi cial lipid-based vesicles of spher-
ical shape usually produced from natural non-toxic phospholipids and 
cholesterol. Th ey were initially invented by Alec Bangham as a model for 
cell membranes and from the 70s and on, they are extensively investigated 
for drug delivery applications. Because of their diverse physicochemical 
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character (both hydrophilic and hydrophobic regions exists in one single 
vesicle allowing the incorporation of hydrophobic and encapsulation of 
hydrophilic molecules), their versatile structure that can be easily tailored 
(allowing adjustment of size, lamellarity and surface properties) and their 
biocompatible and non-toxic components, liposomes are excellent systems 
for the delivery and targeting of drugs and/or imaging agents. Depending 
on their lipid composition, size, surface charge and method of preparation, 
their physichochemical properties and, as a consequence, their in vivo dis-
tribution, may be modulated. Liposomes can range between 25–50 nm up 
to several micrometers in diameter, and may consist of one (unilamellar) 
or more (multilamellar) homocentric bilayers of amphipathic lipids (usu-
ally phospholipids). Th ey can be classifi ed according to their lamellarity 
(number of lamellae) (and may thus be characterized as unilamellar ves-
icles [UV] or multilamellar vesicles [MLV]) and according to their size 
(and may thus be characterized as small [SUV, if they are also unilamellar] 
or large [LUV]). Liposomes may also be named (frequently found in the 
relevant literature) by the technique used for their preparation (as DRV, 
REV). Th e main advantages of liposomal drug delivery systems are that: 
(i) they are structurally versatile and can be easily tailored to bear the spe-
cifi c properties required for each application; (ii) they can accommodate 
both hydrophilic drugs (in their aqueous compartments) and lipophilic 
or ampliplilic drugs (in their lipid bilayers); and (iii) they are non-toxic, 
non-immunogenic and fully biodegradable, since they consist of naturally 
occurring phospholipids. Th e choice of lipidic components determines the 
“rigidity” (or “fl uidity”) and the charge of the liposome bilayer. Th e intro-
duction of positively or negatively charged lipids in their bilayer provides a 
surface charge to liposomes. Liposome surfaces can be readily modifi ed by 
attaching polyethylene glycol (PEG)-units to the bilayer (producing what is 
known as stealth liposomes) to prolong their circulation time in the blood-
stream. Furthermore, antibodies or ligands can be conjugated to the sur-
face of liposomes, to enhance target-specifi c drug therapy. Today, several 
diff erent types of liposomes are available, mainly conventional, long circu-
lating (or “Stealth,” sterically stabilized, or Pegylated), targeted (or ligand 
bearing or immunoliposomes [when antibodies are used as targeting lig-
ands]), cationic (for genetic material delivery) and deformable or elastic (or 
“transferosomes”) with applications in transdermal delivery [22, 23].

Th e second main category of NPs is Inorganic NPs. Several types of 
NPs consisting of inorganic building blocks have been identifi ed as candi-
dates for potential applications in theranosis, such as iron oxide NPs, gold 
NPs, Q-dots, silica NPs or carbon-based NPs (Table 4.1). A brief descrip-
tion of each one of these NP-types is given below.
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Iron Oxide NPs. Considerable interest in iron oxide nanoparticles 
(IONPs) as multifunctional nanoplatforms for imaging and therapy has 
recently emerged, due to their unique properties such as the intrinsic ability 
to enhance MR contrast, easy surface tailoring, and biocompatibility [24]. 
IONPs are synthesized by co-precipitation of Fe2+ and Fe3+ ions in basic 
aqueous media or by the thermal decomposition method (for more uni-
form and highly crystalline structures). Th ey provide large T2 relaxation 
eff ects, and have been used as T2-weighted MRI contrast agents. Generally, 
for these applications, IONPs should be coated with biocompatible poly-
mers, such as dextran, dextran derivatives, or PEG, to confer stability in 
the aqueous environments of biological systems. Th ese surface functional-
ities can also bind diff erent therapeutic agents, imaging agents, or targeting 
moieties for the development of IONP platforms for multimodal imag-
ing. Th ere has also been increasing interest in the combination of IONPs 
with PET or SPECT probes for MRI/PET or MRI/SPECT dual-modality 
imaging. Such probes can be developed by conjugation of chelates (e.g., 
DOTA and DTPA) to the polymer surface coating of IONPs, for radionu-
clide complexation (64Cu, 111In and 124I). IONPs have received great atten-
tion towards the development of theranostic nanomedicines, since they 
are not only used as contrast enhancement agents for MRI, but can also 
deliver therapeutic agents, such as anticancer drugs and siRNA, to disease 
sites [25]. IONPs can also emit heat upon exposure to an alternating exter-
nal magnetic fi eld (by converting electromagnetic energy into heat) and 
thus be used for hyperthermia (therapy) in addition to imaging [26]. Since 
MRI is not suffi  ciently sensitive to monitor drug delivery or target-specifi c 
accumulation of drug carriers in a diseased site, a variety of IONP-based 
drug carriers have been combined with imaging probes, including optical 
imaging and nuclear imaging (SPECT or PET) probes, to provide real-time, 
noninvasive imaging of drug delivery or monitoring of therapy [27].

Gold NPs, which can be spherical, rod, or nanoshell-shaped, have been 
designated as multi-functional probes due to their unique properties such 
as optical quenching [28], X-ray absorption [29], and surface enhanced 
Raman scattering (SERS) [30]. Th ese sensing properties are applied to sin-
gle diagnostic imaging techniques, but other gold nanomaterial properties 
like size controllability, good biocompatibility, easy surface modifi cation, 
and photothermal eff ects can be further utilized towards the development 
of multi-modal theranostic agents [31]. Th erapeutic agents and photother-
mal properties can be easily integrated with gold nanomaterials through 
surface modifi cation or shape control, while nucleic acids can be easily 
integrated onto them through thiol groups and desorbed through intense 
local heat induced by their photothermal properties [32].
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Quantum Dots (QDs) are NPs composed of ZnS or Cd/Se. Traditional 
methods for imaging, such as fl uorescent or organic dyes are prone to 
photobleaching and pH sensitivity, highlighting the need for more stable 
contrast agents. QDs are resistant to chemical degradation and photo-
bleaching, and have tuneable emission spectra, making them excellent 
candidates for molecular imaging and biosensing [33]. Furthermore, QDs 
are being employed as probes given their brighter fl uorescence than tradi-
tional dyes, which is due to a higher molar extinction coeffi  cient (which 
means that they can absorb more light energy). Recent applications of QDs 
for in vivo imaging include peptide-conjugated QDs, which target tumor 
tissue and allow optical detection [33]. Th is may have applications for in 
vivo imaging of brain tumors. However, their biodegradability and toxicity 
towards cells is questionable.

Silica NPs. Silica is a natural component of sand, glass, and quartz, and 
exists as the chemical compound silicon dioxide (SiO2). For a long time, 
it has been widely applied in glass and ceramic industries, and now, many 
researchers use it as a nanomedicine component because of its biocom-
patibility, availability to chemical or physical modifi cation, and mechani-
cal properties. Bradbury and colleagues showed that silica NPs could be 
used for in vivo multimodal imaging of tumor tissue [34]. Mesoporous 
silica NPs (MSNs) have been recently considered as attractive tools for 
imaging and drug delivery. Th e high porosity of MSNs results in a very 
large surface area to carry drugs or imaging agents. Th e location of mol-
ecules inside the pores can provide superior loading effi  ciency and stable 
storage/protection from the external microenvironment. Furthermore, 
 stimuli-responsive systems based on MSNs, can regulate the release of 
loaded molecules, which is a useful property for target-specifi c delivery 
of active agents [35]. Recently multifunctional hollow mesoporous silica 
nanocages (FITC labeled to conduct intracellular tracking through fl uo-
rescence microscopy) were developed as a single system for imaging, drug 
delivery and photodynamic therapy [36]. 

Carbon-based NPs. Carbon-based materials (mainly carbon nanotubes 
and graphene), have been recently considered for theranostic applications. 
Carbon nanotubes (CNTs) are hollow graphitic nanomaterials, structured as 
rolled sheets of benzene ring carbon atoms in the form of cylindrical tubes. 
Depending on the structure, CNTs can be categorized into two groups: 
 single-walled carbon nanotubes (SWCNTs) and multi-walled carbon 
nanotubes (MWCNTs). SWCNTs consist of a one-layer sheet with diame-
ter of 1–2 nm and a length ranging from several 10s to 100s of nanometres, 
while MWCNTs consist of multiple concentric layers of SWCNTs. In nano-
medicine, SWCNTs have been used more frequently than MWCNTs. Due 
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to their unique properties such as electrical conductance, piezoresistance, 
and electrochemical bond expansion, CNTs have been considered more for 
applications in electrochemistry and sensors. Other CNT properties, such 
as high absorption in the NIR region, strong Raman shift , photoacoustic 
properties and photothermal ability, are more interesting for biomedical 
applications (imaging and therapy) [37]. PEG chain conjugated SWCNTs 
coated with cyclic RGD peptides for effi  cient tumor targeting (labeled with 
64Cu for radioimaging) have been developed [38]. Graphene is a one-atom-
thick single sheet of sp2-hybridized carbon atoms. Geim and Novoselov 
were awarded the Nobel Prize in Physics for the study of two-dimensional 
graphene properties [39]. Because of its common benzene carbon sheet 
with CNTs, graphene also demonstrates useful properties such as NIR 
light absorption and photothermal eff ects. Graphene is relatively amenable, 
compared to CNTs, to micro- and nanofabrication of complex structures of 
high aspect ratios; however, the structural rigidity of CNTs provides more 
stability under intracellular conditions. Th erefore these two carbon-based 
materials should be carefully selected for specifi c applications.

4.2.2  Physicochemical Properties and their Eff ect on the in 
vivo Fate of Nanoparticle Formulations 

A number of requirements concerning the physicochemical properties of 
NPs exist, in order to be used for drug or imaging agent delivery. First 
of all, they should be able to load suffi  cient amounts of drug or imaging 
agents, and retain the required quantity while in the blood, at least until 
they reach their target. For successful theranosis, the effi  cient delivery of 
imaging agents and drugs is critical, to provide suffi  cient signal (for imag-
ing) or drug concentration (for therapy) at the targeted disease site. A sec-
ond important feature is the blood circulation time of NPs. Intravenously 
administered NPs’ major clearance is through renal and hepatic routes. 
Th e physicochemical properties of NPs, such as size (i.e., hydrodynamic 
diameter, HD), hydrophobicity, fl exibility, and surface charge, have a pro-
found eff ect on their in vivo biodistribution and clearance [40, 41]. Rigid 
NPs with HD<6 nm can be excreted through the renal route, whereas 
larger NPs are rapidly removed from the blood by the RES, leading to 
rapid uptake in the liver and spleen and subsequent excretion through the 
hepatobiliary route. Surface charge also plays a crucial role in the rapid 
elimination of NPs from the blood by the RES uptake because NP HD may 
increase by non-specifi c adsorption of plasma proteins, which increases 
opsonization. In general, appropriate surface modifi cation of NPs using 
biocompatible, hydrophilic, and neutral polymers, such as polyethylene 
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glycol (PEG) or polysialic acids, will reduce opsonization and uptake 
into the RES and facilitate effi  cient clearance of NPs from the body. Th e 
enhanced permeation and retention (EPR) eff ect in fenestrated vessels can 
enable high accumulation of nanoparticles at angiogenic disease sites, as 
tumors. Th is strategy to target disease sites is known as passive targeting; by 
modulating nanoparticle physicochemical properties (size, zeta potential 
and surface properties) it is possible to prolong blood circulation time and 
target such diseased sites passively. NP accumulation and cellular uptake 
could be further enhanced by active targeting with target-cell-specifi c anti-
bodies or peptides conjugated on the surface of nanoparticle [Figure 4.1].

Biocompatibility, biodegradability and low-toxicity are additional impor-
tant required features for in vivo administration of NPs. Some NPs com-
posed of biocompatible and biodegradable materials can be metabolized 
into clearable components, although their elimination from the body is 
extremely slow in many cases. Many inorganic NPs consist of metal ele-
ments, such as gadolinium, cadmium (e.g., quantum dots), which are 
known to be toxic. Furthermore, some studies showed that carbon-based 
NPs have potential biological toxicity [42]. Th erefore, before practical 
application of NPs and administration into the human body for diagnostic 
or therapeutic purposes, comprehensive assessments of potential toxicity 
should be carefully considered. One has to keep in mind that toxicity/bio-
compaticility issues may be more pronounced when therapeutic (or ther-
anostic) NP-systems are to be designed, compared to diagnostics, since the 
amount of drug required for therapy is usually much higher compared to 
required levels of imaging agents for detection; thereby, the carrier mate-
rial is used in much larger amounts. Additionally, it is very important to 
carry out such toxicity assessment studies at the nano range (i.e, evaluate 
the toxicity of the NPs and not the NP building blocks as pure materials), 
since at this size dimension, the surface area, and thus also the contact are 
a between material and biological milieu, is signifi cantly increased, leading 
to enhanced interactions [43].

A few diagnostic or therapeutic materials formulated in NPs have been 
approved by the Food and Drug Administration (FDA) for clinical use, 
and many more are under clinical investigation. Th e currently marketed 
products are mainly simple formulations with no specifi city (e.g., Doxils, 
Abraxanes, or Feridexs) [22, 23]; such formulations are considered as “fi rst 
generation nanomedicines.” Today, various NPs with high target specifi city 
are being actively investigated, some being multifunctional nanoparticles 
with more than one clinical function. To summarize, in order to success-
fully translate NPs into clinical treatment, several issues have to be consid-
ered, such as: (1) Reasonable blood half-life, retaining their nano-size and 
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content; (2) Favorable physiological behavior with minimal off -target dis-
tribution; (3) Eff ective clearance of NPs from the human body or possible 
metabolism to clearable components; and (4) Potential toxicity.

4.3  Physiological Factors Related with Brain-Located 
Pathologies: Focus on AD

4.3.1 Neurodegenerative Diseases; AD and Related Pathologies

Neurodegenerative diseases (NDs) are one of the main classes of CNS-
located disorders. In NDs, such as Alzheimer’s diseases (AD), Parkinson’s 
diseases (PD) and multiple sclerosis, patients experience symptoms related 
to movement, memory, and dementia due to gradual loss of neurons or else 
neurodegeneration. Th e causes of NDs are complex and associated with 
many factors such as advancing age, environmental issues, and disordered 
immunity, and less with the host genetics [44, 45]. Th e unique and compli-
cated environment and restricted anatomical access of the CNS due to the 
blood–brain barrier (BBB), makes any diagnosis or surgery-based therapy 
here more diffi  cult than in any other diseased site. [46]. Furthermore, clini-
cal neuroscience faces great challenges due to the extremely heterogeneous 
cellular and molecular environment and the complexities of brains ana-
tomical and functional “wiring” and associated information processing. As 
mentioned in the introduction, nanotechnology provides hope that it will 
revolutionize diagnosis and treatment of CNS disorders.

Since this chapter is focused on AD, a description of the disease and 
related pathologies follows:

AD is a ND which currently aff ects > 24 million people worldwide. 
Th ere is no available therapy, but only symptomatic treatment [2]. It is 
characterized by cognitive dysfunction and progressive memory loss. Th e 
clinical course of AD is generally characterized by dementia as well as 
learning and memory impairment, accompanied by behavior and cogni-
tion changes [47]. AD diagnosis is thus based on detection of behavioral 
changes (as mood swings, confusion, and irritability). Two main patho-
logical hallmarks are connected with AD, β-amyloid (Aβ) plaques and 
neurofi brillary tangles. Aβ peptides consist of 39–42 amino acids and 
are formed by abnormal processing—or better cutting—of the larger amy-
loid precursor protein (APP) [48]. Th e deposits of Aβ produced by this 
abnormal processing are insoluble and thereby accumulate, resulting in a 
cascade of destructive eff ects on neurons, and increased oxidative stress. 
Th is abnormal accumulation of Aβ seems to be the cause of AD. Metal 
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ions such as copper (Cu) and zinc (Zn) tend to further promote depo-
sition of these extracellular plaques [49]. Neurofi brillary tangles are the 
other major fi ndings in AD; Th ese are hyperphosphorylated, paired helical 
fi laments of microtubule-associated-protein called tau (τ). In healthy cells 
they are associated with growth and development, but their intracellular 
accumulation eventually leads to cell death by disturbing the normal cyto-
skeleton. Other manifestations of AD, such as neuronal loss (particularly 
of the cholinergic type that plays an important role in memory cognition) 
have also been observed, while other fi ndings of clinical importance also 
exist as deposition of amyloid plaques in blood vessels, granulovacuolar 
degeneration, chromosomal mutations, oxidative stress, etc. [50, 51]. More 
details about the two main pathological hallmarks of AD will be given 
below in the section focused on past and current approaches to target AD 
for diagnosis and therapy. For more details on AD pathophysiology many 
recent review articles are available [52–54].

4.3.2 Th e Blood Brain Barrier (BBB) 

4.3.2.1 BBB Physiology 

Th e BBB’s main function is to maintain the chemical composition of the 
neuronal milieu, protecting the functions of neurons. It is readily perme-
able only to lipophilic molecules or those of a molecular weight below 
400–600 Da [55], and thus the options for potential therapeutic and diag-
nostic tools are limited. Th e BBB is localized at the interface between the 
blood and the cerebral tissue [56, 57] formed by endothelial cells (ECs) 
of cerebral blood vessels, which display a unique phenotype characterized 
by the presence of intercellular tight junctions and expression of numer-
ous transport systems. Th e anatomical and functional site of the BBB is 
the brain endothelium. Under physiological conditions, extracellular base 
membrane, adjoining pericytes, astrocytes, and microglia are, in addition 
to brain capillary endothelial cells, parts of the BBB supporting system. 
Together with surrounding neurons, these components form a complex 
and functional “neurovascular unit” [58] (Figure 4.2). Apical junctional 
complexes, notably tight junctions (TJs), are present in brain endothelium 
forming the blood-brain-barrier (BBB), which controls cerebral homeo-
stasis and provides the central nervous system (CNS) with a unique pro-
tection against the toxicity of many xenobiotics and pathogens.

TJs are located on the apical side of endothelia cells and are structur-
ally formed by an intricate complex network made of a series of parallel, 
interconnected, transmembrane and cytoplasmatic strands of proteins 
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[57, 59, 60]. Th e high level of integrity of TJs is refl ected by the high elec-
trical resistance of the BBB (1500–2000 Ω cm2), which depends on extra-
cellular Ca2+ ion concentration. Extensive reviews on TJ characteristics 
are available for those interested in more details [57, 60, 61]. Adherens 
junctions (AJs) are located below the TJs in the basal region of the lateral 
plasma membrane. Th ey are composed of transmembrane glycoproteins 
(represented by the large family of cadherins) and are linked to the cyto-
skeleton (by cytoplasmatic proteins), thus providing additional tighten-
ing structure between the adjacent endothelial cells at the BBB. Another 
blood-brain interface is localized at the choroid plexus epithelium, which 
controls the exchanges between the blood and the cerebro-spinal-fl uid 
(so-called the blood-CSF barrier); these specialized epithelial cells also 
express TJs and a number of transporters. Th e problem of drug transport 
to the brain or else the unique biological characteristics of the BBB are 
mainly the following: 1) Lack of fenestrations with very few pinocytotic 

Figure 4.2 Cellular constituents of the BB. a) Brain endothelial cell features observed 
in cell culture. Th e cells express a number of transporters and receptors, some of which 
are shown. Excitatory amino acid transporters 1–3(EAAT1–3); glucose transporter 
1(GLUT1); system for large neutral amino acids (LAT1); P-glycoprotein (P-gp). b) 
Examples of bidirectional astroglial–endothelial induction necessary to establish and 
maintain the BBB. Figure is obtained from Ref [59] aft er permission.
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vesicles, and a relatively large number and volume of mitochondria in 
endothelial cells [62, 63]; 2) Th e presence of TJs between adjacent endo-
thelial cells, formed by an intricate complex of transmembrane proteins 
(junctional adhesion molecule-1, occludin, and claudins) with cyto-
plasmic accessory proteins. Th ey are linked to the actin cytoskeleton, 
[64], forming the most intimate cell-to-cell connection. TJs are further 
strengthened and maintained by interaction/communication between 
astrocytes or pericytes and endothelial cells [56]; 3) Th e expression of 
various transporters including GLUT1 glucose carrier, amino acid car-
rier LAT1, transferrin receptors, insulin receptors, lipoprotein receptors 
and ATP family of effl  ux transporters such as p-glycoprotein (P-gp) and 
multidrug resistance-related proteins MRPs [59]. Some of these aid the 
transport into the brain while others prevent the entry of many mol-
ecules; 4) Th e synergistic inductive functions and upregulating of BBB 
features by astrocytes, astrocytic perivascular endfeet, pericytes, peri-
vascular macrophages and neurons, as suggested by the strong evidence 
from cell culture studies [65–67]; and: 5) Th e lack of lymphatic drainage, 
absence of major histocompatibility complex (MHC) antigens and on-
demand inducible immune reactivity for maximum protection to neuro-
nal function [68]. Th e BBB has a strict limit for the passage of immune 
cells, especially lymphocytes, [69] and its immune barrier is made by 
the association between BBB endothelial cells, perivascular macrophages 
and mast cells [70]. Additionally, this immune barrier is reinforced by 
local microglial cells [71].

As seen in Figure 4.3 [72], the routes for penetration across the BBB 
can be regulated by diff erent types of receptors or transporters, depending 
on the specifi c molecule. Th ereby: (1) Small hydrophilic molecules such 
as amino acids, glucose, and other molecules necessary for the survival of 
brain cells use transporters expressed at the luminal (blood) and basolateral 
(brain) side of the endothelial cells. (2) Large and/or hydrophilic essential 
macro molecules, such as hormones, transferrin for iron, insulin, and lipo-
proteins use specifi c receptors that are highly expressed on the luminal side 
of the endothelial cells. Th ese receptors function for the endocytosis and 
transcytosis of compounds across the BBB. (3) Small lipophilic molecules 
can diff use passively across the BBB into the brain but will be exposed to 
effl  ux pumps (P-glycoprotein [P-gp], some Multidrug Resistance Proteins 
[MRP], Breast cancer Resistance Protein [BCRP] and others) expressed on 
the luminal side of the BBB and exposed to degrading enzymes (ecto- and 
endo-enzymes) localized in the cytoplasm of endothelial cells before brain 
penetration.
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4.3.2.2 Methods to Overcome the BBB

In addition to the mechanisms available for solutes to pass the BBB, there 
are specifi c methodologies that may be applied to overcome the BBB. Th ese 
can be divided into invasive and non-invasive (when specifi c transport sys-
tems available on the BBB cell components, are utilized) approaches.

Invasive approaches to overcome the BBB include transport by intra-
cerebro-ventricular infusion (ICV) or direct injection in the CNS. Intra-
cerebro-ventricular infusion (ICV) or insertion of a small-caliber catheter 
into the brain parenchyma (Convection-enhanced delivery (CED)) have 
been used as methods to overcome the BBB but the limitations of these 
methods were that the diff usion of the drug in the brain parenchyma is 
very low and proper drug delivery depends on the placement of catheters 
[73]. Intra-cerebral injection or use of implants is limited by the fact that 
diff usion in the brain decreases exponentially with distance. Th ereby, the 
injection site has to be very precisely mapped to get effi  cacy and overcome 
the problem associated with diff usion of drugs in the brain parenchyma. 
Polymer wafers, currently used in the clinic, are considered as the gold 
standard of intra-cerebral drug therapy [74]. Another type of invasive 
approach to pass the BBB is via tight junction opening (enhanced by bio-
logical chemical and physical stimuli). Disruption of the BBB can open 
access of the brain to components in the blood by making the tight junction 
between the endothelial cells more permeable (by osmotic disruption, by 
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MRI-guided focused ultrasound BBB disruption technique, by application 
of bradykinin-analogue). All these approaches are relatively costly, require 
anesthesia and hospitalization, and are non-patient friendly. Neurons may 
be damaged permanently from unwanted blood components entering the 
brain. Drug transport across the blood–brain barrier for drugs which can-
not pass the BBB normally (as free molecules) can be also achieved by 
non-invasive approaches, which can be: a) physiological methods; b) phar-
macological methods; or c) other methods. Th ese types of BBB transport 
methods are briefl y presented below: 

a. Physiological methods: Th e brain requires essential sub-
stances for metabolism and survival, such as glucose, insulin, 
growth hormone, low density lipoprotein (LDL), which are 
recognized by specifi c receptors or transport mechanisms, 
resulting in specifi c transport mechanisms into the brain. 
Th ereby molecules can overcome the BBB via transport vec-
tors, adsorptive mediated transcytosis, and receptor-mediated 
transcytosis. Furthermore, a cell-mediated transcytosis mech-
anism is available (Figure 4.3). Indeed, peptides and small 
molecules may use specifi c transporters expressed on the 
luminal and basolateral side of the endothelial cells forming 
the BBB to cross into the brain. At least eight diff erent nutri-
ent transport systems have been identifi ed, each one trans-
porting a group of nutrients of similar structure. Drugs may 
be modifi ed such that their transport is increased by using 
a carrier-mediated transporter expressed on the endothelial 
cells forming the BBB. Use of small molecules that directly 
target transporters to overcome BBB restrictions eliminate 
the need for the drug to be transformed, for example by 
conjugation to antibodies [75] a method used to deliver the 
metabolic precursor of dopamine. Using these methods to 
overcome the BBB, multiple factors must be considered, such 
as the kinetics available to transport physiologic molecules, 
the structural binding requirements of the transporter and 
the therapeutic compound manipulation so that the com-
pound binds but also remains active in vivo. Adsorptive-
mediated transcytosis (AMT), also known as the pinocytosis 
route, is triggered by an electrostatic interaction between 
a positively charged substance, usually the charged moiety 
of a peptide, and the negatively charged plasma membrane 
surface (i.e., heparin sulphate proteoglycans). Th e develop-
ment of many new drug delivery technologies focusing on 
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AMT has similarity to receptor-mediated mechanisms, but 
are not so specifi c. Peptides and proteins with a basic isoelec-
tric point (“cationic” proteins) bind initially to the luminal 
plasma membrane (mediated by electrostatic interactions 
with anionic sites), which triggers adsorptive endocytosis. 
Receptor-mediated transcytosis can be achieved via the dif-
ferent receptors, which are known to be overexpressed on the 
brain endothelial cells, as: (1) Th e transferrin receptor (TfR), 
the function of which is to provide iron to cells. Drug tar-
geting to the TfR can be achieved by using the endogenous 
ligand transferrin, or by using antibodies directed against 
the TfR. For transferrin (Tf) the in vivo application is lim-
ited due to high endogenous concentrations of Tf in plasma. 
Transferrin is an essential protein needed for iron delivery 
to cells and is found at mg/ml amounts in plasma. Using the 
antibody approach against TfR, the receptor specifi c mono-
clonal antibody (mAb) binds to the receptor on the endothe-
lial cells, and allows the associated therapeutic agent to cross 
the BBB via receptor-mediated transcytosis [76, 77]. For 
antibodies against the TfR, proof of concept studies in rats 
have demonstrated that a mAb that binds to a distinct epit-
ope from TfR (OX26) can be used as a brain delivery agent 
[78]; (2) Th e low-density lipoprotein receptor related pro-
teins 1 and 2 (LRP1 and LRP2 receptors). LRP mediates the 
internalization and degradation of multiple ligands involved 
in diverse metabolic pathways [79, 80]. LRP is a multiligand 
lipoprotein receptor which interacts with a broad range of 
secreted proteins and resident cell surface molecules (eq. 
apoE (apolipoprotein E), α2 M (α2 macroglobulin), tPA (tis-
sue Plasminogen Activator), PAI-1 (Plasminogen Activator 
Inhibitor 1), APP (Amyloid Precursor Protein), Factor VIII, 
Lactoferrin, etc., mediating their endocytosis or activat-
ing signaling. Nanoparticles functionalized with specifi c to 
LRP ligands; have been used for drug delivery to the brain 
[81–83]; (3) Th e insulin receptor (IR). Pardridge et al. have 
extensively documented the use of the insulin receptor for 
the targeted delivery of drugs to the brain using specifi c 
antibodies directed against the IR [84]. For example, using 
the 83–14 mouse mAb against the human insulin receptor 
(HIR) in rhesus monkeys shows that total uptake of the mAb 
is 4%, which corresponds to 0.04%/g brain tissue 3 h aft er IV 
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injection [85]. Both the chimeric antibody and a fully human-
ized form of the 83–14 antibody against HIR have been 
developed [86] and shown to be able to transport an associ-
ated/conjugated molecule across the BBB; (4) Th e diphteria 
toxin receptor. Th e utility of CRM197, a non-toxic mutant of 
diphtheria toxin, as a targeting vector for drug delivery to the 
brain has been demonstrated [87]. CRM197 has been shown 
to endocytose aft er binding to the membrane precursor of 
heparin binding epidermal growth factor (HB-EGF) [88], 
also known as the diphtheria toxin receptor (DTR). 

Finally, cell-mediated drug transport employs specifi c 
cells that take up drug-loaded nano, or microcarriers traf-
fi c them through the BBB and deliver the drugs to their 
target sites inside the brain. In this case, cells act as Trojan 
horses. Compared to other transport pathways, cell-medi-
ated drug delivery has attracted far less attention for brain 
drug transport but there have been some very promising 
results reported. Most noteworthy is the work carried out 
[89] on RGD-anchored magnetic-liposomes for monocyte/ 
neutrophil-mediated brain targeting using an IL-1β induced 
brain infl ammation rat model.

b. Pharmacological methods: Th is approach consists of modify-
ing, through medicinal chemistry, a molecule that is known 
to be active against a CNS target to enable it to penetrate the 
BBB. Modifi cation of drugs through a reduction in the rela-
tive number of polar groups increases the transfer of a drug 
across the BBB. Lipid carriers have been used for transport 
for many years, and there are successful early examples of 
both these approaches [90]. Th e limitations include that the 
modifi cations necessary to cross the BBB oft en result in loss of 
the drug activity. Additionally increasing the lipophilicity of a 
molecule to improve transport can also result into making it 
a good substrate for the P-glycoprotein-effl  ux pump (P-gp).

c. Other routes: Intranasal administration has emerged as a 
compelling method for delivering drugs or diagnostic agents 
to the brain as it bypasses the BBB non-invasively [91]. 
Mechanisms of intranasal drug delivery to the CNS remain 
to be elucidated. Evidence suggests that nerves connecting 
the nasal passages to the brain and spinal cord as well as the 
vasculature, cerebrospinal fl uid, and lymphatic system con-
tribute to transportation of molecules to the CNS following 
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adsorption from the nasal mucosa [93]. Th e major route of 
intranasal delivery is the olfactory nerve pathway. Drugs 
travel via the olfactory nerve axons, accumulate in olfactory 
bulbs (OB), and diff use into the brain [92]. Th is adminis-
tration route has been exploited for pain management, par-
ticularly post-operative pain and moderate-to-severe cancer 
pain due to ease of delivery and high brain uptake [93, 94].

4.3.3  In vitro and in vivo Models for BBB Permeability and AD 
Diagnostic/Th erapeutic Approach Assesment

Methods used to investigate BBB transport or for screening of potential 
delivery systems for their capability to facilitate drug or imaging agent 
transport across the BBB, (in vitro systems, cellular models, and animals 
[wild type (WT) or transgenic (TR)]), as well as animal models which have 
been developed up-to-date for assessment of AD diagnostic and/or thera-
peutic approaches, are mentioned and briefl y described.

4.3.3.1 In vitro Methods

Th e in vitro methods can be categorized in two main groups: non-cell and 
cell-based permeability assays. Non-Cell-Based Permeability Assays: 
About 30 years ago, eff orts were initiated toward the development of meth-
odologies for molecule membrane permeability screening. Various tech-
niques, such as high-performance liquid chromatography (HPLC) (by 
development of affi  nity columns), “immobilized artifi cial membranes” 
(IAMs) that mimicked the properties of biological membranes, etc., have 
been identifi ed. Some of the later were moderately successful and capable 
of ranking compounds according to BBB permeability [95], but they were 
not found suitable for medium- to high-throughput operation. A more 
promising technology is the parallel artifi cial membrane permeability 
assay (PAMPA), which is suitable for the study of passively permeating 
compounds, showing moderately good correlation with data derived from 
the human colonic epithelial cell line (Caco-2) and from in vivo perme-
ability studies. By modifying the lipid composition of the artifi cial mem-
brane, which is the basic component of the PAMPA system, it appears to 
be capable of predicting CNS permeability with reasonable accuracy [96].
Cell-Based Permeability Assays: Several cell culture models (summarized 
in Table 4.2) have been developed and used for BBB permeability prediction 
studies. Most in vitro BBB cellular models proposed so far are based on co-
cultures of brain endothelial cells (ECs) and astrocytes (or glial cells) [97], 
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in two-chamber cell culture systems. In particular, whereas bovine brain 
endothelial cells alone only partly recapitulate BBB properties, a co-culture 
system with rat glial cells has been extensively validated as a reference BBB 
model [98]. Because these cells express tight junctions as well as numerous 
membrane transporters, they constitute a valuable alternative or comple-
ment to the epithelial cell lines Caco-2 and MDCK, currently used for drug 
screening by pharmaceutical industries because of their very high perme-
ability restriction [99]. Alternative BBB models are also available, using pig, 
mouse, rat or human brain ECs [100–106]. In addition, stable immortalized 

Table 4.2 Cellular models of the BBB.

BRAIN ENDOTHELIAL CELLS

PRIMARY ENDOTHELIAL CELLS

Origin Ref

Bovine [98]

Porcine [102]

Rat [103]

Mouse [101]

Human [104]

IMMORTALIZED BRAIN ENDOTHELIAL CELL LINES

Bovine SV-BEC [111]

Porcine PBMEC [113]

Rat RBE4 [108]

Mouse bEND5 [112]

Human hCMEC/D3 [116]

CO-CULTURES

Glial Cells/Astrocytes [98]

Pericytes [106]

Astrocytes and Pericytes [97]

Neurons [105]
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rat EC lines were produced and validated as in vitro models of brain endo-
thelium: fi rst the RBE4 cell line [107–109], followed by a number of other cell 
lines [110– 113], some of which have been widely used for biochemical, immu-
nological and toxicological studies. More recently, the human hCMEC/D3 
brain EC line, which retains most of the morphological and functional char-
acteristics of brain endothelial cells, was developed. Th is cell line expresses 
TJs and multiple active transporters, receptors and adhesion molecules, even 
without co-culture with glial cells, thus appearing as a unique and easy to 
maintain in vitro model of the human BBB [114–116]. Recently drug per-
meability across hCMEC/D3 monolayers was signifi cantly decreased when 
the system was used under three-dimensional fl ow conditions [117, 118] 
(compared to the non-fl ow setup), improving the predictability of the sys-
tem. All together, these in vitro BBB models are helpful for screening of new 
drugs as well as for unraveling the molecular mechanisms of BBB-control 
under physiological conditions and in various CNS diseases.

For measurement of BBB-permeability, cell monolayers are generated by 
growing the cells on permeable fi lters, mounted in a device that separates 
the apical (luminal) compartment and the basal (abluminal) compartment 
(Ussing chamber, Transwell system, etc.). Th e drug is added to one com-
partment (the donor) and the amount appearing in the other compartment 
(receiver) is determined over time. For measurement of Uptake by Cells: the 
study typically involves incubation of the cells with a tracer molecule, stop-
ping the uptake process at set time-points (e.g., by washing with cold buff er 
solution, or using a stopping solution containing specifi c inhibitors to block 
transport), lysing the cells and analyzing the contents for presence of the 
tracer (by radioactive counting, quantifi cation of fl uorescence, HPLC or liq-
uid chromatography-mass spectrometry [LC/MS]), as well as total protein 
content. In order to better mimic the in vivo situation, some three-dimen-
sional “dynamic” in vitro BBB models (DIV–BBB) have been developed. In 
these, intraluminal fl ow is incorporated, providing an optimal combination 
of conditions, which encourage BBB diff erentiation. For this, endothelial cells 
are seeded inside porous tubes with astrocytes on the outside, and medium 
fl ow is maintained via the lumen. Such systems provide high TEER values 
while numerous transporters and receptors (characteristic of the BBB) are 
also upregulated [119, 120]. Although diffi  cult to use for kinetic studies, such 
models have been used to test drug permeability. 

4.3.3.2 In vivo (and in situ) Methods

For BBB permeability: Th ere are two methods that are used for assess-
ing BBB permeability in vivo [121]; these include determinations of 
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brain:plasma ratio (log BB); and measurement of the permeability surface 
area product (PS or log PS), from which permeability (P) can be derived 
provided that the vessel surface area (S) can be estimated. Most pharma-
ceutical companies generate log BB data in animals (oft en rat) as part of 
standard pharmacokinetic profi ling of compounds [122]. Th ese measure-
ments are generally made over several hours, with a number of animals 
required per data point, making the studies costly and labor intensive. 
Moreover, a number of factors, including metabolism and binding, aff ect 
the brain distribution and therefore log BB may not be an accurate mea-
sure of BBB permeability. Determining the unidirectional infl ux coeffi  cient 
(Kin) by using the in situ saline-based perfusion method more accurately 
refl ects the BBB permeation step, eff ectively isolating this “kinetic” ele-
ment of drug penetration [121, 122]. Because of the accurate quantitation, 
the Kin (or PS) measurements are considered as “gold standard” references 
for other methods [123]. For drugs acting on the basic CNS target sites 
(membrane receptors, transporters), the critical concentration is the free 
concentration in brain interstitial fl uid (ISF). Brain/plasma ratio measured 
especially at longer times and for more lipophilic agents will be aff ected 
by drug distribution into brain lipids and nonspecifi c binding. Measuring 
free concentration with a microdialysis probe is possible but technically 
diffi  cult, and there is a particular problem of recovery of more lipophilic 
agents [124, 125].

For assessment of proposed AD diagnostic and therapeutic approaches—
AD mouse models: Transgenic mice models that mimic a range of 
Alzheimer’s disease–related pathologies are currently available (summa-
rized in Table 4.3). Th ey have been widely used in the preclinical testing 
of potential therapeutic modalities and have played a pivotal role in the 
development of immunotherapies for Alzheimer’s disease, which are cur-
rently in clinical trials. Th e most common approach to create genetically 
manipulated mice is to microinject a complementary DNA (cDNA) trans-
gene (usually with a pathogenic mutation). However, some transgenic ani-
mals have been created with a whole, wild-type human genomic fragment 
that includes promoter, introns and fl anking sequence (the whole APP 
gene [126], PS-1 gene [127], or tau gene [128]). Other approaches target 
the endogenous mouse gene with pathogenic mutations or human gene 
sequence (the knock-in approach) [129]. Th ere have been problems thus 
far with the uniformity of results due to the diff erent mouse strains and 
methods used. 

Amyloid-forming APP mice: Th ere have been many attempts to create 
models of amyloidogenesis, some of which replicate the amyloid pathology 
rather well. Th e fi rst mouse model with extensive AD-like neuropathology 
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Table 4.3 Transgenic Mice Models that Mimic Alzheimer’s Disease or Related 
Pathologies.

Trans/Line Pathology Refs

PD-APP Aβ deposits, neuritic plaques, synaptic loss, 
 astrocytosis and microgliosis

[130]

Tg2576 Hamster Prp Behavioral, biochemical and 
pathological abnormalities

[131]

TgAPP23 Congophilic senile plaques that are
immunoreactive for hyperphosphorylated tau

[132]

TgCRND-8 Hamster PrP Aβ amyloid deposits, dense-cored 
plaques and neuritic pathology, early impairment 
in acquisition and learning reversal

[125]

TgR1.40YAC Aβ deposits, pathology accelerated inhomozygotes, 
or when bred to mutant PS-1YAC transgenic mice

[126]

PS/APP Fibrillar Aβ deposits in the cerebral cortex and 
hippocampus, reduced spontaneous alternation 
performance in a “Y” maze

[133]

PS-1 Elevated levels of the highly amyloidogenic 42- or 
43-amino acid peptide Aβ42(43)

[134]

Alz27 Tau present in nerve cell bodies, axons and den-
drites was phosphorylated at sites that are hyper-
phosphorylated in paired helical fi laments

[135]

JNPL3 Murine PrP Motor and behavioral defi cits, with 
age- and gene-dose-dependent development of 
neurofi brillary tangles

[136]

hTau40 Axonal degeneration in brain and spinal cord, 
axonal dilations with accumulation of neurofi la-
ments, mitochondria and vesicles

[137]

hTau Hyperphosphorylated tau accumulating as aggre-
gated paired helical fi laments in the cell bodies 
and dendrites of neurons in a spatiotemporally 
relevant distribution

[138]

PS1/APP/Tau Development of plaques and tangles; synaptic 
dysfunction, including long term potentiation 
(LTP) defi cits, manifesting in an age-related 
manner (before plaque and tangle pathology)

[139]
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was created by Exemplar_Athena Neuroscience in 1995 (the PD_APP 
line). Th is mouse line developed fi brillar and diff use amyloid pathology 
in the cortex and hippocampus [140]. A subsequent model (Tg2576) cre-
ated by Hsiao and colleagues showed age-related cognitive impairment in 
addition to Aβ plaques [131]. Surprisingly no model showed overt cell loss 
[141] and amyloid associated cell loss has only been reported in one (APP-
23), although it was very marginal [134]. It is likely however, that neurode-
generation is occurring in these models, as several of the mutant APP mice 
have now been shown to be cognitively impaired [125, 131, 133].

Presenilin mice: Both wild-type and mutant PS-1 mice have been created 
to determine the eff ects of PS-1 on APP processing. [128]. Studies on these 
mice indicated that PS-1 mutations had the eff ect of increasing Aβ 1–42. 
Th e level of Aβ 42 generated in these mice was not suffi  cient for amyloid to 
be formed. When mutant PS-1 mice were crossed to mutant APP mice, Aβ 
aggregation into plaques was greatly accelerated in the mouse line studied, 
indicating either that Aβ levels are critical for amyloid formation or that 
these AD genes were interacting synergistically [133]. PS-1 knockout (KO) 
mice have demonstrated decreased Aβ levels, further emphasizing the APP 
processing role of PS-1 [142], and PS-1 is now thought to be synonymous 
with the APP-cleaving enzyme, γ-secretase [143].

ApoE mice: ApoE KO, knock-in or cDNA mice have been created as 
tools to understand the role of this protein in AD [143]. When ApoE KO 
mice were crossed with PD_APP mice, the mice had signifi cantly reduced 
Aβ deposition. When ApoE4 mice were crossed with PD_APP mice, 
higher levels of amyloid were seen compared with an ApoE2/PD_APP 
cross, supporting the pathogenic role of ApoE4 in AD [144]. Th e mecha-
nism by which ApoE exerts its eff ect is unknown, although some theories 
have been proposed.

Tau mice: Th e fi rst transgenic tau mouse was created in 1995 [145], 
but further neurofi brillary pathology was not apparent. Use of pathogenic 
mutations in tau cDNA transgenes led to the development of mice that 
form robust neurofi brillary (tangle) pathology of relevance to FTD-17 and 
AD [136]. Recent developments using a genomic, wild-type tau transgene 
has led to a mouse model that forms more AD-like tangles [138]. More 
recently created mouse models have cortical/hippocampal pathology and 
associated cell loss; these should be more informative for the study of 
pathogenic tau formation (including the contribution of hyperphosphory-
lated or aggregated tau) and neurodegeneration/cell death. Unfortunately 
tangle formation in these models is not associated with Aβ aggregation, 
and the tau transgenic mice do not form amyloid plaques. Interestingly, 
exposing mutant tau mice to elevated Aβ (either through crossing to an 
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APP-overexpressing mouse or by injecting Aβ into the brain [145]) leads 
to increased tau pathology, suggesting that there is an interplay between 
Aβ and tau. Recently, a triple transgenic model (expressing mutant APP, 
PS-1 and tau) has been created, in which the APP and tau transgenes were 
co-injected (leading to co-integration) into a PS-1 knock-in line [139]. 
Progeny express all three transgenes in the same background strain. Th ey 
develop both plaques and tangles (plaques come before tangles in this 
model) and have shown synaptic dysfunction, although behavioral studies 
have not been reported.

4.4  Current Methodologies to Target AD-Related 
Pathologies 

Methodologies to target AD-related pathologies that are currently avail-
able or (in the majority of cases) under preclinical or clinical research are 
mainly focusing on the two basic—hallmark—pathologies; i.e., Tau neuro-
fi laments and Amyloid plaques. In most cases a prerequisite to target these 
pathologies is the passage of the BBB, however, some research approaches 
are designed in a way that passing the BBB is not required (as the “sink” 
theory approach) [146, 147].

A basic description of the various approaches currently under clinical 
or pre-clinical investigation will be given in this section, together with 
detailed lists of potential ligands that may be used as targeting ligands to 
direct nanotechnologies to the specifi c AD-related pathological features. 
For presentational reasons the ligands are divided in three main catego-
ries: small molecule ligands (Table 4.4), peptide (or peptide-type) ligands 
(Table 4.5) and antibody ligands (Table 4.6).

4.4.1 Tau-targeted Strategies—Available Ligands 

Tau, one of the main microtubule-associated proteins, will be hyperphos-
phorylated and lose the ability to bind microtubules when the homeostasis 
of phosphorylation and dephosphorylation is disturbed in neurons. Tau 
hyperphosphorylation seems to be required, but is not suffi  cient, to induce 
tau aggregation alone. Due to the better understanding of the mechanisms 
of tau phosphorylation and its quantitative importance (85 phosphory-
lation sites), the approach of targeting tau phosphorylation by inhibit-
ing tau kinases seems to be a feasible strategy to prevent tau aggregation 
and associated pathological eff ects. However, tau protein, regardless of its 



Nanoparticles for Diagnosis and/or Treatment 113
Ta

b
le

 4
.4

 
Sm

al
l M

ol
ec

ul
e L

ig
an

ds
 fo

r A
β 

or
 T

au
 T

ar
ge

tin
g.

M
o

le
cu

le
 

A
β 

ag
g

re
g

at
io

n

(I
C

5
0

 μ
M

)

T
au

 f
o

rm
at

io
n

(I
C

5
0

 μ
M

)

R
ef

er
en

ce

A
] 

M
O

L
E

C
U

L
E

S
 A

T
T

A
C

H
E

D
 T

O
 N

P
s

Cu
rc

um
in

oi
ds

SP
R,

 K
d:

 1
-5

 n
M

 
[2

01
, 2

00
–2

04
]

Ph
os

ph
at

id
ic

 ac
id

 (P
A

) (
in

co
rp

or
at

ed
)

SP
R,

 K
d:

 2
2-

60
nm

[2
03

, 2
05

, 2
06

]

Ca
rd

io
lip

in
s (

in
co

rp
or

at
ed

)
SP

R,
 K

d:
 2

2-
60

nm
[2

03
, 2

06
]

M
on

os
ia

lo
ga

ng
lio

sid
es

 (G
M

1)
 (i

nc
or

po
ra

te
d)

SP
R,

 K
d:

 0
.2

 μ
M

[2
03

, 2
05

–2
09

] 

2-
m

et
hy

l-N
-(

2' 
-a

m
in

oe
th

yl
)-

3-
hy

dr
ox

yl
-4

-p
yr

id
in

on
e 

[2
10

]

Si
al

ic
 ac

id
[2

11
, 2

12
]

M
al

to
se

[2
13

]

Ca
tio

ni
c l

ip
id

s (
in

co
rp

or
at

ed
)

[2
14

] 

B
] 

P
O

T
E

N
T

IA
L

 L
IG

A
N

D
S

 F
O

R
 A

T
T

A
C

H
M

E
N

T
 T

O
 N

P
s

A
n

th
ra

cy
cl

in
es

: D
au

no
m

yc
in

[1
94

]

B
en

zo
th

ia
zo

le
s: 

2-
(4

-A
m

in
op

he
ny

l)-
6-

M
et

hy
lb

en
zo

th
ia

zo
le;

 
Ba

sic
 b

lu
e 4

1;
 2

-[
4-

(D
im

et
hy

lam
in

o)
ph

en
yl

]-
6-

m
et

hy
lb

en
zo

th
i-

az
ol

e; 
3,

3' 
-D

ip
ro

py
l t

hi
od

ica
rb

oc
ya

ni
ne

 io
di

de
; Th

 i
ofl

 av
in

 T

Α
β 1-

40
 0.

30
 –

 2
.4

 ; 
A

β 1-
42

 0
.1

2 
- 1

22
*

>2
00

 
[1

56
, 1

87
, 1

97
] (C
on

ti
n

u
ed

)



114 Advanced Healthcare Materials

M
o

le
cu

le
 

A
β 

ag
g

re
g

at
io

n

(I
C

5
0

 μ
M

)

T
au

 f
o

rm
at

io
n

(I
C

5
0

 μ
M

)

R
ef

er
en

ce

C
o

n
co

 R
ed

 d
er

iv
at

iv
es

/S
u

lf
o

n
at

ed
 D

ye
s: 

BS
B;

 C
hl

or
az

ol
 b

la
ck

 
E;

 C
on

go
 R

ed
; F

SB
; P

on
ce

au
 S

S;
 C

hi
ca

go
 S

ky
 B

lu
e 6

B;
 P

he
no

l 
re

d;
 D

ire
ct

 R
ed

 8
0;

 O
ra

ng
e G

A
β 1-

40
 6

.4
; Α

β 1-
40

 0.
3;

A
β 1-

40
 0

.9
; Α

β 1-
42

 1
0;

A
β 1-

40
 1

.9
; 

A
β 1-

40
 1

.2
; A

β 1-
42

 2
.5

8;
Α

β 1-
42

 42
6

18
.2

; >
20

0;
 

2.
2;

 3
5.

7;
 >

20
0

[1
56

, 1
87

, 1
97

]

Is
o

fl 
av

o
n

es
: D

ai
dz

ei
n

A
β 1-

40
  >4

0 
>2

00
 

[1
97

]

P
o

ly
en

e 
m

ac
ro

li
d

es
:A

m
ph

ot
er

ic
in

 B
; F

ili
pi

n 
II

I; 
M

yc
os

ta
tin

Α
β 1-

40
  2

.2
 ; 

14
.6

; 9
.3

>2
00

[1
56

, 1
97

]

P
o

ly
p

h
en

o
ls

: A
pi

ge
ni

n;
 B

aic
ale

in
; C

at
ec

hi
n;

 (+
)-c

at
e-

ch
in

 ; (
-)-

ca
th

ec
hi

n 
ga

lla
te

; C
hl

or
og

en
ic 

ac
id

; C
ya

ni
di

n;
 

Cu
rc

um
in

; 2
,2

' -
D

ih
yd

ro
xy

be
nz

op
he

no
ne

; D
op

am
in

e c
hl

o-
rid

e; 
D

elp
hi

ni
di

n;
 (-

)-E
pi

ca
te

ch
in

 an
d 

de
riv

at
iv

es
; E

xi
fo

ne
; 

(-)
-g

all
oc

at
ec

hi
n 

an
d 

de
riv

at
iv

es
; G

in
ge

ro
l; G

os
sy

pe
tin

; 
H

in
ok

ifl 
av

on
e; 

H
yp

er
ici

n;
 K

ae
m

pf
er

ol
; L

ut
eo

lin
; M

yr
ice

tin
; 

M
or

in
; N

ar
in

ge
ni

n;
 N

or
di

hy
dr

og
ua

iar
et

ic 
ac

id
 (N

D
G

A
); 

2,
3,

4,
2’,

4 '
-P

en
ta

hy
dr

ox
yb

en
zo

ph
en

on
e; 

Pr
oc

ya
ni

di
n 

B1
; P

ro
cy

an
id

in
 B

2;
 P

se
ud

oh
yp

er
ici

; P
ur

pu
ro

ga
lli

n;
 

Q
ue

rc
et

in
Re

sv
er

at
ro

l; R
os

m
ar

in
ic 

Ac
id

 R
u

ti
n

; (
+)

-α
-to

co
ph

er
ol

; 
2,

3,
4-

Tr
ih

yd
ro

xy
be

nz
op

he
no

ne
; (

+)
-T

ax
ifo

lin
; 

2,
2’ 

4,
4' 

-T
et

ra
hy

dr
ox

yb
en

zo
ph

en
on

e; 
Te

afl 
av

in
; T

an
ni

c a
cid

Α
β 1-

40
 0

.1
4 

- >
40

 
Α

β 1-
42

  0
.6

3 
- 5

.3
 

[3
69

]*
; 

1.
8 

- >
20

0
[1

87
, 1

90
, 1

93
, 1

95
, 1

97
, 

18
6,

 1
87

, 2
15

, 2
16

]

P
o

rp
h

yr
in

s:
Fe

rr
ic

 d
eh

yd
ro

po
rp

hy
rin

 IX
; H

em
at

in
; 

H
em

in
; H

em
in

 ch
lo

rid
e; 

Ph
th

al
oc

ya
ni

ne
 te

tr
as

ul
fo

na
te

; 
Pr

ot
op

or
ph

yr
in

 IX
; F

er
ul

ic
 ac

id

A
β 1-

40
 0

.1
 - 

65
.0

 
Α

β 1-
42

 0.
4-

15
.9

 
1.

4 
- 6

7
[1

56
, 1

87
, 1

97
] 

T
ab

le
 4

.4
 (

C
on

t.
)



Nanoparticles for Diagnosis and/or Treatment 115
M

o
le

cu
le

 
A

β 
ag

g
re

g
at

io
n

(I
C

5
0

 μ
M

)

T
au

 f
o

rm
at

io
n

(I
C

5
0

 μ
M

)

R
ef

er
en

ce

R
if

am
yc

in
s: 

Ri
fa

m
pi

ci
n;

 R
ifa

m
yc

in
 B

; R
ifa

m
yc

in
 S

V;
 

Ro
da

m
in

e B
A

β 1-
40

 3
.1

 –
 9

.7
 

Α
β 1-

42
 9.

1 
-3

09
>2

00
 

[1
56

, 1
87

, 1
89

, 1
96

, 
19

7]
 

S
te

ro
id

s: 
Ta

ur
oc

he
no

de
ox

yc
ho

lic
 ac

id
; T

au
ro

hy
dr

ox
yc

ho
lic

 
ac

id
; T

au
ro

lit
ho

ch
ol

ic 
ac

id
; T

au
ro

lit
ho

ch
ol

ic 
ac

id
 3

-s
ul

fa
te

; 
Ta

ur
ou

rs
od

eo
xy

ch
ol

ic 
ac

id
 

A
β 1-

40
 > 

40
>2

00
[1

97
]

T
er

p
en

o
id

s: 
A

sia
tic

 ac
id

; β
-C

ar
ot

en
e; 

G
in

kg
ol

id
e 

A
 (B

 an
d 

C)
Α

β 1-
40

 2
.4

 - 
>4

0
A

β 1-
42

 5
.2

>2
00

 
[1

97
, 2

17
] 

T
et

ra
cy

cl
in

e 
d

er
iv

ai
ve

s: 
Ro

lit
et

ra
cy

cli
ne

; T
et

ra
cy

cli
ne

 an
d 

de
riv

at
iv

es
Α

β 1-
42

 1.
87

 - 
10

Α
β 1-

42
 1

0
[1

87
, 1

89
, 1

96
, 2

18
]

P
o

ly
en

e 
m

ac
ro

li
d

es
: A

m
ph

ot
er

ic
in

 B
; F

ili
pi

n 
II

I; 
M

yc
os

ta
tin

Α
β 1-

40
 2.

2 
- 1

4.
6

>2
00

[1
56

, 1
97

]

O
T

H
E

R
 M

O
L

E
C

U
L

E
S

: A
po

m
or

ph
in

e; 
Br

om
oc

rip
tin

e; 
C

oe
nz

ym
e C

oQ
10

; 4
,5

-D
ia

ni
lin

op
ht

ha
lim

id
e; 

D
ih

yd
ro

lip
oi

c 
ac

id
; 2

, 4
-D

in
itr

op
he

no
l; 

L-
D

op
a; 

D
op

am
in

e; 
Eo

sin
 Y

; F
er

ul
ic

 
ac

id
; H

ex
ad

ec
yl

 tr
im

et
hy

l a
m

m
on

iu
m

 b
ro

m
id

e; 
In

do
m

et
ha

ci
n;

 
Ju

gl
on

e; 
α-

Li
po

ic
 ac

id
; M

ag
no

lo
l; 

M
ec

lo
cy

cli
ne

 su
lfo

sa
lic

y-
lat

e; 
M

et
hy

l y
ell

ow
; 1

,2
-N

ap
th

oq
ui

no
ne

; N
eo

cu
pr

oi
ne

; R
(-

) 
N

or
ap

om
or

ph
in

e h
yd

ro
br

om
id

e; 
3-

N
itr

op
he

no
l; 

Pe
rg

ol
id

e; 
Re

tin
ol

; R
et

in
oi

c a
ci

d;
 S

es
am

in
; T

et
ra

de
cy

l t
rim

et
hy

l a
m

m
o-

ni
um

 b
ro

m
id

e; 
o-

Va
ni

lin
; Z

in
c p

ro
to

po
rp

hy
rin

 IX

A
β 1-

40
 0

.0
1 

- 8
0

Αβ
1-

42
 0.

04
 –

 67
.7 

[9
58

]*
[1

56
, 1

87
, 1

89
, 1

90
, 

19
6,

 1
97

, 2
19

]

*  
H

ig
he

r I
C5

0 
va

lu
es

 w
er

e m
ea

su
re

d 
w

he
n 

di
ff e

re
nt

 te
ch

ni
qu

es
 w

er
e u

til
iz

ed
 (E

lis
a)



116 Advanced Healthcare Materials

Table 4.5 Peptide Ligands for Aβ or Tau Targeting.

Peptide type Results Reference

A) PEPTIDES ATTACHED TO NPs

-ApoE3 (sequence based on)
-KLVFF peptide (sequence 

based on)
-CLPFFD peptide 

(seq:THRPPMWSPVWP)
-TGN peptide 

(seq:TGNYKALHPHNG)
-Based on Aβ1-42

-Based on Aβ1-40

-Reversal of Aβ-induced 
toxicity (neuroblastoma 
cell); binding to Aβ1–42 
peptides (in vitro);

-Inhibition of Aβ1-42 
aggregation; 

-Inhibition/redirection of 
Aβ fi brillization;

-Improvement of spatial 
learning (Morris water 
maze experiment); 

-Targeting of amyloid 
plaques (in vivo);

-Eff ect on Aβ peptide 
aggregation

[236, 257, 258]

B] POTENTIAL LIGANDS FOR ATTACHMENT TO NPs

Based on Aβ- or KLVFF 

sequences

Prevention/inhibition of 
Aβ fi brilization/aggrega-
tion (in vitro); fi bril dis-
assembling, inhibition of 
Aβ-neurotoxicity; SPR 
studies

[233-246]

Based on LPFFD sequence 

(Proline)

Inhibition/de-fi brillization 
of Aβ; reduction of toxic-

ity; Protection of neurons 
(in vitro and in vivo)

[220-222, 224, 
225]

Based on Methyl-Amino 

Acids
Prevention of Aβ aggrega-

tion in vitro; fi bril disas-
sembling in vitro; cell 
toxicity inhibition;

phase I & II clinical trials

[247-250]

Selected from 

Combinatorial Libraries:
Inhibit Aβ aggregation and 

toxicity; modulates Aβ 
oligomerization; in vitro 
and in vivo results (tg 
mice); reduce toxicity in 
neuroblastoma cells

[227, 228, 230, 
251-253]
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Peptide type Results Reference

Other peptides -Aβ specifi c; inhibition of 
Aβ aggregation/fi bril 
formation; reduction 
of Aβ cell toxicity; 
inhibited fi bril forma-
tion (and/or reduced 
toxicity); staining of Aβ 
deposits (post mortem 
and ex vivo)

[226, 227, 229, 
231, 232, 245]

Table 4.6 Antibodies for Aβ or Tau Targeting (or Passive immunotherapy).

Antibody Epitope Phase Company/

reference

A) mAbs attached to NPs

Th erapy

Anti-Aβ1-42 antibody Not disclosed preclinical (Stab Vida) / 
[267, 268]

Anti-Aβ antibody Fibrils preclinical Mayo Clinic/ 
[269]

Diagnosis

anti-AβPP preclinical [270]

Anti-Aβ(1-42) preclinical [271, 272]

Aβ(1–40) antibody preclinical [271-274]

mAbs specifi c to ADDL clinical [275]

l anti-tau mAb clinical [276]

B) Potential Candidates attachment to NPs

3D6(anti-Αβ1-
6)10D5(anti-Αβ1-36)

N-terminal 
(anti-Αβ1-6)

preclinical [277]

m266(anti-Αβ1-6) N-terminal 
(anti-Αβ1-6)

preclinical [260]

Bapineuzumab
(AAB-001, ELN15727 

humanized version of 
clone 3D6)

N-terminal
(1–5)

III Janssen-Pfi zer-
Elan

(Continued)
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Antibody Epitope Phase Company/

reference

ACC-001 N-terminus Aβ 1-6 II Janssen

AFFITOPE / ADO2 N-terminus Aβ 1-6 II Affi  ris AG

CAD 106 N-terminus Aβ 1-6 II Novartis

12A11 N-terminal region

WO2 N-terminus region

Gantenerumab 
(RO4909832)

N- terminus and 
central regions

I La Roche I

M266(anti-Αβ13-28) Central region 
(anti-Αβ13-28)

preclinical [278]

Solenazumab 
(LY2062430)

Central region III Eli Lilly III

4G8 Central region 
(Αβ17-28)

A.H. Tammer

(anti-Αβ1-28) (anti-Αβ1-28) preclinical [279]

Ponezumab (humanized 
version of 2H6)

(PF-04360365)

C- terminus 
(Aβ28-42)

II Pfi zer-Rinat/ 
[280]

1A10 C- terminus
(Aβ28-42)

[281]

22C4 C-terminus
(Aβ 28-42)

[282]

AAB-002 Oligomers and 
protofi brils

preclinical

None Oligomers and 
protofi brils

preclinical Genenteche-
ACImmune

A887755 Oligomers [283]

mAb158 Aβ protofi brils [284]

WO1 Aβ fi brils [285]

BAN2401 Aβ  protofi brils I Eisai

Crenezumab 
(MBAT5102A)

Not disclosed II Genentech

Table 4.6 (Cont.)
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Antibody Epitope Phase Company/

reference

GSK933776A Not disclosed I GlaxoSmith
Kline

Gammaguard IVIg mix III Baxter

Nanobodies Aβ peptides Preclinical Boehringer-
Ablynx

post-translational modifi cations, can also be toxic [148]. Furthermore, the 
suppression of tau protein, blocks Aβ-induced apoptosis and reduces mem-
ory defi cit [149]. Due to the presence of Neurofi brillary tangles (NFTs) in 
AD brains, tau protein level is 8-fold higher than in control brains [150]. 
Th ese data suggest that reduction of the overall tau levels may constitute 
a neuroprotective strategy to combat tauopathies [151]. Th erefore, study-
ing tau regulation at the transcriptional and translational levels is of high 
interest for understanding the physiological role of tau and its involvement 
in human pathologies.

Strategies for Targeting Tau Oligomers: Diff erent strategies exist today 
to develop therapeutics directly or indirectly targeting tau oligomers. 
Th ese strategies are categorized as: (1) Prevention of phosphorylation of 
tau: phosphorylation of tau is controlled by diff erent kinases and phos-
phatases. Tau kinase inhibitors are used as AD treatments. As an example, 
protein phosphatase (PP)-2A may increase dephosphorylation of tau. (2) 
Prevention of tau misfolding: Activation of molecular chaperones might 
prevent the misfolding of tau; this would subsequently reduce the develop-
ment of NFTs. Heat shock proteins have been shown to activate chaperones 
that prevent misfolding and even promote tau binding with microtubules. 
(3) Tau immunotherapy: there has been growing interest in immunothera-
pies targeted to tau, with the objective to reduce tau levels, as a method to 
treat AD. One of the possible immunotherapeutic approaches currently 
under consideration is the selective reduction of pathological forms of tau.

4.4.1.1 Ligands Available for Tau Targeting

Th e diff erent types of ligands that have been found to exert tau-targeting 
capabilities are seen in Tables 4.4–4.6, as categorized in small molecules, 
peptides, and antibodies.

Small-molecule Ligands: Recent studies using cell models have dem-
onstrated that certain small-molecule inhibitors are able to prevent tau 
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protein aggregation and even dissolve the developed aggregates. Such small 
molecule ligands include anthraquinones, polyphenols, thiacarbocyanine 
dyes, N-phenylamines, thiazolyl-hydrazides, rhodanines (thioxothiazolid-
inones), quinoxalines, aminothienopyridazines, phenylthiazolyl-hydra-
zide, N-phenylamines, phenothiazines benzothiazoles and others [152].

Th e rhodanine core for tau aggregation inhibition has been investigated 
by synthesis of an appropriate small-molecule library. Rhodanines (R1 = S 
and R2 = S, Figure 4.4), thiohydantoin (R1 = S and R2 = N), thioxooxa-
zolidine (R1 = S and R2 = O), oxazolidinedione (R1 = O and R2 = O), and 
hydantoin (R1 = O and R2 = N) were screened for activity on tau aggregation 
inhibition (IC50) and disaggregation of preformed tau aggregates (DC50). 
Th e following results were found: rhodanine (IC50/DC50 (mM); 0.8/0.1) 
> thiohydantoin (6.1/0.4) >> oxazolidinedione (3.5/2.2) = thioxooxazolidi-
none (3.1/2.4) >> hydantoin (22.6/54.3). From this experiment besides the 
importance of thioxo group, the importance of R1 and R3 groups, the total 
length of the molecule and the importance of aromatic side-chains were also 
proved [153]. Aft er optimization, two interesting compounds were obtained; 
one with IC50 = 170nM; DC50 = 130nM (K19Tau) and a second with IC50 
= 82 nM and DC50 = 100nM (K19 Tau) (Figure 4.5).
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In case of Phenylthiazolyl-hydrazine inhibitors[154], (Figure 4.5), a novel 
derivative BSc3094 was reported with IC50 = 160 nΜ; DC50 = 70 nΜ. 
STD-NMR experiments showed that the binding of this compound with 
Tau (construct K19) is specifi c (KD = 62μΜ). N-phenylamines displayed 
lower potencies in vitro and in vivo, which have been attributed to the 
non-planar conformation of the molecule [155]. Signifi cant features dis-
tinguish phenothiazines and benzothiazoles from the N-phenylamines, 
mainly their cationic charge, planarity and a high level of aromatic con-
jugation. In case of phenothiazine derivatives it was registered that qui-
noxaline has an IC50 = 2.4μΜ; Th ionin IC50 = 12μΜ; MTC IC50 = 
1.9μΜ; Azure A/B/C = 2–7μM (Figure 4.5). On the other hand, perphen-
azine showed IC50>200μΜ. Th is high IC50 value for perphenazine was 
attributed to the fact that this compound was non-planar, non-conjugated 
[156]. Benzothiazoles (like phenothiazines) have the characteristic posi-
tive charge and extensive aromatic conjugation. A representative example 
of benzothiazole based inhibitor, N744, with high inhibitory potency, has 
been reported (IC50 = 0.3μM)[157]. 

IC50 values of a wide range of derivatives are presented in Table 4.4. It 
is worth mentioning that, despite extensive eff orts, the lack of structural 
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similarity of selected tau inhibitors makes inferring conclusions from 
structure/activity relationships, and hence rational design of new tau 
inhibitors, a rather diffi  cult task. For example in case of Anthracyclines, 
Daunorubicin hydrochloride presents a low inhibition of tau (IC50 
>200μΜ). On the other hand, Emodin, Daunorubicin, Adriamycin, 
and PHF016 were able to inhibit the aggregation of the K19 tau con-
struct and also induced the disaggregation of preformed aggregates, with 
IC50 values between 1.1 μM and 2.4 μM. In a second example, benzo-
thiazole tau inhibitors: 2-(4-Aminophenyl)-6-Methylbenzothiazole; 
Basic blue 41; 2-[4-(Dimethylamino)phenyl]-6-methylbenzothiazole 
and 3,3'-Dipropyl thiodicarbocyanine iodide, present low tau inhibition 
ability (IC50>200μΜ), while N744, displays high inhibitory potency 
(IC50=0.3 μM) [157].

Other derivatives with excellent inhibitory potencies are: Congo Red 
(IC50 = 2.2μΜ), Polyphenols: Baicalein (IC50=2.7μΜ); (-)-gallocatechin-
gallate (IC50=1.0μΜ); Gossypetin (IC50=2.0μΜ); Myricetin (IC50=1.2μΜ) 
(Figure 4.5); Pentahydroxybenzophenone (IC50=2.4μΜ), Porphyrins: Ferric 
dehydroporphyrin IX (IC50=1.4μΜ). Th ese derivatives along with the cor-
responding bibliography are presented in Table 4.4.

Peptide Ligands: Although the design and preparation of peptides 
that inhibit tau aggregation is underestimated in comparison to the 
preparation of small molecules that inhibit Aβ aggregation, there have 
been some eff orts in this area [158]; Researchers have chosen, as a target 
for inhibitor design, the hexapeptide VQIVYK (residues 306–311) of the 
tau protein, which is known to form intracellular amyloid fi brils in AD 
[159]. Th is segment has been shown to aggregate in solution through 
β-sheet interactions to form straight and twisted fi laments similar to 
those formed by tau protein in Alzheimer’s neurofi brillary tangles [160]. 
In order to design a D-amino-acid hexapeptide sequence that interacts 
favorably with the VQIVYK, and prevents further addition of tau mol-
ecules to the fi bril, computer modeling resulted to four D-amino acid 
peptides: D-TLKIVW, D-TWKLVL, D-DYYFEF and D-YVIIER, in 
which the prefi x signifi es that all a-carbon atoms are in the D confi gura-
tion (Figure 4.6) [158]. More analysis on the molecular interactions can 
be found in the original manuscript. In another approach, the prepara-
tion of macrocyclic β-sheet peptides that inhibit the aggregation of Tau-
protein-derived peptide Ac-VQIVYK-NH2 (AcPHF6) was attempted. 
It was found that macrocycles containing the pentapeptide VQIVY in 
the “upper” strand, delay and suppress the onset of aggregation of the 
AcPHF6 peptide [161]. Inhibition was particularly pronounced for the 
peptide macrocycles presented in Figure 4.6.
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Lately, Cheng et al. described a family of robust β-sheet macrocycles 
with inhibitory properties against amyloid-β peptide and tau protein 
through an interesting mechanism [162]. 

Antibody Ligands: Aft er searching in the relevant literature, it was 
concluded that the development of antibody ligands against tau pathol-
ogies has not been extended up to now. In one study, based on in vivo 
investigations in a mouse model, immunotherapies targeting tau appear 
to provide a viable potential for treatment of AD and other tauopathies. 
Although preliminary evidence on the safety and effi  cacy of this approach 
appears promising, several questions still remain. Key information on the 
ideal adjuvant for active immunization, the mechanism of passive immu-
nization antibody entry, and epitope specifi city of antibody-mediated tau 
clearance will need to be provided in the future, in order to have a better 
feeling about the potential of such therapeutic approaches [163].

4.4.2 Amyloid Plaque or Aβ- species Targeted Strategies

4.4.2.1 Aβ Peptide Formation

As mentioned above, amyloid plaques are deposits of fi brous amyloid β 
(Aβ) composed most usually of 40–42 amino acid long peptides. Th ese 
peptides are proteolytic fragments obtained by the action of β and γ secre-
tases (membrane enzymes) on amyloid-precursor protein (APP).

APP can undergo a variety of proteolytic cleavages carried out by 
enzymes or enzyme complexes with α-, β- and γ-secretase activity lead-
ing to the formation of large soluble secreted fragments and membrane-
associated C-terminal fragments (CTF). Th e enzymes with α-secretase 
activity belong to the ADAM family (a disintegrin and metalloproteinase 
enzyme family) [164], β-secretase activity has been identifi ed in the β-site 
of APP-cleaving enzyme 1 (BACE1, a type I integral membrane protein 
belonging to the pepsin family of aspartyl proteases) and γ-secretase is an 
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enzyme complex composed of presenilin 1 or 2, nicastrin, anterior phar-
ynx defective and presenilin enhancer 2. APP can be processed through 
the prevalent non amyloidogenic pathway in which the α-secretase cleaves 
the APP 83 amino acids from the C-terminus, producing a membrane-
retained CTF of 83 residues and a large N-terminal soluble ectodomain 
fragment (sAPPα) released into the extracellular space. Th e CT fragment 
is subsequently cleaved by the γ-secretase with the production of a short 
fragment called p3. In the non-amyloidogenic pathway of APP process-
ing, α-secretase cleavage occurs in the Aβ sequence and thus prevents 
formation of Aβ peptides. Oppositely, in the amyloidogenic pathway, the 
fi rst cleavage of APP is carried out by β-secretase at the 99th amino acids 
from the C-terminus producing a soluble ectodomain fragment (sAPPβ) 
released into the extracellular space and an alternative CTF of 99 amino 
acids (C99) retained in the membrane. Th e C99 fragment begins at residue 
1 of the Aβ region. Th e following cleavage of C99 by γ-secretase leads to 
the release of the Aβ peptide. Most of the Aβ produced is the variant of 40 
residues (Aβ40), even though a longer form of 42 residues (Aβ42) can also 
be produced. Th is last variant is more hydrophobic than the shorter one 
and is the basic constituent of Aβ plaques [165]. It has also been shown that 
APP is a substrate for caspase cleavage. However, the eff ective role of cas-
pases in Aβ accumulation is not clear. In normal conditions, the levels of 
all peptides are a direct consequence of the balance between their produc-
tion and catabolism; several molecular and cellular studies in transgenic 
mouse models and in AD patients have demonstrated that the levels of 
Aβ-degrading enzymes decrease during disease progression [166].

4.4.2.2 Aβ Transport Across the BBB-Strategies for Th erapy

Aβ is transported bidirectionally across the BBB; that is, both in the brain-to-
blood (effl  ux) and the blood-to-brain (infl ux) directions. Separate transport-
ers are responsible with blood-to-brain transport being primarily mediated 
by receptor for advanced glycation end products (RAGE) and the brain-
to-blood transport being primarily meditated by low-density lipoprotein 
receptor-related proteins (LRP)[167] and P-glycoprotein transporter (P-gp) 
(which seems to have an eff ect on the brain-to-blood transport of Aβ) [168] 
while other related transporters have also been proposed [169]. Increased 
blood-to-brain transport by RAGE and decreased effl  ux by LRP-1 and P-gp, 
act synergistically to enhance the uptake or retention of Aβ in AD [167]. 
Convincing evidence exists that effl  ux is an important determinant of Aβ 
accumulation in the brain and cognitive impairment. Indeed, knockdown 
of LRP-1 with antisense results in decreased Aβ effl  ux, increased brain levels 
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of Aβ1-42, and cognitive impairment [170]. Mutations in LRP-1 result in 
decreased Aβ effl  ux [167] and P-gp knockout mice have Aβ accumulations 
in their brain and cognitive defi cits. It is unclear how P-gp interacts with 
LRP-1 in the effl  ux of Aβ, but several theories have been proposed. However, 
Aβ has the ability to promote memory at lower concentrations [171] than 
those at which it impairs it. It may be postulated that effl  ux/infl ux trans-
porters act in tandem to maintain the CNS levels of Aβ at their most opti-
mal levels; the transporters being diff erentially regulated for this purpose. 
For example, Aβ infl ux is altered by its binding to apolipoproteins [172]. 
Transport in both directions is likely infl uenced by the primary structure 
of Aβ as exemplifi ed by the fact that Aβ mutations are transported at lower 
amounts. Finally, infl ammation induces an increased infl ux and decreased 
effl  ux of Aβ across the BBB [170], changes which may in part be mediated 
by inhibition of P-gp [171]. Several therapeutic options are directed towards 
alterations of Aβ transport; some of which have been tested and found to 
have benefi cial eff ects. Knocking down APP expression results in recovery 
of Aβ effl  ux, suggesting that antisense directed against APP could be used 
therapeutically to correct effl  ux [173]. In an AD mouse model with impaired 
Aβ effl  ux, treatment with APP-directed antisense reduces oxidative stress 
and treatment with antioxidants leads to improved cognition [174]. Small 
molecule eff ects on Aβ transport: Treatment with indomethacin, a nonste-
roidal anti-infl ammatory drug (NSAID) restores the infl ammation-induced 
inhibition of effl  ux, but not the enhancement of infl ux [170]. Indomethacin, 
but not necessarily other NSAIDs, has been associated epidemiologically 
with protection against AD. Vitamin D also enhances Aβ effl  ux [175]; the 
calcium channel blocker nilvadipine increases Aβ effl  ux, reduces Aβ brain 
levels and improves cognition in an AD mouse model, while calcium chan-
nel blockers as amlodipine and nifedipine do not aff ect effl  ux. Th us, evidence 
exists that treatment with APP antisense, antioxidants, vitamin D, NSAIDs, 
and calcium channel blockers can restore the Aβ clearance from brain to 
normal levels.

4.4.2.3 Ab Peptide Species

Th e presence of Aβ in various organs and body fl uids, and the fact that the 
body has evolved sophisticated mechanisms for its metabolism, back-up the 
theory that Aβ has a physiological role [176], and that with old age or more 
specifi cally with AD onset, Aβ either losses its physiological function or gains 
a pathological one [177]. Although this transformation of Aβ from a physi-
ological to a pathological agent has not been elucidated, it is a fact that Aβ 
exerts neurotoxic and synaptotoxic aff ects both in vitro and in vivo [178]. 
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Researchers have recently focused on the eff ect of Aβ structure on its toxic-
ity. It was found that soluble Aβ monomers assume a random coil or α-helix 
conformation; however, in AD they undergo a structural change into pleated 
β-sheets [179]. Th is induces the peptide to form low molecular weight oligo-
mers, higher molecular weight complexes (protofi brils and amyloid-β derived 
diff usible ligands or ADDLs), mature fi brils and amyloid plaques (APs) in the 
neuropil and the vasculature [180] (Figure 4.7). In vitro studies have shown 
that amyloidogenesis and fi brillogenesis can be aff ected not only by the type 
of Aβ produced and its conformation, but also by factors such as time, con-
centration, temperature, pH and metal ion concentration [181]. For many 
years it was believed that the toxic eff ects of Aβ were mainly the results of 
mature Aβ fi brils; however, later studies suggest that low molecular weight, 
soluble, oligomeric forms of Aβ1–42 rather than Aβ1–40 are more neurotoxic 
than the mature Aβ fi brils [182]. Indeed, the severity of AD correlates better 
with cerebral concentrations of soluble Aβ rather than insoluble Aβ load.

4.4.2.4 Ligands Available to Target Ab

Ligands to target Aβ are again categorized in three groups: small mole-
cules, peptides and antibodies.

Small-molecule Ligands: Since oligomeric forms of Aβ are considered 
as the most toxic species [184], eff orts have been focused on the synthesis 
of small molecules that may block early stages of amyloid self-assembly 
[185]. Several molecules were tested as Αβ ligands (peptides, proteins, small 

Monomer

LMW Oligomers

HMW Oligomers

Unit-Protofibril Protofibril &

Fibrils

6 nm

2 nm

15–25 nm
4–6 nm

6 nm

2 nm
4 nm

6 nm

4 nm

1 nm

fibril

axis

Figure 4.7 A model showing the sequence of assembly and possible structures of Ab42 
monomers, low molecular weight (LMM) oligomers, high molecular weight (HMM) 
oligomers, unit-protofi brils, and protofi brils/fi brils. From Ref [183] aft er permission.
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molecules). Small molecules with aromatic moieties insert within β-sheets 
created grooves in both, the soluble oligomeric forms as well as in the fi brils 
[186]. Several types of molecules were found to be active inhibitors of Aβ 
aggregation, including Benzothiazole derivatives, Congo Red derivatives, 
Isofl avones, Polyene macrolides, Polyphenols, Porphyrins, Rifamycins, 
Steroids, Terpenoids, Tetracycline and its derivatives and other (Table 4.4). 
Diff erent types of molecules were found to be active in the inhibition of Aβ 
aggregation, with a wide range of activity, from < 100 nM to > 100 μM, as 
analytically determined. Some specifi c molecules are presented below:

Congo Red is a hydrophilic symmetrical sulfonated azodye that binds 
specifi cally to amyloid fi brils. Th iofl avin T (Th T) and Th iofl avin S (Th S) 
are also known to stain amyloid deposits. Both Congo Red and Th T have 
also been shown to inhibit fi bril formation at higher concentrations [187]. 
Many small Congo Red and Th T derivatives were also reported. Especially 
those which preserve their planarity and aromaticity were found to be 
potent inhibitors of Aβ species.

Nordihydroguaiaretic acid (NDGA), a small molecule with two ortho-
dihydroxyphenyl rings symmetrically bound by a short carbohydrate 
chain, was found to be an eff ective inhibitor of Aβ aggregation [188]. Th e 
activity of NDGA was ascribed to its compact and symmetric structure 
that might be suitable to specifi cally bind soluble Aβ, thus inhibiting its 
aggregation. Moreover, this molecule might specifi cally bind to Aβ fi brils 
and lead to destabilization of their β-sheet conformation.

Dopamine exhibited potent anti-amyloidogenic and fi bril-destabilizing 
eff ects and the eff ective concentration able to inhibit the formation or 
extension of Aβ fi brils was in the order of 0.01–0.10 μM. When dopamine 
and L–DOPA were used in a solution of Aβ (1–40), it was found that these 
molecules were able to inhibit the formation of Aβ fi brils in a range from 
10 to 100 μM. In a comparative study, molecules able to inhibit the for-
mation of Aβ fi brils and also lead to their destabilization were ranked in 
the order: Dopamine > Selegiline ~ nordihydroguaiaretic acid (NDGA) > 
L-Dopa ~ Pergolide > Bromocriptine ~ Rifampicin (RIF) [189].

Other molecules that present very high activity against amyloid fi brils 
and plaque formation are polyphenols [190]. Th ese compounds were found 
to be potent inhibitors of Aβ fi bril formation [Aβ (1–40) and Aβ (1–42)] and 
also destabilized preformed Aβ1–40 and Aβ1–42 fi brils (dose–dependent 
eff ect). Within this class of compounds, tannic acid showed the best activ-
ity. Th e activity of tannic acid as well as the anti–amyloidogenic and fi bril–
destabilizing eff ects of myricetin, rifampicin, tetracycline, and NDGA were 
tested. Tannic acid exhibited potent anti–amyloidogenic and fi bril–destabi-
lizing eff ects and the EC50 for the formation or extension of Aβ fi brils or for 
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destabilization of Aβ fi brils were in the order of 0.012–0.065 μM for both 
Aβ1–40 and Aβ1–42. Anti–amyloidogenic and fi bril-destabilizing activity 
of NDGA and wine–derived polyphenols can be classifi ed in the following 
order: Tannic acid > NDGA = Myricetin = morin = quercetin > kaempferol 
> (+)–catechin = (–)–epicatechin > tetracycline. Th e activity of these mol-
ecules is mainly attributed to their propensity to bind to Αβ [191].

Curcumin (diferulomethane) is another naturally occurring phyto-
chemical with antioxidant and anti-infl ammatory activity and a favor-
able toxicity profi le [192] that protects the brain from lipid peroxidation. 
Curcumin is known to inhibit amyloid Aβ1–40 and Aβ 1–42 oligomer 
formation and cell toxicity at micromolar concentrations in vitro [193, 
194] and binds to senile plaques, reducing amyloid levels in vivo [186]. Ιn 
vitro, curcumin inhibited Αβ aggregation (IC50 = 0.8 μM) and disaggre-
gated fi brillar Aβ40 (EC50 = 1 μM) while lower IC50 values were reported 
by others [193, 195, 196]. Interestingly, curcumin, Congo Red, and chrys-
amine G (another organic dye which binds with high affi  nity to Αβ) all 
share a similar chemical scaff old; they contain two substituted aromatic 
groups separated by a rigid, planar backbone (Figure 4.8). Several groups 
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have reported that other curcumin-like ligands are also inhibitors of Aβ 
aggregation [156, 186, 187, and 197]. Based on curcumin, the most impor-
tant factors that infl uence the structure–activity relationship of amyloid 
β–aggregation inhibitors were suggested to be: (a) the presence of the 
two aromatic end groups; (b) the substitution pattern of these aromatics; 
and (c) the length and fl exibility of the linker region [198]. Th is opinion 
is under negotiation, since other compounds (like Resveratrol), which did 
not follow these “rules” were found active Aβ inhibitors, suggesting a pos-
sible alternative mechanism for inhibition or a possible diff erent bind-
ing site on the amyloid peptide. Th is was also emphasized by Mason et 
al. [199], who highlighted the lack of structural similarity of selected Aβ 
inhibitors presented therein, suggesting that they bind to diff erent amyloid 
sites, in contrast to most drugs, which bind to a single active site. Such 
fi ndings result in inferring conclusions in terms of structure/activity rela-
tionships, and make rational drug design diffi  cult. In accordance to this 
argument, the synthesis of a water/plasma soluble, noncytotoxic, “clicked” 
sugar- derivative of curcumin with amplifi ed bioeffi  cacy in modulating 
amyloid-β and tau peptide aggregation at concentrations as low as 8 nM 
and 0.1 nM, respectively, was recently reported. Th is derivative (curcumin- 
“clicked” mono-galactose) is a monofunctional curcumin derivative (at the 
one of the two phenol groups of curcumin) (Figure 4.8). In comparison to 
curcumin, this conveniently synthesized Alzheimer’s drug candidate is a 
more powerful antioxidant. 

It is of great importance that some derivatives were found to inhibit: 
(a)  Aβ oligomerization but not fi brillization [o-Vanilin, Tetradecyl tri-
methyl ammonium bromide Class I, R(-) Norapomorphine hydrobromide, 
1,2-Napthoquinone, Meclocycline sulfosalicylate, Juglone, Indomethacin, 
Hexadecyl trimethyl ammonium bromide Class I, Apomorphine, 
Rolitetracycline, NDGA, Myricetin, Congo Red, Th iofl avin T, Basic blue 
41]; (b) Both oligomerization and fi brillization [Tetradecyl trimethyl 
ammonium bromide Class II, Neocuproine, Hexadecyl trimethyl ammo-
nium bromide Class II, Ferulic acid, Rodamine B, Rifamycin SV, Hemin, 
Hematin, 2,2'-Dihydroxybenzophenone, Phenol red]; and (c) Fibrillization 
but not oligomerization [Apigenin, Orange G, Direct Red 80, Chicago Sky 
Blue 6B].

Peptide Ligands: Several peptide inhibitors of Aβ aggregation have been 
investigated during the last decade for their applicability as new therapeutic 
compounds. It must be emphasized that only very few, and more specifi -
cally: iAβ5 [220–222], Aβ12–28P [223], LPYFDa [224, 225], trp-Aib[226], 
D-4F [227] and D3 [228–230] were proven to be eff ective in rodent mouse 
models and only one compound, PPI-1019, is being tested in clinical trials. 
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Th e use of amyloid ligands as contrast agents (or for contrast agent 
targeting to plaques) can be a promising approach for the detection 
and characterization of amyloid plaques in the brain. Some ligands 
have been already studied clinically. Small Aβ binding peptides could 
be coupled to radionucleides, other markers, or nanoparticles for imag-
ing of amyloid plaques in living AD patients. In 2003, Kang et al. iden-
tifi ed two 20-amino acid peptides that can be specifi cally bound to the 
amyloid form of Aβ1–40, but not to monomeric Aβ. One of the peptides 
(DWGKGGRWRLWPGASGKTEA) bound Aβ1–40 amyloid with a Kd 
of 60 nM and stained as well as the chemically synthesized version. Both 
versions specifi cally stained amyloid plaques in brain tissue slices of AD 
patients. It is known that D-enatiomeric peptides are highly resistant to 
proteases, which can dramatically increase serum and saliva half-life and 
can be absorbed systemically aft er oral administration. Also D-peptide 
immunogenicity is reported to be reduced in comparison to L-peptides 
[230, 231]. For these reasons peptides containing D-amino acids are usu-
ally selected. Th e most representative peptide in the selection procedure, 
D1, was demonstrated to bind Aβ with an affi  nity in the submicromolar 
range. Employing surface plasmon resonance, binding to Aβ oligomers 
and fi brils, but not to monomers could be demonstrated. D1 also stained 
amyloid plaques in brain tissue sections derived post-mortem from AD 
patients, whereas other, non-Aβ amyloidogenic deposits, were not stained 
[231]. Its in vivo binding to Aβ1–42 is specifi c as it stains all dense deposits 
in the brain but does not stain diff use plaques, which consist mainly of 
Aβ1–40 [229], suggesting that D1 might be suitable for further develop-
ment into a molecular probe for monitoring Aβ1–42 plaque-load in the 
living brain. Recently, Larbanoix et al. designed another peptide based on 
the Aβ1–42 amino acid sequence. Two of 26 selected clones, which had 
the highest binding affi  nities to Aβ1–42, were translated to synthetic pep-
tides with biotin label (Pep1: LIAIMA and Pep2: IFALMG, correspond-
ing Aβ fragment IIGLMV31–36) and presented lower Kd values (still in 
the micromolar range) compared to the peptides described initially. Th e 
specifi c interaction of both peptides with amyloid plaques in human brain 
tissue was proved by immune-histochemistry [232].

Tjernberget et al. tried to identify binding sequences within Aβ in order 
to synthesize Aβ-derived peptide ligands. Th e short Aβ fragment KLVFF 
(Aβ16–20) was identifi ed to bind full length Aβ and to prevent the fi brilliza-
tion. Experiments revealed that amino acids Lys16, Leu17 and Phe20 were 
critical for Aβ interference [233]. Th e full-length Aβ and the KLVFF pep-
tide lead to the formation of a typical antiparallel β-sheet structure stabi-
lized by Lys16, Leu17 and Phe20 [234]. Th e eff ects of KLVFF-containing or 
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synthetic peptides was further proven by other studies [235]. Additionally, 
it was proposed that conjugates, containing copies of the KLVFF sequence 
linked to dendrimers or to branched poly(ethylene glycol) moieties, 
possess superior affi  nity and effi  ciency [236, 237]. In 2008, Austen et al. 
accomplished to add water-soluble amino acids residues to KLVFF gener-
ating the peptides OR1(RGKLVFFGR) and OR2 (RGKLVFFGR-amide). 
Both inhibited Aβ fi brillogenesis [238] but unlike OR2, the retro-inverso 
D-enantiomeric version (RI-OR2) was highly resistant to proteolysis and 
stable in human plasma and brain extracts [239]. Additionally OR1 and OR2 
increase the inhibitory eff ects of the peptides [240]. In 2004, Fόlop et  al. 
developed an Aβ aggregation inhibitor, based on the Aβ31–34 sequence 
IIGL, which also plays a fundamental role in Aβ aggregation and cytotoxicity 
[241]. Th e strategy was again to link water-soluble amino acid residue to the 
original sequence RIIGL. In contrast to propionyl-IIGL, another derivative 
of the same sequence, PIIGL, did not self-aggregate and was non-toxic to 
cells in culture, while it inhibited the formation of Aβ fi brils and reduced 
Aβ cytotoxicity. In 2008, Fradinger et al. prepared a series of AβC-terminal 
fragments (Aβx-42; x = 28–39). Th ese peptides inhibit Aβ induced toxicity 
by stabilizing Aβ in non-toxic oligomers [242]. Sadowski et al. investigated 
whether blocking the interaction between APO E4 and Aβ can have thera-
peutic eff ects. It was found that Aβ12–28P blocked Aβ-APO E4 interaction 
and reduced Aβ fi brillogenesis and toxicity in vitro. Th e peptide was BBB-
permeable and inhibited Aβ deposition in AD transgenic mice [223].

Ghanta et al. (1996) designed Aβ binding peptides based on the KLVFF-
binding sequence consisting of a chain of charged amino acids (KKKKKK 
or RRRRRR). Interestingly, some of the hybrid peptides accelerated Aβ 
aggregation, but reduced Aβ toxicity. [243]. In 2003, Gordon et al. replaced 
the amide bonds of Aβ16–20 with ester bonds in an alternating fashion. 
Th is Aβ16–20e peptide inhibited Aβ aggregation and disassembled existing 
fi brils. Aβ16–20e, could, however, build dimers. [244]. Other β-sheet break-
ers based on the KLVFF sequence are the conformationally constrained 
peptides AMY-1 (Figure 4.9) and AMY-2. Both contain alpha, alpha-disub-
stituted aminoacids and prevent Aβ fi bril growth [245]. Rangachari et al. 
investigated Ala containing peptides P1 (KLVF-_A-I_A) and P2 (KF-_A-
_A-_A-F). Both peptides inhibited Aβ aggregation [246].

Omologous peptide to the central hydrophobic region of Aβ (amino 
acids 17–21: LVFFA), containing the amino acid proline to prevent the 
formation of β-sheet structure and to inhibit Aβ amyloid formation. iA_1 
(RDLPFFPVPID) did not aggregate itself, but inhibited amyloid forma-
tion and disassembled existing fi brils in vitro. Co-injection of iAβ5in 
20% molar excess leads to signifi cantly reduced plaque deposition. In 
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addition, it was shown that iAβ5 induced disassembly of fi brils and also 
reduced Aβ-induced histopathological changes [220]. For chronic intra-
peritoneal administration of the peptide to the rat model, iAβ5 was end 
protected by N-terminal acetylation and C-terminal amidylation [221], 
as the non-protected peptide was unstable in blood and proteolytically 
degraded very rapidly [222]. Two diff erent AD transgenic mouse models 
were used to demonstrate that intraperitoneal injected, end-protected iAβ5 
reduced amyloid plaque formation, neuronal cell death and brain infl am-
matory processes. Th e mechanism of peptide action remained unclear, but 
administration of large doses of the peptide did not lead to antibody pro-
duction in the treatment and evaluation period. Using an LPFFD based 
peptide (amino acid sequence LPYFD) it was found that neurite degenera-
tion and tau aggregation were signifi cantly decreased in vitro. Th e penta-
peptide LPYFD-amide protected neurons against Aβ toxicity in vitro and 
in vivo. LPYFD-amide crossed the BBB in rats at least to a certain extent, 
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and protected against synaptotoxic eff ects of Aβ up to 3.5 h aft er i.p. injec-
tion [224, 225]. Hughes et al. synthesized six N-methylated derivatives to 
prove that those could prevent Aβ wildtype aggregation and cytotoxicity. 
Th e localization of the N-methyl group was very critical as some of the 
other peptides did not prevent Aβ aggregation, but altered fi bril morphol-
ogy [247]. Gordon et al. described the synthesis and biochemical charac-
terization of peptides based on the KLVFF sequence, containing N-methyl 
amino acids. One of the compounds, termed Aβ16–22m (H2N-K(Me-L)
V(Me-F)F(Me-A)E-CONH2) was shown to be highly soluble in aqueous 
media and monomeric in buff er solution. It inhibited Aβ fi brillization and 
disassembled preformed Aβ fi brils, in vitro. Protease resistance of the meth-
ylated peptide was increased in comparison to the un-methylated Aβ16–22 
peptides. Aβ16–20m was eff ective to inhibit Aβ polymerization and to dis-
assemble preformed fi brils and it was highly water soluble despite its con-
tent in hydrophobic amino acids. Th e peptide passed model phospholipid 
bilayers and cell membranes, suggesting promising pharmacological prop-
erties [248]. Th e peptide “inL” was synthesized, based on KLVFF Aβ recog-
nition element containing an additional Lys in the N-terminus, in order to 
increase solubility, and an N-methyl-20F in order to block Aβ aggregation. 
Th e peptide inhibited Aβ toxicity in cell culture very effi  ciently. In 2009, the 
corresponding D-peptide “inD,” as well as the retro-inverso peptide “inrD,” 
was investigated and shown to be a more eff ective inhibitor of Aβ aggre-
gation than the other two peptide versions [249]. Th e peptidic inhibitor 
PPI-1019, which is derived from the D-enantiomeric Cholyl-LVFFA-NH2, 
increased Aβ1–40 levels in the CSF, as a sign which is a sign of Aβ clearance. 
Optimized N-methylated derivatives based on the KLVFF sequence by pep-
tide length, methylation sites, end-blocking, side chain identity and chirality 
were synthesized and it was found that only one methylated amino acid was 
essential [250]. Th e D-enantiomeric β-sheet breaker H2N-D-Trp-Aib-OH, 
which combines an indole and an aminobutyric acid (Aib), reduced the 
amount of plaques in the brains of AD transgenic mice [226]. Orner et al. 
identifi ed peptides that bind to monomericor fi brillar Aβ, in a way that was 
correlated with the affi  nity of the peptides to the N-terminal part of Aβ 
[251]. Th ree peptides, named amyloid neutralizing agents (ANA) 1 to 3, 
were shown to signifi cantly reduce Aβ SOD-like activity in cell culture. A 
15-mer peptide additionally reduced Aβ toxicity in cell culture and seemed 
to be comparably potent as the known Aβ metal-mediated redox activity 
inhibitor Clioquinol [252]. Baine et al. selected three peptides (1A, 1B, and 
2) that inhibit Aβ aggregation and one of them disaggregated preformed Aβ 
fi brils [253]. Recently, dominant peptide sequence RPRTRLHTHRNR was 
obtained, referred to as D3. D3 modulated Aβ aggregation and inhibited 
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Aβ toxicity in cell culture. [228, 230]. A D3 hybrid compound, JM169, 
demonstrated that the hybrid compound was more effi  cient in vitro than 
the sum of its components and had novel properties. In 2009, Paula-Lima et 
al. identifi ed heptapeptides with the amino acid sequence GNLLTLD (des-
ignated GN peptide) that were found to be homologous to the N-terminal 
domain of mammalian apolipoprotein A-I. It was shown that purifi ed 
human apoA-I and Aβ formed complexes. Th e interaction of apo A-I also 
rendered the morphology of amyloid aggregates [254]. Another group 
evaluated the apo A-Imimetic peptide D-4F, synthesized from D-amino 
acids and co-administered with pravastatin, as a treatment for AD trans-
genic mice [255]. D-amino acid containing peptides were effi  cient inhibi-
tors of Aβ1–42 aggregation. D-KLVFF inhibited fi bril formation, while a 
library of D-amino acid containing peptides (SEN 301–307) was reported, 
among which, SEN 303 and 304, signifi cantly reduced Aβ toxicity [250]. 
Other interesting designed peptide inhibitors of Aβ1–42 aggregation are 
C-terminal modifi ed peptides.

Recently Cheng et al. reported the preparation of macrocyclic peptide 
sequences, which effi  ciently inhibited amyloid aggregation (Figure  4.9) 
[256]. Peptide analogues containing R1–7: KLVFFAE (Aβ16–22) and 
R8–11: KLIE; R1–7: YLLYYTE (hb2M63–69) and R8–11: KVVK; R1–7: 
TAVANKT (haSyn75–81) and R8–11: VFYK have shown the best inhibi-
tory activity.

Antibody Ligands: Antibodies against Aβ (Table 4.6) can be classi-
fi ed into four diff erent types, according to the location of the epitopes that 
they recognize. Antibodies targeting the N-terminal region of Aβ (amino 
acids 1–16) can recognize all Aβ structural forms (monomers, oligomers, 
protofi brills and fi brils) as well as the APP, suggesting that this epitope is 
always exposed during Aβ fi brillogenesis [259]. Th e prototypical anti-Aβ 
N-terminus antibody is Bapineuzumab (humanized version of the clone 
3D6), which is currently in phase III human trials. Other antibodies tar-
geting N-terminal region are also shown in Table 4.6. Antibodies against 
the central region can only bind to Aβ monomers so act via the peripheral 
sink mechanism by sequestrating Aβ monomers into the blood stream and 
thus disrupting the Aβ equilibrium between the brain and periphery [260]. 
Th e best characterized antibody against the central region is Solenazumab, 
from Eli Lilly (humanized version of the clone m266). Th e mechanistic 
action of antibodies targeting the C-terminal region of Aβ (amino acids 
33–42) is not yet fully understood. Th ese antibodies may facilitate Aβ 
clearance by entering the CNS as well as acting in the periphery [261]. 
Wilcock et al. have a deglycosylated version of an anti-C-terminal anti-
body (clone 2H6). Th is humanized version of 2H6, Ponezumab, is now in 
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phase II clinical trials initiated by Pfi zer but effi  cacy data are not yet avail-
able [262]. Other antibodies targeting C-terminal region are also shown 
in table 4.6. Th e last category of antibodies against Aβ, target conforma-
tional epitopes (oligomers and protofi brils), which are the major culprits in 
AD pathogenesis [263, 264]. Abbott has succeeded in producing the most 
promising antibody yet, the A-887755 [265]. Th is antibody is specifi c for 
Aβ oligomers and improves cognition in an AD Tg mouse model. F(ab0)2 
fragments of mAb 3D6 and mAb IIA2 were administered intraperitoneally 
or intracranially to PDAPP Tg mice [266].

4.4.3 Is Passing the BBB Always Needed?—Sink Th eory 

According to the sink theory [286], there is a possibility that molecules 
with high binding affi  nities for Aβ peptides (in the form present in circu-
lation) may be able to extract the peptide from the blood and reverse the 
equilibrium that exists between blood and brain. Th is would potentially 
stop, or at least slow down, further formation of plaques in the brain (by 
reducing the levels of Aβ peptides in the brain). Some more optimist scien-
tists believe that this method could also result in decrease of plaques and/or 
disaggregation of already formed Aβ aggregates, however at the time being 
no defi nite proof about the validity of the sink theory has been provided, 
and the matter is still controversial. Th erapeutic strategies for Aβ clearance 
from the brain to blood across the BBB have been increasingly developed. 
Th e “peripheral sink” approaches are now challenged by anti-Aβ antibod-
ies, the agents with high affi  nity to Aβ, and the modifi cation of molecules 
that infl uence Aβ transport across the BBB [267, 287].

4.4.4 Functionalization of Ligands to NPs

NPs are used in diagnosis and/or therapy because they can deliver imaging 
agents and/or drugs in a targeted way (combining passive and active deliv-
ery mechanisms). Targeted nanoparticles are undergoing clinical develop-
ment as diagnostics, molecular imaging probes, and therapeutic delivery 
vehicles [288]. Targeting is typically achieved through the surface display 
of multiple high affi  nity ligands, such as antibodies, peptides, or natural 
products. Multivalent interactions between the nanoparticles and their tar-
gets can increase the affi  nity of target binding [289]. Th e functionalization 
of the diff erent types of NPs by the desired targeting ligands is achieved by 
simple and effi  cient conjugation chemistry methods, some of which are 
schematically presented in Figure 4.10. Other methods for functionaliza-
tion of NPs are described elsewhere [290, 291]. 
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Mourtas et al. [201] used two diff erent techniques for decoration of lipo-
somes with two diff erent derivatives of curcumin (planar and non- planar) 
[(a) by incorporation of a synthesized lipid-curcumin derivative (liposomes 
1); and (b) by click reaction on pre-formed lipid-azide liposomes (lipo-
somes 2)] (Figure 4.11). Binding of liposomes 1 and 2 to Aβ1–42 was inves-
tigated by Surface Plasmon Resonance (SPR). Results revealed that planar 
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with Michael acceptor
groups, etc).
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Figure 4.10 Methods to immobilize ligands on NPs.
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curcumin derivative 3 had a much lower binding affi  nity (KD = 7 μM) than 
the corresponding curcumin functionalized liposomes 2 (KD = 1–5 nM), 
which has been attributed to multivalency. On the other hand, SPR analysis 
of the non-planar curcumin derivative showed no binding to the immobi-
lized Aβ1–42 fi brils. Th e same group reported the disaggregation effi  ciency 
of nanoliposomes (decorated with the same curcumin derivatives [planar 
and non-planar], phosphatidic acid, cardiolipin and GM1 ganglioside) on 
the aggregation of the Aβ1–42. All nanoliposomes with curcumin (either 
planar of non-planar derivative) were able to inhibit the formation of fi bril-
lar and/or oligomeric Aβ in vitro. Th e planar curcumin derivative was by far 
the most eff ective, while liposomes with lipid ligands only inhibited Aβ fi bril 
and oligomer formation at a very high ratio of liposome to peptide. [203]. 
Liposomes decorated with non-planar curcumin (with curcumin exposed 
at the surface, Figure 4.11) down-regulated the secretion of amyloid peptide 
and partially prevented Aβ-induced toxicity. Th ey also strongly labeled Aβ 
deposits in post-mortem brain tissue of AD patients and APP-PS1 mice. 
Injection in the hippocampus and in the neocortex of these mice showed 
that curcumin-conjugated nanoliposomes were able to specifi cally stain the 
Aβ deposits in vivo [202].

Aβ was also found to interact with membrane lipids [205] particularly 
ionic lipids [292] and gangliosides that have been demonstrated to act as 
seeds for Aβ aggregation. [293, 294]. Th ese were also incorporated in lipo-
somes and SLN NPs and Aβ affi  nity was tested by SPR, where it was found 
that nanoliposomes containing phosphatidic acid (PA), and cardiolipin (CL) 
targeted aggregated forms of Aβ1–42 with high binding affi  nity (22–60 nM). 
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On the other hand, Monosialogangliosides (GM1), exhibited much lower 
affi  nity for Αβ (0.2 μM) [206]. 2-methyl-N-(2'-aminoethyl)-3-hydroxyl-
4-pyridinone (Iron chelator) [210], Sialic acid (Figure 4.11) [211, 212] and 
Maltose [213] were also ligated on dendrimers and the corresponding con-
jugated nanoparticles were found to be eff ective Aβ aggregation inhibitors.

4.5 Nanoparticles for Diagnosis of AD 

4.5.1 Introduction

Biomarkers are measures of disease processes or of the predisposition 
of a living person to disease. An elevated white blood cell count signals 
infection, and high serum cholesterol correlates with the predisposition 
to atherosclerosis. Th e practice of clinical medicine highly depends on 
such essential diagnostic tools. Unfortunately, there is no simple, reliable, 
and reproducible blood test for any aspect of Alzheimer’s disease. Many 
attempts to develop one have been made, but none has succeeded up to 
now. In order for a very early diagnosis of a complex disease like AD to be 
feasible we need to have an aff ordable, ultrasensitive, and selective molecu-
lar detection method and of course to identify a specifi c biomarker (or a 
specifi c combination of more than one biomarkers) which correlates with 
the severity of AD. Th e recently growing application of nanotechnology in 
molecular detection of biomarkers is promising for very early diagnosis of 
AD. From a practical point of view, one may perform a molecular detec-
tion process either inside the body (in vivo) or on the samples derived 
from the body (in vitro). Nanotechnology may help us to achieve early 
diagnosis of AD by providing us with a highly potent signal transduction 
approach. Signal transduction refers to the process through which a bio-
logical signal (a biomarker) transforms to a recordable signal, and is ampli-
fi ed enough to be recorded. Th is potential application of nanotechnology 
in molecular diagnosis is mainly based on the special physical (optical, 
electrical, or magnetic), chemical and biological characteristics of certain 
multifunctional nanoparticles. In the following section of this chapter a 
number of methods that have been developed for this aim, are presented 
and compared [295–297]. Th e various attempts are summarized in Table 
4.7, and are presented below categorized by specifi c NP type.

4.5.2 Organic NPs for AD Diagnosis

Polymeric NPs or Micelles for AD Diagnosis: Several diff erent polymeric 
NPs have been developed as diagnostic tools for AD, as seen in Table 4.7. 
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Table 4.7 NPs for AD diagnosis. 

Type of NPs: Imaging 

agent- Ligands

Model Result Reference

Polymeric NPs

Polystyrene/polybu-
tylcyanoacrylate 
-AChE inhibitor 
PE154

TTG Plaque detection by 
confocal laser-
scanning microscopy

(295)

PBCA-NPs-
Alexa-488– AβMAb 
(6E10)

APP/PS1 Amyloid plaque 
detection in brain

(298)

PBCA- polystyrene 
NPs- Th iofl avin

In vitro Visualization of amyloid 
aggregates

(299)

BCA NPs- Clioquinol 
radioiodinated

AD mice AD brain section 
localized uptake of 
radiotracer

(296)

PLGA NPs-amyloid-
binding aptamer Tet 
peptide 

In vitro binding to amyloid 
plaques

(200)

Liposomes

PA-Lips-PA 
(Phosphatidic acid)

In vitro high affi  nity (e.g., 22–60 
nM) toward Aβ fi brils

(206)

PA-LIP- PA and 
RI7217 MAb

In vitro targeting amyloid-β 
peptide

(300)

ApoE fragment 
141-150

In vitro ↑uptake by cells ↑bind-
ing to Aβ peptide

(301)

Curcumin (or encap. 
dyes) - Curcumin 

In vitro high affi  nity for amy-
loid-β1-42 peptide.

(201)

Curcumin- nanolipos-
omes-Curcumin

APPxPS1 stain the Aβ deposits in 
vivo

(202)

methoxy-XO4 APP/
PSEN1

iv delivery of 
Aβ-targeted NP to 
plaques in AD model 

(302)

(Continued)
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Type of NPs: Imaging 

agent- Ligands

Model Result Reference

USPIOs- OX-26 In vitro In vitro barrier crossing 
of liposomes contain-
ing USPIOs

(303)

Iron oxide [IO] NPs

Monocrystalline 
IO-Abeta1-40 
peptide

APP/PS1 Method to detect Abeta 
in AD transgenic 
mice

(304)

USPIO- Aβ1-42 
peptide

APP/PS1 Amyloid plaques 
detected by T2*-
weighted μMRI

(296)

SPIONs-anti-AβPP APP/PS1 MRI of Plaques (270)

USPIO- Aβ1-42 
peptide

APP/PS1 Detection of amyloid 
plaques in vivo 

(305)

Maghemite NPs- 
Congo red, 
rhodamine

In vitro Th e hybrid system selec-
tively marks Aβ40 
fi brils

(306)

IONPs- anti-Aβ 
antibody (Aβ1-40 
;Aβ1-42)

In vitro Assaying Aβ through 
immunomagnetic 
reduction

(271)

Gold NPs

Au - Aβ1-40 antibody In vitro Aβ (1-42) concentra-
tions (10 fg/mL level)

(297)

Au-sialic acid In vitro Amyloid-beta detection (295)

Au- MAb specifi c to 
ADDL(amyloid 
derived diff used 
ligands)

Ex vivo Bio-barcode assay to 
measure ADDL 
in CSF 

(296)

Au-anti-tau MAb In vitro Two-photon scattering 
assay detection of tau 
protein

(295)

Table 4.7 (Cont.)
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Type of NPs: Imaging 

agent- Ligands

Model Result Reference

Au- Aβ(1–40) MAb In vitro Detection of Aβ Antigen 
or aggregates

(272, 273, 
307)

Quantum dots(QDs)

PEG-QDs - Aβ1–40,
1–42 peptides

In vitro Study of the Aβ peptide 
aggregation

(295)

QDs-Gold NP-BACE1 
peptide

In vitro Visualize BACE1 activ-
ity in living cells

(308)

QDs- Aβ peptides In vitro Visualisation of Aβ 
plaques and inhibi-
tion of fi brillation

(309)

Other NPs

Manganese oxide 
NPs- Aβ(1–40)MAb

APP/PS1 Detect amyloid plaque 
deposition in AD 
mouse models

(310)

Microbubbles- 
Gadolinium

APP/PS1 MRI imaging of amyloid 
plaques in the brain

(311)

Co@Pt-Au core-shell 
nanoparticles 

In vitro MRI to monitor the 
structural evolution 
of Abeta assemblies

(312)

Silver NPs - ADDL 
antibody

In vitro Antigen detection; 
determination of 
ADDL concentration

(297)

Silica nanoparticles 
anti-tau MAb

In vitro Detection of tau at 10pg/
mL in cerebral spinal 
fl uid (CSF)

(313)

Some of these are described in more detail below. Th e in vivo staining and 
detection of Aβ plaques by confocal laser-scanning microscopy with the 
use of polystyrene/polybutylcyanoacrylate (PS/PBCA)-NPs encapsulat-
ing the fl uorescent biomarker PE154, was reported [295]. Briefl y PE154 
a heterodimeric AChE inhibitor that allows histochemical staining of 
cortical Aβ plaques in triple-transgenic (TTG) mice was encapsulated 
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in biodegradable core-shell PS/PBCA-NPs and in vivo labelling of the 
plaques was demonstrated. Furthermore, it was shown that PE154 targeted 
only the Aβ plaques but not tau tangles nor reactive astrocytes (which 
surrounded the plaques). PBCA-dextran NPs coated with polysorbate 80 
were recently proposed as systems to deliver BBB-impermeable molecular 
imaging probes into the brain [298]. It was indeed demonstrated in vivo 
(in a mouse model of AD) by using a non-BBB-permeable dye (Alexa-488) 
that these PBCA-dextran NPs accomplish visualization of amyloid plaques 
by successful targeting aft er conjugation to a specifi c AβMAb (6E10). 
Additionally, the brain delivery of gadolinium-based contrast agents from 
similar NPs was proved by MRI. In fact the fi rst study reporting amyloid 
staining with PBCA NPs was from 2006 [299]. In that study Th iofl avin 
(a ligand for fi brillar Aβ peptides)-encapsulating PBCA NPs, showed sig-
nifi cantly stronger fl uorescent staining compared to the free fl uorophore. 
Indeed, aft er intracerebral injection, NP-thiofl avin selectively targeted 
fi brillar Abeta (following biodegradation-induced release from the NPs), 
in the cortices of APP/PS1 mice with age-dependent beta-amyloidosis. 
Another study demonstrated that encapsulation of (125)I-clioquinol (CQ, 
5-chloro-7-iodo-8-hydroxyquinoline) to PBCA nanoparticles improved 
its transport to the brain and its retention on amyloid plaques. (125)I-CQ-
PBCA NPs successfully stained plaques on post-mortem frontal cortical 
sections of AD patients, and enhanced its retention in AD-mouse brains 
[296]. Th is combination makes the specifi c NPs a promising delivery 
vehicle for in vivo single photon emission tomography (SPECT) ((123)
I) or PET ((124)I) amyloid imaging agent. Recently the development of 
Tet-1 targeted PLGA NPs encapsulating curcumin was reported [200]. It 
was observed that Tet-1 increased the neuronal uptake of curcumin from 
 curcumin-PLGA NPs, compared to the non-targeted ones. Th ese NPs were 
able to attach to the amyloid aggregate surface and decrease the size of the 
aggregates within 12 hours of co-incubation.

Liposomes for Diagnosis of AD: As mentioned above, liposomes are 
colloidal, vesicular structures composed of one or more lipid bilayers. Th eir 
properties make them ideal candidates for the delivery of drugs or use for 
diagnosis of AD. Some liposomes with affi  nity for Aβ peptides have been 
demonstrated to stain amyloid plaques in vitro and (in some cases) also in 
vivo, while on some NPs also BBB targeting ligands have been added with 
the aim to target brain-located Aβ species or plaques. However, specifi c 
diagnostic evaluations have not been yet carried out, and most studies are 
only in preclinical stage. As examples: liposomes and SLNs incorporating 
phosphatidic acid (PA) or cardiolipines (CL) as a way to target Aβ pep-
tides were prepared, and Surface Plasmon Resonance (SPR) investigations 
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demonstrated that both PA/CL-containing liposomes and SLNs dis-
played high affi  nity (e.g., 22–60 nM) towards chip-immobilized Aβ fi brils, 
likely due to multivalent interactions [206]. Th e PA incorporating lipo-
somes were subsequently further functionalized with a monoclonal anti-
body (mAb) [RI7217] against the transferrin receptor, for BBB targeting 
[300]. SPR experiments revealed high affi  nity of these nanoliposomes for 
Aβ-plaques and higher uptake and permeability of the targeted liposomes 
(compared to non-targeted ones) by cells which are good in vitro BBB 
models. In a similar approach the same PA liposomes were further func-
tionalized with synthetic ApoE derived peptides in order to enhance their 
BBB targeting via the LDL receptor [301]. Results confi rmed enhanced 
targeting of human microvascular brain capillary endothelial cells in vitro 
(60% higher compared to the non-functionalized liposomes), while the 
functionalization with ApoE-derived peptide does not aff ect their previ-
ously reported ability to bind amyloid-β. Additionally, in a recent study 
the functionalization of azido-decorated liposomes with an alkyne-deriva-
tized curcumin was reported [201]. SPR experiments demonstrated that 
the later liposomes had the highest affi  nity constant (in the 1–5 nM range) 
reported up-to-date for Aβ fi brils when decorated with a planar curcumin 
conjugate, while non planar curcumin-decorated liposomes did not show 
any binding. However, the later liposomes type (with non-planar cur-
cumin conjugate) was recently reported to label amyloid deposits in post-
mortem tissue of transgenic mice (APP-PS1) aft er IV administration (in 
vivo) and down-regulate the secretion of Aβ peptide in cells overexpressing 
hAPP (in vitro) [202]. Th ereby, the question is open about the importance 
of planar curcumin structure (as also mentioned before in section 4.4). 
Others recently reported the preparation of Aβ-targeted stealth liposo-
mal nanoparticles using the Aβ-targeted lipid conjugate DSPE-PEG-XO4 
[302]. Th ese liposomal NPs maintain similar binding profi les to Aβ (1–40) 
as the free XO4 ligand in vitro. Th ey selectively bind to amyloid deposits in 
brain tissue sections of APP/PSEN1 transgenic mice in vitro. Ex vivo anal-
yses of treated brain tissue show that when injected into mice, the targeted 
particles effi  ciently bind both parenchymal plaques and CAA-associated 
amyloids throughout the brain. In vitro immunohistochemistry verifi ed 
co-localization of both the liposome encapsulated and bilayer membrane 
components on brain tissue sections obtained from treated animals, con-
fi rming the ability of the particles to traverse the BBB and bind amyloid-β 
plaque deposits. Finally, in another study the encapsulation of USPIOs in 
liposomes (and formation of magnetoliposomes, MLs) functionalized with 
OX-26 antibody, which enables the NPs to pass through the BBB, has been 
reported [303]. In a second step, curcumin derivatives are additionally 
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immobilized on the ML surface for amyloid affi  nity (A. Skouras et al, 
unpublished results). Ongoing in vitro and in vivo studies are currently 
carried out in order to demonstrate the potential of such multifunctional 
MLs to target Aβ plaques in the brain.

4.5.3 Inorganic NPs for AD Diagnosis

Iron Oxide NPs: Some iron oxide NPs such as Feridex (SPIO; Feridex-
USA; Endorem-Europe) have already been FDA-approved as magnetic 
resonance imaging (MRI) contrast agents for cells of the reticulo-endo-
thelial system. Th e use of iron oxide magnetic nanoparticles for various 
bio-medical applications, e.g., hyperthermia, diagnostic, cell-labelling 
and sorting, DNA separation, MRI contrast agents and drug delivery has 
already been demonstrated. Wadghiri et al. was one of the fi rst groups to 
report the detection of Aβ plaques by Magnetic Resonance Imaging (MRI). 
Monocrystalline iron oxide NPs (MIONs) were synthesized and covalently 
tethered to the N-terminus of Aβ1–40 peptide for targeting and imaging 
of senile plaques. Th is MRI agent was able to recognize Aβ plaques with 
high affi  nity in the brain of amyloid precursor protein (APP) and APP/
PS1 transgenic mice when co-injected with mannitol (used to transiently 
open the BBB) [304]. Ultrasmall superparamagnetic iron oxide (USPIO) 
NPs were additionally conjugated with Αβ1–42 peptides as means to detect 
amyloid depositions (aft er co-injection of mannitol) [296], and Aβ plaques 
were detected by T2-weighted MRI. More recently, a novel anti-Aβ pep-
tide able to penetrate the BBB and bind to Aβ plaques was covalently con-
jugated to superparamagnetic iron oxide nanoparticles (SPIONs) for use 
as an in vivo agent for MRI detection of plaques [270]. Following injec-
tion in transgenic mice, the conspicuity of the plaques increased from 
an average Z-score of 5.1 ± 0.5 (in control AD mice) to 8.3 ± 0.2 (in AD 
mice treated with SPIONs) and the number of MRI-visible plaques per 
brain increased from 347 ± 45 to 668 ± 86 in the SPION, respectively. 
Bi-functionalized USPIOs conjugated with an Aβ1–42 peptide for the 
selective binding of Aβ plaques and also PEG to improve BBB permeability 
[305] were intravenously injected in transgenic mice, and amyloid plaques 
were detected by T2-weighted MRI. In another study, a novel method for 
the selective labeling of Aβ1–40 fi brils with non-fl uorescent or fl uorescent 
(rhodamine-tagged or Congo Red-encapsulated) magnetic γ-Iron Oxide 
NPs, even under competitive conditions (e.g., in the presence of human 
serum albumin) [306] was described; Moreover, the ability of these iron 
oxide NPs to readily remove fi brils from solubilized Aβ samples by simple 
use of an external magnetic fi eld, was reported. Recently, magnetic NPs 
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biofunctionalized with antibodies against Aβ-40 and Aβ-42 demonstrated 
that immunomagnetic reduction signals of Aβ-40 and Aβ-42 in plasma 
from normal humans and AD patients showed signifi cant diff erences. 
Such results may fi nd future applications in AD diagnosis [271].

Gold NPs: Gold nanoparticles (AuNPs) have extraordinary optical, 
electronic, and molecular-recognition properties. Electronic microscopy 
is one of the areas where gold nanoparticles have been extensively used 
as contrast agents. Th ey can be associated with many traditional biologi-
cal probes such as antibodies, lectins, superantigens, glycans, nucleic acids 
and receptors. Because gold particles have various sizes they can be easily 
spotted in electron micrographs, while it is possible for multiple experi-
ments to be conducted simultaneously. Th ese advantages make AuNPs one 
of the main NPs used in studies for AD diagnosis, mainly for sensitive 
measurement of Aβ concentrations. Some examples of recently proposed 
techniques follow. Recently, a research group developed an ultrasensitive 
electrical detection method for Aβ1–42 using scanning tunneling micros-
copy (STM) [297]. For this, a monoclonal antibody (mAb) fragment with 
high affi  nity for Aβ1–42 was immobilized onto a gold surface and the 
sample was deposited onto the mAb-Functionalized surface, leading to its 
capture. Subsequently, mAb-Au NP complex was reacted and resulted in 
the formation of “sandwich-like” structures. Th e resulting chip was fi nally 
analyzed by STM. It was shown that the surface density of the Au NPs 
correlated with the number of Aβ-Antigen binding events and that a suc-
cessful Aβ detection was achievable at a concentration 10 fg/mL. Another 
interesting procedure for Aβ detection was based on electrochemical sens-
ing of saccharide-protein interactions [295]. Th e densely packed sialic acid 
domains were able to capture the Aβ peptides as a result of specifi c interac-
tions, and the method enabled the detection of non-labeled Aβ down to 
sub-micromolar concentrations. Remarkable results towards the develop-
ment of new approaches for biomarker detection have been proposed by 
Georganopoulou et al., who developed an ultrasensitive NPs-based bio-
barcode assay capable of detecting AD soluble biomarkers in CSF [275]. 
Th e key feature of the system relies on the isolation of antigens by means 
of a “sandwich process” involving oligonucleotide (DNA-barcode) modi-
fi ed Au NPs, and magnetic microparticles (MMPs), both functionalized 
with antibodies specifi c to the ADDLs. Practically, an excess of Au NPs 
and MMPs (when compared to the ADDLs concentration) are mixed in 
a CSF sample; the recognition of the antigen from both particles leads to 
the formation of sandwiches that are then purifi ed by magnetic separation. 
Th e strands of a dehybridized double-stranded DNA are isolated and easily 
quantifi ed by a scanometric method using DNA microarray. Th e effi  cient 
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antigen sequestration in solution and the amplifi cation process resulting 
from the large number of DNA strands released for each antigen recogni-
tion, allowed the system to identify ADDLs at sub-femtomolar concentra-
tions, thus improving the ELISA test sensitivity by 6 orders of magnitude. 
Neely et al. designed Au NPs coated with mAb specifi c to τ protein and 
employed the NPs in a two-photon Rayleigh scattering assay, which enabled 
the detection of τ protein at concentrations greater than about 1 pg.mL-1. 
Th is concentration was about 2 orders of magnitude lower than typical τ 
protein concentration values (i.e., 195 pg.mL-1) in CSF. Moreover, the two-
photon Rayleigh scattering assay showed a strong sensitivity for τ protein 
and was able to discriminate other proteins such as bovine serum albumin 
[276]. El-Said et al. developed a method to detect Aβ plaques using sur-
face-enhanced Raman scattering. Briefl y gold nanoparticles (Au NPs) were 
electrochemically deposited on an indium tin oxide (ITO) substrate [273]. 
Aβ antibodies were immobilized on the Au-NP-coated ITO substrate, 
aft er which the interactions between the antigen and the antibody were 
determined via SERS spectroscopy. Th e SERS responses had a good linear 
relationship that corresponded to the change in the concentration of the 
antigen with high sensitivity (100 fg/ml). Recently, Sakono et al. reported 
a simple method to detect Aβ aggregates. Au NPs modifi ed with the Aβ 
antibody were treated with bovine serum albumin to stabilize their dis-
persibility in buff er [307]. Aft er adding appropriate concentrations of Aβ 
a red-coated precipitate could be observed by naked eye. Th e precipitate is 
only observed when oligomers or fi brils are added, but not in the presence 
of monomers. Another group fabricated a dense Au nano dot array (ca. 60 
nm) on indium tin oxide (ITO). Aβ1–42 antibody is allowed to immobilize 
on the Au dots followed by its target protein and Au NP-antibody complex 
is prepared and then applied to preimmobilized protein arrays to get the 
pulse like current peak under STM. STM derived profi les show a logarith-
mic increase of the current with an increase of the Aβ1–42 concentration, 
successfully detecting concentrations as low as 100 fg/mL (23 fM) [272].

Quantum Dots (QD): A nanoprobe for amyloid-β aggregation and 
oligomerization using PEG coated QDs as Aβ42 labels, was recently devel-
oped [295]. Th e oligomerization behavior of Aβ42 in solution and on 
intact cells was compared, as well as the ingestion manner of microglia for 
Aβ42 monomers and oligomers. In order to use this diagnostic technology 
to monitor Aβ42 biochemical behavior in vivo, in addition to QD safety 
considerations, special attention should be paid to the successful passage 
of QD-Aβ nanoprobes through the BBB. QDs conjugated with transferrin 
were recently reported to be able to successfully transmigrate through an in 
vitro model of the BBB. Another interesting approach [308] utilized a novel 
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fl uorogenic nanoprobe prepared from the assembly of CdSe/ZnS QDs and 
gold (Au) NPs in which QD was conjugated with a specifi cally designed 
β-secretase (BACE1) substrate peptide. Th is coordination-mediated bind-
ing of the QD with Au nanoparticles via Ni-NTA-histidine (His) interac-
tion resulted in highly effi  cient quenching of QD fl uorescence through a 
distance-dependent fl uorescence resonance energy transfer (FRET) phe-
nomenon. Th e prequenched QD-Au assembly recovered the fl uorescence 
in the presence of the BACE1 enzyme aft er incubation in vitro. Th e high 
quenching effi  ciency of AuNP and robust QD fl uorescence signal recov-
ery upon BACE1 enzymatic digestion enabled the visualization of BACE1 
activity in living cells. Th ese results show the potential application of 
QD-AuNP nanoparticles as an effi  cient probe to identify active molecules 
in BACE1-related diseases such as AD. Zhang et al. reported the labeling 
of Aβ with QDs (QDs-Aβ) by a simple mixing-incubation strategy through 
which Aβ became wrapped on the surface of QDs. Such QDs inhibited 
the formation of β-folding, and the fi brillation of Aβ [309]. Th e QDs-Aβ 
retained dispersivity and fl uorescence properties. When coincubated with 
astrocytes, the QDs-Aβ were endocytosed, without separation of QDs and 
Aβ; Aβ was degraded in 24 h, indicating that labeling with QDs did not 
aff ect the uptake and degradation of Aβ by astrocytes, providing a possible 
new method for visualization of the the Aβ elimination process.

4.5.4 Other NP-Types for Diagnosis of AD

Besides well-established NP-types (mentioned in Table 4.1), other NPs or 
hybrid systems have also been proposed for AD diagnosis. Some examples 
follow. Th e use of hollow manganese oxide NPs (HMONs) for detection 
of amyloid plaques by MRI has been proposed [310]. For this, HMONs 
are conjugated with an antibody against Aβ1–40 peptide and injected to 
APP/PS1 transgenic and wild-type mice. Th e T1-weighted MRI images 
obtained were useful to detect brain regions with amyloid plaque deposi-
tion. In another approach for imaging of Aβ plaques with MRI, a non-
targeted contrast agent (Gd-DOTA, Dotarem®) was intravenously injected 
to APP/PS1 transgenic mice and the BBB was transiently opened with 
unfocused ultrasound (1MHz) and microbubbles. Amyloid plaques were 
detected with high sensitivity and good resolution [311]. Another interest-
ing approach regarding MRI imaging was that of Choi et al. (2008) with the 
use of core-shell NPs [312]. Cobalt platinum alloy(core)-gold(shell) NPs 
were prepared with a high magnetization value, making them appropriate 
for T2-weighted spin echo magnetic resonance measurements. MRI of the 
NPs aft er neutravidin conjugation and labeling with biotinylated Aβ1–40 
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peptides showed contrast changes dependent on peptide concentration. 
Haes et al. designed a localized surface plasmon resonance nanosensor 
(LSPR) to detect Amyloid derived diff used ligands (ADDLs) as a potential 
biomarker for AD [297]. Th e signal transduction mechanism of the LSPR 
nanosensor was based on its sensitivity to local refractive index changes 
near the surfaces of the metal-(Au, Ag)-NPs. Th e resulting biosensors 
were incubated with samples containing ADDLs, washed and incubated 
with a polyclonal antibody solution specifi c to ADDLs to enhance the shift  
response. Th e LSPR nanosensor was fi nally demonstrated to be sensitive 
enough for the detection of ultralow concentrations of ADDLs in biologi-
cal samples. In the last example, a silica-NP-gold capped LSPR chip with a 
monoclonal anti-tau antibody (tau-mAb) immobilized on the surface, was 
developed for tau detection. Th is immune-chip enabled detection of tau 
at 10 pg/mL, lower than the cut-off  value of 195 pg/mL (for AD) for tau 
protein in cerebral spinal fl uid (CSF), while BSA showed no interference 
with tau detection [313].

4.6 Nanoparticles for Th erapy of AD

Th e therapeutic potential of nanotechnology for AD includes neuropro-
tective and neuroregenerative approaches. Several NP systems have been 
studied in recent years to increase the bioavailability and effi  cacy of dif-
ferent AD therapeutic agents. Th e two main sources of neurotoxicity in 
AD are Aβ oligomers and free radicals. Some of the nanotechnology-based 
approaches are capable of protecting neurons from Aβ toxicity by prevent-
ing amyloid oligomerization (disaggregation strategy) and/or accumula-
tion of Aβ oligomeric species. Other nanotechnology neuroprotective 
approaches include those that protect neurons from oxidative stress of free 
radicals. Targeted drug delivery is an important application of nanomedi-
cine due to the additional obstacle of the blood–brain barrier (BBB) for 
molecule transport to the CNS. Up-to-date information about NP-types 
that have been recently demonstrated to have potential to cross the BBB 
and demonstrate therapeutic effi  cacy against AD is presented in this sub-
chapter [295, 314].

4.6.1 Polymeric NPs for Th erapy of AD

Diff erent types of polymeric NPs have been developed as systems to 
enhance BBB transport of drugs or as therapeutics for AD, as presented 
below:
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Table 4.8 NPs for therapy of AD.

Type of NPs-Ligands/

Molecules

Model Result Reference

Liposomes

Click-LIP-Curcumin (TREG) In vitro ↑ affi  nity for Aβ [201]

PA LIP ; cardiolipin-LIP In vitro ↑ affi  nity Aβ fi brils [206]

LIP-Curcumin, PA, 
cardiolipin, GM1

In vitro ↓ Aβ secretion and 
toxicity, staining 
Aβ 

[202, 203]

Anti-Aβ Lips- AβMAb In vitro ↑ binding to Aβ1-42 
peptides

[267, 268]

PA LIP + MAb In vitro ↑ binding to Aβ1-42 
peptides

[300]

LIP+negatively charged 
PLs+ApoE

In vitro ↑ uptake by brain 
cells, ↑binding to 
Aβ peptides

[301]

LIP-Curcumin, PA, 
cardiolipin, GM1

In vitro ↓ aggregation of Aβ [203]

Polymeric NPs

Polystyrene NPs-- Iron 
chelator-MAEHP

In vitro ↓ Aβ fi bril forma-
tion- ↓ Aβ-related 
toxicity

[295, 314]

NP-chelator conjugate 
(Nano-N2PY)-MAEHP

In vitro/
in vivo

↓ Aβ- toxicity, 
↓ Aβ aggregation

[295, 314]

PBCA-NPs - Quinoline 
derivatives

In vitro Aβ plaques staining 
[APP/PS1]

[295, 314]

Polysorbate-80 coated PBCA 
NPs - Tacrine/Rivastigmine

Rats ↑ brain tacrine or 
rivastigmine (3.82 
fold)

[316]

NPs - ApoE 3 PBCA- 
NPsCurcumin-ApoE 3

In vitro increased uptake of 
curcumin; ↓Aβ 
toxicity 

[257]

PLGA NPs - VIP peptide Mice ↑ brain delivery of 
estradiol

[217]

PBCA- NPs-Curcuminoids Mice 2.53x ↑ accumulation 
in brain

[295, 314]

(Continued)
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Type of NPs-Ligands/

Molecules

Model Result Reference

Graphene oxide 
GO-polymeric NPs

In vitro Inhibition of Aβ 
aggregation

[331]

PEG-PACA [poly-
alkyl cyanoacrylate] 
NP-Selegiline

In vitro No positive eff ect [204]

CopolymericNiPAM:
BAM NPs 

In vitro ↓nucleation step of 
Abeta fi brillation

[318]

Polymeric nanostructures In vitro ↓Aβ aggregation and 
↓ cytotoxicity

[319]

PACA and PLA NPs- (PEG) 
corona and ApoE3

In vitro Capture Aβ1–42 in 
circulation (“sink 
eff ect”)

[258]

Angiopep-conjugated 
PEG-co-poly
(ε-caprolactone) 
(ANG-PEG-NP)- Rhod-B 

In vitro ↑ NP accumulation 
in cortical layer, 
lateral ventricle, 
third ventricle and 
hippocampus

[315]

PBCNPs - Curcumin Mice 2.53-fold in brain [295, 314]

PLGA/PBCA- Rivastigmine 
tartrate (RT)

In vivo Regain memory loss [323]

PLGA - curcumin NPs + 
Aβ-binding aptamer

In vitro ↓ Aβ aggregates, 
anti-oxidative 
eff ect

[200]

Chitosan NPs -Tacrine In vitro ↑ bioavailability in 
brain

[320]

TrimethylatedCH-PLGA NPs- 
Coenzyme Q10 (co-Q10)

APP/PS1 ↑memory restoring [321]

Estradiol–loaded NPs Rats ↑ estradiol in CNS [322]

CH-PLGA NPs-novelAβMAb in vitro ↑ uptake/targeting 
BBB; Aβ

[269] 

Solid Lipid Nanoparticles (SLNs)

Ferulic acid (FA)-SLN In vitro ↓ ROS; ↓ cytochrome 
c -apoptosis

[324]

Quercetin-SLN In vitro ↑ therapeutic effi  cacy 
of quercetin

[325] 

Table 4.8 (Cont.)
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Type of NPs-Ligands/

Molecules

Model Result Reference

Cardiolipin - SLN In vitro ↑ affi  nity for Aβ fi brils [206]

Dendrimers

PAMAM dendrimers-SA; 
3 PAMAM - +KLVFF 
peptide

In vitro ↓ Aβ-induced toxicity; 
↓ peptide aggrega-
tion; ↑ affi  nity

[212-214, 
236]

Gold NPs

+CLPFFD peptide In vitro/
in vivo

↓ amyloidogenic 
process; ↑ permea-
bility of BBB; ↓ Aβ 
fi brillization

[328, 330]

(-) NPs-Congo Red In vitro ↓ Aβ Fibrillization 
and Fibril 
Dissociation; ↓ 
Neurotoxicity

[329]

AuNPs-Mifepristone Mice ↑ in drug bioavaila-
bility in brain

[295, 314]

Nanocapsules

Eudragit S100 NC- Melatonin Mice ↓ lipid peroxidation ↑ 
antioxidant reactiv-
ity (hippocampus)

[295, 314]

Lipid Core NC 
- Indomethacin

In vitro ↓ Aβ-induced cell 
death; ↓ Aβ1-42 
neuroinfl ammation 
↓ glial activation

[326]

Other NPs

PDP-NPs-Copper 
chelator-penicillamine

In vitro ↓ Aβ (1–42) 
accumulation

[295, 314]

SWCN -Achetylcholine AD mice ↑ Acetylcholine to 
brain

[295, 314]

EGCG 
[(-)-Epigallocatechin-3]
NPs +a-secretase inhibitor 

AD mice ↑ alpha-secretase; 
↓ plaques

[295, 314]

Ceria NPs-Cerium oxide Specifi c for Aβ [332]

Cholesterol-pullulanNanogels AD mice ↓ aggregation-cyto-
toxicity of Aβ

[333]

(Continued)
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Type of NPs-Ligands/

Molecules

Model Result Reference

Pegylated micelles In vitro ↓ aggregation of 
Aβ1-42

[295, 314]

Core Shell NPs-Th iofl avin T -S APP/PS1 Aβ clear brains [299]

Albumin NPs- ApoE 3 SV 129 ↑ brain NP uptake [81-83]

Nanocurcumin powder Tg2576 ↑memory; ↑cur-
cumin in brain

[334]

Core shell NPs - Cu ↓ Aβ levels [335]

Modifi ed NPs -TGN + NAP 
peptide 

Mice ↑ spatial learning; no 
Aβ plaques 

[336]

PEG-GSH-NPs-Glutathione 
(GSH)

In vitro Protect neuronal cells 
from oxid. stress

[295, 314]

Fullerene (or derivative)- 
Malonic acid

In vitro ↓ Aβ-related toxicity; 
Aβ(1-42) in fi brils 
brain 

[ 337, 338]

C60 fullerene- NPs- Malonic 
acid

In vitro ↓ Aβ(25-35)-toxicity [339]

Fluorinated complexes In vitro Induce α-helix struc-
ture; prevent fi brils

[295, 314]

Inorganic NPs- CdTe NPs In vitro ↓ Aβ fi brillation [295, 314]

Pullulancholesteryl NPs In vitro ↓ Aβ toxicity [295, 314]

Self-Assembled 
PeptidePolyoxometalate NPs

Mice ↓Aβ aggregation [295, 314]

Angiopep-conjugated poly(ethylene glycol)-co-poly(ε-caprolactone)
NPs (ANG-PEG-NPs), in which the angiopeptide BBB-targeting ligand 
signifi cantly enhanced BBB transport (compared to control PEG-NPs) as 
evidenced by in vitro and in vivo studies [315]. Caveolae- and clathrin- 
mediated endocytosis, involving a time-dependent, concentration-depen-
dent and energy-dependent mode, was evidenced. Th e brain coronal 
section showed a higher accumulation of ANG-PEG-NPs in the cortical 
layer, lateral ventricle, third ventricles and hippocampus than that of PEG-
NPs. In another study poly(n-butylcyanoacrylate) (PBCA) NPs coated 
with 1% polysorbate 80 signifi cantly increased tacrine and rivastigmine 
concentration in the brain (compared to uncoated NPs or free drug) [316].

Table 4.8 (Cont.)
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NP-surface engineering with lectins opened a novel pathway for brain 
absorption of drugs. Drugs loaded in biodegradable poly(ethylene glycol)-
poly(lactic acid) (PLGA) NPs are absorbed in the brain, following intrana-
sal administration. Vasoactive intestinal peptide (VIP), a neuroprotective 
peptide, was effi  ciently incorporated in PLGA NPs modifi ed with wheat 
germ agglutinin and its brain uptake and neuroprotective eff ect were sig-
nifi cantly increased (compared to non surface modulated NPs) [317]. 
Improvements in spatial memory in ethylcholine aziridium-treated rats 
were also observed following intranasal administration of 25 μg/kg and 
12.5 μg/kg of VIP-loaded by unmodifi ed nanoparticles and wheat germ 
agglutinin-modifi ed NPs, respectively. Th ese results clearly indicated 
wheat germ agglutinin-modifi ed NPs might serve as promising carriers 
especially for biotech drugs such as peptides.

Aβ fi bril formation was hindered by poly (N-isopropylacrylamide)-co-
poly (N-tert-butylacrylamide) (PNIPAAM-co-PtBAM) NPs with a diam-
eter of 40 nm [318]. Interestingly, it was found that the oligomerization of 
the peptide could be suffi  ciently reversed when mature fi brils start form-
ing. Additionally, the NPs also interfered with the aggregation process by 
delaying, or even blocking, the nucleation step, but no infl uence on the 
elongation step was noticed. In other words, the NPs introduced a “lag 
phase” between nucleation and elongation steps of fi brillation. Th e “lag 
phase” was observed to be strongly dependent on NP concentration, sur-
face properties and physicochemical characteristics. Such results help to 
better elucidate the Aβ aggregation process and design NPs with optimized 
surface properties for AD treatment.

Biodegradable PEGylated poly (alkyl cyanoacrylate) NPs consisting 
of poly[methoxypoly(ethylene glycol)-co-(hexadecyl cyanoacrylate)] 
[P(MePEGCA-co- HDCA)] co-polymer were able to bind Aβ and inhibit 
its aggregation as proven by capillary electrophoresis coupled to laser-
induced fl uorescence (CE-LIF) [258]. Th e crucial role of PEG chains on 
NPs surface for their interaction with Aβ was noticed and studies are con-
tinuing in order to clarify the exact role of PEG chains and to develop func-
tionalized NPs for AD therapy. 

Current therapies for Alzheimer disease (AD) such as acetylcholinester-
ase inhibitors and the latest NMDA receptor inhibitor, Namenda®, provide 
moderate symptomatic delay at various stages of AD. Metal-mediated oxi-
dative damage is a signifi cant contributor to the disease progression, since 
metals such as iron, aluminum, zinc, and copper are disregulated and/or 
increased in AD brain tissue, creating a pro-oxidative environment. Th is 
role of metal ion-induced free radical formation in AD makes chelation 
therapy an attractive method for decreasing the oxidative stress burden 
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in neurons. Chelator-conjugating-NPs have shown a unique ability to 
cross the BBB, chelate metals, and exit the brain (through the BBB) with 
the complexed metal ions. Th is method can provide a safe and eff ective 
method of reducing the neural tissue metal load, attenuating the harm-
ful eff ects of oxidative damage. Chelating agents that selectively bind to 
and remove and/or “redox silence” transition metals have been long con-
sidered as attractive therapies for AD. However, the BBB and neurotoxic-
ity of many traditional metal chelators has limited their utility in AD or 
other NDs, so it has been suggested that iron chelator-conjugating-NPs 
may have the potential to deliver chelators into the brain and overcome 
such issues as chelator bioavailability and toxic side-eff ects [295]. For this, 
a prototype chelator-conjugating-NP (Nano-N2PY) was synthesized, and 
its ability to protect human cortical neurons from Aβ-associated oxidative 
toxicity was demonstrated. In addition, Nano-N2PY eff ectively inhibited 
Aβ aggregation. 

Curcumin-loaded PBCA NPs, which were coated with apolipoprotein 
E3 (ApoE3-C-PBCA) demonstrated enhanced therapeutic effi  cacy against 
Aβ-induced cytotoxicity in SH-SY5Y neuroblastoma cells compared to 
plain curcumin solution [257]. Th e activity of curcumin was enhanced 
with ApoE3-C-PBCA compared to plain curcumin solution suggesting 
enhanced cell uptake and sustained drug release. Additionally a synergistic 
eff ect between ApoE3 and curcumin (ApoE3 also possesses antioxidant 
and antiamyloidogenic activity) may exist. 

When designing ligand decorated NPs for Aβ peptide targeting, it is 
important to use methodologies that ensure presence of the ligand on 
the NP-surface. Selegiline-functionalized polymeric NPs were synthe-
sized with selegiline and fl uorescent poly (alkyl cyanoacrylate) (PACA), 
but no increase in the interaction between these functionalized and non-
functionalized NPs with Aβ(1–42) peptides was observed, highlighting the 
lack of availability of the ligand at the surface of the nanoparticles [204]. 
Adsorption of Aβ peptides to NPs was proposed as a strategy to inhibit 
Aβ aggregation (by re-conversion of Aβ conformation). NPs, synthesized 
by sulfonation and sulfation of polystyrene, and forming microgels and 
latexes, aff ected the conformation of Aβ inducing an unordered state with 
reduced cytotoxicity and signifi cantly reduced oligomerization [319].

Tacrine-loaded chitosan NPs were proven to be an optimized deliv-
ery system of tacrine (a drug with potential signifi cance in AD) to the 
brain [320].

Trimethylated chitosan (TMC) surface-modifi ed PLGA NPs (TMC/
PLGA–NP) were developed as a drug carrier for brain delivery [321] 
and were observed to deliver 6-coumarin at high amounts in the cortex, 
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paracoele, third ventricle, and choroid plexus epithelium, while no brain 
uptake of coumarin loaded in control PLGA–NP was observed. Behavioral 
tests showed that coenzyme-Q10-loaded TMC/PLGA–NP greatly 
improved memory impairment, restoring it to a normal level; the effi  cacy 
of Q10-loaded-PLGA–NP, without TMC conjugation was substantially 
lower. Senile plaque and biochemical parameter tests confi rmed the brain-
targeted eff ects of TMC/PLGA–NP. 

Vitamin E2-loaded chitosan NPs (prepared by ionic gelation of chi-
tosan) [322] were administered IV and intranasally in male wister rats. 
Th e plasma levels of E2 aft er intranasal administration (32.7±10.1 ng/ml; 
tmax 28±4.5 min) were signifi cantly lower than those obtained aft er IV 
administration (151.4±28.2 ng/ml), but the CSF concentrations of the drug 
achieved aft er intranasal administration (76.4±14.0 ng/ml; tmax 28±17.9 
min) were signifi cantly higher than those aft er IV administration (29.5±7.4 
ng/ml; tmax 60 min), showing that when using E2-loaded chitosan NPs, 
E2 is directly transported from the nasal cavity into the CSF, signifi cantly 
improving the levels of E2 being transported into the brain. 

Chitosan-coated PLGA NPs conjugated with a novel anti-Aβ antibody 
showed enhanced uptake in BBB cell models and better targeting of Aβ 
deposits in the CAA model in vitro (compared to control NPs) [269]. 
Another strategy for treatment of AD is the delivery of antioxidant spe-
cies to the brain, because of their ability to quench the reactivity of reac-
tive oxygen species. Th e in vivo acute antioxidant eff ect of i.p.-delivered 
melatonin-loaded polysorbate 80-coated nanocapsules with that of mela-
tonin aqueous solution in mice brains (frontal cortex and hippocampus) 
and liver was compared. Melatonin aqueous solution had no antioxidant 
activity, while melatonin-loaded NP formulations caused a marked reduc-
tion on lipid peroxidation levels in all tissues studied. [314].

NP formulations of rivastigmine tartrate (RT), consisting of PLGA and 
PBCA (optimized [using factorial design]) were evaluated for brain tar-
geting and memory improvement in scopolamine-induced amnesic mice 
using Morris Water Maze Test. Results demonstrated faster regain of mem-
ory loss in amnesic mice with both PLGA and PBCA NPs indicating rapid 
and higher extent of transport of RT into the mice brains proving the suit-
ability of both NPs as potential carriers for brain delivery of RT [323]. 

Curcumin-loaded PLGA NPs decorated with Tet-1 peptide were able 
to destroy amyloid aggregates and exhibit anti-oxidative properties, while 
being non-cytotoxic [200]. Th e amyloid-binding aptamer conjugated to 
these NPs enhances their bind affi  nity to Aβ peptides, making such NPs 
potential systems to target amyloids in the plasma (AD therapy in accor-
dance to the “sink” theory). 
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Polymer colloids composed of a polystyrene core and a degradable 
PBCA [poly(butyl-2-cyanoacrylate)] shell, that bind fi brillar Aβ peptides 
were proposed as carriers to target thiofl avin T and thiofl avin S to amyloid-
plaques in the brain [299].

4.6.2 Lipidic NPs for Th erapy of AD

Diff erent types of Lipids NPs, such as SLNs, Liposomes, Lipidic micelles 
etc., have been proposed as therapeutic systems for AD. Most of the latest 
approaches are mentioned below:

Solid Lipid NPs (SLNs): Ferulic acid (FA) treatment, in particular if 
loaded into SLNs, decreased ROS generation, restored mitochondrial 
membrane potential and reduced cytochrome c release and intrinsic path-
way apoptosis activation. Further, FA modulated the expression of per-
oxiredoxin, an anti-oxidative protein, and attenuated phosphorylation of 
ERK1/2 activated by Aβ-oligomers [324]. 

Solid lipid nanoparticles (SLNs) of quercetin were constructed for IV 
administration in order to improve quercetin’s permeation across the 
BBB, and eventually to improve its therapeutic effi  cacy in AD. Th e opti-
mized formulation was subjected to various in vivo behavioral and bio-
chemical studies in Wistar rats, which demonstrated markedly improved 
memory-retention compared to pure quercetin-treated rats. [325]. Finally, 
as presented above, various SLN formulations functionalized to target 
Abeta(1–42) demonstrated high affi  nity to various Aβ species [206]. 

Micelles: Th e ability of PEGylated phospholipidic micelles to interact 
with Aβ1–42 and to moderate its in vitro neurotoxicity was attributed to a 
double mechanism: in the extracellular medium, such micelles would fi rst 
interact with the peptide so as to bury its hydrophobic domains in their 
hydrophobic core via a favored α-helical conformation that prevents its 
self-aggregation and then PEGylated micelles would shield the exposed 
hydrophobic domains of small Aβ1–42 aggregates with their hydropho-
bic acyl chains, thus avoiding further formation of aggregate-aggregate or 
aggregate-monomeric Aβ1–42 [295].

While the antioxidant properties of green tea polyphenol (EGCG) are 
well known, it has been shown to be able to promote the non- amyloidogenic 
processing of APP by upregulating α-secretase and thus preventing Aβ 
plaque formation. Nanolipidic green tea polyphenol [(-) epigallocatechin-
3-gallate (EGCG)] particles (NanoEGCG) were prepared and tested in 
murine neuroblastoma cells that were transfected with the human APP 
gene (APP; SweAPP N2a cells). It was observed that among all the for-
mulations tested, some NanoEGCG formulations promoted enhanced 
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levels of α-secretase activity even at the lowest EGCG concentration tested. 
Th e prepared formulations were also tested in male Sprague Dawley rats 
and were delivered via oral gavage at a dosage of 100 mg EGCG/kg body 
weight. Th e oral bioavailability of the formulations in vivo was observed to 
be enhanced by more than two-fold as compared to the free EGCG in 10% 
ethanol solution aft er 5 and 10 minutes. Prevention of amyloidogenic pro-
cessing of amyloid precursor protein with the use of natural phytochem-
icals capable of enhancing alpha-secretase activity may be a therapeutic 
approach for treatment of AD [295].

Bernardi et al. investigated the potential protective eff ect of indomethacin- 
loaded lipid-core nanocapsules (IndOH-LNCs) against cell damage and 
Aβ-induced neuroinfl ammation in AD models [326]. IndOH-LNCs attenu-
ated Aβ-induced cell death and were able to block the neuroinfl ammation 
triggered by Aβ1–42 in organotypic hippocampal cultures. Additionally, 
IndOH-LNC treatment was able to increase interleukin-10 release and 
decrease glial activation and c-jun N-terminal kinase phosphorylation. As a 
model of Aβ-induced neurotoxicity in vivo, animals received a single intra-
cerebroventricular injection of Aβ1–42, and 1 day aft er Aβ1–42 infusion, 
they were administered either free IndOH or IndOH-LNCs (intraperitone-
ally) for 14 days. Only the treatment with IndOH-LNCs signifi cantly attenu-
ated the Aβ-induced impairments. Further, treatment with IndOH-LNCs 
was able to block the decreased synaptophysin levels induced by Aβ1–42 and 
suppress glial and microglial activation. Th ese fi ndings might be explained 
by the increase of IndOH concentration in brain tissue. 

Liposomes: As mentioned above (in subchapter 4.4) various types of lipo-
somal formulations with nanodimensions and high affi  nity for Aβ peptides 
(monomer, oligomers, or fi brils) have been recently deveopled. Th e ligands 
used for Aβ targeting varied from various lipids as cardiolipin or phospatidic 
acid [206], curcumin or curcumin derivatives [201–203, 327] as well as a 
monoclonal antibody against Aβ1–42 [268]. In some cases the liposomes 
were further engineered to incorporate a second functionality in order to 
also enhance their transport across the BBB and thus target Aβ plaques in 
the brain. For this a peptide derivative of ApoE 3 (known to target the apo-
lipoprotein receptor overexpressed on BBB cells) [301], or an anti-transferin 
receptor monoclonal antibody [267, 300], were used. All of the previous lipo-
some types were indeed demonstrated to have increased Aβ binding affi  nity 
(compared to the free ligands and non-ligand control liposomes) explained 
by multivalent eff ects and most of them signifi cantly retarded or blocked Aβ 
aggregation and could stain depositions on post-mortem brain slices of AD 
patients. Several of these nanoliposome types are currently under in vivo 
investigation for their therapeutic eff ect on AD. 
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4.6.3 Other NP Types

Dendrimers: Th e possibility of functionalizing the peripheral groups of 
dendrimers with ligands of interest is an attractive strategy to study the 
physical interactions of these macromolecules with Aβ peptides. Several 
studies on the aggregation process of Aβ identifi ed the critical peptidic 
sequence involved in amyloid aggregate formation. Th e hydrophobic core 
from residues 16–20 of Aβ, the so-called KLVFF sequence, is crucial for 
the formation of β-sheet structures. It was also demonstrated that this 
peptidic region binds to its homologous sequence in Aβ and prevents its 
aggregation into amyloid fi brils. Th is sequence has been employed as a key 
compound for the development of agents for preventing Aβ aggregation in 
vivo. KLVFF-functionalized dendrimeric scaff olds demonstrated marked 
inhibitory eff ect on Aβ1–42 aggregation, and were also able to disassemble 
preexisting amyloid aggregates [236]. Th ese nanodevices also exploited the 
multivalency feature of dendrimers to drastically enhance the affi  nity and 
specifi city of KLVFF sequence toward Aβ. 

Several independent studies suggested that Aβ is able to bind cells via 
an interaction with glycolipids or glycoproteins present at the external sur-
face of the cellular membrane. It was also shown that the interaction affi  n-
ity increased when gangliosides or sialic acid molecules were clustered on 
the cell surface. Sialic acid-conjugated polyamidoamine (PAMAM) den-
drimers as membrane-cluster-mimetics had increased affi  nity to Aβ and 
also signifi cantly reduced Aβ-induced toxicity compared to nontreated 
control cells and cells treated with free sialic acid [212]. Th e positioning 
of the covalent bond between the dendrimer and sialic acid was crucial 
regarding the modulation of the biological activity of the resulting conju-
gates. Th e eff ect of polypropyleneimine dendrimers on the formation of 
amyloid fi brils as a function of pH was studied, in order to gain further 
insight in the aggregation mechanism and its inhibition [213, 214]. Th e 
level of protonation of His, Glu, and Asp residues is important for the fi nal 
eff ect, especially at low dendrimer concentration when their inhibiting 
capacity depends on the pH. At the highest concentrations, dendrimers 
were very eff ective against fi bril formations from amyloid peptides.

Gold NPs: A novel approach that off ers a strategy to remotely inhibit amy-
loidogenic process has been proposed, where peptide-gold NPs which selec-
tively bind to Aβ aggregates are irradiated with microwave. Th is results in 
inhibition of amyloidogenesis and restoration of the amyloidogenic potential 
[328]. More specifi cally, the irradiation eff ect on the amyloidogenic process 
was studied and amyloidogenic aggregates rather than amyloid fi brils seemed 
to be better targets for the treatment. It was also found that bare AuNPs 
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inhibited Aβ fi brillization to form fragmented fi brils and spherical oligo-
mers. By adding bare AuNPs to preformed Aβ fi brils, it was evidenced that 
AuNPs bind preferentially to fi brils [329]. Similar results were observed with 
carboxyl- but not amine-conjugated AuNPs, where co-incubation of nega-
tively charged AuNPs with Aβ, reduced Aβ toxicity to neuroblastoma cells. 
Another interesting approach is the destruction of toxic β-amyloid aggregates 
by CLPFFD–peptide-conjugated gold NPs [330]. Th e THRPPMWSPVWP 
peptide sequence was introduced into the CLPFFD-conjugated-gold NPs. 
Th is peptide sequence interacts with the transferrin receptor present in the 
microvascular endothelial cells of BBB causing an increase in the permeabil-
ity of the NPs into the brain, as seen in vitro and in vivo.

Single-wall Carbon Nanotubes (SWCN): It was recently shown that 
lysosomes are the pharmacological target organelles for single-walled car-
bon nanotubes (SWCNTs) and that mitochondria are the target organelles 
for their cytotoxicity [295]. SWCNTs delivered orally were lysosomotropic 
but also entered mitochondria at large doses. Indeed, SWCNT administra-
tion resulted in collapse of mitochondrial membrane potentials, overpro-
duction of reactive oxygen species, and fi nally damage of mitochondria, 
followed by lysosomal and cellular injury. Based on these fi ndings, SWCNTs 
were successfully used to deliver acetylcholine into the brain for treatment 
of experimentally induced AD, by precisely controlling the doses in order 
to ensure that the NTs preferentially enter lysosomes, and not mitochon-
dria where they induce cytotoxicity.

Th e eff ect of graphene oxide (GO) and their protein-coated surfaces on 
the kinetics of Aβ fi brillation in aqueous solution was investigated [331]. 
GO and their protein-covered surfaces delay the Aβ aggregation process 
via adsorption of amyloid monomers on the large available surface of GO 
sheets. Th e inhibitory eff ect of the GO sheet was increased when GO con-
centration was increased from 10% (in vitro) to 100% (in vivo). 

Nanoceria Particles: Nanocerias (i.e., mixed-valence-state cerium) 
were used to drastically reduce the reactive oxygen intermediate intracel-
lular concentration in vitro and in vivo, so as to prevent the loss of vision 
due to light-induced degeneration of photoreceptor cells. Th ese results 
indicated that nanoceria particles were active for the inhibition of reac-
tive oxygen intermediateintermediate- mediated cell death that is involved, 
among other species, in AD pathogenesis [332].

Nanogels represent a promising class of drug delivery devices because of 
their high loading capacity, their high stability, as well as their responsiveness 
to environmental factors, such as ionic strength, pH, and temperature. An 
original use of cholesterol-bearing pullulan (CHP) nanogels with a diameter 
of 20–30 nm as artifi cial chaperone systems for controlling the aggregation 
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and cytotoxicity of Aβ1–42 was suggested [333]. Th ese colloidal nanomateri-
als were able to effi  ciently incorporate the monomeric peptide and to inhibit 
its aggregation, thus suppressing its related toxicity against PC12 cells. 
Recently, the ability of these nanogels to interact with the Aβ1–42 oligomeric 
forms and to reduce their toxicity on primary cortical and microglial cells 
was evaluated. In vitro experiments indicated that CHPs prevented Aβ1–42 
oligomer toxicity and did not accumulate into lysosomes within the fi rst 30 
minutes. Further experiments on transgenic animals mimicking conditions 
of the AD neurological disorder are continuing, even if the ability of these 
nanostructures to surpass the BBB is still unproved. Th e concept developed 
with these CHP nanogels is very interesting if one considers the internaliza-
tion of more specifi c Aβ-targeted ligands within the gel network.

Th e Cu (I) chelator D-penicillamine was covalently conjugated 
to nanoparticles via a disulfi de bond in order to investigate whether 
NP-conjugated chelators could act to reverse metal ion induced protein 
precipitation [314]. Release of D-penicillamine from the nanoparticles was 
achieved using reducing agents. Nanoparticles treated only under reduc-
ing conditions that released the conjugated D-penicillamine were able to 
eff ectively resolubilize copper-Abeta (1–42) aggregates. 

In another study, a stable curcumin NP formulation was developed and 
tested in vitro and in Tg2576 mice [334]. Before and aft er treatment, mem-
ory was measured by radial arm maze and contextual fear conditioning tests. 
Nanocurcumin produced signifi cantly better cue memory in the contextual 
fear conditioning test than placebo, and tendencies toward better working 
memory in the radial arm maze test than ordinary curcumin or placebo. 
Amyloid plaque density, pharmacokinetics, and Madin–Darby canine kid-
ney cell monolayer penetration were measured to further understand in vivo 
and in vitro mechanisms. Nanocurcumin produced signifi cantly higher cur-
cumin concentrations in plasma and in brain than ordinary curcumin.

Studies in animals have reported that normalized or elevated Cu lev-
els can inhibit or even remove Alzheimer’s disease-related pathologi-
cal plaques and exert a desirable amyloid-modifying eff ect. Engineered 
nanocarriers composed of diverse core-shell architectures to modulate 
Cu levels under physiological conditions through bypassing the cellular 
Cu uptake systems were developed [335]. Two diff erent nanocarrier sys-
tems were able to transport Cu across the plasma membrane of yeast or 
higher eukaryotic cells, CS-NPs (core-shell nanoparticles) and CMS-NPs 
(core-multishell nanoparticles). Intracellular Cu levels could be increased 
up to 3-fold above normal with a sublethal dose of carriers. Both types of 
carriers released their bound guest molecules into the cytosolic compart-
ment where they were accessible for the Cu-dependent enzyme SOD1. In 



Nanoparticles for Diagnosis and/or Treatment 161

particular, CS-NPs reduced Aβ levels and targeted intracellular organelles 
more effi  ciently than CMS-NPs. Fluorescently labeled CMS-NPs unrav-
eled a cellular uptake mechanism, which depended on clathrin-mediated 
endocytosis in an energy-dependent manner. In contrast, the transport of 
CS-NPs was most likely driven by a concentration gradient. 

NAP-loaded TGN-(phage-display peptide)-modifi ed nanoparticles 
(TGN-NP/NAP) showed better improvement in spatial learning than NAP 
solution and non-modifi ed NAP-loaded nanoparticles in Morris water maze 
experiment [336] aft er intravenous administration. Th e crossing number 
of the mice with memory defi cits recovered aft er treatment with TGN-NP/
NAP in a dose dependent manner (same also observed in AChE and ChAT 
activity), and no morphological damage and or detectable Aβ plaques were 
found in mice hippocampus and cortex treated with TGN-NP/NAP. 

Specifi c carbon-based nanostructures have shown some promising 
therapeutic eff ects in AD. For instance, radical scavenging entities, such 
as carboxy-fullerenes (C60) could trap multiple radicals and have been 
consequently exploited as “radical sponges.” In this view, researchers 
investigated the ability of water-soluble C60 carboxylic acid derivatives, 
containing three malonic acid groups per molecule, to reduce the apop-
totic neuronal death induced by exposure to Aβ1–42 [337]. 

Another hypothesis about AD stipulates that calcium channels may play 
an important role in mediating Aβ activity on neurons. More precisely, the 
neurodegeneration could be mediated by an increase of Ca2+ infl ux caused 
by Aβ aggregates that would be able to create membrane channels perme-
able to Ca2+. Th e antioxidative eff ect of fullerenol-1 on the in vitro reduc-
tion of Aβ-related toxicity was proven [338]. Fullerenol-1 was found to be 
able to attenuate the increase of intracellular Ca2+ concentration promoted 
by Aβ aggregates, either by interacting with the membrane lipid compo-
nents and thus changing the membranes permeability, or by altering the 
lipid peroxidation and the membrane composition. PEG-C(60)-3, a C(60) 
fullerene derivative incorporating poly(ethylene glycol), and its pentoxifyl-
line-bearing hybrid (PTX-C(60)-2) were investigated against β-amyloid (Aβ)
(25–35)-induced toxicity toward Neuro-2A cells [339]. PEG-C(60)-3 and 
PTX-C(60)-2 signifi cantly reduced Aβ(25–35)-induced cytotoxicity, with 
comparable activities in decreasing reactive oxygen species and maintain-
ing the mitochondrial membrane potential. Cytoprotection by PEG-C(60)-3 
and PTX-C(60)-2 was partially diminished by an autophagy inhibitor, indi-
cating that the elicited autophagy and antioxidative activities protect cells 
from Aβ damage and PTX-C(60)-2 was more eff ective than PEG-C(60)-3 at 
enduring the induced autophagy. Sodium fullerenolate Na (4)[C(60)(OH)
(~30)] (NaFL), a water soluble polyhydroxylated (60)fullerene derivative, 
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destroys amyloid fi brils of the Aβ(1–42) peptide in the brain and prevents 
their formation in in vitro experiments [340]. Th e cytotoxicity of NaFL was 
found to be negligibly low with respect to nine diff erent culture cell lines. At 
the same time, NaFL showed a very low acute toxicity in vivo. Th e maximal 
tolerable dose (MTD) and LD50 for NaFL correspond to 1000 mg kg(-1) and 
1800 mg kg(-1), respectively, as revealed by in vivo tests in mice. 

CdTe nanoparticles (NPs) can effi  ciently prevent fi brillation of amyloid 
peptides. Th e process is based on the multiple binding of Aβ oligomers to 
CdTe NPs. Th e molar effi  ciency and the inhibition mechanism displayed 
by the NPs are analogous to the mechanism found for proteins responsible 
for the prevention of amyloid fi brillation in the human body. 

Th e latest novel strategy reported concerns self-assembled 
 polyoxometalate-peptide (POM-P) hybrid NPs as bifunctional Aβ inhibi-
tors [341]. Th e two-in-one bifunctional POM-P NPs show an enhanced 
inhibition eff ect on amyloid aggregation in mice cerebrospinal fl uid. 
Incorporating a clinically used Aβ fi bril-staining dye, Congo Red (CR), 
into the hybrid colloidal spheres, the NPs can act as an eff ective fl uorescent 
probe to monitor the inhibition process of POM-P via CR fl uorescence 
change. Th is fl exible organic-inorganic hybrid system may prompt the 
design of new multifunctional materials for AD treatment.

4.7  Summary of Current Progress and Future 
Challenges

As presented above, many nanotechnological approaches have been pro-
posed for the diagnosis and therapy of AD. A lot of progress has been made 
in the area of development of extremely sensitive analytical techniques to 
measure AD-related biomarkers in vitro, as Aβ peptides and tau proteins, and 
such methodologies have decreased the lowest measurable concentrations by 
many orders of magnitude. Such techniques will defi nitely contribute towards 
the development of reliable diagnostic tools for AD in the near future, and 
help in the development of successful therapies, since it will become easier 
and faster to reliably monitor the diagnostic and/or therapeutic eff ect of each 
proposed approach. Th is will also contribute in a potentially faster delivery of 
proposed therapies from the lab to the clinic and to the market.

In the area of in vivo diagnostics and therapeutics with nanotechnologi-
cal approaches, diff erent systems have been proposed and some of them 
have been found to be promising in preclinical in vitro and—in some 
cases—also in vivo investgations. Nevertheless, a very big challenge for 
such systems to be successful is the barrier between blood and brain, which 
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has not been solved up to now, regardless of the numerous methodologies 
developed and proposed. 

One method to overcome the problem of the BBB is to target AD-related 
pathologies in the blood, knowing that this might reduce brain levels, 
as is the case for Aβ peptides, although this is still a controversial issue. 
Nevertheless, recently some nanoparticulate systems with high affi  nity for 
Aβ peptides have been developed and are currently under in vivo investi-
gation in order to detect possible reduction in amyloid loads in the brain 
as a result of the increased blood clearance. Other approaches include the 
“opening” of BBB with various chemicals; however, the toxicity related 
issues with such approaches might be severe. If one decides to develop NPs 
to target neurodegenerative diseases in the brain (in which case transport 
of the NPs across the BBB is required), in the view of the authors of this 
chapter, it should become a priority to focus on nanoparticulate systems 
that have known, and clinically tested (for many years) biocompatibility. 
Th is is the brain, which is the “CPU” (central proccessing unit) of human 
beings; thereby toxicity/compatibility issues are expected to be exaggerated 
(compared to other biological tissues/organs). Th ereby, the priority should 
be given to liposomes, albumin nanoparticulates and perhaps PLGA carri-
ers, which have been used in clinical practice and tested for years.

AD is a serious ND disease with high social and economical burden, 
which is expected to geometrically increase in the next decade, due to the 
increased life expectancy and therefore aging population. Today there is no 
accurate diagnosis and no therapy. Because of this, the funding provided 
for AD is constantly increasing; therefore, we believe that if this funding 
is distributed and used appropriately it will be possible to soon have safe 
diagnostic and perhaps also good therapeutic approaches.
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Abstract
In the past two decades, the development of nanomaterials for the ultra-sensitive 
detection of biological species has received great attention because of their unique 
optical, electronic, chemical, and mechanical properties. Diff erent nanomaterials 
were investigated to determine their properties and possible applications in bio-
sensors. Novel nanomaterials for use in bioassay applications represent a rapidly 
advancing fi eld. Th e strategy for decorating electrode of glucose biosensor with 
the hemocompatible polymeric micro- and nanoparticles that exhibit excellent 
antibiofouling property was suggested by our research group. Th is smart strat-
egy demonstrates a methodology for the incorporation of actively antibiofouling 
moieties onto a passively antibiofouling electrode, and thus expands the range of 
applications of electrochemical biosensors, especially in whole blood. 

Keywords: Nanomaterials, hemocompatible materials, biosensors 

5.1 Introduction

Blood is a bodily fl uid in animals that delivers necessary substances such as 
oxygen and nutrients to the cells and transports metabolic waste products 

*Corresponding author: maochun127@aliyun.com

Ashutosh Tiwari (ed.) Advanced Healthcare Materials, (181–202) 2014 © Scrivener Publishing LLC



184 Advanced Healthcare Materials

away from them. It plays a very important role in the body. Because 
improved detection of blood disease can save lives, blood tests have been 
used for approximately 50 years to detect substances that are present in 
the blood that indicate either disease or a future risk of the development 
of a disease. Blood tests detect substances that normally are not present 
or measure substances that, when elevated above normal levels, indicate 
disease [1].

At present, the clinical conditions of diabetes mellitus are well known 
and well understood, yet remain a growing concern as the prevalence of 
the disease increases worldwide at an alarming rate [2]. Accurate blood 
glucose values especially play an important role in the diagnosis of dia-
betes. Th e primary methods of detecting blood glucose concentration are 
performed by biochemical analyzer and glucose meter [3–5]. For biochem-
ical analyzer, the quantifi cation of the concentration of glucose is mainly 
involved in serum samples, which are isolated from whole blood separation 
by centrifugation process, but not untreated whole blood. Th e test results 
are infl uenced by the diff erent model numbers of test instruments and 
detection reagents, treatment processes of blood samples, factitious opera-
tions, especially additional centrifuge and too long a measure of time from 
collecting blood specimens to examination. Th is method for the diagnosis 
of diabetes is not recommended. Further, the red blood cells have a higher 
concentration of protein (e.g., hemoglobin) than serum, and serum has 
higher water content and consequently more dissolved glucose than whole 
blood. To convert from whole-blood glucose, multiplication by 1.15 has 
been shown to generally give the serum/plasma level. In principle, blood 
glucose values should be given in terms of whole blood, but most hospitals 
and laboratories now measure and report the serum glucose levels.

As for commercial glucose meters, there are some defects that cannot be 
ignored during its operation. For example, the blood samples are obtained 
from fi ngertip peripheral but not vein, and doped easily with tissue fl uid. 
So the accurate results of glucose concentration cannot be provided by 
commercial glucose meters. 

However, it is very diffi  cult to design and prepare an electrochemical 
biosensor that can be used in whole blood just because the biofouling of 
electrode surface can be developed by platelet, fi brin and blood cell adhe-
sion in the complex environment of whole blood media. And the biofoul-
ing of electrode surface will bring catastrophic damage to the electron 
transfer between enzyme and electrode redox center. So the development 
of novel glucose biosensors for antifouling, rapid, highly sensitive, and 
selective detection is of paramount importance for blood glucose concen-
tration monitoring in whole blood samples. 
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5.2  Design and Preparation of Hemocompatible 
Polymeric Micro- and Nanoparticles

Polymeric micro- or nanoparticles are successively employed for delivery 
of conventional drugs, recombinant proteins, vaccines and nucleotides 
[6–19]. Th e polymeric matrixes should be compatible with the body in 
the terms of adaptability (non-toxicity) and (non-antigenicity) and should 
be biodegradable and biocompatible [20]. Moreover, one of the impor-
tant issues in developing biomedical materials with small scale that con-
tact blood is improving their blood compatibility [21]. How can design of 
hemocompatible polymeric micro- and nanoparticles? Th ree methods are 
suggested as follows.

(1) Polymeric micro- and nanoparticles loaded anticoagulant drug

As we know, to improve the blood compatibility of the polymeric fi lms, 
heparin has been used to modify their surface [22–25]. It is one of the most 
intensively studied glycosaminoglycans (GAGs) as a result of its antico-
agulant properties. It is a potent anticoagulant agent that interacts strongly 
with antithrombin III to prevent the formation of fi brin clot. So heparin 
immobilized to a surface enhances various surface properties, improving 
blood compatibility and biocompatibility. Th e immobilized forms include 
soluble heparin and heparin immobilized to supporting matrices by physi-
cal adsorption, by covalent chemical methods, and by photochemical 
attachment [22]. Th e effi  ciency, stability, and activity of heparin are deter-
mined by the diff erent immobilized methods and support materials [26]. 
Besides its anticoagulant property, heparin also has great signifi cance in 
regulating many biological pathways including cell-cell recognition, signal 
transduction, growth processes, coagulation cascade and the cellular inter-
action of growth factors [27]. So the development of novel heparin-loaded 
microspheres for anticoagulant drug-release, hemocompatible coating, and 
selective cellular interaction is of paramount importance for the biomedi-
cal application of biomaterials or bio-devices in whole blood environment. 
Our research group reported a novel kind of heparin-loaded polyurethane 
microsphere (Hep-PU MS), which was synthesized by a single-step phase 
separation method. Th e morphology of the Hep-PU MS was depicted in 
Fig. 5.1a. As shown in Fig. 5.1a, the Hep-PU MS were formed. Th e aver-
age particle size of Hep-PU MS was about 540 nm. With the simplicity of 
the loaded method, the excellent hemocompatibility and the slow-release 
of heparin, the Hep-PU MS with desirable bioproperties can be readily 
tailored to cater to various biomedical applications.
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(2) Polymeric micro- and nanoparticles hybrided with hydrophilic 
molecules

Surface modifi cation with increasing hydrophilicity is believed to be a useful 
method for improving blood compatibility, and various polymer materials 
have been modifi ed by water-soluble polymer for biomedical use such as 
poly(ethylene glycol) (PEG) or poly(ethylene oxide) (PEO) that can prevent 
plasma protein adsorption, platelet adhesion, and thrombus formation by the 
steric repulsion mechanism. Steric repulsion by surface-bound water-soluble 
polymer chains occurs as a result of overlapping polymer layers that could 
lead to loss in confi gurational entropy because of volume restriction and/
or osmotic repulsion between interdigitated polymer chains. Th e accepted 
mechanism for preventing protein adsorption by the graft ed PEO chains is 
that such a technique decreased interfacial free energy and the steric repul-
sion force between PEO chains and the proteins [28]. Similarly, hydrophilic 
polysulfone membranes, polyvinylpyrrolidone-polysulfone (PVP-PSf), were 
prepared from PSf membranes covalently conjugated with PVP on the sur-
face. It was found that PVP-PSf membranes gave lower protein adsorption 
from a plasma solution than PSf membranes. Th is is also attributed to the 
hydrophilic surface of the PVP-PSf membranes [29].

How can prepare hemocompatible polymeric micro- and nanoparticles by 
surface modifi cation with increasing hydrophilicity? It became a target for our 
research group. Pluronic F127 (triblock copolymer PEO106PPO70PEO106) 
has good blood compatibility [30, 31]. Th e preparation and hemocompat-
ibility of PU-F127 nanospheres by a spontaneous emulsion solvent diff usion 
method were investigated by our research group. As displayed in Fig. 5.1b, 
typical TEM photograph of the PU-F127 hybrid nanospheres showed the 
average diameter was about 200 nm. It is very interesting that every PU-F127 
hybrid nanosphere has a porous structure. Th e results of blood test indicate 
the PU-F127 hybrid nanospheres have good blood compatibility.

Figure 5.1 Representative TEM images of (a) PU-Hep MS, (b) PU-F127 hybrid 
nanospheres, (c) HBPE-SO3 nanospheres.
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(3) Polymeric micro- and nanoparticles surface modifi ed by special 
functional groups

Hyperbranched polymers have attracted signifi cant interests because of 
their unique architecture and novel properties that include good solubil-
ity, special viscosity behavior, and high density of their functional groups 
[32, 33]. Owing to the multifunctionality in hyperbranched polymers, the 
physical properties can be adjusted to a large extent by the chemical modi-
fi cation of the end-groups [34, 45]. Th e use of hyperbranched polymers 
by the chemical modifi cation has attracted increasing attention in recent 
years [36–39]. Th ese features of hyperbranched polymers have been used 
extensively in diverse fi elds, such as coatings, additives, blends, nonlinear 
optics, composites, and copolymers [40–43]. Especially, hyperbranched 
polymers hold great potential as drug delivery agents because of their 
three-dimensional shapes and availability of a large number of surface 
functional groups amenable to various modifi cation chemistries for drug 
conjugation and targeting purposes [44–46].

Herein, water-soluble nanoparticles were synthesized by the chemical 
modifi cation of aliphatic hyperbranched polyester (HBPE) with sulfonic 
acid functional groups (HBPE-SO3). TEM photographs of the nanopar-
ticles showed an average diameter of 210 nm (Fig. 5.1c). Th e blood com-
patibility and cytotoxicity of HBPE-SO3 nanospheres were investigated 
by a series of specialized blood experiments. Th e results showed these 
hemocompatible polymeric micro- and nanoparticles provide a promis-
ing platform of blood circulation system for diagnosis and therapy with 
the help of the drug-loaded capacity of hyperbranched polyester micelles. 
Similarly, hemocompatible and water-soluble nanoparticles were also syn-
thesized by the chemical modifi cation of aliphatic HBPE with carboxylic 
acid  functional groups.

As to the actual operation for preparation of polymeric micro- and 
nanoparticles, many methods in the past ten years were used to prepare 
polymeric micro- and nanoparticles, such as micro-emulsifi cation [47–49], 
phase conversion [50–54], template method [55–57], surface modifi cation 
by special functional groups [58, 59], and ATRP technique [60–62].

5.3  Th e Biosafety and Hemocompatibility Evaluation 
System for Polymeric Micro- and Nanoparticles 

When polymeric micro- and nanoparticles enter biosystems, they interact 
with various biomolecules, especially proteins, forming a protein corona 
on the surface. Understanding how polymeric micro- and nanoparticles 
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interact with biomolecules is crucial for bioapplications and for the bio-
safety of polymeric micro- and nanoparticles.

In this paper, Hep-PU MS we prepared were chosen as an example for 
investigating their hemocompatibility and cytotoxicity in the blood and 
cell experiments mentioned below [50].

5.3.1 In vitro Coagulation Time Tests

Th e activated partial thromboplastin time (APTT), prothrombin time 
(PT), and thromboplastin time (TT) were widely used for the clinical 
detection of the abnormality of blood plasma. In recent times, they were 
applied in the evaluation of in vitro antithrombogenicity of biomateri-
als [63–65]. All the samples were dispersed in phosphate buff er solution 
(PBS) at the pre-determined concentrations. Th e eff ect on coagulation in 
the presence of the Hep-PU MS was studied aft er mixing anticoagulated 
rabbit blood plasma with the sample solution in the cuvette strips at 37 °C 
for 5 min before adding the coagulation reagents. PBS acted as the con-
trol. All the assays were performed and measured by using a Semi auto-
mated Coagulometer (RT-2204C, Rayto, USA). All the coagulation tests 
were performed in triplicate. Th e APTT, PT, and TT values of control for a 
healthy blood plasma were 21.3±0.2, 6.7±0.1 and 16.5±0.1 s, respectively. 
Th e eff ect of Hep-PU MS can be observed by comparing the APTT, PT, 
and TT with those of control. Th e results showed that the data of APTT/
PT/TT were statistically longer in tests than in controls aft er the injection 
of Hep-PU MS, indicating that Hep-PU MS have excellent anticoagulant 
eff ects (Fig. 5.2a).

5.3.2 Complement and Platelet Activation Detection

Th e hemocompatibility of the Hep-PU MS was also evaluated by mea-
suring complement and platelet activation under in vitro conditions. 
Complement activation is a key indicator of both adaptive and innate 
immunity, thus hemocompatibility when foreign material is introduced 
into blood [66–68]. We have used an enzyme immunoassay kit (C3a kit) 
for measuring the complement activation. C3a is an anaphylatoxin pro-
duced during the complement cascade and its concentration in the plasma 
is a measure of the extent of complement activation. Hep-PU MS was incu-
bated with platelet poor plasma (PPP) at 37 ºC for 1 h and the amount 
of C3a produced was measured. Hep-PU MS were found to be neutral to 
the complement system in that the amount of C3a (27.1 ng/mL) produced 
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by the Hep-PU MS. From the data, it is obvious that the Hep-PU MS do 
not activate the complement system (Fig. 5.2b). It is known that nega-
tively charged sulfate and sulfonate groups of heparin play a major role in 
the biocompatibility acticity of heparin, which reduce the infl ammatory 
potential of an external additive [69, 70].

Platelet activation upon interaction with samples is another major 
barrier in blood incompatibility and can lead to thrombotic complica-
tions under in vivo conditions [67]. We have measured the platelet acti-
vation aft er incubating the Hep-PU MS in platelet rich plasma (PRP) for 
30 min at 37 ºC using fl ow cytometry. Platelet activation is expressed 
as the percentage of platelets positive for both of the bound antibod-
ies (CD 62P and CD42). Th ere was no signifi cant diff erence between 
the Hep-PU MS and the control plasma sample (Fig. 5.2c). No eff ect in 
platelet activation that occurred with the Hep-PU MS was also  attributed 
to heparin.
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Figure 5.2 Hemocompatibility of Hep-PU MS. (a) APTT/PT/TT of PU MS and Hep-PU 
MS; (b) Complement activation u  pon interaction of Hep-PU MS with PPP for 1 h at 37 
ºC; and (c) Platelet activation upon interaction of Hep-PU MS with PRP for 30 min at 
37 ºC. Plasma incubated with saline as a negative control. Data are presented as means ± 
standard deviation (n = 3).
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5.3.3 Percent Hemolysis of RBCs

Hemolysis occurs when cells swell to the critical bulk to break up the cell 
membranes. Meanwhile, released adenosine diphosphate from the broken 
red blood cells intensifi es the assembly of blood platelets, which accelerates 
the formation of clotting and thrombus. So hemolysis of the blood is a very 
important problem associated with the bio-incompatibility of material 
[71]. Less than 5% hemolysis was regarded as a nontoxic eff ect level [64]. 

Th e experimental process was as follows. First, 5 mL of rabbit blood 
sample was added to 10 mL of PBS, and then red blood cells (RBCs) were 
isolated from whole rabbit blood by centrifugation at 1500 rpm for 10 min. 
Th e RBCs were further washed fi ve times with 10 mL of PBS solution. Th e 
RBCs were diluted to 50 mL of PBS. Herein, RBCs incubation with doubly 
distilled deionized water (DI water) and PBS were used as the positive and 
negative controls, respectively. Th en 1 mL of diluted 2% RBCs suspension 
was added to 1 mL Hep-PU MS solutions at required concentration. All the 
sample tubes were kept in static condition at 37 ºC for 3 h. Finally, the mix-
tures were centrifuged at 1500 r/min for 10 min, and 200 μL of supernatants 
of all samples were transferred to a 96-well plate. Th e absorbance values of 
the supernatants at 570 nm were determined by using a microplate reader. 
Th e percent hemolysis of RBCs was calculated using the following formula.

Percent hemolysis % = ((sample absorbance – negative control absor-
bance)/(positive control absorbance – negative control absorbance)) × 100

In this case, Hep-PU MS did not cause any hemolysis (0.89±0.10%) on 
rabbit erythrocyte comparing with the negative control (normal saline, hae-
molysis rate is 0%) and the positive control (water, haemolysis rate is 100%) 

5.3.4 Morphological Changes of RBCs 

Morphologically aberrant forms of RBCs can give insights into the diagno-
sis of various medical conditions such as hemolytic anemia. Th e RBC pel-
let was resuspended in 0.9% saline solution. Th e Hep-PU MS were diluted 
to a required concentration in cell suspension. Observation of morpholog-
ical changes by light microscopy was captured aft er 1.5 h of the Hep-PU 
MS exposure to analyze the morphological variation at the early stages of 
haemolysis. Th e pellet obtained aft er centrifugation was diluted in 0.9% 
saline solution and mounted on clean glass slides covered with cover slips 
and observed under Olympus BX41 microscope and photographed with 
an Olympus E-620 camera (Olympus Ltd., Japan). As shown in Fig. 5.3a, 
the untreated RBCs in saline appeared in a normal biconcave shape. It is 
known to all, exposure to materials with the bad blood compatibility will 
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induce appearance of morphological aberrant forms for RBCs such as echi-
nocyte-like forms with numerous surface spikes, the RBCs appear swollen, 
and the phenomena of ghost cells (lysed RBCs) [72]. Th e RBCs treated 
by Hep-PU MS was imaged as shown in Fig. 5.3b. Th e result showed that 
there were no obvious changes of cell morphology. Such a result was in 
agreement with the above hemolysis analysis.

5.3.5 Cytotoxic Assessment

Cytotoxicity of Hep-PU MS was evaluated by MTT (3-[4,5-dimethylthia-
zolyl-2]-2,5-diphenyltetrazolium bromide) assays. Briefl y, human embry-
onic kidney 293 (HEK 293) cells were seeded to a 96-well culture plate and 
the cells would come to about 50% confluence aft er 24 h of culture. Th e 
media were changed by fresh ones, and the mixtures containing required 
concentration of Hep-PU MS samples were added to the wells. Th e cells of 
positive control were only incubated with equal Dulbecco’s modifi ed eagle’s 
medium (DMEM) (10% fetal bovine serum) and the cell viability was set 
as 100%. All of the cells were allowed to grow for 24 h before 10 mL MTT 
(5 mg/mL) was added to each well. Th en, the cells were incubated at 37 ºC 
for an additional 4 h until the purple precipitates were visible. Th e medium 
was replaced by 100 mL dimethyl sulfoxide (DMSO) and the cell plate was 
vibrated for 15 min at room temperature to dissolve the crystals formed 
by the living cells. Finally, the absorption at 490 nm of each well was mea-
sured by an ultramicroplate reader [73]. Th e eff ect of the Hep-PU MS on 
cell viability (90±1.5%) was compared to nontreated cells (control sample), 
which are considered as 100%. According to the relationship between cell 
proliferation rate and cytotoxicity grade of United States pharmacopeia 
(USP), we got the conclusion that Hep-PU MS have no cytotoxicity, which 
is very important for their potential use in vivo [74–76].

Figure 5.3 Optical images of (a) saline solution-treated RBCs, and (b) Hep-PU MS 
treated RBCs.
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5.4  Construction of Biosensor for Direct Detection in 
Whole Blood

As we know, when in direct contact with blood, the foreign materials 
are prone to initiate the formation of clots, as platelets and other compo-
nents of the blood coagulation system are activated. So it is very diffi  cult 
to design and prepare an electrochemical biosensor that can be used in 
whole blood directly just because the biofouling of electrode surface can 
be developed by platelet, fi brin and blood cell adhesion in the complex 
environment of whole blood media. As for the glucose biosensor that used 
in whole blood directly, the biofouling of electrode surface will bring cata-
strophic damage to the electron transfer between enzyme and electrode 
redox center. In Reichert’s review paper, he suggested that biofouling is 
one of several causes for the failure of in vivo biosensors due to the accu-
mulation of proteins, cells and other biological materials on the surface of 
biosensors [77]. Anti-biofouling is the process of removing or preventing 
these accumulations include platelets and other components of the blood 
from forming. So improving the hemocompatibility and anti-biofouling 
property of biomaterials or biodevices has become a very important task 
for biomedical material scientists. In the past years, diff erent approaches 
were taken by various research groups to combat the challenge of forming 
anti-biofouling and fouling release surfaces. Particular attention was given 
to the chemical structures produced and the various techniques utilized to 
demonstrate these surfaces inherent anti-biofouling character.

Nowadays, nanomaterials of polymers are found to have superior per-
formance compared with conventional polymeric materials due to their 
much larger exposed surface area and better biocompatibility. In this case, 
Hep-PU MS were prepared and chosen as an example to modify the glassy 
carbon electrode (GCE) for its antibiofouling eff ect that due to the coher-
ence between blood compatibility and antifouling property of Hep. Herein, 
using hemocompatible polymeric nanospheres to do the study of anti- 
biofouling of the glucose biosensor was attempted by our research group.

5.4.1 Evaluation of GOx/(Hep-PU) Hybrids

Th e maintenance of enzyme activity on the supporting materials is crucial 
in the biosensor designs, because the secondary conformational variations 
of the enzyme can aff ect its activity markedly. Herein, circular dicroism 
(CD) were utilized to check the secondary conformation variations of the 
polypeptide chain of GOx on the Hep-PU MS [78]. Th e CD spectra in the 
far-UV (with the range from 185 to 260 nm) were measured on a JASCO 
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J-715 spectropolarimeter using a 1  cm quartz cuvette. Th e contents of 
α-helix, β-sheet, β-turn, and the random coil conformation were calcu-
lated using the JASCO710 program. 

Fig. 5.4 showed the CD spectra of GOx in PBS without (curve a) and 
with Hep-PU MS (curve b) in the far-UV region (185–260 nm). Th e posi-
tive bands at 191 nm in both curves correspond to the π–π* transition of 
the amide groups in the GOx peptide chain. Two negative bands at 209 and 
219 nm are in accordance to the π–π* and n–π* transition of the amide 
groups of the GOx polypeptide chain, respectively [79]. In the presence 
of Hep-PU MS, the intensity of the positive band at 191 nm signifi cantly 
decreases compared with that of pure GOx, indicating the interactions 
between the amino acid residues of GOx and Hep-PU nanocomposites. 
Additionally, the intensity of the dual bands at 209 and 219 nm had a slight 
decrease for the GOx/(Hep-PU), indicating that the secondary structure of 
GOx was not obviously changed.

In addition, the contents of α-helix and β-turn conformation of GOx/
(Hep-PU) changed 4.3% and 0.6% compared with pure GOx. All results 
indicate that Hep-PU MS could essentially maintain the native con-
formation of GOx [80]. Th us, the secondary structure of GOx was well 
maintained in the prepared biosensor and Hep-PU MS indeed have good 
biocompatibility.

5.4.2 Evaluation of Whole Blood Adhesion Tests

Th e whole blood adhesion test has already become a recognized tech-
nique to estimate the blood compatibility or anticoagulation of a pre-
pared material. Th us, our work also employed this test to evaluate the 
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blood compatibility of the surface of electrode that modifi ed by Hep-PU 
MS. Th e blood was obtained from a healthy adult volunteer anticoagu-
lated with sodium citrate solution. Th e blank substrate without Hep-PU 
MS and GOx/(Hep-PU) modifi ed substrate were immersed in PBS for 
24 h before they were placed in the 24-well microplates. Each well was 
added with 1.0 mL of whole blood. Aft er being incubated for 60 min at 
37 ºC in humidifi ed air, the samples were taken out, and rinsed by PBS 
for three times to remove the physically attached blood cells. Aft er that, 
the adhered blood cells were fi xed with 2.5% glutaraldehyde in PBS for 
30 min. Finally, the sample was washed with PBS and dehydrated with 
a series of ethanol/water mixtures of increasing ethanol concentration 
(50, 60, 70, 80, 90, 95 and 100% of ethanol) for 10 min in each mixture 
respectively. Th e surfaces membranes were air-dried, coated with gold 
and blood cells visualized by scanning electron microscope (SEM, JEOL 
JSM Model 6300, Japan).

Fig. 5.5 showed SEM photographs of blood cells that adhered to the 
surfaces of the substrates with or without Hep-PU MS. Numerous adher-
ent blood cells and some aggregates were observed on the blank GCE 
(Fig. 5.5a), while the blood cells and platelets adhering were remarkably 
suppressed on the surface of electrode substrate modifi ed with GOx/
(Hep-PU) (Fig. 5.5b and c). Based on the above observations, it was 
believed that thrombus was diffi  cult to form onto the surface of Hep-PU 
MS without fused blood cells and platelets, which was caused by the anti-
biofouling eff ect. Th e results strongly display that the anticoagulation of 
Hep-PU MS could effi  ciently suppress blood-cell adhesion and increase 
the microenvironment for GOx to undergo facile electron-transfer 
reactions. 

Figure 5.5 Representative SEM images of (a) blank electrode substrate, (b) electrode 
substrate modifi ed with GOx/(Hep-PU), and (c) enlarged view of (b) exposed to human 
whole blood for 60 min, respectively.
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5.4.3  Direct Electrochemistry of GOx/(Hep-PU)/GCE and 
Calibration Curve

All electrochemical experiments were performed on a CHI 760D electro-
chemical workstation (Chenhua Co. Ltd., China) in a three-electrode con-
fi guration. A saturated calomel electrode (SCE) and a platinum electrode 
served as reference and counter electrode, respectively. All potentials given 
below were relative to the SCE. Th e working electrode was a GCE. Hep-PU 
MS suspension was dropped onto the electrode surface and dried in air. 
Aft er that, GOx solution was dropped onto the surface of (Hep-PU)/GCE 
and kept overnight at 4 ºC, then the GCE modifi ed with GOx/(Hep-PU) 
was obtained and the same modifi ed method was used to get the (Hep-PU)/
GCE. When not in use, the electrodes were stored at 4 ºC in a refrigerator.

Cyclic voltammogram (CV) measurements were conducted in a 5 mL 
PBS cell at room temperature and the solution was purged with high purity 
nitrogen fi rstly and blanked with nitrogen during the electrochemical 
experiments.

Fig. 5.6 showed the electrochemical behaviors of (Hep-PU)/GCE, GOx/
GCE and GOx/(Hep-PU)/GCE in PBS. Th ere was no apparently redox 
process in CVs of the (Hep-PU)/GCE (curve a) and GOx/GCE (curve b), 
while GOx/(Hep-PU)/GCE displayed a pair of well-defined and quasi-
reversible CV peak with a formal potential value (E0’) of -0.408 V (curve 
b). Th e good electrochemical response of GOx/(Hep-PU)/GCE indicated 
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Hep-PU MS played an important role in facilitating the electron exchange 
between the electroactive center of GOx and GCE, and provided a mild 
environment so that the bioactivity of GOx could be retained. In addi-
tion, the anodic (Epa) and cathodic (Epc) peak potential were detected 
at −0.374 V and −0.442 V, respectively, and the separation of peak poten-
tials (ΔEp) was 68 mV, at a scan rate of 100 mV/s. Th e ratio of anodic to 
cathodic peak currents was about 0.85. Th ese results indicate that GOx 
underwent a quasi-reversible redox process (FeIII/FeII redox couple) at 
the GCE modifi ed with Hep-PU MS. 

An important analytical parameter for a biosensor is its ability to dis-
criminate between the interfering species commonly present in similar 
physiological environment and the target analyte [81]. Electrochemical 
response of the GOx/(Hep-PU)/GCE was examined in the presence of 
some electroactive interfering substances like ascorbic acid (AA) and uric 
acid (UA) at higher levels than normal physiological [81]. Th e experiment 
was carried out by adding 1.0 mM glucose followed by 0.1 mM AA, 1.0 
mM glucose and 0.1 mM UA. As shown in the insert of Fig. 5.6, the elec-
troactive species did not cause interference signifi cantly for the determina-
tion of glucose. Th e results imply that the GOx/(Hep-PU)/GCE has a good 
anti-interference ability.

Diff erential pulse voltammetry (DPV) measurements were carried out 
with pulse amplitude of 0.05 V and pulse width of 0.2 s. Diff erent concen-
trations of glucose solution were added under intensive stirring, then CV 
was performed until the currents did not change any more, and DPV was 
immediately carried out. Th en correlation between response currents and 
diff erent concentrations of glucose solution was obtained. Fig. 5.7 showed 
typical DPVs for the detection of glucose in PBS and whole blood at the 
GOx/(Hep-PU)/GCE. Firstly, the GOx/(Hep-PU)/GCE was applied in 
PBS and the linear response range was from 0.2 mM to 20 mM. Th e linear 
regression equation was I (μA) = 0.074c (mM) + 0.122 (R = 0.9990), where 
I was current and c was the glucose concentration. Th e enhanced linear 
range expands the applications of the biosensor, especially in the glucose 
determination in whole blood samples. Th en the proposed biosensor was 
used to determine blood glucose in whole blood. Blood samples were sup-
plied by volunteer, within sodium fl uoride to prevent glucose metabolism 
by blood cells prior to glucose determination [82, 83]. Th e current response 
was determined in 5 mL of 0.1 M, pH 7.4 PBS containing whole blood 
sample of 500 μL. It can be observed in Fig. 5.7B that with the increasing 
of glucose concentration, an anodic peak at -0.48 V emerges gradually. Th e 
calibration curve by plotting the current response with glucose concen-
tration was presented in the insert of Fig. 5.7B. Th e linear relation had a 
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regression equation of I (μA) = 0.074c (mM) + 0.122 (R = 0.9990) with a 
correlation coeffi  cient (R) of 0.9939 and the calculated detection limit is 
1.4 × 10–5 M (S/N = 3) in whole blood, which is lower than those obtained 
for GOx immobilized on poly(pyrrole propylic acid)/Au nanocomposite 
fi lms (5 × 10–5 M) [84]  and PtPd-MWCNTs fi lms (3.1 × 10–5 M) [85].

5.4.4 Human Blood Samples Measurement

In an attempt to explore the GOx/(Hep-PU)/GCE for practical applica-
tions, the biosensor was applied to determine glucose in human blood 
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Relationship between the peak current and the concentration of glucose in PBS; and the 
insert: relationship between the peak current and the concentration of glucose in whole 
blood samples.
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samples of diabetic and healthy people. Th e glucose concentration in the 
serum of the diabetic is as high as 12.2 mM, while it is only 4.7–5.3 mM for 
the healthy ones [86]. Table 5.1 displayed the determination results of fi ve 
samples including three diabetic and two healthy people.

Th e samples were fi rst analyzed in the hospital biochemistry laboratory, 
then reanalyzed with the GOx/(Hep-PU)/GCE in our laboratory. Th e val-
ues of glucose was determined by the proposed biosensor are very close 
with the data provided by hospital. Furthermore, the values we measured 
direct in whole blood by the GOx/(Hep-PU)/GCE are more closed to the 
real values probably compared to the values that were measured in serum 
samples. Deeper investigation will be performed by our group in future.

5.5 Conclusion and Prospect

Considering the signifi cance of blood in the area of biomedical and health 
for life, this paper has practical importance. Th is idea and technique of 
innovative hemocompatible polymeric micro- and nanoparticles provide a 
promising platform for the development of novel electrochemical biosen-
sors that can be directly used in whole blood-contact system for illness 
diagnosis. In other words, the integration of nanotechnology, anticoagu-
lant design and biosensor that will, without doubt, bring signifi cant input 
to practical biomedical devices relevant to diagnostics and therapy of inter-
est for human health.

Table 5.1 Determination of glucose in whole blood samples using the GOx/
(Hep-PU)/GCE.

NO. Referenced valuesa (mM) Determined valuesb (mM)

1 12.2±0.29 12.1±0.31

2 11.6±0.33 11.4±0.37

3 8.9±0.35 8.7±0.36

4 5.2±0.25 5.0±0.29

5 4.9±0.28 4.8±0.32
a Referenced values were provided by the hospital biochemistry laboratory. b Th e values were 
determined by the GOx/(Hep-PU)/GCE; they were average values of fi ve measurements for 
each sample



Novel Biomaterials for Human Health 199

References

 1. J. Adams and F. Apple, Circulation, Vol. 109, pp. e12–e14, 2004.
 2. J. Wang, Chem. Rev., Vol. 108, pp. 814–825, 2008.
 3. A. Kulkarni, M. Saxena, G. Price, M. J. O’Leary, T. Jacques and J. A. Myburgh, 

Intens. Care Med., Vol. 31, pp. 142–145, 2005.
 4. C. Voulgari and N. Tentolouris, Diabetes Technol. Th er., Vol. 12, pp. 529–535, 

2010.
 5. M.H. Lin, M.C. Wu and J. Lin, J. Clin. Biochem. Nutr., Vol. 47, pp. 45–52, 2010.
 6. A. Schatz, M. Hager and O. Reiser, Adv. Funct. Mater., Vol. 19, pp. 2109–2115, 

2009. 
 7. C. Mao, L.C. Jiang, W.P. Luo, H.K. Liu, J.C. Bao, X.H. Huang and J. Shen, 

Macromolecules, Vol. 42, pp. 9366–9368, 2009.
 8. X.Y. Zhang, E.M. Hicks, J. Zhao, G.C. Schatz and R.P. VanDuyn, Nano Lett., 

Vol. 5, pp. 1503–1507, 2005.
 9. H. Hu, X.B. Wang, S.L. Xu, W.T. Yang, F.J. Xu, J. Shen and C. Mao, J. Mater. 

Chem., 2012, 22, 15362–15369.
10. L. Marcon, O. Melnyk and D. Stievenard, Biosens. Bioelectron., Vol. 23, 

pp. 1185–1188, 2008.
11. C. Mao, C.X. Liang, W.P. Luo, J. C. Bao, J. Shen, X.M. Hou and W.B. Zhao, J. 

Mater. Chem., Vol. 19, pp. 9025–9029, 2009.
12. R. Krishnan and M J. Heller, J. Biophoton., Vol. 2, pp. 253–261, 2009.
13. B.S. Harrison and A.A. Atala, Biomaterials, Vol. 28, pp. 344–353. 2007.
14. A.S. Barnard, N.P. Young, A.I. Kirkland, M. A. V. Huis and H. F. Xu, ACS 

Nano, Vol. 3, 1431–1436, 2009.
15. Q. Xu, C. Mao, N. N. Liu, J. J. Zhu and J. Sheng, Biosens. Bioelectron., Vol. 22, 

pp. 768–773, 2006.
16. C. H. Hou, S.M. Hou, Y.S. Hsueh, J. Lin, H. C. Wu and F.H. Lin, Biomaterials, 

Vol. 30, pp. 3956–3960, 2009.
17. J.M. Karp and R. Langer, Curr. Opin. Biotechnol., Vol. 18, pp. 454–459, 2007.
18. Y. Fang, Y.L. Ni, G.H. Zhang, C. Mao, X.H. Huang and J. Shen, Bioelechemistry, 

Vol. 88, pp. 1–7, 2012.
19. F. Crisante, I. Francolini, M. Bellusci, A. Martinelli, L. D’Ilario and A. Piozzi, 

Eur. J. Pharm. Sci., Vol. 36, pp. 555–564, 2009.
20. B.V.N. Nagavarma, H.K.S. Yadav, A. Ayaz, L.S. Vasudha and H. G Shivakumar, 

Asian J. Pharm. Clin. Res., Vol. 5, pp. 16–23, 2012. 
21. J. Yuan, C. Mao, J. Zhou, J. Shen, S.C. Lin, W. Zhu and J.L. Fang, Polym. Int., 

Vol. 52, pp. 1869–1875, 2003.
22. S. Murugesan, J. Xie and R.J. Linhardt, Curr. Top. Med. Chem., Vol. 8, 

pp. 80–100, 2008.
23. Q. Lv, C.B. Cao and H.S. Zhu, Biomaterials, Vol. 24, pp. 3915–3919, 2003,
24. C. Minelli, A. Kikuta and A. Yamamoto, Open Biotechnol. J., Vol. 2, pp. 43–50, 

2008.



200 Advanced Healthcare Materials

25. I.K. Kang, O. H. Kwon, Y. M. Lee and Y. K. Sung, Biomaterials, Vol. 17, 
pp. 841–847, 1996.

26. S. Th orslund, J. Sanchez, R. Larsson, F. Nikolajeff  and J. Bergquist, Colloids 

Surf. B., Vol. 45, pp. 76–81, 2005.
27. A. B. Schreiber, J. Kenney, W. J. Kowalski, R. Friesel, T. Mehlman and T. 

Maciag, Proc. Nat. Acad. Sci., Vol. 82, pp. 6138–6142, 1985.
28. W. Norde and D. Gage, Langmuir, Vol. 20, pp. 4162–4167, 2004.
29. A. Higuchi, K. Shirano, M. Harashima, B. Yoon, M. Hara, M. Hattori and K. 

Imamura, Biomaterials, Vol. 23, pp. 2659–2666, 2002.
30. C. Mao, C.X. Liang, Y.Q. Mao, L. Li, X.M. Hou and J. Shen, Colloids Surf. B, 

Vol. 74, pp. 362–365, 2009.
31. J. H. Lee, Y.M. Ju and D.M. Kim, Biomaterials, Vol. 21, 683–691, 2000.
32. Y.B. Kim, H.K. Kim, H. Nishida and T. Endo, Macromol. Mater. Eng., Vol. 289, 

pp. 923–926, 2004.
33. M. Ahmed and R. Narain, Biomaterials, Vol. 33, pp. 3990–4001, 2012.
34. Y.L. Xiao, H. Hong, A. Javadi, J.W. Engle, W. J. Xu, Y. A. Yang, Y. Zhang, T. 

E. Barnhart, W. B. Cai and S. Q. Gong, Biomaterials, Vol. 33, pp. 3071–3082, 
2012.

35. D. Foix, A. Serra, L. Amparore and M. Sangermano, Polymer, Vol. 53, 
pp. 3084–3088, 2012.

36. X.Y. Zhu, L. Chen, D.Y. Yan, Q. Chen, Y.F. Yao, Y. Xiao, J. Hou and J.Y. Li, 
Langmuir, Vol. 20, pp. 484–490, 2004.

37. D.L. Wang, H.Y. Chen, Y. Su, F. Qiu, L.J. Zhu, X.Y. Huan, B.S. Zhu, D.Y. Yan, 
F.L. Guo and X.Y. Zhu, Polym. Chem., 2013, 4, 85–94.

38. X.H. He, X.M. Wu, X. Cai, S.L. Lin, M.R. Xie, X.Y. Zhu and D.Y. Yan, 
Langmuir, Vol. 28, pp. 11938–11947, 2012.

39. J.Y. Liu, Y. Pang, J. Chen, P. Huang, W. Huang, X.Y. Zhu and D.Y. Yan, 
Biomaterials, Vol. 33, pp. 7765–7774. 2012.

40. A.V. Ambade and A. Kumar, J. Polym. Sci. Pol. Chem., Vol. 42, pp. 5134–5145, 
2004.

41. C. Gao and D. Yan, Prog. Polym. Sci., Vol. 29, pp. 183–275, 2004.
42. C.R.Yates and W. Hayes, Eur. Polym. J., Vol. 40, pp. 1257–1281 , 2004.
43. M. Seiler, C. Jork, A. Kavarnou, W. Arlt and R. Hirsch, AICHE J., Vol. 50, 

pp. 2439–2454, 2004.
44. H. Y. Hong, Y.Y. Mai, Y. F. Zhou, D.Y. Yan and Y. Chen, J. Polym. Sci. Pol. 

Chem., Vol. 46, pp. 668–681, 2008.
45. W. Ajun and Y.X. Kou, J. Nanopart. Res., Vol. 10, pp. 437–448, 2008.
46. C. Kontoyianni, Z. Sideratou, T. Th eodossiou, L.A. Tziveleka, D. Tsiourvas 

and C.M. Paleos, Macromol. Biosci., Vol. 8, pp. 871–881, 2008.
47. W.B. Zhao, Y.L. Ni, Q. S. Zhu, M. Liu, K. Wang, X.H. Huang and J. Shen, 

Biosens. Bioelectron., Vol. 44, pp. 1–5, 2013.
48. S. Bhushan, V. Kakkar, H.C. Pal, S.K. Guru, Ajay Kumar, D.M. Mondhe, P.R. 

Sharma, S. C. Taneja, I.P. Kaur, J. Singh and A.K. Saxena, Mol. Pharmaceutics, 
Vol. 10, 225–235, 2013.



Novel Biomaterials for Human Health 201

49. S. Tsunekawaa, R. Saharaa, Y. Kawazoea, K. Ishikawa, Appl. Surf. Sci., 
Vol. 152, pp. 53–56, 1999. 

50. F.Y. Tong, X.Q. Chen, L.B. Chen, P.Y. Zhu, J.F. Luan, C. Mao, J.C. Bao and J. 
Shen, J. Mater. Chem. B, Vol. 1, pp. 447–453, 2013.

51. C. Sun, L.B. Chen, F.J. Xu, P.Y. Zhu, J.F. Luan, C. Mao and J. Shen, J. Mater. 
Chem. B, Vol. 1, pp. 801–809, 2013.

52. F. Wang, Y. Han, C.S. Lim, Y. Lu, J. Wang, J. Xu, H. Chen, C. Zhang, M. Hong 
and X. Liu, Nature, Vol. 463, pp. 1061–1065, 2010.

53. H. Qian, W. T. Eckenhoff  , Y. Zhu, T. Pintauer and R. Jin, J. Am. Chem. Soc., 
Vol. 132, pp. 8280–8281, 2010.

54. J. Ming, Y. Wu, L.Y. Wang, Y. Yu and F. Zhao, J. Mater. Chem., Vol. 21, 
pp. 17776–17782, 2011.

55. C. Sun, X.B. Wang, M. Zhou, Y.L. Ni, C. Mao, X. H. Huang and J. Shen, J. 
Biomed. Nanotechnol., Vol. 9, pp. 1–8, 2012.

56. J. Han, Y. Liu and R. Guo, Adv. Funct. Mater., Vol. 19, pp. 1112–1117, 2009.
57. H. Su, L. Jing, K. Shi, C. Yao and H. Fu, J. Nanopart. Res., Vol.12, pp. 967–974, 

2010.
58. C. Sun, X. H. Chen, Q. R. Han, M. Zhou, C. Mao, Q.S. Zhu and J. Shen, Anal. 

Chim. Acta, Vol. 776, pp. 17–23, 2013.
59. R.A. Sperling, and W. J. Parak, Phil. Trans. R. Soc. A, Vol. 368, pp. 1333–1383, 

2010.
60. J.C. Boyer, M.P. Manseau, J.I. Murray and F.C.J.M. van Veggel Langmuir, 

Vol. 26, pp. 1157–1164, 2010.
61. X.B. Wang, M. Zhou, Y.Y. Zhu, J.J. Miao, C. Mao and J. Shen, J. Mater. Chem. 

B, Vol. 1, pp. 2132–2138, 2013.
62. P.L. Golas, S. Louie, G.V. Lowry, K. Matyjaszewski and R. D. Tilton Langmuir, 

Vol. 26, pp. 16890–16900, 2010.
63. X.Y. Sun, S.S. Yu, J.Q. Wan and K.Z. Chen, J. Biom. Mat. Res., Vol. 101A, 

pp. 607–612 2013. 
64. S.E. Skrabalak, J. Chen, L. Au, X. Lu, X. Li and Y.N. Xia, Adv. Mater., Vol. 19, 

pp. 3177–3184, 2007. 
65. D.K. Kweon, S.B. Song and Y.Y. Park, Biomaterials, Vol. 24, pp. 1595–1601, 

2003.
66. M.B. Gorbet and M. V. Seft on, Biomaterials, Vol. 25, pp. 5681–5703, 2004.
67. R.K. Kainthan, M. Gnanamani, M. Ganguli, T. Ghosh, D.E. Brooks, S. Maiti 

and J.N. Kizhakkedathu, Biomaterials, Vol. 27, pp. 5377–5390, 2006.
68. R.K. Kainthan, S.R. Hester, E. Levin, D.V. Devine and D. E. Brooks, 

Biomaterials, Vol. 28, pp. 4581–4590, 2007.
69. F.R. Gong, X.Y. Cheng, S.F. Wang, Y.C. Zhao, Y. Gao and H.B. Cai, Acta 

Biomater., Vol. 6, pp. 534–546, 2010.
70. L.C. Wang, J.R. Brown, A. Varki and J.D. Esko, J. Clin. Invest., Vol. 110, 

pp. 127–136, 2002. 
71. D. Shim, D.S. Wechsler, T.R. Lloyd and R.H. Beekman, Catheter. Cardiovasc 

Diagn, Vol. 39, pp. 287–290, 1996.



202 Advanced Healthcare Materials

72. P.V. Asharani, S. Sethu, S. Vadukumpully, S.P. Zhong, C.T. Lim, M.P. Hande 
and S. Valiyaveettil, Adv. Funct. Mater., Vol. 20, pp. 1233–1242, 2010.

73. D. Li, G.P. Li, P.C. Li, L.X. Zhang, Z.J. Liu, J. Wang and E.K. Wang, Biomaterials, 
Vol. 31, pp. 1850–1857, 2010.

74. J.D. Li, X. B. Zhang, L.B. Hao, Q.C. Xing and J.F. Wang, J. Clin. Rehabil. Tissue 

Eng. Res., Vol. 14, pp. 559–562, 2010.
75. F.X. Soriano, J.L. Galbete and G. Forloni, Neurochem. Int., Vol. 43, pp. 251–261, 

2003.
76. USP XXII 24. Bilolgical Tests/Biological Reactivity Tests, In vivo.
77. N. Wisniewski and M. Reichert, Colloids Surf. B, Vol. 18, pp. 197–219, 2000.
78. X. Wu, P. Du, P. Wu and C. Cai, Electrochim. Acta, Vol. 54, pp. 738–743, 2008.
79. G. Zoldák, A. Zubrik, A. Musatov, M. Stupák and E. Sedlák, J. Biol. Chem., 

Vol. 279, pp. 47601–47609, 2004.
80. X. Ren, D. Chen, X. Meng, F. Tang, X. Hou, D. Han and L. Zhang, J. Colloid 

Interface Sci., Vol. 334, pp. 183–187, 2009. 
81. H. Zheng, H. Xue, Y. Zhang and Z. Shen, Biosens. Bioelectron., Vol. 17, 541–545, 

2002.
82. D.B. Sacks, D. E. Bruns, D. E. Goldstein, N. K. Maclaren, J. M. McDonald and 

M. Parrott, Clin. Chem., Vol. 48, pp. 436–472, 2002. 
83. A.Y. Chan, R. Swaminathan and C.S. Cockram, Clin. Chem., Vol. 35, 315–317, 

1989. 
84. M. Şenel and C. Nergiz, Curr. Appl. Phys., Vol. 12, pp. 1118–1124, 2012. 
85. K.J. Chen, C.F. Lee, J. Rick, S.H. Wang, C.C. Liu and B.J. Hwang, Biosens. 

Bioelectron., Vol. 33, pp. 75–81, 2011. 
86. L. C. Jiang and W. D. Zhang, Biosens. Bioelectron., Vol. 25, pp. 1402–1407, 

2010.  



203

6

Th e Contribution of Smart Materials and 
Advanced Clinical Diagnostic Micro-

Devices on the Progress and Improvement 
of Human Health Care

F.R.R. Teles1 and L.P. Fonseca2,*

1Laboratory of Mycology / Microbiology Unit and Centre for Malaria and 

Tropical Diseases (CMDT), Institute of Hygiene and Tropical Medicine 

(IHMT), Universidade Nova de Lisboa (UNL), Lisboa, Portugal. 
2Department of Bioengineering, Instituto Superior Técnico (IST), 

Institute for Biotechnology and Bioengineering (IBB), Centre for Biological 

and Chemical Engineering, Lisboa, Portugal. 

Abstract
Nowadays, eff ective and rapid diagnostic tests constitute an essential approach to 
manage and combat human diseases. Clinical diagnostic micro-devices constitute 
a new paradigm for effi  cient human disease diagnosis, in line with well-known 
goals of personalized medicine and point-of-care diagnosis. Th e combination of 
the traditional expertise of clinicians and biotechnologists with the advances in 
bioelectronics and very oft en in combination with new materials brought to light 
an enormous portfolio of new proof-of-concept detection schemes, with similar 
or even improved performances compared to conventional bioassays. Some of 
these new clinical diagnostic micro-devices, with enhanced sensing properties, 
have already come to the commercial scenario, but they still face obstacles from 
the technical, marketing, and regulatory point of view. Th is chapter examines the 
current situation and progresses on the developments in the fi eld of clinical diag-
nostic micro-devices and of smart materials for biosensing, in particular based on 
electrochemical detection, for ultimate diagnosis of human diseases. 
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6.1 Introduction

Diagnostic testing outputs infl uence approximately 70% of health care 
decisions [1]. Th is means that diagnostics are essential tools for managing 
numerous health care conditions. Th ese range from infectious (e.g., human 
immunodefi ciency virus infection/acquired immunodefi ciency syndrome 
(HIV/AIDS), tuberculosis, malaria, diarrheal diseases, and lower respira-
tory infections) to chronic diseases (e.g., diabetes, cardiovascular diseases, 
respiratory diseases). In fact, non-communicable diseases are, by far, the 
leading causes of death in the world, representing 63% (36 million) of 
annual deaths [2].

Accurate medical diagnosis by conventional means usually requires 
trained health care workers to recognize symptoms or interpret clinical and 
biological analyses’ results which, due to growing health demands and popu-
lation aging in the developed world, and to fi nancial limitations in develop-
ing countries, will continue to pose enormous diffi  culties to individual and 
national health systems. Recently, the great progresses observed in molecular 
analysis, molecular biology, and genome sequencing have opened a window 
of opportunity to improve the detection of pathogens, toxic compounds and 
physiologically relevant molecules (biomarkers) in body fl uid samples, espe-
cially towards early disease diagnosis and disease follow-up [3]. In particular, 
biomarkers are biomolecules or other bioelements that can be objectively 
measured and assessed as indicators of normal or abnormal (disease) physi-
ological processes, as well as of body responses to pharmacological thera-
peutic intervention. Th ey can be present in diff erent clinical specimens such 
as whole blood, serum/plasma, saliva, and urine. 

Nowadays, clinical analyses are no longer carried out exclusively in 
bulky, centralized clinical chemistry laboratories; the use of point-of-care 
(POC) micro-devices has allowed caregivers to provide medical diagno-
ses outside hospital settings, and even, ultimately, by patients themselves, 
at home. Th ese new clinical diagnostic tests, usually based on biosensing 
methods, are being increasingly exploited as promising alternatives to clas-
sical, “heavy” lab instrumentation when complying with the challenges of 
the evolving regulatory issues, as well as with the new business and eco-
nomic realities. Indeed, in recent years, research and development of new 
medical diagnostic micro-devices has focused in accomplishing the basic 
theoretical requirements for a successful POC testing, namely rapidity, 
accuracy, portability, ease of operation, reusability and cost-eff ectiveness 
[4]. Th ey should also be suitable for mass production and for in-the-fi eld 
applications [5]. In the particular case of detection of infectious agents, dis-
posability rather than reusability is also an advantage; it not only eliminates 
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the problem of the biohazards nature of infected body fl uid wastes, but also 
avoids the need for washing steps between sample preparations, a serious 
burden in many tropical regions poorly supplied with clean water. Th e par-
ticular contexts of remote places and tropical environments make the use 
of these new easy-to-use diagnostic tools the preferred (or even unique) 
option, as recently reviewed by Teles and Fonseca [6].

Many current commercial diagnostic clinical tests rely on dipstick or 
paper immune-chromatographic formats; as a particular case, common 
electrochemical devices for blood glucose monitoring in diabetic patients 
are very suitable for single-case diagnosis in fi eld applications. In parallel, 
the enormous amount of genetic information brought by extensive genome 
sequencing has led to a need for multiplexed analyte detection using high-
throughput miniaturized analytical devices. In this regard, microchips (also 
called “microarrays” or simply “biochips”) constitute a major achievement 
towards the research of novel diagnostic systems, by allowing the monitoring 
of thousands of biomolecular interactions using very small reagent volumes 
dotted on a single glass slide. Current microarray technology is too expen-
sive for valuable POC diagnosis of infectious diseases, despite being ideal for 
pathologies of more complex etiology, such as cancer. However, microarray 
effi  ciency is usually hampered by the large size of biological samples and by 
the complex treatments required (which also makes it diffi  cult to obtain real-
time outputs), diffi  culty of scaling down the array density, limited resolution, 
and strong sample concentration dependence [7].

Th e unprecedented opportunities for innovations in new clinical diag-
nostic micro-devices have benefi ted from the increased potential for the 
discovery of novel diagnostic biomarkers through genomics and pro-
teomics, better understanding of pathogen virulence factors and host 
gene expression, and developments in cutting-edge materials science and 
nanotechnology. Th e ultimate goal of decentralized clinical testing may be 
the fabrication of lab-on-a-chip (LOC) devices, essentially an adaptation 
of microchips with channels and chambers for biomolecular recognition 
events, integrating, in a single platform, modules for specimen loading, 
sample processing, biomarker(s) amplifi cation, biochemical reactions and 
product(s) detection. Th e success of clinical diagnostic micro-devices has 
run in parallel with the recent enormous developments in materials sci-
ence and nanotechnology. 

New biomaterials with enhanced and unusual physicochemical proper-
ties have been used for designing sensing surfaces with improved biorecog-
nition performances and as matrices for the construction of the sensing 
solid platforms as well. In this chapter, the main concepts underlying diag-
nostic micro-devices for medical care will be reviewed, regarding both 
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more consolidated schemes and novel devices and applications. It will be 
given particular attention to electrochemical sensing platforms and elec-
troconductive nanomaterials. Finally, some of the main existing methods 
and devices for medical diagnosis of some of the main worldwide patholo-
gies will be described in dedicated sections. 

6.2  Physiological Biomarkers as Targets in Clinical 
Diagnostic Bioassays

Bioassays usually involve a biochemical reaction between a target (bioele-
ment under measurement) and a probe (which binds specifi cally to the tar-
get through an affi  nity reaction). Th e chemical or biological method used 
for the detection may be carried out in solution (homogeneous assay) or 
onto a solid surface (heterogeneous assay), where a specifi c physicochemi-
cal change occurs during the biorecognition event.

Conventional clinical chemistry relies on the detection and measure-
ment of a wide range of body substances, especially in the blood; these 
include gases, electrolytes, hemoglobin, hydrogen ion, enzymes, metabo-
lites, lipids, hormones, vitamins, infl ammatory markers, cytokines, coagu-
lation proteins, therapeutic drugs and drugs of abuse [2]. Many of these 
clinical biomarkers have relevant roles as predictors of specifi c diseases, 
being further useful for monitoring disease follow-up and the eff ect of 
therapeutic drugs, including the assessment of eventual drug resistance 
eff ects. Th e major types of clinically relevant biomarkers as targets in clini-
cal diagnostic tests are described below [2, 3]. 

6.2.1 Small Analytes

Analyzing common electrolytes in body fl uids (e.g., H+, Na+, K+, Cl-, Ca2+), 
blood gases (e.g., CO2, O2), and a number of small biomolecules (e.g., urea, 
glucose, cholesterol, ketones) is useful to routinely monitor, within clinical 
settings, important health parameters and, as such, prevent many disease 
conditions. Currently, the detection methods more widely employed for 
their detection are of electrochemical nature, especially potentiometry, 
amperometry and conductance [7]. 

6.2.2 Antigens and Antibodies

One of the most common types of bioassays in clinical diagnosis is the 
immunoassay, which is based in the high specifi c affi  nity between an 
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antigen and its complementary antibody. Such affi  nity ensures that the 
binding event can occur in spite of the presence of nonspecifi c interac-
tions or interferences from other molecules that may be present in the 
reaction medium [8]. Th e analytes can be detected and quantifi ed by a 
single tagged antibody or by using, in addition to a primary label-free 
antibody, a secondary, labeled antibody (“sandwich” assay). Th e reference 
standard format is the enzyme-linked immunosorbent assay (ELISA), 
composed by multiwell plates that can be automated for high-throughput 
processing at well-equipped central laboratories. ELISA methods rely on 
colorimetric or chemiluminescent detection, characterized by very low 
detection limits as a result of enzyme-mediated signal amplifi cation and 
serial washing steps. Unfortunately, the traditional ELISA method format 
requires expensive and bulky instrumentation (for liquid handling and 
signal detection) and trained workers, being therefore unsuited for porta-
ble POC diagnostics devices. For diagnostic purposes, immunoassays can 
be used to detect protein markers (antigens or antibodies) from either 
pathogens or the human host. Th e range of pathogens includes viruses 
(e.g., anti-HIV antibodies and p24 antigen for HIV), bacteria (e.g., anti-
treponemal antibodies for syphilis and the early secretory antigenic tar-
get 6 for tuberculosis) and parasites (e.g., histidine-rich  protein  2 for 
malaria) [3]. 

Wide applications have also occurred for the diagnosis of biomarkers 
related with cancer, cardiovascular and other types of genetic, chronic, 
and non-infectious diseases. Concerning cancer diagnosis, both mono-
clonal and polyclonal antibodies have been used to specifi cally target 
cancer cells. Utilization of monoclonal antibodies usually results in more 
specifi c and reproducible tests. However, monoclonal antibody-based 
immunoassays are also more expensive and take more time to be pro-
duced; this is the reason why polyclonal antibodies are more suitable for 
utilization in high-throughput tests. Micro-devices for immunodiag-
nostics rely on heterogeneous assays formats where the biomarkers are 
captured at the device surfaces previously modifi ed with specifi c protein 
molecule probes. 

6.2.3 Nucleic Acids

Th e hybridization ability between complementary, single-stranded poly-
nucleotide chains of deoxyribonucleic acid (DNA) or ribonucleic acid 
(RNA) is the basis for highly specifi c affi  nity assays for nucleic acid 
detection. Nucleic acid-based detection methods are able to detect trace 
amounts of microorganism genomes, ultimately at the level of a single 
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nucleotide change within the polynucleotide structure (i.e., discrimination 
between single base-pair mismatches). Common molecules used to label 
single-stranded chain probes include fl uorophores, magnetic nanobeads, 
and redox enzymes [9]. Th e annealing between the two complementary 
chains can be detected and eventually quantifi ed by microscopy, magneto- 
resistivity, or electrochemistry. Alternatively, as in immunoassays, a 
“sandwich” strategy can be tailored by employing an unlabeled capture 
nucleic-acid chain probe complementary to a terminal segment of the tar-
get chain and a second, labeled nucleic-acid chain probe complementary 
to the opposite segment of the target [9].

Nucleic acid-based prenatal diagnosis of inherited disorders has been 
extensively undertaken, as well as forensic analysis. Unfortunately, the 
high sensitivity and specifi city standards achieved in these types of nucleic 
acid-based analysis have only been possible aft er previous amplifi cation 
of nucleic-acid biomarkers by polymerase-chain reaction (PCR)-based 
methods and aft er complex sample processing steps. Th e window period 
between the occurrence of an infection and its detectability by a diagnostic 
test can be reduced signifi cantly by using available clinical tests based on 
nucleic-acid detection, being remarkable examples those for detection and 
viral load monitoring of HIV, infl uenza A - subtype H1N1, tuberculosis, 
and group B streptococcal infection [10].

Th ese diagnostic techniques are mainly used in hospitals and central-
ized laboratories, requiring complex operation steps for sample treat-
ment, through the use of complex and expensive instrumentation. In 
order to achieve the goals of decentralized and POC diagnosis, nucleic-
acid detection with portable clinical micro-devices designed as fully 
integrated systems has been attempted. Some of these advanced devices 
operate under a microfl uidic format, with compartmentalized modules 
for sample collection, cell isolation and lysis, and nucleic-acid extrac-
tion, purifi cation, pre-concentration, amplifi cation, and detection of the 
amplifi ed product. 

6.2.4 Whole Cells

Intra- and extracellular biomarkers characteristic of cell metabolism, via-
bility and respiration, including surface proteins (e.g., enzymes), can be 
used as bioreceptors either for signaling the presence of the cell or viral 
particle, or to detect, and possibly quantify, physiological molecular mark-
ers or toxic compounds.

Conventional cell-based assays are oft en used for hematological anal-
ysis and infectious disease diagnosis (including the identifi cation of 
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multiresistant strains). Th e most widely tested hematology parameters 
are hemoglobin and hematocrit, frequently for monitoring of anemia, red 
blood cell transfusion therapy, acute hemodilution during surgery, coagu-
lation/clotting time (e.g., for cardiac surgical and catheterization proce-
dures) and CD4

+ lymphocyte counting (for monitoring the progression of 
HIV/AIDS infections) [11].

Th ese traditional assays oft en require trained personnel, suitable facili-
ties for cell culturing and ground electric power, which is not fully compat-
ible with the requisites for operating portable diagnostic micro-devices. 
Some of the most recent diagnostic micro-devices rely in on-chip cell sort-
ing and counting techniques from heterogeneous cell suspensions (such 
as whole blood) in straightforward formats for miniaturization. Other 
schemes make use of dielectrophoresis, which enables diff erential response 
of cells to electric fi elds due to their specifi c densities and physiological/
metabolic states [12].

6.3 Biosensors

6.3.1 Principles and Transduction Mechanisms

Biosensors can be considered as small, portable and easy-to-use devices 
for selective molecular detection, identifi cation and eventual quantifi -
cation of biochemical or biological agents. Th e concept of “biosensor” 
can be considered equivalent, in the clinics, to that of “rapid test.” In 
general, despite the technical and conceptual controversies around these 
concepts, we can also defi ne a biosensor, or rapid test, as any diagnos-
tic scheme or device especially tailored for POC and in-the-fi eld appli-
cations, whilst complying with the general requirements of the World 
Health Organization defi ned by the acronym ASSURED, meaning: 
aff ordable, sensitive, specifi c, user-friendly, rapid and robust, equipment 
free and deliverable to end-users [2].

Th e fi rst biosensor was reported by Clark and Lyons [13] for blood glu-
cose monitoring. Th ey coupled the glucose oxidase enzyme to an ampero-
metric electrode for pO2 measurement in solution. Th e enzyme-catalyzed 
oxidation of glucose consumed O2, proportionally to the glucose concen-
tration in the sample. By acting as biocatalytic elements, the enzymes can 
exhibit satisfactory or high detection limits when reaction is accompanied 
by the consumption or production of species such as CO2, NH3, H2O2, 
H+, O2 or  toxic compounds (frequently correlated with clinically relevant 
parameters). 
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Th e major processes involved in biosensor operation are analyte rec-
ognition, signal transduction, signal amplifi cation, signal processing and 
readout displaying. Th e recognition event is based on the interaction of 
the analyte with the bioreceptor (e.g., enzyme, antibody, protein, oligo-
nucleotide, cell, tissue), designed to produce a physicochemical change 
measured by a transducer and converted it into a measurable signal. Th e 
transducer is the key element in biosensing devices; it converts the input 
signal into an electrical signal that is further amplifi ed, processed, and dis-
played in a visual readout. 

Related with the nature of the input signal, the main signal transduction 
mechanism principles can be classifi ed as follows [3]:

a. Optical—it is the most diversifi ed way of detection because 
many diff erent types of optical principles can be employed, 
such as absorption, fl uorescence, phosphorescence, Raman, 
surface-enhanced Raman scattering (SERS), refraction, and 
dispersion spectrometry. Indeed, these spectroscopic methods 
measure diff erent optical properties, such as energy, polariza-
tion, amplitude, decay time, etc. Amplitude is the most com-
monly measured parameter, as it can be easily be correlated 
with the concentration of the analyte of interest [14].

b. Electrochemical—it measures changes in electrochemical 
properties of the system under study, resulting from redox reac-
tions involving electroactive chemical species present onto, or 
near, an electrode surface selective for the species under mea-
surement. Amperometric and potentiometric transducers are 
the most common electrochemical methods. Amperometric 
transducers, which operate by applying a constant potential 
between the working and the reference electrodes, monitor the 
resulting electric current (proportional to the rate of produc-
tion/consumption of the electroactive species); they are more 
attractive for bioanalytical purposes for having higher sensi-
tivity and wider linear range than potentiometric systems. 
Instead of bulk solution properties, interfacial electrochemi-
cal parameters can also be monitored, through capacitance or 
impedimetry (Figure 6.1).

c. Mass-sensitive (microgravimetric)—according to this prin-
ciple, bioanalytical measurements can detect small mass 
changes caused by the binding of bioelements to small piezo-
electric crystals. Th e bare crystal has a specifi c frequency of 
oscillation that changes upon immobilization of a bioprobe 
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onto its surface and even further aft er selective binding of 
the analyte of interest to the probe.

d. Th ermal—temperature variations resultant from a chemical 
or enzymatic reaction between a probe and a suitable analyte 
can be measured. Such changes can be correlated with the 
amount of consumed reactants or formed products.

e. Magnetic—these systems (e.g., spin-valve magnetic fi eld 
sensors) are capable of detecting and quantifying magnetic 
fi elds created by paramagnetic nano- or micro-bead parti-
cles used as labels in biochemical processes [9].

6.3.2 Immunosensors vs. Genosensors

Concerning the nature of the biomolecules involved in the biorecogni-
tion process, the two major types of biosensors are nucleic-acid biosensors 
(DNA and RNA biosensors, also called genosensors) and antigen or anti-
body biosensors (also called immunosensors). Both exhibit the advantages 
of high sensitivity and selectivity inherent to the use of complementary 
affi  nity ligand interactions. DNA is the only biomolecule that can be easily 
copied and amplifi ed by PCR and other related techniques, a great advan-
tage for genosensors compared to immunosensors. Additionally, moni-
toring nucleic-acids allows earlier diagnosis than immunological assays. 
Moreover, genosensing does not exhibit the typical problems of cross-
reactivity frequently observed in immunosensing. Unlike antibodies, DNA 
forms biological recognition layers easily synthesizable and reusable aft er 
simple thermal melting of the DNA duplex. Nucleic-acid arrays are also 
more suitable than their protein counterparts for direct synthesis onto chip 
surfaces, without the need, for instance, to produce and purify antibodies 
[15]. A major drawback of genosensors when compared to immunosen-
sors is the fact that, in vivo, microorganism genomes are tightly packaged 
inside the cell biomembrane, thus, their concentration may be too low 
for successful diagnosis without prior amplifi cation by PCR. Despite the 
ultimate goal of directly determining DNA traces in clinical samples, only 
very low levels of nucleic acids exist in biological fl uids, otherwise unde-
tectable, if previous PCR amplifi cation is not performed. Ongoing eff orts 
with new DNA-based diagnostics aim the production of PCR-free DNA 
detection systems, but this has not been fully achieved yet in commercially 
available devices [15]. Salt-dependent electrostatic eff ects greatly infl u-
ence the stability, structure, reactivity and binding of nucleic acids in solu-
tion or at an interface. Biosensor schemes for single copy detection have 
already been developed, but amplifi cation has the benefi t of increasing 
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the signal-to-noise (S/N) ratio of an assay, thus lowering the probability of 
interferences by sample contaminants.

6.3.3 Optical vs. Electrochemical Detection

Electrochemical and optical biosensors are, by far, the most promising 
and readily available detection methods employed in the research and 
development of clinical diagnostic micro-devices. Most  of the described 
catalytic biosensors (e.g., enzyme-based) rely on electrochemical trans-
duction, whereas affi  nity biosensors (e.g., protein and nucleic acid-based) 
are usually more suitable for coupling to optical methods. In general, elec-
trochemical biosensors are relatively simpler, faster, less costly, less power-
demanding and more amenable for miniaturization and mass-production 
than optical biosensors. However, electrochemical transduction is prone 
to interferences from electrochemically active substances and trouble-
some electron-transfer pathways between the biosensing layer and the 
surface of the bare electrode. Additional challenges for the development 
of fully portable clinical diagnostic micro-devices for POC applications 
include [16]:

• Decreasing the complexity and unitary cost of schemes com-
prising electrodes integrated within disposable cartridges. 

Nanowire

Nanowire

Buffer

Drain

Insulator

Oligonucleotide
Surface blocking agent
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(a)

Figure 6.1 Lateral view scheme of an impedimetric genosensor based on nanowire (a) 
covalently modifi ed with oligonucleotides by single-point attachment using a cross-linker, 
and (b) upon hybridization with the complementary single stranded target aft er a washing 
step. Th e hybridization event increases the electrical resistance of the surface between the 
two electrodes. 
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Th is has already been partially achieved by the use of mass-
produced screen-printed electrodes;

• Effi  cient and cost-eff ective multiplexing abilities for simulta-
neous and accurate analysis of thousands of analytes within 
a single array electrode;

• Incompatibilities between current microelectronic fabrica-
tion processes and specifi c features of electrochemical sen-
sors, with regard to dimensions, materials and passivation 
layer; 

• Environmental dependence of many electrochemical pro-
cesses, namely in relation to temperature and ionic concen-
trations (e.g., H+), due to redox by-product accumulation 
near the electrodes and to washings. 

Th e success of glucose biosensors and of other commercial rapid tests 
relies on their suitability for single-case diagnosis in fi eld applications. 
However, diabetes causes signifi cant visual disabilities, which may lead 
to misinterpretation of results by the patients. As a consequence, micro-
devices with digital output-based displays have leveraged the development 
of other forms of signal generation.

Concerning optical transduction, fi ber-optic sensors seem particularly 
suitable for decentralized testing format, for the absence of electrical inter-
ferences, inherent small size, high transmission effi  ciency and chemical sta-
bility and fl exibility, thus opening the way to miniaturization and remote 
sensing. Furthermore, the harmless nature of optical signals, the biocompat-
ibility, and the easy sterilization make them attractive for in vivo measure-
ments. Nonetheless, their propensity to interference from biological samples 
and the intrinsic complexity and expensiveness of most optical transducers 
and components have hindered wider applications in the fi eld [17].

Optical detection is generally seen as having superior performance. It 
is the most widely employed detection method in centralized laboratories 
of clinical chemistry. Currently, optical detection, in general, has more 
favorable per-test costs than electrochemical detection. Optical detection 
is especially amenable for multiplexed applications; in particular, commer-
cial charged-coupled device (CCD) and complementary metal-oxide semi-
conductors (CMOSs) image sensors can detect hundreds or thousands of 
diff erent compounds. While optical detection is quite straightforward in 
a laboratory environment where microscopes, lasers, spectrophotometers, 
lenses, and fi lters can be precisely set-up and calibrated, this is not the case 
of micro-devices for in-the-fi eld applications and decentralized diagnosis. 
Th is explains, at least in part, the only modest success of optical detection 
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for such applications. Th e high frequency of optical signals—compared, for 
instance, with electrical ones—is an undeniable advantage considering the 
enormous amount of information that can be carried by optical devices. 
Th is has been decisive for the superior commercial success, in the last few 
years, of many optical sensing platforms (used in centralized clinical labo-
ratories) compared to those based on other transduction mechanisms [18].

Some of the most commercially successful platforms include: 
GeneChipR high-density (high spatial resolution of individual probes) 
microarray from Aff ymetrix (Santa Clara, CA), with fl uorescence-based 
detection coupled to a confocal readout; fl uorescence-detecting micro-
bead-based BeadXpressR array system, from Illumina (San Diego, CA); 
BIAcore (real-time biospecifi c interaction analysis) surface plasmon 
resonance (SPR)-based platforms, of Pharmacia Biosensor (Uppsala, 
Sweden); NanoLantern, from Lighthouse Biosciences (West Henrietta, 
NY), that reaches exquisite sequence specifi city by using DNA hairpin 
probes. 

A particularly recent and attractive application of optical detection sys-
tems in remote areas and low-resource conditions has arisen under the 
context of telemedicine, which links in-the-fi eld sample collection and 
analysis with data processing and interpretation within a central well-
equipped facility, usually far away from the testing place. However, one 
challenge of telemedicine based on wireless communication is to trans-
mit images with suffi  cient resolution for accurate interpretation at the data 
processing setting, as the intensity of the colors in an image varies accord-
ing to the lighting conditions, the resolution of the camera and the focus 
of the picture. Th is is still a challenge in optical detectors, but also a fi eld of 
continuous improvements [19]. 

Th e high sensitivity, specifi city, simplicity, and inherent proneness for 
miniaturization allow modern electrochemical detectors to compete with 
more established and diversifi ed optical detection-based devices, even in 
terms of multiplexed detection. Th e ongoing advances in both areas will 
certainly bring, in the near future, a new portfolio of devices adapted for 
the POC, with improved fl exibility and performance over the existing ones.

6.3.4 Merging Electrochemistry with Enzyme Biosensors 

Over the past three decades, a tremendous research activity in the area 
of biosensors has been carried out. However, as in the past of biosen-
sor development, the most common commercial biosensors are those 
for glucose measurement, usually based on immobilized redox enzymes. 
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Unlike other types of biomolecules (e.g., nucleic-acids and antigens/anti-
bodies), they are more amenable to transduce electrical signals arising 
from charged substrates and products involved in catalytic reactions. 
A single enzyme or cascades of two or more enzymes for detection of 
a specifi c target analyte are the more frequently employed schemes. 
Glucose oxidase or glucose dehydrogenase enzymes have been the most 
commonly employed. Glucose biosensors generally make use of electro-
chemical signal transduction, because it provides good specifi city and 
reproducibility. Moreover, electrochemical biosensing is simple, reliable, 
and provides low detection limits and wide dynamic ranges, owing to 
the fact that the reactions involving electroactive species occur at elec-
trode – solution interfaces. Due to their specifi city, speed, portability, 
and low cost, electrochemical biosensors off er exciting opportunities 
for numerous decentralized clinical applications, including “alternative-
site” testing (e.g., physician’s offi  ce), emergency-room screening, bedside 
monitoring and home self-testing [20]. 

Substantial amounts of published works about enzyme-based biosen-
sors may be related to the cost-eff ectiveness of electrochemical trans-
ducers and to the relevant accumulated knowledge already existent 
concerning enzyme-based sensing. However, research on enzyme bio-
sensors still needs to overcome some persistent technical and operational 
diffi  culties, namely the modest enzyme stability when immobilized onto 
solid supports, especially under long storage periods. A particularly 
popular layout refers to disposable enzyme electrodes, such as those 
obtained by screen-printing technology, due to simple large-scale and 
low-cost manufacturing. Screen-printed electrodes (SPEs) are produced 
by printing diff erent conductive inks and/or graphite materials onto 
the surfaces of insulating plastic or ceramic substrates. SPEs work suc-
cessfully when coupled with hand-held, battery-operated clinical ana-
lyzers, in single-use (disposable) cartridges, being extremely useful for 
rapid POC measurements of multiple electrolytes and metabolites [21]. 
A remarkable example of a commercial device is the iSTAT, from the 
Abbott Laboratories (Abbott Park, IL, USA). 

6.3.5 Strip-Tests and Dipstick Tests

In these formats, which are similar to those of cheap, rapid and common 
immunoassay pregnancy tests, the clinical liquid sample migrates across 
the surface of a paper or nitrocellulose membrane by capillary action. 
Th e results of these single-case diagnostic tools are essentially qualitative 
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or semi-quantitative by comparison with a printing calibration chart. In 
this type of clinical diagnostic tools, the reagent solutions, in the order 
of 0.1–1.0 μL, are spotted by hand or inkjet printing in the test zones, 
and dried aft erwards. Most of the work to date on strip-tests has relied in 
colorimetric assays, enabling, in just a few minutes, easy reading of the 
results by medical personnel or even by the patients themselves. Most 
confi gurations operate by naked-eye detection, although more complex 
and sophisticated readouts are also available [18]. Very oft en, these tests 
are also called lateral-fl ow immunoassays (LFIs) or immunochromato-
graphic assays, due to the sample capillary fl ow and to the visual read-
out system. Th ese strip tests have been intensively used for detection of 
small molecules (e.g., indicators) and in enzymatic sensors, some of the 
most common being the urinalysis dipsticks. Th ere is nowadays a wide 
portfolio of commercially available LFIs for inexpensive and simple POC 
testing, including for pregnancy, cardiac diseases and infectious diseases. 
Th eir sensitivities are still modest when compared to those of conventional 
immunological laboratory assays (such as ELISA). Nevertheless, LFIs are 
ideal for situations where the analyte is relatively abundant, when complex 
sample preparation is not needed and in cases where a simple “yes/no” 
diagnostic response is enough [22].

6.3.6 Biosensor Arrays and Multiplexing

Th e determination of the levels of multiple biomarkers in the human 
body can be crucial to properly help in the diagnosis of early disease 
and to assist clinicians in decision-making. A remarkable example is 
in cancer diagnosis, due to the complex etiology of this disease. With 
this purpose, DNA and protein sensor arrays (biochips), with fabrica-
tion inspired by planar silicon-based electronics, can be highly benefi c. 
Biochips are essentially very dense microband sensor arrays coated with 
diff erent probes for simultaneous detection of multiple targets (with or 
without a label) printed on the chip by conventional photolithography. 
Th ey allow monitoring of thousands of biomolecular interactions using 
very small reagent volumes dotted on a single glass slide. Th ey may be 
built to detect either protein signature patterns or multiple DNA muta-
tions [23]. 

Unfortunately, conventional multiplex diagnostic tests, such as ELISA, 
too oft en do not reach the ultrasensitivity standards required to detect 
cancer biomarkers in early stages of disease development, when prog-
nostic odds are much more favorable. Th is bottleneck has been the driv-
ing force for the development of new diagnostic technologies, aimed at 
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detecting multi-biomarkers present in body fl uid samples at very low con-
centrations [21]. Th is has been possible by the great progresses observed 
in device miniaturization, which allows packing huge amounts of very tiny 
and compacted sensors in high-density arrays. Commercially available 
biochips for clinical diagnosis encompass viral (e.g., anti-HIV antibodies, 
antibodies against infl uenza A/B virus and rotavirus antigens), bacterial 
(e.g., antibodies against Streptococcus A and B, Chlamydia trachomatis and 
Treponema pallidum), and parasitic (e.g., histidine-rich protein for P. fal-
ciparum, trichomonas antigens) infections, as well as non-infectious dis-
eases (e.g., PSA for prostate cancer, C-reactive protein for infl ammation 
and HbA1c for plasma glucose concentration) [24]. Unfortunately, such 
arrays require proper spatial separation of the individual transducers to 
eliminate cross-talking as a result of diff usional processes from enzymati-
cally generated electroactive species [21].

6.3.7 Microfl uidic-Based Biosensors

Microfl uidic biosensors are electrochemical devices for fl uid fl ow along a 
sequence of very small compartments imprinted within a solid platform. 
Th ese components are usually microscopic (from 1 to 500 μm) and include 
fi lters, channels, pumps and valves, controlled by integrated electronics 
(electronic chip). Advantages over tests in centralized laboratories include 
small reagent consumption, rapid and parallel analysis, small size, low 
power consumption and functional integration of multiple components. 
As such, microfl uidic devices are amenable for being low cost and por-
table—two critical assets for implementation of clinical diagnostic micro-
devices [8].

Microfabrication techniques initially made use of glass as the essential 
component of chip devices, an unsuitable material for biological applica-
tions owing to its high cost and low biocompatibility. In second-gener-
ation biochips, glass was replaced by the polymer polydimethylsiloxane 
(PDMS), which exhibits excellent optical properties (low autofl uorescence 
and high transmissibility) and is biocompatible. However, it is still a rela-
tively expensive material for mass-production of such devices and hence 
for their commercial viability [25]. For these reasons, eff orts have been put 
in the development and use of polymeric materials amenable for mass-
production, such as elastomers and hard plastics. 

In microfl uidic systems, it is crucial to have a rigorous fl uid control, 
achieved by precise fl uid actuation and delivery, for accurate analyti-
cal detection. Pneumatic-based actuation of fl uids and hand pumps can 
be used for moving the fl uid throughout the microchannels fl owing in 
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microfl uidic systems. Another group of microfl uidic devices are those 
based on injection-molded centrifugal-based platforms (CDs), where 
automated spinning of the CD-like device allows the fl uid to move from a 
central spot to the periphery, along the imprinted microchannels.

Today, special attention has been given to passive approaches for fl uid 
movement; they are based on variations of micro-channel geometries in 
capillary systems, causing fl uid propelling without the need for external 
power and moving off -chip moieties. Microfl uidic devices have already 
demonstrated effi  ciency in the detection of C-reactive protein, botulin 
neurotoxin, anti-HIV antibodies, anti-treponemal antibodies, and hepati-
tis B virus (antigen and antibody) [4].

Paper has been extensively used as a solid support in analytical and 
clinical chemistry. Paper chromatography, in particular, is commonly 
employed to separate and identify mixtures of small molecules, amino 
acids, proteins, and antibodies, making use of the ubiquity and inexpen-
siveness of paper. Moreover, paper material allows passive transport of 
fl uids without active pumping. Hence, it is not surprising the interest 
that this material has risen for the development of simple diagnostics, 
particularly for application in resource-limited contexts. Th is began with 
the well-known LFIs and, more recently, has gained the interest from 
developers of microfl uidic-based devices, in the form of the so-called 
microfl uidic paper-based analytical devices (μPADs). Th ese systems 
combine the capabilities of conventional microfl uidic devices with the 
simplicity of diagnostic strip-tests. In a pioneer confi guration, the μPAD 
is designed with a central channel for sample introduction; this chan-
nel then branches into diff erent test zones on the same device, without 
cross-contamination of the reagents, allowing easy multiplexed analyte 
detection. In each test zone, specifi c reagents for each particular and 
pre-defi ned assay are spotted and dried during fabrication of the device 
[26]. Proof-of-concept μPAD devices have been applied in the detection 
of biotoxins, e.g., ricin, Shiga toxin I and Staphylococcal enterotoxin B; 
other applications include the detection of endogenous matrix metallo-
proteinase-8 in saliva and anti-HIV antibodies [26].

Based on this concept, it was recently developed and proposed the use 
of paper as a platform in microarray format for multiplexed assays. Th is 
was carried out by immobilizing capture antibodies onto the surface of 
an optical waveguide, in stripes resembling “bar codes.” Each strip in the 
“bar codes” was directed against a diff erent analyte of interest. Th e testing 
sample was then loaded perpendicularly to the orientation of the bar codes 
using fl ow chamber modules. Th is enabled each analyte to fi nd and bind 
its specifi c “bar code” [27].
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More recent developments have focused on new fabrication methods 
for μPADs and integration of components such as electrodes, valves, fi lters, 
mixers, and coatings, in order to considerably expand their capabilities. 
Another research line has led to the development of a new generation of 
smart paper-based strip-tests containing carbon or metal fi bers for enhance-
ment of conductive or magnetic responsive properties [28]. Examples have 
been reported for glucose, lactate, and uric acid electrochemical detection. 

In this fi eld, it was recently proposed the use of paper and other fi bers 
coated with a thin-fi lm of Ion-jelly®, with the aim of adding electroconduc-
tive properties to such supports (Figure 6.2). Ion Jelly® technology confers 
tailor-made properties resultant from the modifi cation of gelatin with dif-
ferent ionic liquids to optimize its properties for biosensing applications 
[29]. By manipulating the hidrophilicity and polarity of selected ionic 
liquids, it is possible to design new biomaterials with new or improved 
properties, such as fl exiblility in diff erent forms (e.g., fi lms, fi bers, mic-
roparticles, monoblocks), transparency, electroconductance when submit-
ted to an electric potential, and more compatible microenvironments for 
enzymes/proteins. Ion-jelly®-impregnated paper fi lter functions as strip 
test, showing excellent compatibility with glucose oxidase and horseradish 
peroxidase for colorimetric detection of glucose [30]. For this reason, this 
new thin-fi lm material holds great promise for the development of a new 
generation of smart paper-based strip tests.

Figure 6.2 Ion Jelly® technology allows the design of new composite biomaterials for 
coating paper and other fi ber supports, conferring them electroconductive properties when 
submitted to an electric potential and enhanced biocompatibility, e.g., for enzyme-based 
detection of glucose (red staining).
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6.3.8 Lab-on-a-chip (LOC)

In tight relation with microfl uidic devices, especial attention has been 
devoted, over the past years, on the development of fully integrated tests for 
bioanalysis, able to perform, in a single and compact miniaturized device, all 
the sequential unitary operations normally undertaken in a laboratory set-
ting, which has led to the concept of “lab-on-a-chip” (LOC) devices. Th ese 
novel biomedical diagnostic devices are characterized by high sensitivity, 
accuracy, specifi city, reproducibility, speed of response, automation, porta-
bility, and simplicity of operation. Th e recent advances in microfl uidics-
related physical sciences and in their applications towards the construction 
of microfl uidic prototypes has naturally created an opportunity for the 
emergence of LOC devices, carrying individual compartments intercon-
nected by microchannels for fl uid fl ow, and where diff erent steps of a com-
plete bioanalytical procedure take place. Th ey usually incorporate sample 
preparation from raw biological and clinical samples (e.g., whole blood, 
urine or saliva) and detection sensitivity comparable to those of conven-
tional methods [18]. 

An interesting and recent application of LOC in bioanalysis consists 
in platforms for cell sorting and counting. However, for measurements of 
intracellular components requiring previous sample processing (prepa-
ration) steps, the development of LOC devices for POC testing has been 
more troublesome; indeed, sample pretreatment has been a relatively 
neglected step in this regard, compared to the downstream bioanalyti-
cal steps, because of its intrinsic complexity. For instance, cell lysis and 
subsequent extraction (with eventual labeling) of target nucleic-acid 
sequences signifi cantly burdens the automated assay, which is the reason 
why many eff orts have been made to develop rapid and reliable methods 
to break apart the hard coating that packages genetic material, namely 
within many pathogenic microorganism cells. Sometimes these systems 
require off -line sample preparation and reagent handling, being there-
fore unavailable for routine home testing or in remote and resource-lim-
ited places [31]. In such cases, sample preparation must be performed 
off -chip, using bulky laboratory equipment, whilst amplifi cation and 
detection are undertaken within the microfl uidic system. Nonetheless, 
ongoing eff orts to integrate pretreatment steps in the microfl uidic 
devices may lead to improvements in sensitivity, since less amounts of 
sample are lost between steps, and also leading to reduced probability of 
contamination. 

Detection of DNA hybridization events in DNA chips is one of most 
interesting and important applications for clinical diagnostics. One of the 
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fi rst microfl uidic-based DNA purifi cation procedures envisaged single-
cell mRNA extraction and analysis via cDNA synthesis [32]. Miniaturized 
automated bioanalytical devices present many advantages for PCR-based 
processes, such as decreased cost of fabrication and operation, decreased 
reaction time for DNA amplifi cation, reduced cross-talk of the PCR reac-
tion and ability to perform large numbers of parallel amplifi cation analy-
ses. Isothermal techniques for nucleic-acid amplifi cation without thermal 
cycling have also been used in LOC devices [33]. Th eir use, in alterna-
tive to PCR-based methods, allows the production of simpler, cheaper, 
and more user-friendly instrumentation for POC usage [3]. Some com-
mercially available POC platforms for DNA-based diagnostics are based 
in helicase-dependent (HDA; BioHelix),  transcription-mediated (TMA; 
Gen-Probe), nucleic-acid sequence-based (NASBA; BioMerieux), strand 
displacement (SDA; Becton Dickinson), loop- mediated (LAMP; Eiken) 
and recombinase polymerase (RPA; TwistDx) amplifi cation. On the 
other hand, fl uorescence-based techniques remain the most commonly 
employed due to the intrinsic high level of sensitivity and low background 
noise of fl uorescent methods. Cepheid’s GeneXpert platform (Cepheid 
Inc.), for example, uses real-time PCR (with fl uorescently labeled probes) 
and has shown promising results for detecting tuberculosis, particularly 
drug-resistant strains. 

6.4  Advanced Materials and Nanostructures for 
Health Care Applications

Th e emergence of nanoscale technologies and structures has driven a 
next generation of bioanalytical methods and devices with improved 
sensitivity and reduced costs. A brand new range of electronic devices 
and biosensor nanoplatforms has emerged as a consequence of the inher-
ent small size and unusual physicochemical properties of these nano-
structures, unlike those of bulk materials. As the system decreases below 
10 nm, many physicochemical properties such as plasticity, thermal and 
optical parameters, reactivity, catalytic ability, electron/ion transport and 
quantum mechanical properties become more pronounced. By conju-
gating specifi c biomolecules with these nanostructures, it is possible to 
engineer innovative biological functionalities. Th ese new nanomaterials 
have revealed useful properties for numerous electrochemical detection 
applications [34]. Moreover, with an appropriate transducing method, 
the selectivity of nanobiosensors and nanobiochips may be tuned as 
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a result of signal dependence on nanostructures morphologies, with 
remarkable sensitivity and multiplexing capability [34]. Additionally, 
when the electrode size decreases down to the nanometer level, radial 
diff usion becomes dominant as the contribution of convective transport 
is negligible and steady state or quasi-steady state currents are rapidly 
achieved. In this case, redox reactions are limited by the rate of electron 
transfer [35].

Based on their dimensions, three main types of nanomaterials have 
been usually employed in biosensor design: dimensionless (e.g., nanopar-
ticles and nanospheres), one-dimension (e.g., nanotubes and nanowires) 
and two-dimension (polymeric thin-fi lms) nanostructures (Figure 6.3). 
Many nanomaterials have been used as intermediate layers for merging 
electrodes with biomolecules (enzymes, proteins, antibodies, etc.), aim-
ing the development of electrochemical nanobiosensors. Traditionally, 
nanostructures involved in capillary driven microfl ow within plastic sup-
ports have been used to scale-up disposable microfl uidic devices, envis-
aging mass production through known molding techniques. Inversely, 
it is possible to foresee mass fabrication of future nanochips and nano-
fl uidic systems as an extension of current mechanical methods for pro-
duction of microsensing devices, most oft en based on organic polymers 
and gels, especially PDMS frames. However, the need for high-through-
put analysis is creating a demand for a broader range of less costly and 
easier fabrication methods. Th e sudden rise in the expected cost/ben-
efi t of miniaturizing photolithographically-produced microsystems for 

Figure 6.3 Schemes of biosensing nanoplatforms combining electroactive nanospheres 
(0D), carbon nanotubes (1D) and 2D nanostructures.
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high-throughput production of disposable chip devices has led to the 
assembly of micromechanical systems and functional biomimetic struc-
tures in the 5–100 nm range [36].

Biosensing probe immobilization is the key step in biosensor and bio-
chip construction but, regardless their peculiar advantages, the conven-
tional methods for biomolecule immobilization (physical adsorption, 
covalent binding, crosslinking and entrapment in gels or membranes) 
have, in general, low reproducibility and poor spatially-controlled depo-
sition, a crucial problem for the development of commercial miniatur-
ized sensors. Th e rapid growth in biomaterials, especially the availability, 
application and combination of a wide range of polymers with new sensing 
techniques, has generated remarkable innovations in the design and con-
struction of biochips and in the sensor response as well. In fact, polymers 
are becoming inseparable from biomolecule immobilization strategies and 
design of biochip platforms. Th eir original role as electrical insulators has 
been progressively substituted by their electrical conductive abilities, which 
opens a new and broad scope of applications, especially for electrochemi-
cal transduction schemes. Polymers are usually advantageous in terms of 
lightweight, fl exibility, corrosion-resistivity, high chemical inertness and 
ease of processing, as well as for providing a better balance between chem-
ical, physical, and mechanical properties than metal or ceramic materi-
als. Additionally, clinical diagnostics require disposable devices to avoid 
contamination and, therefore, the use of cheap microfabricated polymer 
devices may show a signifi cant commercial viability in the near future in 
relation to glass and ceramics materials [8].

Concerning the process for immobilization of biomolecules in poly-
meric fi lms, one-step electropolymerization is a simple and rapid method 
to deposit biomolecules into confi ned spaces, but usually requires large 
amounts of both monomer and biomolecule. A related approach is elec-
trogeneration of functionalized polymers followed by biomolecule attach-
ment to the polymer surface. Conducting polymers (CPs) have been 
widely studied, especially polypyrrole (PPy) and polyaniline (PANI). Th ey 
are especially amenable for electrochemical biochip development for pro-
viding biomolecule immobilization and for rapid electron transfer. Films 
of PPy and derivatives have good conductivity, selectivity, stability, and 
effi  cient polymerization at neutral pH. Electrochemical synthesis of poly-
mers enables judicious control of the polymer layer thickness and of the 
material structure, based on the measurement of the electrical potential 
or current that crosses the interface during the electropolymerization step. 
Most of the electrochemically-deposited polymers used for biomolecule 
immobilization are CPs, since their formation—unlike non-conducting 
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polymers—is not restricted to the synthesis of very thin fi lms. Th e state-
of-the-art and main novelties about the use of polymers for immobiliza-
tion of biomolecules in electrochemical biosensor platforms were recently 
reviewed by Teles and Fonseca [37].

Dimensionless nanostructures, usually of metallic nature, can be con-
ductive, semiconductive and insulating, depending on their electrical 
properties. Basically, their roles in biosensors include surface graft ing of 
probe biomolecules, reaction catalysis, electron transfer enhancement, 
reactant in biochemical reactions and probe labeling [38]. Specifi cally 
referring to electrochemical detection, the enhancement of electron trans-
fer is an extremely important challenge in the case of enzymatic biosen-
sors, because very oft en a protein shell insulates the redox-active site of 
most enzymes. Th us, these nanomaterials may be able to promote direct 
electron transfer between enzymes and electrode surfaces, thus obviating 
the need for mediators or co-substrates [39].

Gold nanoparticles (AuNPs), one of the most common types of 
nanoparticles, can be employed for biomolecule immobilization or label-
ing, causing enhancement of signal responses and lowering the detection 
limits. Th ere are many reported biosensors involving antigen/antibody 
and DNA detection with AuNPs [40]. AuNPs can also be strongly attached 
to electrode surfaces through self-assembled monolayers (SAMs) of alka-
nethiol molecules, through strong S–Au bonding, which creates large 
surface areas for immobilization of biomolecules [41, 42]. Indeed, highly-
ordered SAMs allow obtaining very homogeneous surface coverage and 
hence more sensitive and reproducible sensors. Th e use of AuNP tags 
(e.g., redox tracers) in stripping voltammetry for electrochemical detec-
tion of DNA hybridization and antibody– antigen interactions was already 
demonstrated with remarkable sensitivity [43]. In such protocols, aft er the 
event of biomolecular recognition, electrochemical stripping measure-
ment of the metal tracer occurs. Another electrochemical detection meth-
odology based on the use of nanoparticles relies on nanoparticle-induced 
changes in the conductivity across a microelectrode gap for highly sen-
sitive electronic detection of DNA hybridization [44]. Th e capture of 
the nanoparticle-tagged DNA targets by probes immobilized in the gap 
between two closely spaced microelectrodes, and subsequent silver pre-
cipitation, resulted in a conductive metal layer across the gap, and led to a 
measurable  conductivity signal. 

Inorganic nanocrystals off er an enormous diversity of electrical tags for 
biosensing, as needed for multiplexed clinical testing, and already shown 
for multi-target electronic detection of proteins [45] and DNA [46]. Four 
sulfi de nanoparticles (of cadmium, zinc, copper, and lead) were used to 
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diff erentiate the signals of four proteins and DNA targets, in connection 
with sandwich immunoassay and hybridization assay, respectively, along 
with stripping voltammetry of the corresponding metals. Each binding 
event thus yielded a distinct voltammetric peak, whose size and posi-
tion permitted the identifi cation and quantifi cation of the corresponding 
targets. Th e concept can be readily scaled-up and multiplexed by using 
a parallel high-throughput automated microwell operation, with each 
microcavity capable of carrying out multiple measurements [47]. 

1D-nanostructures can be considered as elongated versions of 
 dimensionless nanostructures, being nanotubes and nanowires the most 
commonly used in biosensing. Because of their high surface-to-volume 
ratio and improved electron transport properties, their electronic conduc-
tance is strongly infl uenced by minor surface perturbations (e.g., binding 
of biomolecules), hence indicating great promise for label-free and real-
time detection. Due to the extreme smallness of these nanomaterials, it 
is possible to pack a large number of antibody-functionalized nanotubes 
and nanowires onto a remarkably small footprint of an array device. Such 
1D-material thus off ers usefulness for assays of multiple disease biomark-
ers in ultrasmall sample volumes. Several studies already indicated the 
potential of functionalized nanotubes and nanowires for highly sensitive 
real-time biodetection [21].

Carbon nanotubes (CNTs) constitute a new allotrope of carbon, origi-
nated from the fullerene family. Th ey behave like microcrystals with 
molecular dimensions and have unique electrical properties, for instance, 
with respect to electron transportability, apart serving as excellent matrices 
for high-density biomolecule immobilization. CNTs can be produced in 
the form of cylindrical holed multi- (MWCNTs) or single-walled carbon 
nanotubes (SWCNTs). Plus, they can display extremely high sensitivity 
in response to very small changes in environmental conditions. In tightly 
packed nanostructure networks, each nanotube may act as an individual 
nanoelectrode, with suffi  cient free space between neighboring nanotubes, 
thus preventing the overlap of their diff usion layers, therefore yielding high 
 signal-to-noise ratios and improved detection limits. Th e nanodimensions of 
CNTs guarantee a very large active surface area, well suited for the concep-
tion of miniaturized sensors [48]. In order to integrate biomolecules with 
CNTs, chemical and electrochemical treatments have to be performed for 
introduction of oxygenated functionalities, such as hydroxyl groups, thus 
providing sites for covalent linking of biomolecules [49]. In short, their 
impressive physicochemical properties, especially in terms of electrocon-
ductivity, make them very suitable for label-free heterogeneous assays 
[50]. Th e addition of CNTs to CP matrices results in higher decrease of the 
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charge transfer resistance and of the mass transfer impedance compared to 
other nanomaterials (Figure 6.4).

It was found that SWNT-DNA adducts selectively hybridize with com-
plementary DNA strands, with minimal non-specifi c interactions from 
non-complementary sequences. Th is suggests that the majority of SWNT-
immobilized single-stranded DNA is covalently attached rather than 
physisorbed to nanotubes. Not only SWNTs, but also MWNTs, can be 
functionalized with DNA; CNTs modifi ed with PPy/single-stranded DNA 
seem very promising for electrochemical DNA sensor design, particularly 
when coupled to magnetic nanoparticles [51]. CNT-CP composites are 
one of the most common approaches for the preparation of electrochemi-
cal sensors [52, 53]. Th e combination of the well-known characteristics 
of CPs (good stability, reproducibility, strong adherence and homogeneity 
in electrochemical deposition) with those of CNTs leads to the improve-
ment of the sensing performance. Composites of CPs and CNTs have been 
synthesized either by chemical or electrochemical polymerization [54–55]. 
Some recent applications are the incorporation of CNTs in PPy-modifi ed 
electrodes [56], electrochemical sensors based on CNT-PANI [57] and 
solubilization of CNTs in poly(vinyl alcohol) (PVA) [58].

Buffer

Drain

Insulator

Antibody
Surface blocking agent

Source

(b)

(a)

Figure 6.4 Lateral view scheme of a CNT-based immunonanosensor for detection of 
pathogenis microorganisms. a) Th e CNT network is directly adsorbed to the CP layer. 
Specifi c monoclonal antibodies are then immobilized onto the CNT-CP layer and a 
blocking agent (e.g., albumin) used to cover the unprotected gaps of the layer, thus 
preventing non-specifi c binding of other cells or proteins. b) Exposure to a biological 
sample containing the target pathogen causes a signifi cant decrease of the CNT 
conductance, as a result of antibody-pathogen binding. 
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It has also been shown DNA hybridization and single virus detection 
in connection to p-type silicon nanowires functionalized with peptide 
nucleic acid (PNA) probes or anti-infl uenza antibodies, respectively [59]. 
Discrete conductance changes, characteristic of the binding event, were 
observed at extremely low target concentrations. Th e use of an antibody-
functionalized silicon nanowire sensor array for multiplexed label-free and 
real-time monitoring of cancer markers in undiluted serum samples has 
been demonstrated [21].

Th e ultra-high sensitivity of such nanoparticle-based sensing protocols 
opens the possibility for detecting biological markers, especially towards 
cancer, that cannot be measured by conventional methods, thus making 
possible early disease diagnosis. Th e successful clinical realization of these 
ultrasensitive bioelectronic detection schemes requires proper attention to 
non-specifi c adsorption that frequently limits the performance of bioaffi  n-
ity assays. Modern clinical diagnostic devices based on nanoscale processes 
and structures have the potential to greatly improve methods for detecting 
biomarkers of human diseases in a cheaper, faster and easier-to-use way 
than conventional diagnostic methods. Furthermore, they also hold great 
promise for integration in POC and real-time detection regimens.

6.5  Applications of Micro-Devices to Some Important 
Clinical Pathologies

6.5.1 Diabetes

About 3% of the world population suff ers from diabetes, a leading cause 
of death, with an incidence that is growing fast. Diabetes is a disordered 
metabolism syndrome that results in abnormally high blood sugar lev-
els. Under normal physiological conditions, the concentration of fasting 
plasma glucose is in the range of 6.1–6.9 mM, and hence the variation of 
the blood glucose level can be a sign of diabetes mellitus, among other 
pathological conditions. Consequently, quantitation of glycaemia is of 
extreme importance for diagnosing diabetes. Diagnostic testing of glucose 
in the blood is still, by far, the most important application of current com-
mercialized rapid tests for in vitro clinical diagnosis of human diseases. 
Such commercial driving force may be due, in part, to the conjugation of 
two factors not easily seen in other diseases: a potentially very broad target 
public and the need for multiple daily screenings.

Cheap and easy-to-use-self testing pocket-size meters, coupled with 
strip-tests based on screen-printed enzyme electrodes, have dominated, 
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and will continue to dominate, the nearly $7.5 billion/year diabetes 
monitoring market throughout the years [60] (Figure 6.5). Th ese elec-
trochemical biosensors have played a major role towards truly simpli-
fi ed testing, with generation of home-use disposable devices rendering 
results within 5–10 and requiring as few as 0.5–10 μL fi ngerstick blood 
drops. Th rough education and simple training, regular at-home blood 
glucose monitoring revolutionized the lifestyles of those suff ering from 
diabetes and reduced signifi cantly many diabetes complications (e.g., 
cardiovascular diseases, blindness, kidney failure, and risk for neu-
rological disorders). Th us, patients are now able to self-monitor their 
glycaemia and self-administer insulin injections as required, with toler-
able invasive standards. Even so, future glucose sensors will most likely 
become increasingly non-invasive and sensitive to rapid changes in glu-
cose concentrations. GlucoWatch (Cygnus, Inc.) developed an in vivo 
glucose detector that operates by reverse iontophoresis; it makes use of 
glucose-containing interstitial fl uid that is lured to the skin surface by 
a small current passing between two electrodes. Hydrogel pads contain 
glucose oxidase molecules for enzyme-mediated measurement of glu-
cose concentration in the interstitial fl uid. Although interstitial fl uid 
and blood concentrations are similar at steady state, there is a signifi -
cant delay between them when the blood glucose concentration rapidly 
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changes aft er a meal. Th erefore, in this confi guration, improvements 
aimed at minimizing the lag time between glucose level variations in the 
interstitial fl uid and the corresponding changes in the blood must still 
be addressed [8]. 

In parallel, there is also the goal of increasing the miniaturization of 
amperometric-based biosensors to enable subcutaneous implantation for 
glucose measurements in blood or tissue. In these continuous glucose 
monitoring systems (CGMSs), a needle-type amperometric enzyme elec-
trode is implanted in the subcutaneous tissue, to measure interstitial fl uid 
glucose concentrations, and coupled to a portable data log. Today’s clinical 
biosensors for blood glucose diagnostics can already be integrated with a 
personal digital assistant (PDA) for wireless communication, thus meeting 
the desired goals of telemedicine. 

6.5.2 Cholesterol and Cardiovascular Disease

Cardiovascular diseases are highly preventable, yet they remain major 
causes of human mortality. One of the most important reasons for the 
increasing incidence of cardiovascular diseases is hypercholesterolemia, 
i.e., abnormal high level of blood cholesterol. Hence, estimation of cho-
lesterol blood level is of utmost importance in the clinics [60]. As a con-
sequence, it is not surprising that biosensors for cholesterol measurement 
constitute most of the published scientifi c articles in the fi eld of cardio-
vascular diseases’ biosensing. In the design of biosensors for free and total 
cholesterol, cholesterol oxidase and cholesterol esterase have been the 
most commonly used sensing elements, coupled to electrochemical trans-
ducing [61].

Th ere is nowadays a big interest and clinical relevance about early 
assessment of several biomarkers for acute coronary syndrome. At pres-
ent, cardiac troponin, which is specifi c for myocardial tissue, is the only 
biomarker routinely used for that purpose, being a valuable complement to 
electrocardiographic and patient history for therapeutic decision-making. 
Silva et al. [62] incorporated streptavidin polystyrene microspheres into a 
SPE surface in order to increase the analytical response of the cardiac tro-
ponin T. While Park et al. [63] used a highly sensitive and selective assay 
for assessment of acute myocardial infarction, based on virus nanoparti-
cles targeted for troponin I. 

Determination of non-myocardial tissue-specifi c biomarkers can also 
be helpful, as in the case of myeloperoxidase, copeptin, growth diff eren-
tiation factor 15 and C-reactive protein (CRP) [64]. CRP, which refl ects 
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diff erent aspects of the development of atherosclerosis and acute ischemia, 
is a known “acute-phase” plasma protein, whose level rises dramatically 
during body infl ammatory processes. Such increment is due to a rise in the 
plasma concentration of interleukin 6 (IL-6), which is produced predomi-
nantly by macrophages, as well as adipocytes. CRP levels can rise as high as 
1000-fold during infl ammation. It was found that CRP is the only marker 
of infl ammation that independently predicts the risk of a heart attack. In 
biosensor schemes, CRP measurements rely mainly on immune reactions 
with optical, through electrochemical and acoustic transducing [2]. As an 
example, a saliva-based nano-biochip immunoassay has been developed 
to detect a panel of C-reactive protein, myoglobin, and myeloperoxidase in 
acute myocardial infarction patients [65].

6.5.3 Cancer

Cancer can be caused by a huge range of factors, both genetic and envi-
ronmental. Th e existing methods for cancer screening are heavily based 
on cell morphology, using staining and microscopy, which are invasive 
techniques. Furthermore, tissue removal can miss cancer cells at the early 
onset of the disease. Recently, electrochemical detection of rare circulating 
tumor cells has shown potential to provide clinicians with a stand-alone 
system to detect and monitor changes in cell numbers throughout therapy, 
aimed at effi  cient cancer treatment. However, this technique can only be 
used at an advanced stage of cancer proliferation, the reason why an early 
diagnostic method is essential [66].

Genome sequencing has allowed the detection of inherited disease-
causing point mutations and human pathogens through their specifi c 
nucleic acid sequences. Today, it is consensual that no single gene is uni-
versally associated with cancer disease, but rather a complex set of them, 
creating diffi  culties for the selection of a single, well-defi ned biomarker 
for accurate diagnosis and prognosis. Th erefore, a range of distinct pro-
teins with concentration profi les correlated with specifi c types of can-
cer can play the desired role in approaching the disease diagnosis. Th ese 
molecular signatures can be produced either by the tumor itself or by 
the body, in response to the presence of the tumour. Such biomarkers 
include DNA (e.g., oncogenes), RNA, proteins (e.g., enzymes, glycopro-
teins, hormones), molecules of the immune system, etc. A vast range of 
biomarkers has been identifi ed for diff erent types of cancers, which was 
recently reviewed [67]. 
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Affi  nity electrochemical biosensors have been usually applied to detect 
gene mutations and protein biomarkers of cancer. In particular, electro-
chemical affi  nity sensors based on antibodies, developed originally in the 
late 1970s for tumor markers, off er great selectivity and sensitivity for early 
cancer diagnosis [68]. Immunoassays have also been frequently reported for 
detection of prostate cancer, via measurement of prostate specifi c antigen 
blood levels, as is the case of the system developed by OPKO Diagnostics 
(formerly Claros Diagnostics). Some success has also been observed among 
methods based on DNA hybridization for detection of cancer gene muta-
tions. However, for cancer diagnosis, detection methods based on protein 
biomarkers (mainly in the form of immunoassays) seem more attractive than 
those based in genetic markers, due to the high protein abundance in com-
mon biological samples, to easy protein recovery and to favorable cost-eff ec-
tiveness, essential requisites for successful clinical diagnostic micro-devices.

6.6 Conclusions and Future Prospects

Human healthcare and technological advances in the area of in vitro 
diagnostics have a history of undeniable parallel knowledge interchange 
that has strongly benefi ted individuals and health systems. Th e merg-
ing between the advent of human genome sequencing and the promises 
of personalized medicine have created endless opportunities and future 
novelties and advances in both areas. Th e concepts of POC and decentral-
ized diagnosis, especially in times of severe economic constraints and of 
fast evolutions in the traditional paradigms of health care provision, have 
opened roads for sustainable research, development and marketing of new 
diagnostic micro-devices, essentially cheaper, simpler, and more user-
friendly than conventional laboratory instrumentation for clinical assays. 
It is essential to take advantage of the ongoing advances in materials sci-
ence, surface engineering, bioelectronics and other related fi elds, but also 
to engage commercial manufacturers and suppliers in such developments, 
not only of scientifi c nature, in a way that, ultimately, may be useful for 
patients and for society as a whole. 
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Abstract
Th e human tooth that mainly consists of dentine, enamel and cementum is a hier-
archical mineralized tissue with a two-level composite structure. Understanding the 
mechanical properties related to this hierarchical structure is essential for predicting 
the eff ects of structural alterations on the performance of dental tissues and their 
artifi cial replacements. Few studies have focused on the nano-scale structure of teeth. 
In this chapter, we describe how two synchrotron X-ray diff raction techniques, wide 
and small angle X-ray scattering (WAXS/SAXS), are used to obtain information 
about the deformation response of human enamel and dentine subjected to in situ 
uniaxial compressive loading. An improved multi-scale Eshelby inclusion model is 
proposed taking into account the two-level hierarchical structure, and is validated 
against the experimental strain evaluation data. Th e achieved agreement indicates 
that the multi-scale model accurately refl ects the structural arrangement of human 
dental tissue and its response to applied forces. Th ese results provide the basis for 
improved understanding of the mechanical properties of hierarchical biomaterials.

Keywords: Dentine, enamel, WAXS/SAXS, Eshelby model, mechanical 
properties

7.1 Introduction

Human tooth is composed of hierarchical mineralized tissues that achieve 
versatile mechanical properties by combining two principal calcifi ed 
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tissues: dentine and enamel [1]. Dentine is a tough tissue with a hierar-
chical structure, which has a typical well-oriented microstructure with an 
arrangement of dentinal tubules with the area density within (19–45)×1000/
mm2, with the mean diameter around 0.8–2.5 μm that extend throughout 
the entire dentine thickness, from the amelo-dentinal junction (ADJ) to 
the pulp [1–3]. At the fi ner nano-scale level, dentine is a composite of 
 platelet-like hydroxyapatite crystals (HAp) that have the shape of elongated 
pancakes (approximately 2–4 nm in thickness, 30nm in width and up to 
100 nm in length) randomly embedded in a fi brous collagen matrix [4, 5]. 
In comparison to dentine, enamel is a harder and more brittle outer layer 
that covers the crown portion of the tooth, serving as an important stiff , 
hard and wear-resistant outer shell of the tooth exposed to mastication 
contact loading and grinding action. At the microstructural level the nota-
ble features present in the enamel are, in particular, the long aligned prisms 
(or rods) with a cross-section that looks like a keyhole with ~5 μm diam-
eter arranged to fi ll the space from the interface with dentine to the outer 
enamel surface, with the top oriented toward the crown of the tooth [6]. 
At the nano-scale, each rod is thought to be a composite with ribbon-like 
HAp particles (approximately 25–30nm in thickness, and length thought 
to be more than 1000 nm [7] that may even span through the entire enamel 
layer [1]) held together by a protein matrix [8–10]. Understanding the 
mechanical properties of complex, hierarchically structured tissue helps in 
understanding how the internal architecture can determine the remarkable 
properties of dental materials, both natural and artifi cial.

Over half a century, the majority of research on human dental tissues 
has been carried out using a variety of experimental measurement meth-
ods that focused on the mechanical properties at the macro-scale, e.g., 
overall Young’s modulus, Poisson’s ratio, hardness and fracture proper-
ties [11]. More recently, an increasing number of publications consider-
ing the microstructural eff ects have become available [10, 12]. However, 
only very few studies aimed to carry out multi-scale analysis that would 
allow tracing the infl uence of the nano-scale structure on the macroscopic 
mechanical response, e.g. the way the crystal shape and orientation of the 
mineral phase nano-crystals causes the anisotropy of overall stiff ness and 
strength [13–15]. Th e investigation of the nano-scale structure as well as 
the hierarchical structure-property relationship requires the formulation 
and refi nement of systematic analytical models and advanced experimen-
tal techniques.

Small- and Wide-Angle X-ray Scattering (SAXS and WAXS, respec-
tively) are advanced non-destructive X-ray diff raction techniques that 
enable the characterization of the nano- and sub-nano-scale structure 
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of materials. Both techniques have been widely used to study the load 
transfer between two diff erent phases in composites [16–18]. For bioma-
terials, SAXS/WAXS have been applied only recently to the investigation 
of the mechanical behavior in mineralized biological composites such as 
bone [19–22] and teeth [13, 14, 23]. In situ compression experiments, in 
combination with the WAXS technique, have been used to quantify the 
internal phase strains in mineralized biomaterials [16–18]. Deymier-
Black et al. [13] determined the longitudinal apparent modulus (the 
ratio of the applied stress to the internal local strain) of hydroxyapatite 
(HAp) crystals in bovine dentine using synchrotron based WAXS, while 
strain distribution across the ADJ in bovine teeth was investigated by 
Almer and Stock [23]. In addition, SAXS is able to reveal quantitative 
nano-scale structural information, such as the orientation and degree of 
alignment (percentage of aligned particles) of crystals in the mineral-
ized tissues [24]. Th ese parameters have been identifi ed as critical for 
the mechanical properties and stability of materials [25–27]. However, 
since earlier studies did not take into account the nano-particle dis-
tribution eff ects [13, 15, 23], profound understanding of the relation-
ship between the nano-scale structure and the macroscopic mechanical 
behavior is still lacking. In addition, all of the studies mentioned above 
were carried on non-human samples. It is noted that particularities 
of the mineralized tissue morphology can be associated with growth 
history, species and race, and result in  diff erences in the mechanical 
properties [28, 29].

In parallel, many models for composite materials have been proposed 
to describe the interaction between diff erent phases (e.g., Voigt, Reuss 
[30, 31], Gottesman & Hashin [32], Jones [33], and the so-called BW 
models (staggered microstructural model) [34]). One widely accepted 
and used model is the Eshelby inclusion model [35, 36], which has 
recently been applied in dental research [37–40] to explain and predict 
the elastic response of dentine at the microscopic level. However, in 
previous simulations, the models were limited in terms of the range of 
scales considered, with no consideration given to the nano-scale struc-
ture. Th is is likely to lead to some discrepancies between the predictions 
and experimental results [13]. An improved multi-scale Eshelby model 
is required in order to capture and explain the relationship between the 
nano-scale structure and tissue response to macroscopic loading. 

In order to improve the understanding of the nano-scale structure 
variation of the hierarchical two-level structure of human dental tissues 
and of its infl uence on the material mechanical response, in this chapter, 
in situ synchrotron X-ray techniques (simultaneous SAXS/WAXS) were 
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used to measure the elastic crystal lattice strain using WAXS, and the 
statistics of crystal orientation and degree of alignment of HAp particles 
using SAXS. Synchrotron beams possess numerous advantages for X-ray 
scattering studies. High fl ux allows fast measurements to be carried out, 
and enables area mapping and time evolution studies to be undertaken. 
High parallelism and brightness of synchrotron beams ensures high 
angular resolution of scattered beams, resulting in excellent accuracy of 
strain determination. Finally, large amount of space available around the 
sample makes it possible to apply thermal and mechanical loads to the 
samples. 

In order to make sense of the scattering data collected during in situ 
loading, an improved multi-scale model based on the original Eshelby 
inclusion method for a two-level composite was proposed [41, 42]. Th e 
capability of the modeling approach to capture the relationship between 
the nano-scale structure and macroscopic loading was demonstrated.

7.2 Experimental Techniques

7.2.1 Micro-CT Protocol

For the purpose of planning the measuring positions and determining 
the precise loading cross-sectional area of dentine and enamel prismatic 
samples, a commercial micro-CT system (SkyScan 1172 scanner, SkyScan, 
Kontich, Belgium) was used, with 1.9μm isotropic resolution and 40kV 
voltage, 120μA current and a 0.5mm Aluminium fi lter. Th e resulting slices 
were reconstructed using SkyScan NRECON package, and subsequent 3-D 
planning models were created with Fiji imaging soft ware [43]. A recon-
struction is illustrated in Figure 7.1b.

7.2.2 In situ X-Ray Scattering Measurements

7.2.2.1 Mechanical Loading Setup

Uniaxial compressive loading was carried out separately on dentine and 
enamel samples in the form of small 2×2×2mm3 cubes. Th e loading was 
applied to the dentine sample in the longitudinal direction with respect 
to the tubules and to the enamel sample in the longitudinal direction with 
respect to the rods, respectively. Loading was carried out using a remotely 
operated and monitored compression rig (Deben, Suff olk, UK), with a 
5kN calibrated load cell. Th e rig was equipped with custom-made jaws, 
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allowing a high-energy transmission X-ray setup to be used, as illustrated 
in Figure 7.1a. Th e samples were deformed at a displacement rate of 0.2 
mm/min up to 400N (dentine) and 220N (enamel) (corresponding to 
about 100MPa for the dentine and 55MPa for enamel) along the x-direc-
tion. Aft er each loading ramp, the load was maintained and the WAXS and 
SAXS patterns were collected.
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Detector

4358.45 mm

Detector translation

x axis

128.72 mm
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Figure 7.1 (a) Schematic diagram of experimental set-up. Th e sample was subjected to 
uniaxial compressive loading along the x direction. Th e monochromatic X-ray beam was 
travelling along the z direction perpendicular to the sample surface and to the loading 
direction. WAXS and SAXS diff raction patterns were recorded at each loading step at 
three locations on the sample. Th e WAXS detector was translated laterally out of the 
beam to expose the SAXS detector aft er each collection of WAXS pattern. (b) Cross-
section of the reconstructed human tooth with regions for extracting the dentine and 
enamel samples (marked by hollow squares in Figure 7.1a), and the fi nal 2×2×2mm3 cubic 
samples [41, 42]. Th e solid red square (online editions only) in the middle indicates the 
central X-ray beam position.
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7.2.2.2 Beamline Diff raction Setup

Th e experiment was carried out on B16 test beamline at Diamond Light 
Source, Oxford Harwell Campus, Didcot, UK. A monochromatic X-ray 
beam was used to illuminate the sample as illustrated schematically in 
Figure 7.1a. Th e incident beam was monochromated to the photon energy 
of 17.99keV, and collimated to the spot size of 0.5×0.5mm2 on the sample. 
For statistical averaging purposes, WAXS and SAXS patterns were col-
lected at three pre-defi ned locations across the sample for each load. A 
NIST standard silicon powder was used for the WAXS data calibration, 
and dry chicken collagen was used for the SAXS data calibration [44].
WAXS diff raction patterns were recorded using a Photonic Science Image 
Star 9000 detector (Photonic Science Ltd., UK) placed at a sample-to-cam-
era distance of 128.72mm (Figure 7.1a). Further downstream, a Pilatus 
300K detector (Dectris, Baden, Switzerland) was positioned at a distance 
of 4358.47mm to collect the SAXS patterns (Figure 7.1a). In order to record 
both the WAXS and SAXS patterns at each scanning location, the WAXS 
detector was translated laterally to expose the SAXS detector aft er each 
WAXS collection. 

7.3 Model Formulation

7.3.1 Geometrical Assumptions

Both dentine and enamel have a hierarchical two-level composite struc-
ture. At both levels these are non-dilute systems consisting of a number 
of inhomogeneous inclusions. Th e multi-scale Eshelby model for a non-
dilute system is established and used here to model the two-level compos-
ite deformation behaviour of dentine and enamel [45].

7.3.1.1 Dentine Hierarchical Structure

In dentine the fi rst-level structure is represented by the multiple dentinal 
tubules within a fi brous collagen matrix, while the second level is represented 
by the platelet-like HAp crystals within the collagen matrix. Figure 7.2(a1) 
was obtained by low vacuum environmental scanning electron microscopy 
(ESEM) image of the dentinal tubules, while Figures 7.2(a2)-(a3) are sche-
matic diagrams of the fi rst-level dentine structure. Figures 7.2(a1)-(a2) show 
the random distribution of collagen fi brils viewed respectively along the lon-
gitudinal and transverse direction with respect to the tubules, as proposed 
by Bozec [46]. Figures 7.2(a4)-(a5) are schematic diagrams of the second-
level dentine structure. Figure 7.2(a5) aims to illustrate how the model needs 
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Figure 7.2 Schematic illustrations of 3D hierarchical structures of human dental tissue: (a) 
dentine and (b) enamel. (a1) SEM micrograph of the fi rst level of dentine (tubules); (a2) A 
schematic diagram of the random distribution of collagen fi brils (black lines) around the 
tubules, viewed along the longitudinal direction of the tubules; (a3) Th e view transverse 
to the tubules; (a4) Randomly distributed HAp crystals viewed in the cross section in x-y 
plane; (a5) A schematic representation of the real structure of partially aligned platelet-
like HAp crystals, where the platelets with the alignment angle of 161 o with respect to 
the global x-axis are shown in grey. (b1) Keyhole-like rods aligned parallel to each other; 
(b2) A schematic of the rod arrangement viewed along their longitudinal direction; (b3) 
A schematic of rod arrangement viewed transversely; (b4) An illustration of the partially 
aligned arrangement of ribbon-like HAp crystals inside the rods [41, 42].
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to represent the partial alignment of HAp crystals by the combination of a 
randomly distributed structure shown in Figure 7.2(a4), and a fully aligned 
structure. Th e detailed information about the degree of alignment can be 
obtained from SAXS data interpretation. In the multi-scale Eshelby model 
consistent with the two-level structure, the fi rst-level model regards the 
whole dentine as composed of aligned tubules within a matrix phase, while 
the second-level model considers the matrix of the fi rst level as a composite 
in detail, consisting of partially aligned HAp crystals and a collagen matrix. 

Th e shape of the HAp crystals in dentine is “fl agstone,” i.e., that of 
shallow parallelepiped elongated along one of the in-plane directions. A 
good approximation available in classical Eshelby modeling is to use a 
penny-shaped inclusion to simulate each individual crystal. Th is ignores 
the non-equiaxed nature of the crystallites, but provides simple and trac-
table formulas for the calculation. Th e penny shape has two independent 
dimensions, the radius a

1
 and the half-thickness a

3
 [47]. In terms of the 

real dimensions of HAp crystals, the thickness of the penny-shape inclu-
sion was taken to be equal to that of the HAp crystal (2–4nm), while the 
diameter of the inclusion was taken to be ~60nm, obtained by assuming 
the penny-shape inclusion to have an identical area with the HAp crystal 
(100nm in length and 30nm in width). Th e crystal size and the corre-
sponding parameters of the penny-shape inclusion are listed in Table 
7.1. Th e HAp crystal c-axis (corresponding to the [002] peak) is thought 
to be parallel to the long dimension of the platelet-like single crystal 
[48, 49]. Accordingly, in the model, the c-axis was taken to lie along the 
diametric direction of the penny-shape in the x-y plane, as shown in 
Figure 7.2(a5).

7.3.1.2 Enamel Hierarchical Structure

In enamel the fi rst-level structure is represented by the keyhole-like rod 
within the protein matrix, while the second level is represented by the bun-
dle of HAp crystals within each rod [1]. Modifi ed from Habelitz [50], the 
keyhole-like microstructure of enamel is shown in Figure 7.2(b1), which 
demonstrates how the HAp crystals distribute within the rod in 3D. Figures 
7.2(b2)-(b4) provide schematic illustrations of the geometric model 
derived from the enamel two-level structure. Note that although the HAp 
crystals are still partially (incompletely) aligned within each rod (particu-
larly through orientation change within the sampling volume), the degree 
of alignment is rather high compared with that of HAp crystals in dentine.

In our approach to multi-scale Eshelby modeling of human enamel, 
for simplicity, both the rods and HAp crystals were assumed to be of 
ribbon shape (Figures 7.2(b2)-(b4)). Th erefore, unlike for dentine, a 
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cylinder-shaped inclusion is used to simulate each individual ribbon-
shaped HAp crystal. In the Eshelby approach, the cylinder was approxi-
mated by a prolate spheroid described by three dimensions, a

1
, a

2
, and a

3
. 

Normally a
1
= a

2
<< a

3
, i.e., the cross section is a circle [47]. In the ribbon-

shaped HAp crystals, the c-axis is parallel to the a
3
 axis of the cylinder [51].

In the next section, the multi-scale Eshelby inclusion model is briefl y 
introduced. Th e detailed derivations are given in the Appendix.

7.3.2 Multi-Scale Eshelby Model

Th e two-level structures of both dentine and enamel have been explained 
in section 3.1. Despite the diff erences at the fi rst structural level, dentine 
and enamel have a similar structure in the second level that consists of 
partially aligned HAp crystals embedded in the isotropic organic matrix. 
Th e second-level structures of the two tissues diff er only in terms of over-
all stiff ness, volume fraction and the geometry of HAp crystals. Th us, the 
second-level model is expected to be similar, as is indicated below. We start 
with the introduction of the fi rst-level models for the two tissues.

7.3.2.1 First-Level Eshelby Model

a) Dentine
Th e purpose of the fi rst-level model for human dentine is to establish the 
relationship between the external stress σA and the dentine matrix stress 
σ

M1, which will serve as the external stress in the second-level model. Th e 
Eshelby model for a non-dilute system (Appendix, Eq. A1–A5) indicates 
that the mechanical response of the tubules is identical to an equivalent 
inclusion with the same property as the matrix and with an appropriate 
transformation strain.

 1 1 1( ( )i A i A t
tubule M M MC Cε ε ε ε ε ε ε〈 〉 〈 〉 + 〈 〉 + = 〈 〉 + 〈 〉 + − 〈 〉  (Eq. 7.1)

where “M1” refers to the fi rst-level matrix, 〈e〉
i is the average total strain in 

tubules, 
 
〈C〉

tubule
 is the average stiff ness of tubules, eA = C

M1
σ

A is the external 
strain, C

M1
〈e〉

M1 
= 〈σ〉

M1 
is the “image” stress defi ned to satisfy the boundary 

conditions at the external surface of a fi nite composite [45, 52] and 〈e〉
t is 

the average misfi t strain in the equivalent inclusion to be determined. Since 
the average stiff ness of tubules is null, 〈C〉

tubule 
= 0, the average stress in the 

fi rst-level matrix can be expressed merely in terms of the volume fraction 
of tubules f1t

 (for further details see the Appendix, Eq. A7-A10) 
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σ σ σ σ= + 〈 〉 =

−1 1
1

1
1

A A
M M

tf  
(Eq. 7.2)

b) Enamel
Th e purpose of the fi rst-level model for human enamel is to establish the 
relationship between the externally measured stress and the stress in the 
rod inclusions σinclusion = σrod. According to the Eshelby model derivation 
[45], the stress in the rod can be expressed as

 σ
rod = {T–(1–f1r

)C
M1(Sr

–I){(C
M1–C

rod
)[S

r
–f1r

(S
r
–I)]–C

M1}–1 
 (C

M1–C
rod

)T–TC
M1–1} σA  or, 

expressed more simply 
 σ

rod = Hσ
A (Eq. 7.3)

where f1r
 is the volume fraction of rods in the whole enamel, S

r
 is the Eshelby 

tensor for the cylinder-shaped inclusion dependent only on the Poisson’s 
ratio of the matrix, C

M1, Crod  
are respectively the stiff ness tensors of the pro-

tein matrix and rods, and T is the orientation matrix of rods with respect 
to the fi xed laboratory coordinate system. Th e laboratory coordinate system 
was fi xed in the present model, and it was assumed that the rods were all 
perfectly aligned, so that T was also fi xed. Th e initially unknown rod stiff ness 
C

rod remains to be determined from the second-level model of enamel.

7.3.2.2 Second-Level Eshelby Model

Th e dispersion of multiple partially aligned HAp crystals within the organic 
matrix forms the second-level model for both dentine and enamel. Th e 
purpose of the second-level model is to establish a relationship between 
the external stress from the fi rst level and the average strain in the HAp 
crystals 〈e〉

HAp, thus to determine the apparent modulus [53] that estab-
lishes the relationship between the global external stress and the local HAp 
crystal strain. Th e measured crystal strain corresponds to the mean strain 
value for all the crystals within the considered gauge volume [54]. Due to 
the partial alignment, the real apparent modulus is to be given by an inter-
mediate value between the two extreme cases. For simplicity, we represent 
the partially aligned structure as a superposition of the two separate cases, 
namely, that of fully random distribution, and that of perfect alignment.

If all HAp crystals are perfectly aligned with the direction described by 
an orientation matrix T, the relationship between the average HAp crystal 
strain and the external load (the fi rst-level stress) can be expressed as [45] 
(Appendix, Eq. A11): 
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{
}

ε

σ

− − − −

− − −

〈 〉 = − 〈 〉 〈 〉 − 〈 〉 − −

+

1 1 1 1
2 2

1
2 1

{( ) [ ( )] }HAp
aligned M HAp

T T
M M

I C C S f S I I

T T C  
or, expressed more simply

 σ ε= 〈 〉1
HAp

M aligned alignedK  (Eq. 7.4)

where 〈C〉
HAp

 and 〈S〉 are the average stiff ness and the Eshelby tensor of HAp 
crystals in the gauge volume [54], C

M2 = C
M1 is the organic phase stiff ness, and 

f2 is the volume fraction of HAp crystals with respect to the whole second-
level structure. For perfectly aligned crystals, 〈C〉

HAp
 and 〈S〉 can be replaced 

by the values for a single crystal 〈C〉
HAp

 = 〈C〉
HAp, 

〈S〉 = S. Due to the diff erent 
characteristics of HAp crystals in dentine and enamel, 

 
〈C〉

HAp
 and 〈S〉 will 

be diff erent in the two materials. Note that diff erent orientations (diff erent 
matrices T) will lead to diff erent results of ε〈 〉HAp

aligned
. Th e variation of K

aligned
  with diff erent alignment angles of crystals can be calculated by changing the 

orientation matrix in Eq. 7.4. Th e anisotropy of the elastic properties of HAp 
crystals is an important property used by nature in dental tissue design.

If all HAp crystals are randomly distributed, the relationship between 
the average local HAp crystal strain and external stress is independent of 
the orientation matrix in Eq. 7.4. 

 

{ }ε

σ

− − − −

−

〈 〉 = − 〈 〉 〈 〉 − 〈 〉 − − +1 1 1 1
2 2

1
2 1

{( ) [ ( )] }HAp
random M HAp

M M

I C C S f S I I I

C  

or, expressed more simply 

 σ ε= 〈 〉1
HAp

M random randomK  (Eq. 7.5)

In contrast with the case of perfectly aligned crystals, 〈S〉 and 〈C〉
HAp

 values 
here are not those of the single HAp crystal, but should rather be obtained 
from the volume average of all the randomly distributed crystals. In fact, 
this arrangement of crystals gives rise to isotropic stiff ness and Eshelby ten-
sors (spherical tensors) regardless of the anisotropy in the stiff ness or shape 
of a single crystal. However, as an alternative to simplify the derivation, 
the averaging eff ect can be captured by using the single crystal relationship 
such as expressed by Eq. 7.4, and averaging over all the values with diff erent 
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orientation matrices (see Appendix, the average results obtained from each 
single crystal relationship as Eq. 7.4 over all possible orientations).

For the actual partially aligned HAp crystals, we express 〈 〉 _
HAp
partial alignedK  

as a mixture between K
random

  and K
aligned

, taking into account the contribu-
tions from the two cases.

 〈 〉 = − +_ (1 )HAp
partial aligned aligned random aligned alignedK f K f K  (Eq. 7.6)

where f
aligned

  is the volume fraction of aligned HAp crystals with respect 
to all crystals, i.e., the degree of alignment of crystals revealed by SAXS 
measurements.

As for the determination of the enamel rod stiff ness C
rod

, the HAp crys-
tals were assumed to be perfectly aligned in the direction almost along the 
rod’s longitudinal direction. Th e slight misorientation was determined by 
WAXS data interpretation. Th e assumption of perfect alignment appears to 
be reasonable, because it is understood that the degree of alignment of 
HAp crystals in enamel is very large [55]. Th e expression for C

rod
 is given 

here without detailed derivation [45].

 

{
}

− −

−−

= − − − − +

−

% % %

%

1 1
2 2 2 2 2 2 2

11
2 2

{( )[ ( ] }

( )

rod M HAp M M

HAp M M

C C f C C S f S I C

C C C  
(Eq. 7.7)

Here 2 2HAp HAp

T TS T S T −=%  is the transformed Eshelby tensor and − −=% 1
HAp HAp

T
HAp HApC T C T  

is the transformed stiff ness of the aligned HAp crystals, expressed in terms of 
T

HAp
, the orientation matrix of the perfectly aligned HAp crystals. 

Finally, the overall relationship between the average HAp crystal strain and 
the externally applied stress can be established from Eq. 7.2, Eq. 7.3 and Eq. 7.6. 

 

1 _
1 1

_ _

1 1
1 1

HApA
M partial aligned

t t

HAp HAp
partial aligned dentine partial aligned

K
f  f

K

σ σ

ε ε

= =
− −

〈 〉 = 〈 〉  (Eq. 7.8)

 

1 1
_

_ _

HApA rod
partial aligned

HAp HAp
partial aligned enamel partial aligned

H H K

K

σ σ

ε ε

− −= =

〈 〉 = 〈 〉  (Eq. 7.9)

where Eq. 7.8 is for dentine and Eq. 7.9 is for enamel.
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7.4 Experimental Results and Model Validation

7.4.1 Nano-Scale HAp Distribution and Mechanical Response

Figures 7.3a&c show the WAXS patterns of dentine and enamel, respec-
tively, consisting of a series of Debye-Scherrer rings (peaks). Note that 
since the enamel is usually textured, only a limited range of diff raction 

y

X

(a) (b)

(c) (d)

Figure 7.3 Representative SAXS/WAXS patterns of human dental tissue. (a) and (c) are 
WAXS patterns (Debye-Scherrer rings) of dentine and enamel with diff erent intensities. Th e 
dark region in the centre is the beamstop. Th e (002) peak is marked with a small arrow. Peak 
shift s at diff erent positions on the (002) ring represent the average strains of (002) planes 
along diff erent directions in the laboratory coordinate system. Multiple angles with respect 
to the x-axis were "caked" (i.e. binned azimuthally within a 20o range) in order to examine 
the strain variation. Th e direction with the double-arrow line in (c) indicates the preferred 
orientation of HAp crystals in the enamel. (b) and (d) are SAXS patterns of dentine and 
enamel. Th e direction of the short axis of the ellipse pattern indicates the predominant 
orientation of HAp crystals. Th e integration over q was performed from the beamstop radius 
to the outer radius of the pattern as marked with the dashed circles [41, 42].
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rings can be captured. Th e apparent radial shift s of the (002) peak center 
position in the pattern were measured under uniaxial compressive load-
ing applied in the longitudinal direction with respect to the preferential 
tubule direction in dentine or rod direction in enamel, respectively. Th e 
preferential orientation of the c-axis and ribbon axis in HAp crystals is 
shown to be roughly along the mid-angle of the arc of (002) peak and 
the detailed value is determined from the stress-free plot of I

WAXS
(j)∼j. 

Diff erent values of the shift s of (002) peak center position determine the 
elastic lattice strain variation with the angle to the loading direction. 
Th e loading areas of the samples were accurately determined from the 
micro-CT scans, giving 4.413 mm2 for the dentine sample and 3.551 mm2 
for the enamel sample, respectively.

Figures 7.3b&d illustrate the SAXS patterns from the dentine and enamel 
samples, respectively. It should be noted that due to the dense packing of 
crystals in enamel, it is the electron density change occurring in the gaps 
between the crystalline particles that makes the principal contribution to 
the SAXS scattering signal [56]. It is also understood that the orientation of 
the gaps roughly coincides with that of the HAp crystallites within the rod 
[56]. Th us the SAXS pattern of enamel can be used to obtain the degree of 
alignment of HAp crystals in enamel. Th e detailed values of the degree of 
alignment are listed in Table 7.1. Compared with the HAp crystals in the 
highly textured enamel sample, the degree of alignment for HAp crystals 
in dentine is relatively small, indicating as expected that the distribution of 
HAp crystals in human dentine is close to random, but nevertheless pos-
sesses certain preferred orientation.

For the elastic lattice strain evolution, the maximum applied stress of 
the two samples was constrained within the elastic limit and the experi-
mental results of applied stress vs. average HAp lattice strain of dentine 
and enamel are shown in Figures 7.4a&b, where the linear increasing ten-
dency is found, as expected. Th e ratio of the uniaxial stress and the average 
HAp lattice strain gives the apparent modulus [53], the value of which is 
listed in Table 7.1. In addition it is worth noting that the residual (ini-
tial) strains of the two samples were found to be quite small: the two lines 
in Figures 7.4a&b originate from close to zero strain, and thus the initial 
strains can be neglected. 

Meanwhile, in dentine, the (002) peak shift s along other directions 
were also measured by “caking” (a jargon term used to refer to the radial-
azimuthal binning operation performed on a selected sector within the 
Debye-Scherrer pattern) with a step of 20° (in the range of 0°–360°, Figure 
7.3a) to determine the azimuthal variation of the normal strain component. 
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Figure 7.4 Comparison of experimental data (fi lled markers) and modeling results (solid 
and dashed lines) of the applied compressive stress vs. elastic lattice strain of HAp crystals 
in human dental tissue. (a) Dentine loaded to the maximum stress around 100MPa; 
(b) Enamel loaded to the maximum stress around 53.5MPa. Th e prediction results from 
models of Voigt (upper solid line) and Reuss (lower solid line) are also shown [41, 42].

Th e result is shown in polar coordinates as an azimuthal plot in Figure 
7.5a, where 0° or 180° represents the loading direction and 90° or 360° 
represents the direction perpendicular to the loading direction. Due to the 
symmetry, it suffi  ces to consider the results in the typical range of 0°–90°. 
It is found that positive (tensile) normal strain exists in the range 60°–90°, 
and negative (compressive) normal strain exists in the range 0°–60°. As 
for enamel, since only limited range of azimuthal angles within the rings 
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could be captured, the available directions for strain interpretation were 
also limited. Th e shift s of the (002) peak along available directions were 
measured by “caking” each pattern with a step of 20° along the direction 
given by –15°, 0°, 15°, 30° and 45° (see Figure 7.3b). Th e azimuthal plot of 
the result is shown in Figure 7.5b, where 0° represents the loading direc-
tion. Note that the normal strain component in the enamel undergoes a 
transition from negative to positive at around 25°.
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Figure 7.5 Comparison of the experimental data (fi lled markers) and modeling results 
(curves) of the variation of normal strain (NS) component with orientation distribution 
of HAp crystals in human dental tissues. (a) Polar coordinate plot of normal strains in 
dentine, where the full azimuthal angle range (0o–360o) is observable and the dashed line 
indicates zero strain; (b) Enamel results, where only the range (0o–45o, or 180o–225o) is 
observable [41, 42].
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7.4.2 Evaluation and Testing of the Multi-Scale Eshelby Model

a) Dentine
In the model for dentine, the material properties and other parameters 
were taken from the literature [4, 5, 13, 37–38, 57–59] and refi ned by fi t-
ting with the experimental data. Th e precise volume fraction of tubules in 
the fi rst level cannot be assessed using conventional micro-CT systems, 
due to the polychromatic nature of the X-ray source and the limited reso-
lution. Hence, the reported values between 3.6 and 10.2% were considered 
[57]. Th e average volume fraction of HAp crystals has been reported to 
lie between 30.5% and 44.4% in the human third molars, with a decreas-
ing gradient towards the pulp [58]. As for the elastic properties of colla-
gen, a Young’s modulus of 1 GPa and Poisson’s ratio of 0.30 are the values 
given in the literature, without taking into account the viscoelasticity and 
viscoplasticity [37, 38]. For polycrystalline organic HAp, high values of 
Young’s modulus (40–117GPa) are reported, with Poisson’s ratio of 0.27 
[59]. However, for the purposes of the present model it was appropriate to 
use the stiff ness matrix for a perfect HAp single crystal. Since imperfectly 
shaped and fl awed crystals are likely to exist in complex biological mineral-
ized composites like human dentine, this choice of elastic parameters may 
induce overestimation [13]. In accordance with Qin & Swain [36], 40GPa 
was chosen here as a combination of the intertubular modulus (35.8GPa) 
and peritubular modulus (66.8GPa) [37]. For the penny-shaped Eshelby 
tensor, only the ratio of radius and thickness (a

1
/a

3
) of the penny is needed 

for formulating the model [4, 5]. All the parameters refi ned to obtain a best 
fi t are listed in Table 7.1, also with the reported values from the literature. 

At the fi rst level, the dentine matrix stress is only dependent on the vol-
ume fraction of tubules (see Eq. 7.2). Further, based on the SAXS measure-
ment of degree of alignment (Table 7.1) in the second level, the apparent 
modulus can be obtained from Eq. 7.7 with the values listed in Table 7.1. A 
comparison of the stress/strain curve along the loading direction between 
the experimental data and the model prediction is shown in Figure 7.4a, 
where the Voigt and Reuss bound predictions are also given. Th e normal 
strain variation with the azimuthal angle is presented in Figure 7.5a, and 
good agreement can be noted with satisfaction.

 b) Enamel
In the model for enamel, the average HAp volume fraction has been 
reported to be ~95% at each level. Th e same values of protein elastic param-
eters were chosen as that for the dentine model [37, 38]. Th e polycrystalline 
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HAp crystal was considered to have a transversely isotropic stiff ness with 
fi ve independent elastic constants [60]. To describe the shape of the rod 
and of the HAp crystallites for each level, the Eshelby tensor for the cylin-
der was used. As mentioned in section 7.3.1.2., the elliptical semi-axes a1 
and a2 within the transverse cross-section were assumed to be the same, 
(a1/a2=1), but were much smaller than length a3. Th e refi ned parameters 
and the reported values are also listed in Table 7.1.

Th e calculated apparent modulus for HAp crystals in enamel is also 
listed in Table 7.1. Th e similar comparison of the stress/strain curve as 
dentine is plotted in Figure 7.4b with the two bound predictions, and the 
improved multi-scale Eshelby model gives a satisfactory result. Th e com-
parison of normal strain variation (based on diff erent preferred orientation 
angles obtained by WAXS data interpretation) is shown in the azimuthal 
plot in Figure 7.5b. It is found that the model prediction for the transverse 
tensile strain that arises under compression (the Poisson eff ect) falls short 
of the observed strain. A satisfactory agreement can be achieved by add-
ing a pre-existing or loading-induced tensile transverse strain component 
(along the y axis in Figure 7.1) perpendicular to the rod or the loading 
direction (x axis in Figure 7.1). Th e result is illustrated in Figure 7.5b with 
the continuous curve. Obtaining a clear understanding of this remarkable 
eff ect deserves further detailed investigation. 

7.5 Discussion

In this study, experiments were conducted using the penetrating power of 
synchrotron X-rays to provide a bulk probe for structure and strain analysis. 
Unlike the vast majority of studies that rely on surface characterization tech-
niques (SEM, AFM, nanoindentation, Raman, etc.), this ensures that the 
eff ects of sample preparation (e.g., cutting and storage) are minimal, since 
they typically aff ect superfi cial layers of depths not exceeding ~0.05mm, 
i.e., a small proportion of the total sample thickness (2mm in our study).

7.5.1 Refi ned Parameters of the Two-Level Eshelby Model

Th e procedure employed to identify and refi ne the parameters used in the 
multi-scale Eshelby models of dentine and enamel was similar in both cases. 
Th e resulting best fi t values are listed in Table 7.1. Th e values reported in 
the literature were found to provide a satisfactory starting point. Th e refi ne-
ment procedure was particularly helpful in the identifi cation of nano-scale 
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parameters that are diffi  cult to determine directly from other experiments. 
Th e key parameters varied in the refi nement were the volume fractions of 
inhomogeneities at each level and the elastic constants of the HAp crystals. 
At the fi rst level, the volume fractions sought were the tubules in dentine 
and the rods in enamel. At the second level the volume fractions refi ned 
were the HAp crystals in the fi rst-level matrix for dentine or HAp crystals 
in the fi rst-level rods for enamel. 

Th e dentine samples considered in the present study were taken from 
the teeth extracted from young patients. Th e volume fraction of tubules 
was expected to be high, and assumed to be 10%. Accordingly, the volume 
fraction of HAp crystals was assumed to be low (~40%). Other reasons 
for the small volume fraction of HAp crystals may include that the cubic 
samples were cut from a position near the pulp chamber where the volume 
fraction is known to be relatively small [58]. Possible superfi cial demin-
eralization eff ect of water storage may also be relevant [61]. For enamel, 
the volume fractions of rods in the whole enamel and of HAp crystallites 
within rods were assumed to be the same as the reported values (95%).

Besides the volume fractions, the elastic constants also exert signifi -
cant infl uence on the result. In the optimization process, the volume frac-
tions were fi rstly fi xed at approximate values. Th en the elastic constants, 
especially Young’s moduli, were refi ned within the range reported in the 
literature. Subsequently, some adjustment of other parameters was also 
attempted, but it was found that they had a minor eff ect.

7.5.2 Residual Strain

During the natural growth of the teeth, and also during the preparation 
process using a low speed diamond saw and polishing papers, some initial 
residual strain may be induced at the sample surface. However, as shown 
in Figures 7.4a&b, the pre-existing residual strain is very small for both 
dentine and enamel. In addition, since only the elastic response was con-
sidered in the experiment (refl ected in the linearity of the experimental 
stress-strain curve), the presence of initial strain only amounts to an off set 
that does not aff ect the apparent modulus. Th erefore, the low value residual 
strain was ignored in the present analysis.

7.5.3 Normal Strain Components Variation

Th e normal strain components variation of the HAp crystals with respect 
to diff erent azimuthal angles (0°~90°) at the maximum external stress, 
predicted by the model, is shown in Figures 7.5a&b, together with the 
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experimental data. As mentioned earlier, the strong texture of HAp crystals 
in enamel leads to the scattering contribution being only accessible in the 
angular range 0°~45° (Figure 7.5b). 

In dentine, the ratio of the normal strain components at 90° to that at 0° 
(absolute value) is almost the Poisson’s ratio of the HAp crystals. It is inter-
esting to note that the HAp crystals oriented at around 60° to the loading 
direction show no normal strain component (i.e., without any peak shift ), 
which indicates that the crystals are subjected to pure shear stress. 

In enamel, satisfactory agreement could only be obtained by incorpo-
rating an additional transverse strain. Th is indicates that the deformation 
state that arose in the sample under uniaxial loading was in fact multi-
axial, with an additional tensile strain component arising in the transverse 
direction. A disproportionately large transverse tensile strain appears to 
arise within the sample, and is likely to be associated with the interaction 
between the material structure and the loading arrangement. A possible 
explanation is the barreling eff ect (mid-section expansion) in the enamel 
sample: friction against the external uniaxial compression platens causes 
local locking of the enamel to their surface that may be accompanied by 
the expansion of the sample in the section perpendicular to the loading 
direction in the mid-section (where the measurements were performed). 
In addition, micro-cracks smaller than 2μm (below the resolution of the 
micro-CT scan) pre-existing in the enamel may result in the debonding 
between rods, and thus modify the transverse strain [62]. Such mecha-
nisms are not captured by the present model and need to be introduced 
externally. Th e validation of the precise mechanism needs direct obser-
vation using advanced ultra-high resolution (sub-micron) imaging and 
analysis techniques, e.g., digital volume correlation.

7.5.4 HAp Crystals Distribution Eff ects

Th e eff ect of the nano-scale structure (the HAp crystallite distribution) on 
the macroscopic mechanical response was further investigated by chang-
ing the preferential crystal orientations (changing the transformation 
matrix in Eq. 7.4). A schematic diagram of a 3D model of perfectly aligned 
crystals at the second level has been established (Figure 7.6a for dentine 
and Figure 7.6c for enamel), with the angle j describing the rotation of the 
alignment direction around the global z axis. When all HAp crystals are 
aligned along the global x-direction, j equals to 0°. By changing the align-
ment direction, the variation of K

aligned in Eq. 7.4 with respect to the loading 
direction can be calculated. Th e results are visualized in Figures  7.6b&d, all 
of which show the transformed value of K

aligned
  
along the loading direction.
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In dentine, it is found that the value of K
aligned

  
along the loading direction 

is strongly dependent on the crystal orientation direction, and the most 
compliant orientation observed is at 45° and 135° with respect to the load-
ing direction. Meanwhile, since HAp crystals in dentine have a relatively 
low degree of alignment overall, the value of _

HAp
partial alignedK  in Eq. 7.8 lies 

closer to K
random

. In enamel, due to the high degree of alignment of HAp 
crystals, the value of _

HAp
partial alignedK  lies closer to Kaligned

 
rather than K

random
. 

Th e enamel displays strong microscopic elastic anisotropy. It is interesting 
to note that the orientation with the largest stiff ness is found, as expected, 
around 0° with respect to the loading direction. However, the most com-
pliant orientation observed is not at 90° (perpendicular to the loading 
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Figure 7.6 Preferential alignment eff ect on the apparent modulus of HAp crystals 
in human dental tissue. (a) and (c) show the simplifi ed geometry of the alignment of 
HAp crystals in dentine and enamel. Th e beam direction is along the global z-axis and 
the alignment here represents the angle between the local x’-axis and the global x-axis 
(initially the alignment angle is assumed to be j = 0°, i.e. the local x’-axis of the crystal 
orientation coincides with the global x-axis); (b) and (d) illustrate the variation of K

aligned
 

of HAp crystals in dentine and enamel under loading along the global x-axis with diff erent 
preferential alignment angle (changed between 0o–180o) [41, 42].
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direction), but rather lies around 50° and 130°. Th is eff ect arises due to the 
nature of the anisotropic (transversely isotropic) stiff ness matrix of HAp 
crystals in enamel. It should also be noted that in practice the alignment 
directions of HAp crystals both in dentine and enamel are not perfect, but 
have some misorientation. 

7.6 Conclusions

In this study, the lattice strain variation and apparent modulus of HAp 
crystals in human dentine and enamel were measured during in situ elastic 
compression by the combination of synchrotron WAXS/SAXS techniques. 
Th is study of the nano-scale phenomena and their infl uence on the mac-
roscopic and microscopic mechanical behavior provided access to the 
information on both the structural and mechanical aspects of the sample 
and allowed progress to be made in understanding the structure-property 
relationships in these hierarchical biomaterials compared with the previ-
ous studies that only used WAXS [21]. Moreover, as an improvement of the 
earlier proposed composite model, an extended multi-scale Eshelby inclu-
sion model was established to estimate and evaluate the elastic properties 
of dentine and enamel as a two-level composite in terms of their constitu-
ents. Th e second-level eff ect, i.e., the degree of alignment and orientation 
of HAp crystals cannot be ignored since the mechanical behavior refl ects 
this nano-scale structure, and shows strong dependence on the crystallite 
orientation distribution. Th e models were validated by the good agreement 
observed between the measured and calculated lattice strains along the 
loading direction, and the normal strain component variation in human 
dentine with the general azimuthal direction. As for the normal strain 
component of human enamel, the model was found to underestimate the 
transverse tensile strain, so that the introduction of additional transverse 
internal strain was required for achieving agreement. Th e modifi ed model 
result demonstrates that the deformation state in the enamel sample may 
not have been fully uniaxial and may have been caused by the barreling 
eff ect or de-bonding of the organic binding phase.

Th e systematic experimental and modeling approach reported here is 
able to capture the complete picture of the multi-scale structure of human 
dental tissue and its evolution under loading. Th e parameter refi nement 
and validation approach adopted in the present study off ers the possibil-
ity of the identifi cation of nano-scale parameters, including those that 
may be diffi  cult to determine otherwise. By combining the results for 
enamel and dentine, a comprehensive understanding of the multi-scale 
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structural-mechanical properties within human dental tissues can be 
achieved, which may be useful for the development of better prosthetic 
materials and dental fi llings and could also shed light on the mechani-
cal property evolution associated with the multi-scale structural changes 
within human teeth due to disease and treatment. 
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Appendix

A short overview of the Eshelby inclusion theory is given, leading to the 
derivation of the constitutive law for a non-dilute population of inhomoge-
neities (HAp crystals) embedded in a fi nite organic matrix. 

1 Eshelby General Th eory

1.1 Dilute System 

Th e general geometric structure for a dilute system is an ellipsoidal inclusion 
embedded in an infi nite matrix. “Dilute” means that the volume fraction of 
the inclusion is so low that it can be neglected. If there is a strain mismatch 
between the inclusion and the matrix, i.e. a uniform transformation strain et∗  
in the inclusion, then Eshelby model shows that the total strain in the inclu-
sion ei  is uniform and related to et∗ by the Eshelby tensor S that depends only 
on the inclusion shape and the Poisson’s ratio of the matrix.

 ei
 = Set∗ (Eq. A1)

Consequently, Hooke’s law can be used to calculate the inclusion stress 
σI in terms of the elastic strain and the stiff ness tensor C

M 
(the same as the 

surrounding matrix) of the inclusion.

 s
I
 = C

M
(ei – et∗

) = C
M

(S – I)et∗ (Eq. A2)
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If an inhomogeneity with a diff erent stiff ness CI is present, an equivalent 
inclusion method can be used by considering the inhomogeneity as equiv-
alent to an inclusion (with identical stress and strain) with an appropriate 
transformation strain et in the equivalent inclusion, which is to be deter-
mined from the equivalence relation: 

 s
I
 = C

I
(ei – et∗

) = C
M

(ei – et
) (Eq. A3)

If the material is subjected to an external load σA that results in the overall 
composite strain eA, then using Eq. A3 the inclusion stress can be written as 

 s
I
 = sA = C

I
(ei – et∗ 

+ eA
) = C

M
(ei – et 

+ eA
) (Eq. A4)

where σI here is the stress caused by the elastic property mismatch between 
the inhomogeneity and the matrix.

1.2 Non-Dilute System

If multiple inhomogeneities are embedded in a fi nite matrix in which their 
volume fraction is not small, the composite is considered to be a non-dilute 
system. To satisfy the boundary conditions at the external boundaries of 
the fi nite composite, Eshelby introduced the concept of a mean “image” 
stress, 〈s〉

M
 = C

M 
〈e〉

M as an average of the stresses within each individual 
phase. Th en the equivalence relation Eq. A4 becomes: 

 〈C〉
I 
(〈e〉

i + 〈e〉
M

 + eA – 〈e〉
t∗) = 〈C〉

M
(〈e〉

i + 〈e〉
M

 + eA – 〈e〉
t) (Eq. A5)

where 〈·〉 signifi es the mean value, 〈e〉
M is the mean image strain in all the 

phases and 〈C〉
I
  is the average stiff ness of the multiple inhomogeneities. 

2 First-Level Model of Human Teeth

a) Dentine
Th e two-level hierarchical structure of human dentine is considered to be 
a composite consisting of aligned tubules (inhomogeneities) within a fi nite 
collagen matrix in the fi rst-level model. According to Eq. A5, the equiva-
lence relation for fi rst-level human dentine is

 〈C〉
tubule 

(〈e〉
i + 〈e〉

M1 + eA – 〈e〉t∗) = 〈C〉
M1(〈e〉

i + 〈e〉
M1 + eA – 〈e〉t) (Eq. A6)
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where “M1” means the fi rst-level matrix, 〈e〉
M1  is the mean image strain 

in all the phases in the fi rst level, 〈e〉
i

 is the averaged total strain in the 
multiple tubules, 〈e〉

A is the external strain caused by the applied stress, 
〈e〉

t is the average transformation strain for the equivalent inclusions to be 
determined, 〈C〉

tubule
 is the average stiff ness of the tubules, and C

M1 is the 
isotropic stiff ness of the collagen matrix and also the equivalent inclusion. 
Since 〈C〉

tubule
 = 0 and 〈e〉

i = 〈S〉
tubule 

〈e〉
t(〈S〉

tubule is the average Eshelby tensor 
for the multiple tubules, Eq. A6 gives a simple expression for 〈e〉

t

 〈e〉t = (1 – 〈S〉
tubule

)–1 + (eA + 〈e〉
M1) (Eq. A7)

In a non-dilute system, the mean image stress is related to the transforma-
tion strain 〈e〉

t [45] in the equivalent inclusion by

 〈s〉
M1 = –f1d 

C
M1 (〈S〉

tubule
 – I) 〈e〉

t (Eq. A8)

where f1d is the volume fraction of tubules with respect to the whole den-
tine. From Eq. A7, considering that (〈s〉

M1 = C
M1〈e〉

M1),

 
1

1
11

Ad
M

d

f

f
ε ε〈 〉 =

−  
(Eq. A9)

Th erefore, the stress in the matrix is the sum of the applied stress and the 
image stress

 
1 1

1

1
1

A A
M M

df
σ σ σ σ= + 〈 〉 =

−  
(Eq. A10)

Eq. A10 indicates that the stress in the fi rst-level collagen matrix is 
independent on the direction and detailed shape (Eshelby tensor) of the 
tubules.

b) Enamel
Enamel is also a two-level hierarchical structure where the fi rst level as a 
non-dilute system contains protein matrix and multiple rods as the inho-
mogeneities. Th us the equivalence relation is the same as Eq. A5, but the 
average stiff ness or the rods (〈C〉

rod
) is not zero, in contrast with that of the 

tubules in dentine. Based on the theory described above, in the absence of 
external stress, the mean stress in the rods (or equivalent inclusion) 〈s〉

I 

purely due to the mismatch can be expressed by [45]

 〈s〉1 =(1 –f1e
)C

M1 (〈S〉
rod

 – I) 〈e〉
t (Eq. A11)
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where 〈S〉
rod is the average Eshelby tensor for cylindrical rods and f

1e
 is the 

volume fraction of the rods. When external stress is imposed, based on Eq. 
A5 and Eq. A8, 〈e〉

t can be obtained as a function of the externally applied 
stress

  

1 1
1 1

1 1 1

{( )[ ( )]
} ( )

t
M rod rod e rod

A
M M rod M

C C S f S I

C C C C

ε

σ− −

〈 〉 = − − 〈 〉 〈 〉 − 〈 〉 −

− − 〈 〉  (Eq. A12)

Th erefore, in the fi rst-level model of enamel, with Eq. A11 and Eq. A12, the 
total stress in the rods can be obtained as the sum of 〈s〉

I
 and sA. 

{
}

1 1 1
1 1

1 1 1 1

(1 (1 ) ( ){( )

[ ( ] } ( )

A
rod I

e M rod M rod

A
rod e rod M M rod M

f C S I C C
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〈 〉 = 〈 〉 +

= − − 〈 〉 − − 〈 〉

〈 〉 − 〈 〉 − − − 〈 〉  

(Eq. A13)

It should be noted that the average stiff ness of the rods 〈C〉
rod is initially 

unknown and needs to be determined in the second-level model.

3 Second-Level Model of Human Teeth

In contrast with the fi rst-level model, the second-level models in dentine 
and enamel are similar, both considering a composite consisting of par-
tially aligned HAp crystals and a organic matrix. Besides the diff erent val-
ues of parameters like volume fraction, the average Eshelby tensor and the 
average stiff ness of HAp crystals, the other diff erence is that the external 
stress in the second level of dentine is the stress of matrix in the fi rst level, 
while that in the second level of enamel it is the stress in the rods. To deter-
mine the relationship between the local averaged total strain in multiple 
HAp crystals and the overall externally applied stress, a volume average 
method is introduced.

Th e relationship between the strain in a single HAp crystal and the 
external stress (matrix stress in dentine or rod stress in enamel) can be 
established initially based on Eq. A1 to A5
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(Eq. A14)
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where “M2” means the second-level organic matrix. C
HAp

, S
HAp

 are the stiff -
ness matrix and Eshelby tensor for a single HAp crystal, respectively,  f2 is 
the volume fraction of HAp crystals with respect to the second-level com-
posite, I is the unity matrix and T is the orientation matrix that depends on 
the three Euler angles (q, f, y).

Th e partial alignment is represented as a combination of perfect align-
ment and random distribution. For a group of perfectly aligned HAp crys-
tals with a certain orientation, the relationship between the strain of the 
group and the external stress is the same as Eq. A14, where the averaged 
stiff ness and the Eshelby tensor are the same as the values for a single crys-
tal 〈C〉

HAp
 = C

HAp 
,
 
〈S〉

HAp
 = S

HAp
. As for a group of randomly distributed HAp 

crystals, the strain of the group can be determined by a volume average 
method, which is introduced here. 

Th e purpose of using volume average method is to avoid the complex 
calculation of average Eshelby tensor and average stiff ness of randomly 
distributed HAp crystals. In a random distribution, each crystal follows 
the relationship of Eq. A14 with the individual orientation matrix T. 
Crystals can have any possible orientation in the space, thus the volume 
average method is to calculate the strain value for each single crystal and 
average the results of all the crystals in the second level over all possible 
orientations.
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Abstract
Biodegradable porous hydrogels are promising materials for various biomedical 
applications. Th eir porous structure containing interconnected pores allows cells 
to grow through the hydrogel material and provides suffi  cient permeability for 
nutrients and metabolites. During cell growth the biodegradable hydrogel decom-
poses and enables growing tissue to create integrated structure. Internal porous 
architecture of such hydrogels as well as degradation kinetics can be tailored 
according to the actual requirements. Various preparation techniques generally 
based on phase separation allows the control over hydrogel porosity. Adjustment 
of overall hydrophilic/hydrophobic balance by the choice of monomers, degrad-
ability of the main polymer chain, and of the crosslinker are the main manners to 
control the hydrogel degradation. Th is work summarizes results achieved in this 
fi eld. Methods of preparation of porous hydrogels, application, and types of used 
materials are described.

Keywords: Hydrogels, porous structures, preparation of hydrogels, biomedical 
applications

8.1 Introduction

Recently, porous hydrogels have been frequently mentioned in connection 
with tissue engineering, cell therapy, chromatographic columns, adsor-
bents, and membranes. For many purposes, it is appropriate to modify the 
materials so that they degrade, aft er some time in contact with living tissue, 
to water-soluble substances, which can then be eliminated by the organism. 
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Apparently, most of the articles are focused on biodegradable porous 
hydrogels as scaff olds for tissue engineering and cell therapy. Th e cell culti-
vation on hydrogels is usually successful due to their good biocompatibility 
and a high specifi c surface area. Moreover, biodegradable hydrogel scaf-
folds [1] are able to decompose aft er cell cultivation and, consequently, the 
newly created tissue is continuous.

Generally, porous hydrogels are non-homogenous organic substances of 
natural or synthetic origin. Non-homogeneity of these materials consists 
in walls separating the pores. Th is review chapter is focused on biodegrad-
able porous materials based on hydrophilic crosslinked polymers prepared 
with communicating (interconnected) pores, which plays a key role in 
most of the applications in many fi elds, with special focus on hydrogels for 
tissue engineering applications.

Permanent porosity (or macroporosity) can be achieved by following 
methods:

1. Crosslinking polymerization in the presence of solvent that 
dissolves the monomers, but causes precipitation of the 
formed polymer.

2. Crosslinking polymerization in the presence of water-solu-
ble substances (e.g., carbohydrates, salts), which are washed 
out from the hydrogel aft er polymerization.

3. Crosslinking polymerization in the presence of substances 
releasing porogen, gas bubbles which remain in hydrogel.

4. Freeze-drying (lyophilization) of the hydrogel swollen in 
water.

5. Th e use of nanofi brous materials. (Nano)fi bers are also con-
sidered as macroporous materials.

6. Cryogelation, where ice crystals and/or miscibility changes 
serve for pore generation.

Especially for tissue engineering applications, it is oft en highly advanta-
geous to have biodegradable materials, which degrade, dissolve, and can be 
eliminated from the body aft er fulfi lling their task. Generally, biodegrad-
ability may be achieved by biodegradable crosslinkers crosslinking non-
biodegradable linear chains or with the use of polymers degradable in the 
main chain.

Biodegradable crosslinkers are usually based on hydrolytically degrad-
able diacylhydroxylamines [2], oligo(caprolactone) [3], hydrazones [4], 
or reductively degradable disulfi des [5]. Th is approach usually deals with 
enzyme-independent degradation mechanisms.
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Th e hydrogels formed by polymers degradable in the main chain may 
be of synthetic (e.g., polyesters, peptide-based) or natural (e.g., polysac-
charides, proteins) origin. Enzymatic degradation is the most usual mode 
of their biodegradability.

Each particular system has its own benefi ts and drawbacks, so an appro-
priate choice of the chemistry and morphology of the system and tailoring 
the material to the particular application of interest is always a challenge. 
Th is review critically reviews structure, properties, methods of prepara-
tion, benefi ts, and drawbacks of such systems in order to help the reader 
to make proper choices for his/her purpose with special focus on porous 
hydrogels for tissue engineering applications.

8.2 Methods of Preparation of Porous Hydrogels

8.2.1  Crosslinking Polymerization in the Presence of 
Substances that are Solvents for Monomers, but 
Precipitants for the Formed Polymer

Porous materials may be prepared by crosslinking polymerization of 
monomers in solvent that is a precipitant for the resulting polymer. Th e 
polymer usually precipitates in the form of spherical particles of nano- or 
micrometer dimensions [6, 7], which subsequently form the walls by cova-
lent crosslinking of the pre-formed particles in later stages of polymeriza-
tion. Th e required distance between the discrete particles can be partly set 
by appropriate concentration of monomer(s). Th e pores are then formed 
by the spaces between the particles or their aggregates. Th e main advantage 
of this technique is the formation of very thin walls, which is required for, 
for example, super-absorbing materials [8]. Th e pores usually communi-
cate and the fraction of non-communicating (disconnected) pores is very 
low. Th is method of preparation is the simplest compared with the others 
and generally does not require any highly sophisticated apparatus. Th e dis-
advantage of this technique is the limited possibility to adjust pore sizes, 
because any changes in the polymerization mixture (necessary for control-
ling the resulting properties) aff ect pore sizes only a little. For example, 
such hydrogel was prepared by copolymerization of N-(2-hydroxypropyl) 
methacrylamide (HPMA) with a crosslinker (ethylene dimethacrylate - 
EDMA or N,N´-methylenebisacrylamide) in acetone/dimethyl sulfoxide 
as a porogen mixture [6] of from 2-hydroxyethyl methacrylate (HEMA) 
[9, 10]. Th e typical morphology of such porous hydrogel based on poly(2-
hydroxyethyl methacrylate) (PHEMA) [9, 10] is shown in Figure 8.1a.
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8.2.2  Crosslinking Polymerization in the Presence of Solid 
Porogen

Th e principle of this method is that the water-soluble fractionated particles 
(which are not soluble in a monomeric mixture) are added to a mixture of 
monomer, crosslinker, and initiator. Aft er polymerization, the particles are 
washed out [1, 11–15]. Th e controlled size of these fractionated particles 
corresponds to the size of pores. An advantage of this technique is a simple 
adjustment of pore size by fractionating and relatively easy characterization 
[9]. A limitation of this method is a higher thickness of pore walls. Using 
this method, porous hydrogels with communicating (interconnected) or 
non-communicating pores can be prepared. Th e percentage of communi-
cating pores increases with increasing amount of soluble particles (poro-
gen) in the polymerization mixture [10]. However, this eff ect is followed 
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Figure 8.1 Typical morphologies of porous hydrogels prepared by methods 1.1.
(a) , 1.2.(b), 1.3.(c), 1.4.(d), 1.5. (e1), 1.4.(e2), 1.6.(f), 1.7. (g), and 1.8.(h).  
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by deterioration of mechanical properties. Th e morphology of materials 
prepared using this technique is obviously diff erent from the morphol-
ogy of materials prepared according to the process described in 8.2.1. Th e 
copolymerization of HEMA-co-MOETACl with EDMA as crosslinker is 
an example of hydrogel preparation by this method. Sodium chloride par-
ticles of average sizes 16, 40, 70, 108, and 163 μm were used as a porogen. 

It was necessary to use an amount fourteen times higher of the poro-
gen (fractionated sodium chloride particles) relative to the sum of the 
polymerization components to achieve communicating pores. For exclu-
sion of bubbles and homogenization of monomers with sodium chloride 
oligo(ethylene glycol) (weight-average molecular weight 300 Da) was 
added. Th is component is a solvent for monomers but not for sodium 
chloride. Aft er thorough mixing of all components, the viscous paste was 
polymerized in the apparatus depicted in our previous paper [9]. Th e prep-
aration of porous hydrogels from the pre-prepared polymers is in principle 
possible but complicated and poorly reproducible [16]. Th e problem arises 
from sedimentation of salt particles in the polymerization mixture and, 
consequently, diff erent fraction of pores may be diff erent at the bottom 
and in the upper part of the mixture. Th is problem may be circumvented 
by careful adjustment of polymerization mixture-salt ratio. Th e typical 
morphology of such porous hydrogel based on PHEMA [10] is shown in 
Figure 8.1b.

8.2.3  Crosslinking Polymerization in the Presence of 
Substances Releasing a Gas

Th e principle of this technique is a crosslinking polymerization in the pres-
ence of components that release gases. Subsequently, the bubbles of gas 
evolve in the liquid polymerization mixture and are fi xed in the polymer-
izing mass giving rise to the pores. Usually, it is necessary to add foam sta-
bilizer into the polymerization mixture. Its function is to stabilize the foam 
so that the polymerization can be fi nished at the foam stage. 

For example, porous poly(N-isopropylacrylamide) or polyacrylamide 
hydrogels [17, 18] with the pore size 100 μm and larger was prepared 
by polymerization of the monomers, crosslinker (N,N´- methylenebi-
sacrylamide), initiator (ammonium peroxosulfate), butane-1,4-diamine 
hydrochloride, stabilizing agent, and sodium hydrogencarbonate. Sodium 
hydrogencarbonate had two functions: fi rst, it reacted with an acid to gen-
erate CO2 bubbles, which were essential in making the foam. Second, it 
increased pH of the solution and accelerated polymerization. 
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In this manner it is possible to prepare porous hydrogels with communi-
cating or non-communicating pores, whereas the fraction of noncommuni-
cating pores is similar or higher compared with the preparation techniques 
mentioned above. A disadvantage of this method is complicated preparation 
procedure. On the other hand, using this technique, porous hydrogels can be 
prepared even in cases where polymerization from monomers is not feasible, 
e.g. with polysaccharides such as chitosan and glycolchitosan [19, 20]. Th e 
porous structure was obtained by the addition of glyoxal as a crosslinker and 
sodium hydrogencarbonate to a solution of chitosan in acetic acid. 

Th e block crosslinking polymerization, in the presence of a small 
amount of low-temperature boiling solvent, can also be considered as this 
technique of preparation. Th e gas bubbles are produced by the solvent, 
boiling due to the heat released at the gelation point [10]. However, this 
method is not commonly used because of a very low reproducibility of 
the fi nal porous material and predominantly non-communicating pores. 
Th e typical morphology of such porous hydrogel based on PHEMA [10] is 
shown in Figure 8.1c.

8.2.4  Freeze-Drying (Lyophilization) of the Hydrogel Swollen 
in Water

Th e water-swollen hydrogel is frozen and water is sublimed under vacuum 
at low temperature. Th is technique aff ords only limited possibilities to 
adjust pore size. Because of the wide distribution of pore sizes [10, 21, 22], 
this technique is one of the least frequently used. Nevertheless, similarly 
like in the method described in 2.3., this technique enables the preparation 
of porous structures from the polymers whose monomers are not avail-
able. A typical structure of the material prepared in this manner is shown 
in Figure 8.1d. Apparently, the pore walls are very thin; even thinner than 
those of hydrogels prepared by precipitation polymerization (2.1.). A bio-
degradable porous hydrogel, poly(sodium alginate), was prepared by a 
three-step technique based on this principle [21]: a dilute alginate solu-
tion (2%) was transformed to a gel in homogenizer, then frozen and fi nally 
dried by lyophilization. Th e typical morphology of such porous hydrogel-
based on poly(HEMA– co- MANa) (MANa - sodium methacrylate) [10] is 
shown in Figure 8.1d.

8.2.5 Fibrous Materials

Although the fi bers are not usually referred to as porous materials, 
they possess similar properties. Walls are formed by fi bers and pores by 
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the space between them. Th e diameter of the nanofi bers is in nano- to 
micrometer range. A common way to fabricate especially nanofi bers is 
the electrospinning technique [23, 24]. With this technique, continuous 
thin polymeric fi bers can be prepared. Schematically, the electrospinning 
technique can be described as follows: when a high voltage is applied to 
a polymeric solution against a grounded electrode, the polymeric solu-
tion becomes charged and, due to electrostatic attraction, a stream of 
liquid erupts from the surface (Taylor’s cones), and is launched towards 
the grounded electrode where the substrate to be coated is placed. If 
the molecular cohesion of the solution is suffi  ciently high, a continuous 
thin fi ber is formed and elongated following the electrical fi eld direc-
tion. Simultaneously, the solvent is evaporated during the fl ight of the 
fi ber and this nanofi ber is fi nally deposited on the collector. Such porous 
material has signifi cantly larger surface area than those prepared by pre-
vious methods and all pores are completely interconnected. Th e typical 
morphology of such porous hydrogel based on PHEMA [10] is shown in 
Figure 8.1e1.  

Nanofi brous materials can be also obtained under certain circum-
stances by freeze-drying of polymer solutions. In this way, biodegrad-
able glycogen nanofi bers were obtained and were subsequently modifi ed 
to glycogen-graft -poly(ethyl cyanoacrylate) by anionic polymerization 
from vapor state [25]. Morphology of the nanofi bers highly depends on 
the starting polymer solutions—low concentrations lead to nanofi bers 
while higher concentrations lead to sponge-like structures with intercon-
nected pores. Morphology of such material based on glycogen is shown 
in Figure 8.1e2.

8.2.6 Cryogelation

Th is method is closely related to lyophilization (2.4). In this ice-templating 
process, the soluble substances (monomers, initiators, polymers), origi-
nally dissolved in the aqueous solution, are expelled from the ice crystals 
upon freezing of the solution. Th e dissolved substances are concentrated 
within the non-frozen liquid channels among adjacent ice crystals. As 
crosslinking polymerization subsequently takes place in these non-frozen 
channels, the ice crystals act as porogen during gelation. Removal of ice 
by thawing aft er polymerization leads to formation of structure with large 
and interconnected pores.  Hydrogels with highly interconnected porous 
networks designed by this method are called cryogels. In addition to the 
interconnected porous structure, cryogels possess a tissue-like elasticity, 
are able to withstand high levels of deformations, such as elongation and 
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torsion, and are also characterized by superfast responsiveness at water 
absorption [26–29]. 

A number of authors have demonstrated the capacity of ice-templating 
processes to control the morphology of the resulting macroporous struc-
tures using unidirectional freezing technique at a controlled immersion 
rate [30–34]. In this approach, diff erent systems such as aqueous poly-
mer solutions, inorganic colloidal dispersions or their hybrid composites 
are undirectionally frozen in cooling media as liquid nitrogen (-196 oC), 
so the ice crystals (or solvent crystals) form and grow undirectionally. 
Th is process leads to microchanneled structures which are well-aligned 
in the freezing direction with a well-patterned between channel mor-
phology (e.g., micro-honeycomb or lamellar). Unidirectional freezing 
technique has been used to prepare aligned silica fi bers [31], aligned 
porous structure from water-soluble polymers such as poly(vinyl alco-
hol) [28], poly(L-lactic acid) [32], poly(lactide-co-glycolide) [33], and 
recently poly(ethylene oxide) aligned porous cryogels [34].Th e typical 
morphology of such porous hydrogel based on chitosan [35] is shown in 
Figure 8.1f.

8.2.7 Combined Techniques

It is well known in tissue engineering that the growing cells need a spe-
cifi c pore volume, a specifi c comfort provided by the soft ness/rigidity of 
pore walls and, in any case, a good supply of nutrients through the pore 
walls [36]. It was observed [37, 38], that the cell growth in the gel scaff old 
was reduced, or even stopped aft er some time just because of increasingly 
limited nutrient supply when the large pores got blocked with cells. Th is 
means that the pore walls’ permeability for nutrient molecules is one of 
the key issues. Th e problem can be resolved by creating hydrogels con-
taining pores large enough for nesting the cells surrounded by walls being 
built-up of a macroporous PHEMA gel—but of much smaller pore size. 
To make such gel construct, the method using solid porogen removable 
by washing (e.g., particles of sodium chloride) was combined with dilu-
tion of the monomer mixture with a precipitant for PHEMA (1-dodeca-
nol). Th e principle of double porosity in gels has a broader applicability 
than in tissue engineering and can be utilized wherever pore walls perme-
ability and mechanical responsibility matters. It is worth mentioning that 
the formation of similar hierarchical structures were observed by Kulygin 
and Silverstein [39] when HEMA was copolymerized with about 20% 
crosslinker in an oil-in-water high internal phase emulsion. Dissolved 
water in the oil phase (monomer) phase was apparently the reason. Th e 
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typical morphology of such porous hydrogel based on PHEMA [40] is 
shown in Figure 8.1g.

Although cryogelation can achieve signifi cantly higher pore fraction 
than by the method described in 2.2, the problem of the impermeability for 
nutrients through walls remains. To solve this problem, aqueous solution 
of chitosan was added to fractionated particles of poly(methyl methacry-
late) (PMMA) [35] and this solution was frozen. Particles were partially 
dispersed into the walls of arising cryogel and aft er the process of cryogela-
tion accompanied by chitosan crosslinking with glutaraldehyde, PMMA 
particles were washed out with acetone. Th e resulting structure (Fig. 8.2f) 
indeed shows the porous walls.

8.3  Hydrogels Crosslinked With Degradable 
Crosslinkers

Degradability of hydrogel may be achieved by biodegradable crosslinks. 
Within this method, non-degradable, but water-soluble linear or branched 
polymers are connected with degradable links. Th ese links may be intro-
duced by the use of crosslinker containing degradable bond between 
polymerizable moieties during synthesis of the hydrogel by polymerization 
or by crosslinking of the linear polymer with a suitable reagent contain-
ing biodegradable bond. Th e 3D crosslinked structure changes during the 
degradation process to soluble linear (branched) polymer, which is dis-
solved in water and initially insoluble hydrogel disintegrates and dissolves 
(see Scheme 8.1). Th e drawback of this method is that degradability of the 
hydrogel is extremely sensitive to the eventual presence of non-degradable 
crosslinkers, which is especially a problem in the case of HEMA-based 
hydrogels.
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Scheme 8.1 Th e principle of degradation of hydrogel containing degradable crosslinker.
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8.3.1  Hydrogels Degradable by Hydrolysis of the 
N-O Bonds

In this case, N,O-dimethacryloylhydroxylamine (X = O and Y = NH in 
Scheme 8.1) (DHMA) was used as the crosslinker for N-(2-hydroxypropyl) 
methacrylamide (HPMA) [41–44] , PHEMA [1, 45] or poly(N-isopropyl-
methacrylamide) [46]. As the bond N-O is stable in acidic milieu, also the 
hydrogel is stable at pH < 6. However, at pH > 6 the N-O bond is hydrolytically 
unstable and degrades (see Scheme 8.2). Th e hydrogel may thus be stored in 
a mildly acidic milieu, but in tissue at pH 7.4, degradation starts to take place.

Porous hydrogels degradable on this principle were used for tissue 
engineering [1, 45]. Th e hydrogels containing only HPMA and DHMA 
degrade quickly, within 2–5 days. However, copolymerization of more 
hydrophobic monomer (e.g., 2-ethoxyethyl methacrylate, EOEMA) sig-
nifi cantly prolongs degradation time. Th e EOEMA cannot be used as 
homopolymer, because it is not water-soluble, so the hydrogel would be 
non-degradable. In analogy, it is possible to use hydrogels with adjustable 
hydrophobicity and subsequently tailorable degradation rate from a com-
bination of monomers HEMA + HPMA or EOEMA + HPMA, alone or 
with a positively charged comonomer (MOETACl) or a negatively charged 
(MA) comonomer. 

For biological tests in vivo, EOEMA/HPMA hydrogels with 21% 
EOEMA, crosslinked with 2.1% DMHA, were used [1]. Blocks of EOEMA/
HPMA hydrogel were implanted into hemisections formed in the spinal 
cords of laboratory brown rats. In spinal cord defects fi lled with hydro-
gel, tissue was regenerated (forming predominantly connective tissue ele-
ments) within 8 days.

Th e typical degradation of porous hydrogel followed by light micros-
copy (LM) and low vacuum scanning electron microscopy (LVSEM) is 
shown in Figures 8.2 and 8.3.

Degradation of the hydrogels was accompanied by their swelling, as 
documented by LM (Figure 8.3). At the fi rst stage, when the crosslinks 
between chains break, the network density decreases and hydrogel swelling 
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Scheme 8.2 Hydrolysis of polymer crosslinked with N,O-dimethacryloylhydroxylamine.
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increases. At the moment when the network density is so low that the 
copolymer EOEMA/HPMA becomes soluble in water, the hydrogel disin-
tegrates and aft er eight days it is completely split to water-soluble EOEMA/
HPMA non-croslinked copolymer. Consequently, degradation time was 
possible to adjust by the ratio of EOEMA and HPMA; degradation time 
increased with increasing amount of hydrophobic EOEMA. LVSEM pro-
vided an opportunity to observe changes in the supramolecular structure 
(Figure 8.3). In the beginning, the samples exhibited a distinct structure, 
i.e., thin and sharp polymer walls between the pores (Figure 8.3a). In the 
course of time, the walls swell and later dissolve. As a result, the hydro-
gel structure becomes more and more diff used and fuzzy (Figure 8.3b–d). 
Th is microscopic swelling was in accordance with the macroscopic swell-
ing observed with LM at lower magnifi cation (Figure 8.2). Aft er four days 
of degradation the samples were so soft  that they could not be transferred 
into liquid nitrogen without being completely destroyed.

8.3.2  Hydrolytic Splitting of Crossing Chain Based on 
Poly(Caprolactone)

Very promising thermosresponsive degradable porous hydrogel based on 
poly(N-isopropyl acrylamide) was developed by Galperin et al. [47] as 

(a) (b) (c) (d) (e) (f) (g)

Figure 8.2 Degradation of DHMA-crosslinked EOEMA/HPMA hydrogels, followed 
by light microscopy (LM). Th e fi rst micrograph (a) shows a small cube of hydrogel 
immediately aft er immersion in buff er at pH 7.4. Th e following micrographs show the 
sample aft er (b) one, (c) two, (d) three, (e) four (f) six and (g) seven days. Bar = 5 mm.

50μm 50μm 50μm 50μm

(a) (d)(b) (c)

Figure 8.3 Degradation of a hydrogel followed by low vacuum scanning electron 
microscopy (LVSEM). Th e micrographs show the sample (a) immediately aft er immersion 
in pH 7.4 buff er and aft er incubation in the buff er for (b) one, (c) two, and (d) three days.
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a material for tissue engineering. Porosity was achieved by method 2.2.; 
poly(methyl methacrylate) was used as a porogen. Th e degradable site was 
in crosslinker chain and was formed by block polycaprolactone-block-
poly(ethylene oxide)-block-polycaprolactone. Also, the main chain of 
polymer (backbone) contained additional degradable sites arising by copo-
lymerization of N-isopropylacrylamide with 2-methylene-1,3-dioxepane. 
Th is comonomer uniquely allows introduction of hydrolyzable ester bonds 
into the hydrocarbon main chain of the polymer formed by radical polym-
erization, forming an additional caprolactone fragment inside the poly-
mer chain. A disadvantage of degradable caprolactone-based materials is 
a long degradation time [48] in the order of ten weeks at physiological 
pH (7.4). Some acceleration of the degradation can be achieved by short 
immersing of the sample into the solution with high pH with subsequent 
neutralization. Also the introduction of degradable caprolactone units in 
combination with 2-methylene-1,3-dioxepane into the backbone leads to a 
reduction of the degradation time [47].

Similar crosslinker based on caprolactone was used for the preparation 
of double porous poly(2-hydroxyethyl methacrylate) [49] by photopoly-
merization of monomer (HEMA) and crosslinker. Porosity with two pore 
types was achieved by combination of method 2.2. and  photo-patterning 
process. In contrast to double porous hydrogels (Figures 8.1g, h) obtained 
by methods 2.7. and 2.8., here very regular structure was observed. Photo-
patterning process is based on manipulation of polymerization kinetics to 
achieve patterns in thick hydrogel. Patterned hydrogels were fabricated by 
creating an inverse photomask in which initiating light is allowed to pass 
through all areas of the photomask, but at diff erent intensities. High light 
intensities caused signifi cant deviations in the polymerization kinetics, 
resulting in longer polymerization times compared to lower light intensi-
ties. As a result, patterns in thick gels could be achieved. 

8.3.3  Reductive Splitting of S-S Bond which is Part of 
Crossing Chain

Although hydrolytically biodegradable materials can be prepared from a 
variety of materials (sections 8.3.1., 8.3.2.), they still have many important 
disadvantages, such as problems with their storage in an aqueous envi-
ronment and the fact that their hydrolysis is accompanied by a swelling 
phase, which constricts the growing cells, modifi es scaff old microarchi-
tectural properties, etc. Th e reductive degradability of disulfi de bonds in 
a crosslinker by a disulfi de-thiol exchange reaction or reduction with thi-
ols omnipresent in the organism (glutathione, serum albumin, cysteine, 
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homocysteine, glycylcysteine,) can be used to construct porous hydro-
gels. Several crosslinkers containing the reductive splitting S-S bond were 
described in literature in connecting with porous hydrogels:

1. Dithiobis(maleimido)ethane (50), DTME, Scheme 3a,
2. N,N´-Bis(acryloyl)cystamine (51), BACy, Scheme 3b,
3. N-[3-(methacryloylamino)propyl] -6-{[5-({[3-(methacry-

loylamino)propyl]amino} carbonyl)-2-pyridyl]disulfanyl}
nicotinamide (5) , MASS, Scheme 3c.

Crosslinker DTME was used for preparation of porous hydrogel 
based on poly(ethylene glycol) using the method of cryogelation and was 
intended as a scaff old for tissue engineering [50]. While the cryogels were 
stable under physiological conditions, complete dissolution of the cryo-
gels into water-soluble non-toxic products was obtained in the presence 
of a reducing agent (glutathione) in the medium. Mechanical properties 
of porous hydrogel were similar as properties of soft  living tissues. Cell 
seeding experiments and toxicologic analysis demonstrate their potential 
as scaff olds in tissue engineering. Degradation started in 12 h and in the 
fi rst step looked similar to degradation of EOEMA/HPMA hydrogel cross-
linked with DHMA (section 8.3.1.). Unfortunately the kinetics of degrada-
tion of DTME based hydrogel was not studied, so that we have no image of 
how the global splitting process looked. 

Crosslinker BACy was used for preparation of porous hydrogel based 
on branched polyethylenimine using the method of lyophilization and was 
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intended as a scaff old for drug delivery system [51]. Antibacterial ceft ri-
axone was chosen as model drug. Dithiothreitol (DTT) was chosen as a 
model reducing agent. Degradation (de-crosslinking) of studied hydrogel 
by means of DTT leads to polyethylenimine with thiol groups and low-
molecular thiols [52]. Time for complete degradation of hydrogel was 14 
days and time for ceft riaxone complete releasing was possible to adjust 
from several hours to 10 days [51]. 

Most thiols exchange with disulfi des reversibly. However, some disul-
fi des (e.g., 2,2′-dipyridyl disulfi de type) are cleaved irreversibly into two 
separate parts due to the strong tautomeric stabilization of the thiol 
cleavage product into preferred non – thiol tautomer (2-thiopyridone 
in this case). If such disulfi de bonds irreversibly cleavable by thiols are 
employed, it should enable to avoid the side reactions aft er degradation 
(regelation aft er exposure of the degraded polymer to air, reconjugation 
with thiol-containing proteins such as opsonins, unwanted additional 
swelling during degradation, etc.). HPMA-based hydrogel crosslinked 
with MASS is of this type. It is stable during storage in aqueous milieu 
and is degraded by thiols with a rate adjustable by hydrogel composition 
to up to 60 days [5].

8.4 Hydrogels Degradable in the Main Chain 

Th is type of degradability requires the presence of cleavable groups 
(Scheme 8.4) in the main chain of the polymer. In connection with porous 
hydrogels, both natural (polysaccharides, peptides) and synthetic poly-
mers (polyesters, polyethers, polyalcohols) are mentioned in the literature. 

8.4.1 Polycaprolactone-Based Hydrogels

As the polycaprolactone (PCL) is a water insoluble polymer, no crosslink-
ing for porous stable structure is necessary.
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Scheme 8.4 Th e principle of degradation of hydrogel containing the cleavable bonds in 
polymer main chain.
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An interesting method for preparation of porous microspheres for tis-
sue engineering was developed by Zhang et al. [53]. PCL porous particles 
were prepared by the combination of phase separation (method described 
in section 2.1.) and lyophilization (2.4.). PCL and paraffi  n were dissolved 
in chloroform and the mixture was stirred at 25 °C to obtain a homogenous 
solution. Th e solution was then added drop-wisely into an 1% aqueous 
poly(vinyl alcohol) (PVA). Th e emulsion was stirred at 40°C so 300–1000 
μm microspheres were formed. Aft er lyophilization, the dried solid micro-
spheres were obtained. Th e pore structure was controlled by adjusting the 
processing parameters. Th e surface pore size could be altered from 20 μm 
to 80 μm and the internal porosities varied from 30% to 70%. Th is poros-
ity (pore fraction) is smaller compared to other methods of preparation 
(especially methods described in a paragraphs 2.7. and 2.8., where porosity 
was 90–98 %), but the obtained microspheres showed the very good cell 
adhesion and growth. Another advantage of this material is that it is usable 
in injectable form for tissue regeneration. Unfortunately, no information 
concerning the process of microspheres degradation is mentioned, but it is 
generally known that degradation of PCL takes place very slowly, ca. 3–4 
years [54]. Although this material is porous, it cannot be considered as 
hydrogel, however, due to context it was included here.

It is possible to reach faster degradation by combination of PCL with 
polyethers (see also section 8.4.4.) For example, Zhang et al. [55] prepared 
biodegradable triblock copolymer poly(ε-caprolactone-co-lactide)-block-
poly(ethylene oxide)-block-poly(ε-caprolactone-co-lactide). Th is physical 
hydrogel retained its integrity in vivo for a bit more than 6 weeks and then 
it was degraded due to hydrolysis.

8.4.2 Polysacharide-Based Hydrogels 

Polysacharides [56–74] and peptides are probably the most used materials 
for preparation of porous biodegradable hydrogels. As most of polysac-
charides are strongly hydrophilic or even soluble in water, it is commonly 
necessary to use them in crosslinked state. Due to the presence of hydroxyl 
groups or amino groups in polyaminosacharides, it is possible to use these 
groups for crosslinking reaction, for example, with aldehydes. Th us, Lou 
et al. [56] used for crosslinking reaction of carboxymethyl chitosan oxi-
dized dextran (by sodium perchlorate) which is macromolecular cross-
linker containing aldehyde groups. Because of the coexistence of abundant 
amino groups, hydroxyl groups and carboxylic groups associated with 
carboxymethyl chitosan and plentiful aldehyde groups as well as hydroxyl 
groups along the oxidized dextran, the Schiff ’s base and hydrogen bond 
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formation arose as mixing these two aqueous polymer solutions. A highly 
porous structure was reached by mixing of dilute aqueous solutions of 
carboxymethyl chitosan and oxidized dextran and subsequent lyophiliza-
tion. Degradation of hydrogel was observed by SEM and had the similar 
course as a dedradation of EOEMA/HPMA hydrogel crosslinking by N,O-
dimethacryloylhydroxylamine [1] (Figure 8.3, section 8.3.1). Hydrogel 
degraded in pure PBS solution [56], but accelerating of degradation was 
reached by addition of lysozyme, where the hydrogel was completely 
cleaved  in four weeks.

Oxidized dextrin crosslinked with adipic acid dihydrazide was used 
[58] for a preparation of degradable hydrogel nanoparticles with commu-
nicated pores for an injectable carrier of bioactive molecules. Th e principle 
of crosslinking was the reaction between oxidized OH groups (aldehydes 
groups) with aminogroups of hydrazide to give hydrolysable hydrazone 
bond similar to [56]. Despite their many favorable properties [58], these 
hydrogels also have some limitations. Th eir low tensile strength limits their 
use in load-bearing applications and, as a consequence, the premature 
dissolution or fl ow away of the hydrogel from the targeted local site can 
occur. Concerning drug delivery, the most important drawback of hydro-
gels relates to the quantity and homogeneity of drug loading, which may 
be limited, especially in the case of hydrophobic drugs; on the other hand, 
the high water content and large pores frequently result in relatively rapid 
drug release. Th e degradation time was several weeks.

A special type of polysacharide is hyaluronic acid, a very attractive 
material, which found wide uses in biomedical areas. Due to its high 
hydrophility and solubility in water, crosslinking is necessary to apply 
hydrogel preparation. Crosslinking is usually achieved by the reaction of 
an oxidized form of hyaluronic acid with diamines [57, 75, 76] to give a 
Schiff ’s base similar to other polysaccharides, and the common way to get 
a porosity is lyophilization. Another possibility is hyaluronic acid photo-
crosslinking with a methacryloyl derivative of β-cyclodextrin [77], which 
enabled an encapsulation of hydrophobic drugs (hydrocortisone) due to its 
hydrophobic part. 

8.4.3 Polylactide-Based Hydrogels 

Polylactide is a thermoplastic linear aliphatic polyester, which is known 
for its fabrication from annually renewable resources (corn starch, tapioca 
root, sugar cane) and degradability to lactic acid, physiologically present 
in human organisms. Th is material is widely used in biomedical fi elds as 
scaff olds for tissue engineering and drug delivery systems. In a number 
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of studies, polylactide was used for porous materials [78–81]. As poly-
lactide is not soluble in water, no crosslinking is necessary to use it. Th e 
degradation time of porous polylactide is about 4–5 weeks and may be 
fi ne-tuned within certain range by copolymerization of glycolic acid or 
by enantiomeric composition of the mixture of monomers. Several tech-
niques to reach porous structure were used. Scaff aro et al. [78] developed 
porous material with two communicating pore types, which was achieved 
by method 2.2.; sodium chloride particles and poly(ethylene oxide) were 
used as porogens. Th is material found application as a scaff old for tissue 
engineering. Polylactide with one type of pore prepared using method 2.2., 
described by Sanders et al. [79], solid porogen (NaCl particles) was used 
and the fi nal material was used as a drug carrier. For substantial enhance-
ment of specifi c pore volume, nanofi bers prepared by electrospinning was 
developed [80, 81]. Although this material is porous, it cannot be consid-
ered as hydrogel, however, due to context it was included here.

8.4.4 Polyvinylalcohol-Based Hydrogels

Polyvinylalcohol is a water-soluble polymer, therefore it is necessary to 
crosslink it for a preparation of porous gel stable in water milieu. One way 
of crosslinking is a chemical reaction of hydroxyl groups, for example 
by boric acid [82]. However, a high concentration of hydroxyl pendant 
groups on polymer backbone makes polyvinylalcohol uniquely capable 
of being crosslinked physically, without the incorporation of any chemi-
cal additives [83–85]. Th e physical crosslinking process of PVA (known 
as the freeze–thaw process) may be applied by freezing the samples at 
a temperature around –30°C and subsequently thawing the samples at 
ambient temperature. Th e more freeze–thaw cycles applied to the sam-
ple, the more hydrogen bonds will be established among hydrogen and 
oxygen atoms in two parallel PVA polymeric chains. Th e formation of 
such bonding among polymer chains initiates crystal clusters known as 
“crystallites,” which are randomly dispersed among an amorphous back-
ground. Degradation is based on the continuous formation of equilib-
rium between hydrogen bonds polymer-polymer and polymer-water 
with simultaneous washing out of the dissolved polymer. Featuring such 
a relative simple crosslinking mechanism, which avoids the necessity to 
use chemical crosslinkers, PVA is an attractive candidate for biomedical 
applications.

Chemical crosslinking is also possible. Soler et al. [86] described cross-
linking of porous poly(vinyl alcohol), agar and poly(vinyl pyrrolidone) by 
g-radiation for wound dressing. 
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8.4.5 Poly(ethylene oxide)-Based Hydrogels

As poly(ethylene oxide) is a water soluble polymer, it is necessary to cross-
link it like polysaccharides. Several techniques are described in literature. 
Th us, poly(ethylene glycol) modifi ed by amino groups on the ends of 
backbone was crosslinked by reaction with pyromellitic dianhydride [87]. 
Th e copolymer with imide rings on the main chain was then reacted with 
butanediamine to crosslinked hydrogel. Porous structure was achieved by 
lyophilization. Other way to reach crosslinking poly(ethylene oxide) is a 
modifi cation of ends groups by acrylate and use this macromonomer as a 
crosslinker [88].

8.4.6 Peptide-Based Hydrogels 

Several types of porous peptides were described [89–95]. A not so com-
mon strategy was used for the preparation of porous degradable hydro-
gels composed from gelatin and poly(acrylic acid) using g radiation 
[89]. Aqueous solution of gelatin and acrylic acid (20 wt%) was exposed 
by g-radiation. A crosslinked structure between gelatin and polyacrylic 
acid backbones was created. Aft er washing with hot water to remove the 
soluble parts, hydrogel was dried, re-swollen to equilibrium state, frozen, 
and lyophilized. Th e hydrogel morphology strongly depended mainly on 
pH solution in which hydrogel was swollen. At pH = 1 non-porous struc-
ture was obtained, at pH = 3 non-communication pores was obtained 
and at pH = 7 fully communicated pores arose. Hydrogel was used as a 
drug carrier; ketoprofen was chosen as model drug. Unfortunately, no 
information about degradation was provided [89], but it is possible to 
assume that degradation time can be in the order of several weeks [90].

Gelatin was used also for preparation of electroactive porous degrad-
able hydrogel based on anilin pentamer and gelatin [91]. Hydrogel was 
prepared from double carboxyl-capped aniline pentamer (AP) graft ed 
to amino side groups of gelatin, and porous structure was achieved by 
lyophilization. Due to the presence of hydrophobic AP, an unusual struc-
ture was obtained. With an increase in the content of AP, the hydrogel 
gradually forms a porous structure, from common “honeycomb” to 
“bamboo raft ,” where pores had a rod shape and looked like bamboo raft s 
[91], see Figure 8.4.

Based on UV-visible spectroscopy and cyclic voltammetry results in 
aqueous solution, these hydrogels possessed electroactivity and a reversible 
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redox property. Th ere were three reversible redox peaks in the cyclic volta-
metry of the AP-graft -gelatin in aqueous solution [91].

8.5 Conclusions

Biodegradable porous hydrogels represent excellent materials for numer-
ous applications, especially in tissue engineering applications as temporary 
artifi cal extracellular matrix. Properties and morphology of these materials 
may be precisely adjusted in wide range to the actual demands by changing 
method of preparation and choice of chemistry.
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Figure 8.4 According to [91], published with permission. Th e scanning electron 
micrographs of the AP-gaft -gelatin hydrogels; (a) 0% AP, (b) 1.8% AP, (c) 4.8% AP, 
(d) 10.5% AP. Scale bar 50 μm.
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Abbreviations

BACy N,N´-Bis(acryloyl)cystamine

DHMA N,O-dimethacryloyl hydroxylamine

DTME dithiobis(maleinimido)ethane

EDMA ethylene dimethacrylate

EOEMA 2-ethoxyethyl methacrylate

HEMA 2-hydroxyethyl methacrylate

HPMA N-(2-hydroxypropyl)methacrylamide

MA methacrylic acid

MaNa sodium salt of methacrylic acid

MOETACl [2-(methacryloyloxy)ethyl]trimethylammonium 
chloride

EDMA ethylene di(methacrylate)

LM light microscopy

LVSEM low vacuum scaning electron microscopy 

MA methacrylic acid

MANa sodium methacrylate

MASS N-[3-(methacryloylamino)propyl] -6-{[5-({[3- (methac-
ryloylamino) propyl]amino} carbonyl)-2-pyridyl]disul-
fanyl}nicotinamide

MOETACl [2-(methacryloyloxy)ethyl]trimethylammonium 
chloride

PCL polycaprolactone

PHEMA poly(2-hydroxyethyl methacrylate)

PMMA poly(methyl methacrylate)

PVA polyvinylalcohol
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Abstract
Hydrogels are hydrophilic polymer networks that absorb large quantities of water 
while remaining insoluble in aqueous solutions due to chemical or physical 
crosslinking of individual polymer chains. Over the past few decades, advances 
in hydrogel technologies have spurred development in many biomedical applica-
tions, especially in tissue engineering, controlled drug delivery and wound dress-
ing aspects due to their unique biocompatibility, fl exible methods of synthesis, 
range of constituents, and desirable physical characteristics. Th e objective of this 
chapter is to review the properties, preparation methods, and characterization 
techniques of hydrogels and their biomedical applications especially in tissue engi-
neering, drug delivery, and wound management. 

Keywords: Hydrogel, biomedical application, drug delivery, tissue engineering, 
wound dressing 

9.1 Introduction

A polymer is a natural or synthetic large macromolecule comprised of 
repeating units of smaller units, so-called monomers, which usually are 
joined by covalent or chemical bonds [1]. Natural polymers are derived 
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from renewable resources widely distributed in nature [2]. Most com-
monly synthetic polymers like as polyethylene or polyfl uoroethylene are 
non-polar and hydrophobic. However, if the monomer units contain polar 
or charged groups such as - OH, - CONH-, - CONH2, - COOH and -SO3H, 
the polymer can exhibit the ability to swell in water and retain a signifi cant 
fraction of water within its structure [3]. Because of the attractive proper-
ties of these hydrophilic polymers, including high biocompatibility, biode-
gradability, easy availability, soft ness, and in most cases non-toxicity, these 
are suitable for biological applications [4]. Several natural polymers such 
as alginate, collagen, and chitosan are the biopolymers which have been 
extensively studied in the recent past [5–7].

Hydrogel is a blanket term for materials that are three-dimensional (3D) 
network structure materials derived from hydrophilic monomers, are pro-
duced by the polymerization of one or more monomers, and involve inter-
actions such as hydrogen bonding and strong van der Waals interactions 
between polymeric chains [8], which have the capacity to absorb large 
amounts of water and swell greatly in aqueous conditions without dissolu-
tion [9]. Th is characteristic depends on network structure and the external 
environment. In the other word, the ability of hydrogels to absorb water 
arises from on the number of the hydrophilic functional groups which 
attached to the polymer backbone, while their resistance to dissolution 
arises from crosslinks density between the network chains [10]. According 
to Hoff mann [4 ], the amount of water present in a hydrogel may vary from 
10% to thousands of times its original volume and in another report [11], 
hydrogels also demonstrate an extraordinary capacity (>20%) to imbibe 
water into their network structure. In fact, because of their swelling/de-
swelling properties caused by the movement of water or other biofl uids, 
transfer of molecular and nano-scale species with water throughout the 
network structure of hydrogel is possible while maintaining solid-like 
mechanical properties. However, capillary eff ect and osmotic pressure 
are the other variables that also infl uence the equilibrium water uptake of 
hydrogels [12]. As a result of these characteristics, hydrogels can be widely 
used for a variety of applications such as drug delivery, biomedical and 
pharmaceutical fi elds, in the food and cosmetics industry, wound dressing, 
biosensors, and implantable devices in tissue engineering [13–16].

9.2 Types of Hydrogels

Natural polymers are macromolecular structures in their original state, 
while synthetic polymers are made from small molecules called monomers. 
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In contrast to natural hydrogels, synthetic hydrogel is made from carcino-
genic or teratogenic monomers. Polymers are made from wide range of 
monomers such as vinyl acetate, acrylamide, ethylene glycol, acrylic acid 
(AA), and lactic acid (see Table 9.1). Hydrogels can be precisely tailored to 
give specifi c properties. Some of the monomers used in the manufacture of 

Table 9.1 Monomers most oft en used in the synthesis of synthetic hydrogels.

Monomer Structure

Acrylic acid

Vinyl acetate

Hydroxyethyl methacrylate

Methacrylic acid

Poly(ethylene glycol) (PEG)

PEG methacrylate

Glyceryl methacrylate

Methoxyethoxyethyl methacrylate

Hydroxyethoxyethyl methacrylate

N-(2-hydroxypropyl) methacrylamide

(Continued)
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N-vinyl-2-pyrrolidone

Ethylene glycol

Methyl Methacrylate

Dimethylacrylamide

PEG diacrylate

PEG dimethacrylate

Methoxyethyl methacrylate

Ethyleneglyc ol diacrylate

Ethylene glycol dimethacrylate

Table 9.1 (Cont.)

synthetic polymers, derived from petroleum and other monomers such as 
lactic acid, are extracted from natural origin such as corn and sugarcane. 
Also, they have a low risk of biological pathogens and they can support cel-
lular activities with biocompatibility and biodegradability properties [17]. 

Th e researcher reports a number of classifi cations ways of hydrogels 
type, and several diff erent points of view are presented, such as on the basis 
of their preparation methods, biodegradable properties, physical structure 
of the networks, sensitivity to surrounding environment, and also related 
applications [18, 19].

For example, depending on their method of preparation, hydrogels 
may be classifi ed as: homopolymer (made from one type of monomer), 
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copolymer (made from more than one type of monomer), multipolymer 
(more than one type of polymer), or interpenetrating polymer networks 
(IPNs) [20]. Homopolymer hydrogels are crosslinked networks of a single 
hydrophilic monomer type, whereas copolymer hydrogels are produced 
by crosslinking of two (or more) monomer units that at least one of which 
must be hydrophilic to render them swellable. Multipolymer hydrogels are 
produced from three or more co-monomers reacting together. Finally, IPN 
hydrogels are formed by preparing a fi rst network that, aft er polymeriza-
tion, forms a second network that is polymerized around and/or within an 
initial polymer network without covalent linkages between the two net-
works. Th is is typically done by immersing a pre-polymerized hydrogel 
into a solution of monomers and a polymerization initiator [21].

Th ese advanced materials can also be classifi ed into two groups based 
on the nature of the crosslinking reaction. If the crosslinking reaction 
involves formation of covalent bonds, then the hydrogels are termed 
as permanent hydrogel or “chemical” gels. Th e examples of perma-
nent hydrogels include pMMA and pHEMA [10]. If the hydrogels are 
formed by the physical interactions, viz. molecular entanglement, ionic 
interaction and hydrogen bonding, among the polymeric chains then 
the hydrogels are called as physical hydrogels [4, 22]. Th e examples of 
physical hydrogels include polyvinyl alcohol-glycine hydrogels, gelatin 
gels and agar-agar gels. Hydrogels can also be categorized as ampholytic 
or ionic hydrogels based on the type of charges of their pendent groups 
incorporated into the gel backbone. Neutral hydrogels (no charge) such 
as dextran; anionic hydrogels (negative charge) such as carrageenan; 
cationic hydrogels (positive charge) such as chitosan; and ampholytic 
hydrogels (capable of behaving either positively or negatively) such 
as collagen, are examples from ampholytic and ionic hydrogels. Th e 
presence of ionic groups, such as carboxylic acid, along the polymer 
chain has a distinct eff ect on the solution and solid-state properties of 
the hydrogels. Coulombic attraction between oppositely charged sites 
aff ords formation of inter- molecular and intra-molecular ionic inter-
actions, which can aff ect many of the basic properties of this class of 
polymeric networks, especially hydrophilicity [23]. Hydrogels are also 
classifi ed based on the physical morphology of the network as amor-
phous, semi-crystalline, hydrogen bonded structures, super-molecular 
structures and hydrocolloidal aggregates [24, 25]. Polymers are mainly 
amorphous in nature but some of them are semi-crystalline in nature, 
i.e., they have both amorphous and crystalline parts. Th e crystalline 
parts in the polymers are the regions with a highly ordered struc-
ture, which act as crosslinked sites [10]. Th e highlighted properties of 
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a hydrogels may vary with the change in “degree of crystallinity” and 
is oft en represented as % crystallinity or crystalline/amorphous ratio. 
Additionally, considering their network structures, hydrogels can be 
categorized in three groups as macroporous (large pores between 0.1 
and 1 μm), microporous (100 and 1000 Å), or nonporous (10 and 100 
Å) [26]. Another way to classify hydrogels is based on their sensitiv-
ity to surrounding environment. Hydrogels can be sensitive to some 
of more common external stimuli including pH, temperature, electric 
fi eld, light, and so on [27]. By incorporating some stimuli-responsive 
co-monomers either into the backbone of the network structure or as 
pendant groups it is possible to prepare hydrogels with responsive prop-
erties. Th ese hydrogels possess the ability to swell, shrink, bend or even 
degrade in response to a signal. Th ese stimuli-responsive hydrogels are 
also called “intelligent hydrogels” and have varied applications, such as 
artifi cial muscles, controlled drug release, and sensors [28–30]. If the 
hydrogel is made from monomer with ionic groups, or if the hydro-
gel is prepared with crosslinked polyelectrolytes, which have the pen-
dant acidic or basic groups, it displays big diff erences in its properties 
depending on the pH of the environment. Th e hydrogels that have the 
ability to respond to a change in temperature are called thermogel [31]. 
Th ese types of polymers contain hydrophobic groups such as methyl, 
ethyl, and proyle groups [32]. Th ermo-sensitive hydrogels are classifi ed 
into three subgroups: positive thermo-sensitive, negative thermo-sen-
sitive, and thermally reversible hydrogels. If the temperature increases, 
negative thermo-sensitive hydrogels shrink due to inter-polymer chain 
association through hydrophobic interactions, while positive thermo-
sensitive hydrogels swell, but in the case of thermally reversible hydrogel 
containing non-covalently crosslinked polymer chain, a sol-gel phase 
transition may occur [33–35]. Electro sensitive hydrogels, as the name 
indicates, are another class of hydrogels. Th ese types of gels are sensitive 
to electric current, which are usually made of polyelectrolytes. When 
the hydrogel is placed under the infl uence of an electric fi eld, it under-
goes shrinking or swelling [36]. Generally, the behavior of the electro 
responsive hydrogels depends on various parameters, including the 
chemical structure of hydrogels, electric fi eld strength, the shape of the 
gel, position relative to the electrodes, and hydrogen ion concentration 
[37–39]. Light, a powerful stimulus, can be imposed instantaneously 
and can be delivered in specifi c amounts with high accuracy. As a result, 
light responsive hydrogel is one of the most sensitive and switchable in 
biological applications such as drug delivery, photo-responsive artifi -
cial muscle, and cartilage tissue engineering. Light-sensitive hydrogels 
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can be separated into UV-sensitive and visible light-sensitive hydrogels. 
Unlike UV light, visible light is readily available, inexpensive, clean, 
safe, and easily manipulated [18].

9.3 Properties of Hydrogels

Although the mechanical stability of the hydrogel is one of the essential 
properties for most non-biodegradable applications, in some proposed 
applications for hydrogels such as in the food industry, cell culturing, 
super-capacitors, and sensors, considerable mechanical strength is not 
required [40]. In most of these applications the hydrogel acts as a scaf-
fold, is supported by another element and does not even require suffi  cient 
strength to resist its own weight. However, in other uses, including drug 
delivery systems, wound dressing, actuators, and tissue engineering appli-
cations, physical and mechanical integrity of hydrogels is an important 
factor. To this end, the gel matrix should be able to keep its physical and 
mechanical strength in order to prove an eff ective biomaterial during the 
lifetime of the application, unless it has been designed to degrade. Yet, 
in many of these cases, the three-dimensional structure of the hydrogels 
must be disintegrated into harmless non-toxic products to ensure biocom-
patibility of the gel. Also, Food and Drug Administration (FDA) provides 
strict guidelines for the same depending upon the type of application. A 
common method for developing the strength of these materials is incorpo-
rating crosslinking agents, using co-monomers, and increasing the degree 
of crosslinking [41, 42]. 

In recent years several reports, such as topological gels, double network 
gels, nanocomposite gels, macro-molecular microsphere composite gels 
with use of layered silicates and nanoclays in the gel structure have been 
developed in order to design hydrogels with better mechanical properties 
[43–45]. Gong and co-workers have explored a class of IPNs gel with a 
dramatic improvement in mechanical strength and toughness, which are 
known as double network hydrogels [43, 46]. To be able to determine the 
mechanical properties of the hydrogel, several tests such as tensile testing 
or strip extensiometry, compression tests, bulge tests and indentation tests 
are recommended [47–49].

Elastic materials are assumed to deform instantaneously when stress is 
applied. When the stress is removed, the material completely recovers. For 
an ideal viscous material, the deformation is not instantaneous and is irre-
versible once the stress is released. Th e behavior of a viscoelastic material, 
as its name suggests, is intermediate between viscous and elastic materials. 
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Hydrogels are viscoelastic materials with natural (e.g., the extracellular 
matrix (ECM)) and manmade (e.g., contact lenses) examples. For some of 
common application of hydrogels like tissue engineering and food indus-
trial applications, viscoelasticity is a main property [23]. Th e crosslinks 
between the diff erent polymer chains results in viscoelastic and sometimes 
pure elastic behavior and lead to the fabrication of hardness gel in its struc-
ture, elasticity, and contribute to stickiness. Th is behavior is typically a 
result of hydrogen bonding interactions between the polymer chains facili-
tated by the compatible geometries of the interacting polymers. However, 
the concentration of polymers or their functionalized derivatives is oft en 
limited by the aqueous solubility of the gel precursors or the resulting of 
high viscosity of the solutions, as well as the concentration can be increased 
when lower molecular weight gel precursors are used [50]. Such modifi ca-
tions can improve the mechanical properties and viscoelasticity of these 
compounds for biomedical applications, for instance, increasing the total 
number of electrostatic interactions in this system and creating a material 
with novel viscoelastic properties [51].

As mentioned earlier, hydrogels are 3D polymeric networks that can 
absorb water and hold a large amount of water while maintaining their 
structure. Th e good biocompatibility of hydrogels emanates from their 
higher water content (over 70%), which causes them to become soft  
and to take on elastic properties (i.e., the water acts as a plasticizer). 
But it is also a limitation to the mechanical properties and therefore 
the applications [52]. Th eir ability to swell in a suitable solvent (com-
monly water) is mainly depending on many factors, such as crosslink-
ing density, hydrophilicity of polymer chains, and the solvent nature. 
Network swelling and de-swelling depends on the hydrophilicity of the 
polymer chains that are chemically crosslinked or physically entangled, 
and also depends on the crosslinking density. Th e swelling and shrink-
ing properties of hydrogels are currently being exploited in a number of 
applications including control of microfl uidic fl ow, muscle-like actua-
tors, fi ltration/separation, and drug delivery [53]. In fact, on a molecu-
lar level, water in a hydrogel either bonds to polar hydrophilic groups 
as “bond water” or fi lls the space between the network chains, pores, 
or voids as “free water” but does not dissolve when water or a solvent 
enters it under physiological conditions [11]. Anionic and cationic 
hydrogel networks having ionized pendant groups as a hydrophilic 
chain can be responsive to the pH and ionic strength of the swelling 
medium. By increasing of the number of the hydrophilic groups, the 
water-holding capacity is increased, while with an increase in the cross-
linking density a decrease in the equilibrium swelling is observed due 
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to the decline in the hydrophilic groups. As the crosslinking density 
increases, a subsequent increase in the hydrophobicity and a corre-
sponding decrease in the stretchability of the polymer network occurs 
[10]. According to Donnan equilibrium swelling theory, the osmotic 
pressure gradient or ion concentration gradient between the interior of 
the polymer backbones and surrounding solution of the hydrogel is the 
driving force for swelling or shrinking response [54]. Th e swelling pro-
cess distends the network, and is counteracted by the elastic contract-
ibility of the stretched polymer network. Hence, the swelling pressure of 
non-ionic hydrogels is the result of the imbibition of solvent driven by 
an osmotic pressure, counteracted by the contractibility of the network, 
which tends to expel the solvent resulting in the equation:

 P = π – p (9.1)

Where P is the swelling pressure of non-ionic hydrogels, π is the osmotic 
pressure and p is the elasticity of the stretched polymer network. At an 
equilibrium state, π = p, and the swelling pressure is zero (P=0). 

Other factors that can aff ect water absorption are mesh size, elasticity, 
temperature, charge density, pKa, and pKb values [55]. Th e mesh size 
is defi ned as the space between macromolecular chains in a crosslinked 
network and swelling depends on hydrogel mesh sizes. With increasing 
mesh size, water uptake is increased [56]. In acidic hydrogels with pen-
dent groups such as carboxylic or sulfonic acid, de-protonation occurs 
when the environmental pH is above the pKa value, which leads to the 
ionization of the pendent groups and increases swelling of the hydrogel. 
On the other hand, in basic hydrogels containing pendent groups such 
as amine group, ionization takes place below the pKb value and this phe-
nomenon increases the swelling due to an increase in electrostatic repul-
sions [57, 58]. Th e infl uences of the fi xed charge density on hydrogel 
swelling are also studied by several researchers [53, 59]. Th e published 
results show that with increasing the fi xed charge density, the degree of 
swelling increases at higher pH(s) [53, 60].

As already mentioned, when the hydrogel is exposed to the solvent, 
it swells until it reaches its equilibrium swelling state. Coincides the 
absorption of the solvent, solutes entered into the hydrogel pores which 
this characteristic is used in various applications, especially in medical 
usage and drug delivery systems. As the gel swells, the crosslinked chains 
widen, and thus the mesh size of network increases, allowing transforma-
tion of the solute to the gel structure. Two main factors that can aff ect the 
diff usion characteristics of solutes through hydrogels are the crosslinking 
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density of the polymer (the nature of the crosslinks) and the arrangement 
of water within the hydrogel (crudely represented by the degree of swell-
ing) [61]. 

It has been proven that it is reasonable to assume that the free volume 
of water present in the hydrogel is available for diff usion of water-soluble 
solutes [62, 63].

Th e water content of hydrogels is calculated aft er the equilibrium swell-
ing by the following equation:

 Water content = (Wet weight / Dry weight) ×100% (9.2)

Th e degree of swelling (or swelling ratio) is directly related to the amount 
of solute which transfers to the hydrogel network structure. Th is parameter 
can be calculated as the following: 

 Degree of swelling = [(Wet weight – Dry weight)
 /Dry weight] ×100% (9.3)

Crank and Park [64] reported that the Fick’s Laws for diff usion explain 
the release of water-soluble solutes uniformly distributed in the matrix of a 
fully hydrated hydrogel into aqueous sink.

If solutes cannot enter the gel signifi cantly, their presence in the sur-
rounding medium causes a disturbance in the swelling equilibrium, prob-
ably due to the increased osmotic value of the outside medium. Th is leads 
to a decrease in water content, so to de-swelling of the gel. 

Additionally, the mesh size of the gel can be determined from the swell-
ing experiments. Th e relative weight of the hydrogel, WR, is evaluated 
according to the following equation:

 WR = W24h/W0 (9.4)

Where W0 represents the weight of the hydrogel as soon as it was prepared. 
Although in some cases, slow swelling is benefi cial for many applica-

tions, there are many situations where a fast swelling polymer is more 
desirable. Th erefore, a new generation of hydrogels has been developed 
which swell and absorb water very rapidly [65].

Many factors such as degree of crosslinking, solvent composition, 
hydrogen bonding, etc., can aff ect the swelling kinetics of the hydrogels. 
Several transient models to evaluate the swelling kinetics, and for diff usion 
of solvents into hydrogels with varying degrees of complexity, have been 
developed [66–69]. 
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9.4 Preparation Methods of Hydrogels

It is well known that crosslinked networks of hydrogels are fabricated with 
various techniques including chemical crosslinking, physical crosslinking, 
graft ing polymerization, and radiation crosslinking. In most cases, it seems 
that crosslink agents must be present in order to avoid dissolution of the 
hydrophilic polymer chain in aqueous solution. On the nature of the links 
electrostatic interactions, hydrogen bonding, donor–acceptor, van der Waals 
forces, or even metal–ion coordination can be described for the association 
of polymer-polymer, polymer-drug, or polymer-bioactive components [70]. 
Moreover, the physicochemical properties of hydrogels such as mesh size, 
shape, the swelling and permeability characteristics of the gel for various 
applications depend on the extension of these bonds. Th e general procedures 
for the production of chemical and physical gels are briefl y described below.

9.4.1 Phys  ical Methods

One of the major disadvantages of synthetic polymers is the usage of 
crosslinking agents in their structure, which must be removed before 
application due to how these agents aff ect the integrity of substances to 
be entrapped (e.g., cell, proteins, etc.) as well as their toxicity properties 
[71]. Physically crosslinking keeps a network gel by the formation of non-
covalent crosslinks, hence, there is no need to use the toxic crosslinker. 
Especially, physically crosslinked gels have attracted particularly increased 
interest because of the relative ease of production, and also this kind of gel 
exhibits a reversible sol-gel transition depending on temperature, contrib-
uting to a large extent to the development of these materials for biomedi-
cal and pharmaceutical applications. Th e mechanical strength of physically 
crosslinked gels is generally low and this kind of gels deforms easily under 
stress without regaining their former shape [72]. Some of the most widely 
used physical methods to prepare hydrogel are summarized below.

9.4.1.1 Crosslinking by Ionic Interactions

Ionic interactions as a crosslinking reaction can be used to produce poly-
meric gels by the addition of di- or tri-valent counter-ions. Crosslinking 
can be carried out at normal temperature and pH(s). For example, ionic 
interactions cause crosslinking of Alginate and Chitosan by potassium 
ions [73, 74] (see Figure 9.1). In addition, anionic polymers crosslinked 
with metallic ions can also be obtained by complexation of polyanions and 
polycations [75, 76].
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9.4.1.2 Crosslinking by Hydrogen Bonds

H-bonded hydrogel can be obtained by hydrogen bonding between the 
oxygen atom of monomer and the carboxylic acid group of other compo-
nents. Th is also implies that the hydrogen bonds are only formed when 
the carboxylic acid groups are protonated and the swelling of these gels is 
pH dependent (See Figure 9.2). Examples of such hydrogels that formed 
by hydrogen-bonded have been reported [70, 77, 78]. Recently, research-
ers have shown that the mixed system molecular interaction (two or more 
molecules) causes a change in matrix structure due to intermolecular 
hydrogen bonding between them, which leads to the formation of insolu-
ble hydrogel networks [79].

9.4.1.3 Crosslinking by Heating/Cooling

Physical crosslinked hydrogels can be prepared by subjecting semi-
dilute aqueous solutions of polymer chains to successive heating-cooling 
cycles between below and above the melting temperature of the polymer 
solution. In the fi rst step, heating-cooling cycles cause the coil confor-
mation of chains, and in the second step, by continuing this heating and 
cooling cycle in the presence of salt (K+, Na+, etc.), double helices are 
aggregated further to form stable gels due to screening of repulsion of 
side group on the polymer chain [80] (See Figure 9.3). In some cases, 
hydrogel can also be obtained by simply warming the polymer solutions 
that cause the block copolymerization [81]. Some of the examples are 
Polyethylene oxide (PEO) and polyethylene glycolpolylactic acid (PLA) 
 hydrogels [4, 71].

Figure 9.1 Ionotropic gelation by interaction between alginate and divalent metal ions (Ca2+).



Hydrogels: Properties, Preparation, Characterization 307

9.4.1.4 Crosslinking by Crystallization

Th e choice of polymer is crucial in this regard as it should possess a high 
degree of tailorability for the specifi c application of interest. A number of 
techniques to produce stable hydrogels that are made through freezing-
thawing cycles by the presence of crystalline regions are creating suit-
able properties for many applications in various medical areas. As seen 

Figure 9.2 Hydrogel network formation due to intermolecular H-bonding at various pH(s).
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in Figure 9.4, upon freezing of the solution, ice forms in the amorphous 
region and polymer crystallites grow until they reach the facets of the 
other crystallites which assist in the formation of a porous network upon 
thawing. Th is is a compelling reason for this fact that these hydrogels 
possess better strength and stiff ness than their chemically crosslinked 
counterparts, as the mechanical load is distributed along the crystallites 
in the network [82]. Examples of this type of gelation are freeze-thawed 
gels of polyvinyl alcohol (PVA) and xanthan [83, 84].

9.4.1.5 Crosslinking by Maturation

Arabinogalactan protein (AGP), arabinogalactan (AG), glycoprotein (GP), 
etc., are available in gums. If heat treatment is applied to these compounds, 
aggregation occurs and leads to an increase in the molecular weight of 
these proteinaceous components, which subsequently produces a hydro-
gel form with enhanced mechanical properties and water binding capa-
bility. Th e molecular changes that accompany the maturation process 
demonstrate that a hydrogel can be obtained with precisely structured 
molecular dimensions. Th e controlling feature is the agglomeration of the 
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Figure 9.4 Schematic of the formation of hydrogels by crystallization process.

Figure 9.3 Gel formation due to aggregation of helix upon cooling a hot solution of 
monomer chains.
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proteinaceous components within the molecularly disperse system that is 
present in of the naturally occurring gum [85].

9.4.2 Chemical Methods

Whereas physical hydrogels are formed by secondary interactions (such as 
hydrogen bonds, ionic bonds, hydrophobic interactions, and crystallites, 
etc.), chemical hydrogels consist of irreversible covalently crosslinked net-
work. Chemical crosslinking is a direct reaction between linear polymer 
or branches and at least a bifunctional component with small molecular 
weight, called a crosslinking agent or crosslinker. Th is component links the 
polymer chains with its functional groups such as -OH, -COOH, -NH

2
. A 

number of methods reported in literature to obtain chemically crosslinked 
permanent hydrogels are summarized below.

9.4.2.1 Crosslinking of Polymer Chains

Th is technique mainly involves the introduction of new molecules 
between the low molecular weight monomers, branched homopoly-
mers, or polymeric chains to produce crosslinked chains. Most hydro-
philic polymers have pendant hydroxyl groups, therefore such agents like 
aldehydes, maleic acid, oxalic acid, dimethylurea, diisocyanates, etc., that 
condense when organic hydroxyl groups are used as crosslinking agents. 
Glutaraldehyde and epichlorohydrin are two popular crosslinking agents 
that are used to prepare hydrogels used in biocompatible applications [86] 
(See Figure 9.5). Th is reaction is mostly carried out in solution and the 
solvent proposed for this reaction is usually water, but methanol, ethanol, 
and benzyl alcohol have also been used. Th ese organic solvents can be 

Figure 9.5 Schematic illustration of using chemical crosslinker to obtain crosslinked 
hydrogel network.
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used only for the formation of network structure, and then the solvent can 
be exchanged with water. 

9.4.2.2 Graft ing

Th is method involves the polymerization of a monomer on the backbone 
of a preformed polymer. For this purpose, the polymer chains are activated 
by the action of chemical reagents, or high-energy radiation treatment. In 
general, initiators are used for activation as chemical reagents. Th e most 
used initiators in these reactions are radical and anionic initiators. Various 
initiators are used, such as Azobisisobutyronitrile (AIBN), benzoyl perox-
ide, etc. Th e growth of functional monomers on activated macro-radicals 
leads to branching, and further leads to crosslinking. Solvents can be added 
during the reaction to decrease the viscosity of the solution [87].

Unsaturated compounds polymerization can also be initiated by the 
use of high-energy radiation such as gamma and electron beam radiation. 
Water-soluble polymers derivitized with vinyl groups can be converted 
into hydrogels using high-energy radiation. Th e proposed mechanism for 
polymerization of gels by using high-energy radiation is in following man-
ner: when the aqueous polymer solution is exposed to gamma or electron 
beam radiation, radicals are formed on the polymer. However, the presence 
of water promotes the diff usion of macro-radicals to combine and form 
a crosslinked hydrogel network. Th is implies that the radiolysis of water 
molecules has occurred and generates the hydroxyl radicals. Th e formed 
radical can attack to another polymer chain and lead to the formation of 
macro-radicals. Recombination of these macro-radicals on diff erent sites, 
leading to the formation of covalent bonds, and fi nally crosslinked structure 
is obtained [34, 88]. During radiation, atmospheric oxygen can cause prob-
lems in the polymerization process, and as a result, radiation is performed 
in a nitrogen or argon atmosphere. Th e swelling and permeability charac-
teristics of the gel depend on the extent of polymerization, a function of 
polymer and radiation dose (in general crosslinking density increases with 
increasing radiation dose) [89]. Polymers without additional vinyl groups 
can also be crosslinked via radiation. Several hydrogel preparation reports 
have been published that use this method to fabricate hydrogel [90, 91]. 
Irradiation of hydrocolloids in solid state has also been studied. During 
the solid-state radiolysis of hydrocolloids, scission of glycosidic bond is the 
dominant reaction, which eventually leads to a decrease in the molecular 
weight of macromolecules. In this technique, the degradation and forma-
tion of radical rates depend on the concentrations of reactants, presence 
of substituted group, molecular weight, and purity of hydrocolloid [92]. 
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Performing in water under mild conditions without the use of a crosslink-
ing agent, formation of relatively pure and residue-free hydrogels are the 
main advantages of using this process for gel formation. However, there are 
some drawbacks to using this method, namely the bioactive material must 
be loaded aft er gel formation, as well as irradiation, which might damage 
the agent.

9.4.2.3 Crosslinking Using Enzymes

Recent studies have shown that enzymes can be used for the synthesis of 
hydrogels [93]. Sperinde et al. [94] have reported the PEG hydrogels that 
they crosslinked by enzyme. First, a tetrahydroxy PEG was functionalized 
with the addition of glutaminyl groups and then by the addition of trans-
glutaminase into the solution of PEG and poly(lysine-cophenylalanine), 
networks were formed. Th e proposed mechanism is based on the enzy-
matic catalyzed reaction between γ-carboxamide group of PEG and the 
ε- amine group of lysine to form an amide linkage between polymers. Th ey 
also showed that the physical property of this kind of hydrogels depends 
on ratios of PEG and lysine.

9.5 Characterization of Hydrogels

In order to design hydrogels with the desired performance and structure, 
determination and characterization of hydrogel network parameters are of 
great signifi cance. Th e common techniques discussed below were chosen 
from a larger body of methods that provide an insight into the structure 
of the hydrogels. Infrared spectroscopy, x-ray diff raction analysis, atomic 
force microscopy, electron microscopy, and many other techniques have 
been described to characterize the hydrogel structure.

9.5.1 Infrared Spectroscopy

Infrared spectroscopy is one of the most widely used techniques for identify-
ing the chemical structure of polymers that is used to measure vibrational 
energy transitions, yielding information about the types of chemical bonds, 
the atoms involved, and the local chemical environment present within a 
material and the surface of it [95]. Th is technique involves many advantages, 
especially fl exibility in terms of sampling methods [96]. Th e measurement 
mode is selected depending on what is suitable for the sample in question. 
Th e most common sampling methods include transmission (semi-thin 
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fi lms, and general analysis of chemical compounds), external refl ection (thin 
fi lms on refl ecting substrates), refl ection-absorption (extremely thin fi lms 
on metal substrates), internal refl ection (thick, soft  materials and thin fi lms 
prepared on such substrates, and “wet” measurements), and diff use refl ec-
tion (powders and poorly refl ecting materials) [96]. 

9.5.2 X-Ray Diff raction Analysis (XRD)

Polymers are mainly amorphous in nature but some of them that were pre-
pared by using freeze/thaw cycles have crystalline parts in nature that are 
known as semi-crystalline. Th e semi-crystalline polymers can be identifi ed 
and characterized by XRD [97]. When the sample is being irradiated with 
a beam of monochromatic x-rays, a part of light is diff racted. In the XRD 
technique, these diff racted rays are analyzed based on angles of diff raction 
and the intensity of the diff racted rays to give information about structural 
make-up, % crystallinity and crystallite dimension, interplanar atomic 
spacing (d-spacing), orientation, and strains present in the polymer/ poly-
mer blend matrix. Gels with diff erent “degree of crystallinity” display vary 
in mechanical and chemical properties, which are oft en represented as 
crystallinity percentage or crystalline/amorphous ratio. Th e degree of crys-
tallinity also can be determined easily with the aid of XRD [82].

9.5. 3 Nuclear Magnetic Resonance (NMR)

Another common technique for the investigation of polymers and hydro-
gels is NMR [98]. Various modes of NMR (H-NMR, C-NMR and pulsed 
fi eld gradient NMR) were applied to a survey of hydrogels in literature. 
H-NMR measurements were used to identify functional groups of mono-
mer and copolymer composition and to determine the fi nal double bond 
conversion at the end of the polymerization [99]. Also, completion of the 
polymerization process and its mechanism can be verifi ed by H-NMR 
spectroscopy [100]. Th e proton NMR gives information about the inter-
change of water molecules between the so-called free and bound states 
[99]. Keeping this fact in mind, the pulsed fi eld gradient NMR spectros-
copy is a valuable tool for the characterization of hydrogel-based drug 
delivery systems [101].

9.5.4 Atomic Force Microscopy (AFM)

Th e monitoring of the surface map of materials can generally be done in 
two ways: contact profi lometers or non-contact profi lometers. AFM is a 
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contact profi lometer, which has opened whole new horizons for explain-
ing biomaterial as it is able to capture images of non-conducting materials 
[102]. AFM is a useful and routine technique that can provide information 
about surface properties of the hydrogel with creates a topographic image 
of a hydrogel surface [103, 104]. Non-destructivity is the main advantage 
of this method.

9.5.5 Diff erential Scanning Calorimetry (DSC)

Another technique that can be widely used for hydrogel characterization is 
DSC. Th is technique is a sensitive method to measure transitions of poly-
mers as a function of temperature through the changes in heat capacity and 
study of glass transition temperature, crystal structure and crystal transition 
temperature. Generally this method can be used to investigate the crystal-
line nature of the hydrogels, especially the hydrogels that were prepared by 
freezing-thawing processes. Also, the DSC method can be applied to deter-
mine the degrees of crystallinity and crystal size distributions of samples in 
the initial state (before swelling) and at various times during swelling. For 
more information about how to apply this technique to characterization of 
hydrogels, see references [83, 105].

9.5.6 Electron Microscopy 

Optical methods have been applied to determine the microstructure of 
hydrogels, yielding a three-dimensional image of the structure. Electron 
microscopies, particularly scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM), are two methods oft en used 
in the analysis of gel dispersions [106]. From the electron microscopy 
micrographs, a visual evaluation can be made of the size, shape and size 
distribution of the particles. Th e main feature of electron microscopy is 
its ability to directly observe inter-particle bridge formation [107], and in 
some cases [108], anomalous particle formation and presence of a frac-
tion of smaller particles resulting from secondary nucleation. However, 
most other techniques do not have this advantage. Nevertheless, this tech-
nique cannot be used to view in the aqueous phase. Th us the subjected 
material should be dry, and therefore can be observed in the collapsed 
state only. Beside, these methods are not suitable for accurate measure-
ment of the swollen diameters. Also, swollen gel may undergo aggrega-
tion under conditions of reduced pressure and electron beam irradiation 
[109]. It has been proved that SEM can be applied to the study of network 
morphology [110]. 
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9.5.7 Chromatography 

Chromatography is a physicochemical process that enables the separa-
tion of the components of a mixture. Size Exclusion Chromatography 
(SEC), also called gel fi ltration chromatography (when the mobile phase is 
aqueous), and gel permeation chromatography (GPC) (when the mobile 
phase is organic), is widely used for the determination of polymer molecu-
lar weight and molecular weight distribution (MWD) or polydispersity 
index (PDI) [111]. On the other hand, the process of crosslinking was 
monitored using GPC in concert with multi-angle laser light scattering 
(GPC-MALLS) [112]. Also, GPC-MALLS technique is widely used in 
quantifying the hydrogels of several hydrocolloids such as gum arabic, gel-
atine, and pullulan [113]. Al-Assaf et al. [113] have demonstrated that the 
data obtained from this technique can be used to assess the exact amount 
of the hydrogel.

9.5.8 Other Techniques 

As discussed above, a wide variety of methods have been suggested for 
the characterization of the morphology and the thermodynamic proper-
ties of hydrogels. Th ese techniques could be applied to investigation of the 
size, shape, and the molecular weight of the hydrogels. Th ese methods with 
some of the corresponding references are tabulated in Table 9.2. A combi-
nation of diff erent methods can provide a total “image” of the characteris-
tic features of the hydrogels.

9.6 Biomedical Applications of Hydrogels

Potential applications of hydrogels include the food industry, cosmetics, 
agriculture, technical and electronic instrumentation, photography, medi-
cine, and pharmacy, especially in the fi elds of drug delivery, wound dress-
ing, artifi cial skin and tissue engineering, as well as other applications such 
as destabilizing agents, biosensors, synthetic ECM, implantable devices, 
separation systems, phospholipid bilayers, nano-reactors, smart micro-
fl uidics, molecular fi ltration, and energy-conversion systems [4, 34, 127–
134]. To date, the growth of hydrogels applications has mostly occurred 
in the biomedical area and pharmaceuticals with more attention to dif-
ferent technologies. As discussed, having a porous network structure in 
the hydrogel is ideal for several in vivo applications. Oft en we can con-
trol the porosity of hydrogels by controlling the density of crosslinks or by 
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changing the swell affi  nity of hydrogels. Th e porosity property of hydro-
gels helps the release of drugs from hydrogels, and the release of drugs 
from hydrogels can be controlled by controlling the diff usion coeffi  cient of 
drugs. Hence, pharmaceutical companies have developed diff erent dosage 
forms of drugs with higher rate of drug release into systemic circulation 
from dosage forms. Hydrogels, tablets, capsules, injections, microspheres, 
suspensions, emulsions, nanoparticles, and transdermal patches are some 
examples of dosage forms with their subcategories for diff erent routes 
of administration. Utilization of the existing resource of marketed and 
patented drug substances with known therapeutic eff ects, and modifi ca-
tion of their pharmaco-therapeutic characteristics by incorporation of 

Table 9.2 Experimental techniques for hydrogel characterization.

Experimental technique Measurement Ref.

Light Scattering Particle molecular weight [114]

Photon Correlation Spectroscopy Hydrodynamic size [115]

Ultracentrifugation   Average molecular weight [116]

Conductometric and 
Potentiometric titration

Surface charge [117]

Small Angle X-ray Scattering 
(SAXS)

Internal structure [118]

Small Angle Neutron Scattering 
(SANS)

Internal structure [119]

  High Sensitivity DSC Th ermodynamic properties [120]

Turbidimetric methods Stability [121]

 X-Ray Photoelectron Spectroscopy Surface composition [122]

Bohlin Rheometer Rheological measurements [123]

Confocal Laser Scanning 
Microscopy

Structure [124]

Environmental SEM Water capacity [125]

Energy Dispersive X-ray 
Spectrometry

Elemental compositions [126]



316 Advanced Healthcare Materials

suitable drug delivery systems has been the target of recent pharmaceuti-
cal developments. Hydrogels have been used widely in the development of 
the smart drug delivery systems. Also, these compounds have been given 
attention as excellent candidates for controlled release devices, targetable 
devices, or bio-adhesive devices of therapeutic agents that can be used for 
oral, rectal, ocular, epidermal, and subcutaneous application. Th e most 
important hydrogels from a biomedical point of view are those sensitive to 
the temperature and/or pH of the surroundings. Th ese materials, as men-
tioned before, are known as “stimuli-responsive” or “smart” gels and can 
undergo abrupt volume changes in response to small changes in environ-
mental parameters. Th eir ability to swell or de-swell according to external 
conditions leads to a drug release profi le that varies with the same specifi c 
parameters. Especially, pH-sensitive hydrogels have been most frequently 
used to develop controlled release formulations for oral administration 
and development of biodegradable drug delivery systems [135]. On the 
other hand, hydrogels have played a signifi cant role in wound care sys-
tems and have successfully treated patients with skin damage related to 
incontinence. Furthermore, their biocompatibility, ease of fabrication, and 
visco-elastic properties make them highly suitable for use as constructs to 
engineer tissues as well as other biomedical applications. 

Hydrogels, due to their fl exible methods of synthesis, unique biocom-
patibility, range of constituents, and desirable physical characteristics, have 
been the material of choice for many applications in regenerative medi-
cine. Over the past 50 years, hydrogels have been extremely useful in bio-
medical and pharmaceutical applications mainly due to their high capacity 
for water absorption, their biodegradable nature, consequent biocompat-
ibility, and rubbery nature, which is similar to natural tissue. Th ere is an 
effi  cient range of applications for hydrogels in the biomedical fi elds and 
an almost endless number of combinations of cells, scaff olds, and growth 
factors that can be adjusted for each specifi c need. Successful examples 
from hydrogel biomedical applications include soft  contact lenses, wound 
dressings, super absorbents, and drug-delivery systems. Th e most recent 
and exciting biomedical applications of hydrogels are cell-based thera-
peutics [136] and soft  tissue engineering. Hydrogels formed through self-
assembly have attractive potential in wound treatment, tissue engineering, 
and drug release. In many of these applications, being able to understand 
and control the rheological properties of hydrogels is paramount to their 
eff ectiveness. Control of physical and biological properties of hydrogels 
is essential for their biomedical applications. For example, it has been 
shown that the rigidity of scaff old materials acts as an extracellular signal 
and plays a critical role in regulating cell adhesion, migration, spreading, 



Hydrogels: Properties, Preparation, Characterization 317

and even survival. Anyway, in cell culture applications the hydrogel needs 
to be rigid enough to be self-supporting and have the correct stiff ness to 
facilitate cell-adhesion. Out of all these applications, at the forefront of bio-
medical applications are  hydrogel-based drug delivery and wound dress-
ing devices. Synthetic hydrogels provide an eff ective and controlled way 
in which to administer protein and peptide-based drugs for treatment of 
a number of diseases. A successful drug delivery device relies not only on 
competent network design, but also on accurate mathematical modeling of 
drug release profi les. Hydrogels with well-defi ned chemistries yield well-
defi ned physicochemical properties and easily reproducible drug release 
profi les. Th e network structure of hydrogels plays a key role in mesh size, 
stability, and diff usion behavior of incorporated drug. Th ese polymers 
have thus become a premier material used for drug delivery formulations 
and biomedical implants, due to their biocompatibility, network structure, 
and molecular stability of the incorporated bioactive agent. Th e pioneer-
ing work on crosslinked hydrogels was done by Wichterle and Lim in 1954 
[137]. From their research, and discovery of the hydrophilic and biocom-
patible properties of hydrogels, there emerged a new class of hydrogel tech-
nologies based on biomaterial application. Later, natural polymers such as 
collagen and shark cartilage were incorporated into hydrogels as wound 
dressings. Moreover, hydrogels now play an impressive role in tissue engi-
neering scaff olds, biosensors and Bio-MEMS devices. Among these appli-
cations, hydrogel-based drug delivery devices have become a major area of 
study, and several commercially available products are already in the mar-
ket [138]. Proteins, peptides, and DNA-based drugs can all be delivered via 
hydrogel carrier devices. Th e most important properties of hydrogels such 
as fl exibility and hydro-philicity make them ideal for use as drug deliv-
ery matrix. Since hydrogels show good compatibility with blood and other 
bodily fl uids, they are used as materials for contact lenses, burn wound 
dressings, membranes, and as coating applied to living surfaces. Both nat-
ural and synthetic hydrogels have applications as burn wound dressings 
[139], encapsulation of cells [140], and recently are being used in the new 
fi eld of tissue engineering as matrices for repairing and regenerating a wide 
variety of tissues and organs as well as being considered as ideal matrices 
wound treatment [141]. 

9.6.1 Tissue Engineering

Tissue engineering is an interdisciplinary fi eld that applies the principles 
of engineering and life sciences towards the development of biological sub-
stitutes that restore, maintain, or improve tissue function or entire organs 
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[142]. Inasmuch as hydrogels are made mostly of water and natural or 
synthetic biocompatible polymers, they are oft en biologically compatible. 
Accordingly, most hydrogels exhibit good compatibility when seeded with 
cells or when implanted in vivo. It is widely expected that a majority of 
future tissue engineering techniques will be based on hydrogel technol-
ogy. No other class of materials has the fl exibility or biological compat-
ibility to enable signifi cant advances in tissue engineering. For example, 
micro-scale hydrogels let engineers precisely control the cellular micro-
environment, which may lead to signifi cantly more eff ective stem cell dif-
ferentiation techniques. Additionally, the ability to create micro-patterned, 
vascularized, cell-laden hydrogel scaff olds will enable more eff ective tis-
sue engineering therapies. Finally, the versatile chemical and mechani-
cal properties of micro-scale hydrogels provide a unique platform for the 
future development of more accurate and eff ective biological sensors and 
micro-devices. Langer and Vacanti [142] were among the fi rst to elucidate 
the basic techniques used in tissue engineering to repair damaged tissues, 
as well as the ways polymer gels are utilized in these techniques. To date, 
hydrogels in regenerative medicine have been used as scaff olds to provide 
structural integrity and bulk for cellular organization and morphogenic 
guidance, to serve as tissue barriers and bio-adhesives, to act as drug depots, 
to deliver bioactive agents that encourage the natural reparative process, 
and to encapsulate and deliver cells. Tissue engineering aims to replace, 
repair, or regenerate tissue or organ function and to create artifi cial tissues 
and organs for transplantation [142]. Scaff olds used in tissue engineering 
mimic the natural ECM and provide support for cell adhesion, migration, 
and proliferation. Th ey also allow for diff erentiated function, new tissue 
generation, and its 3D organization. Of course, scaff olds need to be com-
pletely biodegradable so that aft er tissue is grown, the resulting structures 
are made entirely from biological components. Hydrogels’ high water 
content, their biocompatibility, and mechanical properties that resemble 
natural tissues make them particularly attractive for tissue-engineering 
applications. By adding cells to a hydrogel before the gelling process, cells 
can be distributed homogeneously throughout the resulting scaff old. Cells 
have been encapsulated in both natural hydrogels, such as collagen and 
fi brin materials, as well as in synthetic hydrogels made from PEG. Also, 
combinations of natural and artifi cial polymers can be used to provide 
proper scaff old degradation behavior aft er implantation. Fibroblasts, vas-
cular smooth muscle cells, and chondrocytes successfully immobilize and 
attach to these hydrogel scaff olds. With a combination of micro-fl uidic 
channel technology and photo-patterning of hydrogels, these scaff olds can 
facilitate increased growth-factor delivery and shape sculpting that is only 
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limited by its molded housing [143]. Desired characteristics of hydrogels 
include physical parameters such as mechanical strength and degradabil-
ity, while biological properties include biocompatibility and the ability to 
provide a biologically relevant microenvironment.

9.6.2 Drug Delivery

Macromolecular drugs, such as proteins or oligonucleotides that are 
hydrophilic, are inherently compatible with hydrogels. By controlling the 
degree of swelling, crosslinking density, and degradation rate, delivery 
kinetics can be engineered according to the desired drug release schedule. 
Furthermore, photo-polymerized hydrogels are especially attractive for 
localized drug delivery because they can adhere and conform to targeted 
tissue when formed in situ. Drug delivery aspects in hydrogels may be used 
to function simultaneously with the barrier role of hydrogels to deliver 
therapeutic agents locally while preventing post-operative adhesion for-
mation. Th ese 3D network structures possess several properties that make 
them an ideal material for drug delivery. First, hydrogels can be tailored to 
respond to a number of stimuli [34]. In this case, researchers have dedi-
cated much attention to the stimuli-responsive and environment-sensitive 
hydrogels. In these systems, a polymeric matrix can protect drugs from 
hostile environments (such as low pH and enzymes), while controlling 
drug release by changing the gel structure in response to environmental 
stimuli. Th e stimuli that hydrogel respond to may be physical or chemical. 
Drug release is triggered by various mechanisms as described in Table 9.3 
[36]. Hydrogels also can exhibit dramatic changes in their swelling behav-
ior, network structure, permeability, or mechanical strength in response 
to diff erent internal or external stimuli. Th is enables sustained drug deliv-
ery corresponding to external stimuli such as pH or temperature. External 
stimuli are produced with the help of diff erent stimuli-generating devices, 
whereas internal stimuli are produced within the body to control the 
structural changes in the polymer network and to exhibit the desired drug 
release [144]. 

Th ese sensitive gels are useful in oral drug delivery as they can protect 
proteins in the digestive track.

Second, hydrogels can also be synthesized to exhibit bio-adhesiveness 
to facilitate drug targeting, especially through mucus membranes, for 
non-invasive drug administration [146]. Finally, hydrogels also have a 
stealth characteristic in vivo circulation time of delivery device by evad-
ing the host immune response and decreasing phagocytic activity [147]. 
Th e mechanism of hydrogel swelling is one of the most important factors 
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in drug release phenomena. Th is mechanism of drug release occurs when 
diff usion of an active agent is faster than hydrogel swelling [34, 14, 149]. 
Researchers have engineered their physical and chemical properties at the 
molecular level to optimize their properties, such as permeability, environ-
responsive nature, surface functionality, biodegradability, and surface bio-
recognition sites (e.g., targeted release and bio-adhesion applications), for 
controlled drug-delivery applications (Figure 9.6).

In swelling-controlled system, hydrogels may undergo a swelling-driven 
phase transition from a glassy state to rubbery state. Th is transition occurs 

Drug dissolved in hydrogel

Drug encapsulated in hydrogel

Drug in degradable hydrogel

Drug dissolved in enviro-stimuli-responsive hydrogel

Swollen polymer from which drug is released

Time 0 Time t

T,     pH, etc.Δ Δ

Figure 9.6 Various delivery and release mechanisms of hydrogels [127]. Reprinted from 
(Adv Mater), Vol. 18, Copyright (2006) with permission from (WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim).
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when the characteristic glass-rubber polymer transition temperature 
is lower than the temperature of fl uid that surrounds the drug delivery 
matrix. In the glassy state, entrapped molecules remain immobile, but in 
the rubbery state, dissolved drug molecules rapidly diff use to the fl uid 
through the swollen layer of polymer. Released fl uid molecules contact 
the external layer of hydrogel. Th is forms a moving front that divides the 
hydrogel matrix into a glassy and swollen region. In these systems the rate 
of molecule release depends on the rate of gel swelling. In the swelling-
controlled delivery system, the following phenomena take place [150]:

a. Th e length of drug diff usion way increases, which leads to 
a decrease of drug concentration gradient and a decrease of 
drug release rates.

b. Th e mobility of drug molecules increases, which causes an 
increase of drug release rates.

When the drug bearing hydrogel comes in contact with the aqueous 
medium, water penetrates into the system and dissolves the drug. Diff usion 
is the main phenomena by which the dissolved drug diff uses out of the 
delivery systems to the surrounding aqueous medium. Th is phenomenon 
is defi ned as the movement of the individual molecules from the region 
of high solute concentration to a region of low concentration when the 
systems are separated by a polymeric membrane. Th e delivery systems 
employing hydrogels for controlled release can be categorized into reser-
voir and matrix devices. As mentioned earlier, hydrogels are 3- dimensionally 
crosslinked polymer networks and hence act as a permeable matrix and/or 
membrane for the drug, thereby governing the release rate of the drug. Th e 
diff usion of the drug through the hydrogels may be aff ected by the prop-
erty of the hydrogel depending on the chemistry of the hydrogels. Delivery 
devices based on hydrogel can be used for epidermal, oral, ocular, and sub-
cutaneous application. Figure 9.7 displays various sites that are available 
for the application of hydrogels for drug delivery. Drug delivery through 
the oral route has been the most popular method in pharmaceutical appli-
cations. Drug carrier systems may be designed to release drugs in a con-
trolled manner at the desired site. Gastrointestinal, GI, tract with its large 
surface area for systemic absorption is an attractive site of targeting drugs 
whereas colon-specifi c delivery has signifi cance for the delivery of peptide 
and proteins [151]. Despite the huge attraction centered towards the novel 
drug delivery systems based on the environment-sensitive hydrogels in 
the past and current times, these systems have a number of disadvantages. 
Th e most considerable drawback of stimuli-sensitive hydrogels is their 
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signifi cantly slow response time, with the easiest way to achieve fast-acting 
responsiveness being to develop thinner and smaller hydrogels, which, in 
turn, bring about fragility and the loss of mechanical strength in the poly-
mer network [36].

On the other hand, in drug delivery aspect, the problem of loading 
hydrogels with hydrophobic drugs may also be considered. Th is problem 
can be approached by copolymerization of hydrophilic hydrogels with 
hydrophobic segments, or by the use of amphiphilic IPNs in which a hydro-
phobic component is interpenetrated by a hydrophilic one. Hydroxypropyl 
methylcellulose (HPMC) is the most widely used hydrogel for drug deliv-
ery. It gradually swells in the aqueous medium and controls drug release by 
both diff usion and erosion. Th ese types of hydrogels are non-crosslinked 
and ultimately dissolve over time in the presence of suffi  cient water or the 
swelling medium. Th e diversity of the types of hydrogels available means 
that a gel can be tailored to match the requirements of almost any device, 
requiring the control and modulation of solute transport or release, volu-
metric displacement, or generation of a triggering signal in response to 
changes in an aqueous environment. Th is makes hydrogels central to the 
development of many advanced drug delivery systems. Controlled release 
systems can generally be divided into three sections depending on their 
mode of release: diff usion-controlled, chemical erosion, and solvent 
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Figure 9.7 Tissue locations applicable for hydrogel based on drug delivery systems [151]. 
Reprinted from (Eur. J. Pharm. Biopharm), Vol. 50 Copyright (2000) with permission 
from (Elsevier).
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activated [152]. In a diff usion-controlled device, the drug is surrounded 
by an inert barrier and diff uses from a reservoir, or the drug is dispersed 
throughout a polymer and diff uses from the polymer matrix. In a chemical 
erosion device, the drug is dispersed in a bio-erodible polymer system or is 
covalently linked to a polymer backbone via a hydrolyzable linkage. As the 
polymer or hydrolyzable link degrades, the drug is released. In a solvent-
activated device, the drug is dispersed within polymeric matrix and the 
device is swelled with a suitable solvent. As the device swells, the drug is 
released. 

Human skin is an easily accessible surface for drug delivery. Also, it 
receives about one-third of the blood circulating through the body. For 
these reasons, transdermal drug delivery represents an attractive alterna-
tive to oral delivery of drugs as well as to hypodermic injection since is a 
non-invasive technique and can be self-administered.

9.7 Hydrogels for Wound Management

One of the most important applications of hydrogels is in wound and burn 
management such as novel wound dressing devices called hydrogel wound 
dressings. In this section, we will focus on this application of hydrogels, aft er 
brief introduction to wound, wound care, and types of wound dressings.

9.7.1 Wound Care and Wound Dressings

A wound is defi ned as a defect or break in the skin, resulting from physical 
or thermal damage or as a result of the presence of an underlying medical 
or physical condition. Based on the nature and repair process of wounds, 
they can be classifi ed as chronic wounds and acute wounds [153]. Th e 
primary causes of acute wounds are mechanical injuries (friction contact 
between skin and hard surfaces), burns, and chemical injuries. In the case 
of burns, the temperature of the source and time of exposure is important 
to decide the degree of wound. Burn wounds normally need special care 
because of associated trauma [153]. Wound healing is a dynamic process 
and the performance requirements of a dressing can change as healing pro-
gresses. In fact, the term “dressing” refers more correctly to the primary 
layer in contact with the wound. Prior to 1960s, wound dressings were 
considered to be only passive products that had a minimal role in the heal-
ing process. Winter [154] in 1962 initiated the concept of an optimal envi-
ronment for wound repair and the active involvement of a wound dressing 
in establishing and maintaining such an optimal environment. Th is 
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awareness revolutionized approaches to wound care and paved the way for 
development of wound dressings from the passive materials to the more 
functionally active ones [155]. In an ideal condition, a desirable wound 
dressing should: (i) provide and maintain a moist environment; (ii) protect 
the wound from secondary infections; (iii) absorb the wound fl uids and 
exudates; (iv) reduce the wound surface necrosis; (v) prevent the wound 
desiccation; (vi) stimulate the growth factors; and also be (vii) elastic; 
(viii) cost-eff ective; (ix) non-antigenic; and (x) biocompatible [155–157]. 
Also, wound healing is aff ected by many variables, which must be assessed 
before treatment commences. Th ese include patient factors (e.g., mental 
status, age, pain, mobility, nutritional status, and comorbidities), wound 
factors (e.g., peri-wound skin status, vasculitis, cellulitis, wound color, and 
incontinence), as well as the macroscopic and microscopic environments 
[158]. Evaluation of necrosis, infection, nutrition, pressure, perfusion, and 
tissue moisture balance are also paramount. Fluid balance in burn injury is 
very important since heavy loss of water from the body by exudation and 
evaporation may lead to a fall in body temperature and an increase in the 
metabolic rate. Besides this, dressings should have certain other properties 
like ease of application and removal, and proper adherence so that there 
will not be any area of non-adherence left  to create fl uid-fi lled pockets 
for the proliferation of bacteria [159]. While plain gauze is still the most 
commonly used dressing in hospitals today, new wound technologies have 
produced advanced products that help the body achieve the ideal moist, 
warm, protected wound healing environment (Table 9.4). Plain gauze 

Table 9.4 Advanced wound dressings [160]. Reprinted from (Clinics in Plastic 
Surgery), vol. 34 Copyright (2007) with permission from (Elsevier).

Protective dressings Descriptions

 Gauze Inexpensive; readily available

 Impregnated gauze Non-adherent; preserves moisture

Antimicrobial dressings –

 Antibacterial ointments Reapply oft en to maintain moisture

 Iodine based Absorbent; not for use with thyroid disorders

 Silver based Many forms; broad spectrum; low resistance

Autolytic debridement

 Films Occlusive; allows exchange of gasses
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certainly has its place as it is inexpensive, readily available, and appropriate 
for a large number of wounds. Impregnated gauze improves upon this by 
adding zinc, iodine, or petrolatum to help prevent desiccation and provide 
non-adherent coverage.

9.7.2 Types of Wound Dressings

Dressings can be classifi ed in a number of ways. Th ey can be classifi ed 
based on their function in the wound (antibacterial, absorbent), type of 
material employed to produce the dressing (collagen, hydrocolloid), physi-
cal form of the dressing (ointment, fi lm and gel), traditional and modern 
dressings. Some dressings can be placed in several classifi cations because 
they fi t criteria in several groups. Th e simplest classifi cation is as tradi-
tional and modern dressings, and particular focus will be given to hydro-
gels, one of the most common modern dressings. Dressings may be either 
adherent or non-adherent, and are subdivided into occlusive or nonoc-
clusive, depending on whether or not they allow the exchange of gases or 
water. Adherent dressings are generally used early on in wound manage-
ment, when debridement of the wound is needed. Th ese may be gauze 
pads (swabs), or specialized adherent dressing. Sterile gauze pads may be 
used dry on wounds, or may be soaked with sterile saline. Th ese appli-
cations are known as “dry-to-dry” or “wet-to-dry,” and the function is to 
help debride the wound and remove necrotic tissue and loose debris. Once 

Protective dressings Descriptions

 Hydrocolloids Not for exudative or infected wounds

 Hydrogels Rehydrates to soft en dry wounds

Chemical debridement –

 Papain/urea Availability issues in US

 Collagenase Selective debridement

Absorbent dressings -

 Foam Absorbs moderate exudates

 Hydrogels Absorbs minimal exudates

 Hydrofi bers Absorbs heavy exudates

 Alginates Absorbs heavy exudates



328 Advanced Healthcare Materials

wound-healing is under way, non-adherent dressings are chosen so as to 
minimize further damage to the wound when changing the dressing. Th ese 
tend to disrupt the wound surface minimally and are recommended for 
wounds starting to granulate. Granulation tissue does not grow in the pres-
ence of infection and so its presence indicates that infection is controlled. 
Non-adherent dressings prevent wound desiccation and allow moisture to 
be retained at the wound site, promoting healing. Furthermore, traditional 
wound dressings can be classifi ed as topical pharmaceutical formulations 
and traditional dressings. 

Topical pharmaceutical formulations

Th ese formulations can be liquids such as solutions and suspensions or 
semi-liquid materials such as ointments and creams. Th ese formulations 
can be used in the initial stages of wound healing, for example as antibac-
terials [153].

Traditional dressings

Th ese are, unlike topical formulations, dry materials such as cotton wool 
and natural or synthetic gauzes. Th ese dressings are more used in chronic 
wounds and burn wounds because liquid and semi-liquid dressings do 
not remain on the wound over optimal time [153]. While some clinicians 
insist that gauzes are as eff ective as new dressings, some studies show 
that moisture-retentive dressings are associated with faster healing time. 
Gauzes have been one of the most popular wound dressings but there are 
several disadvantages with the use of these. Th ey can promote desiccation 
of the wound base, they bind to the wound bed, which causes pain and 
trauma for patients during dressing changes. Th ey do not provide a good 
barrier against bacterial growth because they are susceptible to full thick-
ness saturation with wound fl uid [161]. Th e main aim of modern wound 
dressing is to create a moist environment for the wound to faclitate the 
healing process. Modern wound dressings are oft en classifi ed as hydrocol-
loid dressings, alginate dressings, hydrogel dressings, dressings in form of 
gels, foams and fi lms, etc. Modern dressings do not enhance the reepitheli-
alization, but stimulate collagen synthesis, promote angiogenesis, and can 
inhibit bacterial growth by maintaining a barrier against external contami-
nation and some of them by decreasing pH at the wound surface. Th e dry 
wound healing process would not only delay the wound healing process, 
but can cause further tissue death [161]. Five key points that technology 
and methodology of biomaterial design should consider when formulating 
biomaterials are as follows:
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1. Th e fi rst key point is to produce cell scaff olds for enhanced 
repair, proliferation, and diff erentiation process. In a big area 
of tissue defect, both cells and ECM are missing. Th erefore, 
it is important to make a three-dimensional scaff old “ECM” 
that provides a suitable environment for the healing process 
and helps the attachment of cells while the natural ECM is 
produced. ECM is not only a physical support for cells, but 
also provides a natural environment for cell proliferation 
and diff erentiation. Th is artifi cial scaff old should be porous, 
because cells can infi ltrate into the scaff old. Th e porosity 
provides oxygen and nutrition for cells, and cell wastes can 
be washed out through the porosity. Th is artifi cial cell scaf-
fold is a temporary ECM for the cells. Cells begin to produce 
ECM naturally aft er the tissue regeneration is initiated [162]. 

2. Th e second key is to provide the space for cell based tis-
sue regeneration and supply nutrients and oxygen to cells 
by angiogenesis. When a defect happens in a body tissue, 
fi broblasts produce fi brous which occupies the defected 
area immediately. Th is is a process that fi lls and repairs the 
defected area. Once the fi broblasts have occupied the area, 
repair of the target tissue area will be hard. To enable the 
transplanted cells to survive, there should be a cell scaff old 
in the defected area that provides oxygen and supply for the 
transplanted cells. Th is artifi cial scaff old should be a bar-
rier membrane that in addition to cells and space provid-
ing membranes, also contains signaling molecules. Signaling 
molecules can accelerate tissue regeneration [162].

3. Th e third key in the technology of tissue engineering is use 
of growth factor. In some cases growth factor is required 
to promote tissue regeneration. Growth factor cannot be 
injected as a solution to the regeneration site. It diff uses out 
from the defected area and becomes digested or deactivated 
fast. Th erefore, it is necessary to incorporate the growth 
factor in a biomaterial carrier. It will then be possible to 
make a controlled release of growth factor at the regenera-
tion site over a longer period of time. Presenting signaling 
cells as growth factor and vascular endothelial growth factor 
(VEGF) to the wound is important, since a wound whose 
matrix is lost does not have the ability to regenerate itself 
just by the presented cells [163]. Introducing VEGF to the 
wound can stimulate angiogenesis, collagen deposition, and 
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epithelialization. Th e molecule will particularly accelerate 
healing of chronic wounds. [164]. 

4. Th e fourth technology refers to fi nding the right type and 
quality of cell culture that has the ability to survive and 
regenerate in the defected site. For this purpose, isolation, 
induction and in vitro culture technologies are needed. 

5. Th e fi  fth and last technological key to successful tissue engi-
neering is to use genetic engineering to create cells that 
are suitable for the defected area. Th e stem cells should 
have properties that fi t the base cells in that area. Th ese 
cells should function in a same way as the base cells. Th is 
requires development of carriers for gene transfection and 
for effi  cient gene expression. Th e technology of providing 
carriers for gene expression is an important step in tissue 
engineering [162]. 

In spite of all the above-mentioned options there are many wounds 
resistant to treatment and a variety of new techniques are being researched. 
Th ese include tissue engineering techniques like stem cells and gene ther-
apy for achieving wound closure [165, 166]. Stem cells have the ability to 
migrate to the site of injury or infl ammation, participate in regeneration 
of damaged tissue, stimulate proliferation and diff erentiation of resident 
progenitor cells, secrete growth factors, re-model matrix, inhibit scar for-
mation, increase angiogenesis and improve tensile strength of the wound 
[167–170]. Recently, stem cell–based skin engineering along with gene 
recombination represents an alternative tool for regenerative strategies for 
wound therapy [171, 172]. Current drug delivery strategies cannot control 
the loss of drug activity due to physical inhibition and biological degrada-
tion. So, to optimize the delivery of factors for maximum effi  cacy, a molec-
ular genetics approach is being researched in which genetically modifi ed 
cells synthesize and deliver the desired growth factor in a time-regulated 
and locally restricted manner to the wound site to promote wound healing. 
If stem cells could be instructed to diff erentiate into one particular lin-
eage and functionally integrate into injured tissue environment, they could 
replace cells that have been lost. Th e most cost-eff ective method of remov-
ing devitalized tissue is through autolytic debridement with wet dressings 
such as hydrogels. Hydrogel dressings are much easier to remove than 
other wound dressings, due to the gel nature. Th ey are rarely painful and 
can usually be changed with no need for sedation. In conventional wound 
management products, no single product is suitable for all wound types or 
at all stages of healing so development of a new generation of wound care 
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products that will help at various stages of wound healing is an evolving 
fi eld of research today. Based on available evidence and clinical experience, 
modern dressings do appear to have roles at various stages of the wound 
healing process. Absorbable haemostats and hydrogel dressings are the 
part of modern wound management systems, which help in haemostasis 
and moist wound healing by enhancing cell proliferation.

9.7.3 Hydrogel Wound Dressings

Skin toxicity is a major problem in transdermal drug delivery systems. 
Drug molecules are required that are innocuous, creating neither irritation 
nor allergenicity, so in some circumstances using a larger patch area can 
alleviate the problem. Because of this issue, and taking into consideration 
one of the possible practical applications of “smart materials” in wound 
treatment, the idea of using sensitive hydrogels and microgels as transder-
mal drug-delivery systems was considered. 

Hydrogel wound dressing is a type of synthetic dressing that is particu-
larly good for wounds that need to be kept moist, such as burns or necrotic 
wounds. Necrotic wounds are wounds with dead and dying tissue that must 
be removed before healing can eff ectively take place. Some types of hydro-
gel wound dressing can clean wounds by removing necrotic and infected 
tissue from the wound bed. Hydrogel is also used as wound fi ller or as a 
fl at dressing. It is available in sheet form, on pads in a variety of shapes, or 
simply as a gel that can be applied to wounds. Besides wound hydration, 
one of the main advantages of hydrogel wound dressing is that it does not 
stick to wounds which can mean much less pain during dressing changes. 
Th is means that it can be removed during dressing changes without dam-
aging the wound further or disrupting healing. Th is is particularly useful 
for burns and other types of open or chronic wounds. Due to the high 
water content and gel-consistency, hydrogel also feels cooling and sooth-
ing on the wounded area. Th e hydrogels have also potential in drug release 
to the skin. Th ey may be of particular importance where the skin barrier 
is compromised, as in a diseased state or in wound management. In this 
situation, controlled delivery to the skin of active materials can provide 
therapeutic levels where required and minimize systemic uptake. Th ese 
gels could be used at higher temperatures and release more material, as 
can be anticipated within wound tissue. Th e use of hydrogels in the healing 
of wounds dates back to the late seventies or early eighties. Hydrogels act 
as a wet wound dressing material and have the ability to absorb and retain 
the wound exudates along with the foreign bodies, such as bacteria, within 
its network structure. In addition, hydrogels have been found to promote 
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fi broblast proliferation by reducing the fl uid loss from the wound surface 
and protecting the wound from external noxae necessary for rapid wound 
healing. Hydrogels help in maintaining a micro-climate for biosynthetic 
reactions on the wound surface necessary for cellular activities. Fibroblast 
proliferation is necessary for complete epithelialization of the wound, 
which starts from the edge of the wound. Since hydrogels help to keep 
the wound moist, keratinocytes can migrate on the surface. Th e process of 
angiogenesis can be initiated by using semi-occlusive hydrogel dressings, 
which is initiated due to temporary hypoxia. Angiogenesis of the wound 
ensures the growth of granulation tissue by maintaining adequate supply 
of oxygen and nutrients to the wound surface. Hydrogel sheets are also 
generally applied over the wound surface with backing of fabric or polymer 
fi lm and are secured at the wound surface with adhesives or with bandages.

Hydrogels fi t most criteria for a suitable wound dressing as they:

• Help the rehydration of dead tissues and increase the healing 
of debridement

• Are suitable for cleansing of dry, sloughy, or necrotic wounds
• Do not react with biological reacts
• Are permeable to metabolites
• Are nonirritant
• Promote moist healing
• Are non-adherent
• Cool the surface of the wound [153].

Other properties of hydrogels allow them to be utilized to deliver topi-
cal wound medications (e.g., metronidazole and silver sulfadiazine). Th e 
release mechanism resulting in the diff usion of the medication can be con-
trolled by the degree of cross linkage in the gel. Both temperature and pH-
sensitive gels have been the subject of investigation with the objective of 
developing new products. Despite their high water content, hydrogels are 
capable of additionally binding great volumes of liquid because of the pres-
ence of hydrophilic residues. Hydrogels swell extensively without changing 
their gelatinous structure and are available for use as amorphous (without 
shape) gels and in various types of application systems, e.g., fl at sheet hydro-
gels and non-woven dressings impregnated with amorphous hydrogel solu-
tion. Th ese products consist of hydrophilic homopolymers or copolymers, 
which interact with aqueous solutions, absorbing and retaining signifi cant 
volumes of fl uid. Flat sheet hydrogel dressings have a stable crosslinked 
macrostructure and therefore retain their physical form as they absorb 
fl uid [173]. Additional advantages such as transparency, cushioning eff ect, 
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cooling eff ects, etc., considerably increase the utility value of hydrogels, in 
particular concerning patient comfort and ease of application. Hydrogels 
may be transparent, depending on the nature of the polymers, and provide 
cushioning and cooling/soothing eff ects to the wound surface. Th e main 
advantage of the transparent hydrogels includes easily monitoring of the 
wound healing without removing the wound. Th ere are some commercial-
ized hydrogel wounds dressings under the trade names of Vigilon, Ivalon, 
Aqua gel, Kik gel, etc. [174]. However, some of the hydrogel dressings, due 
to their weak mechanical properties, for instance, low strength and elastic-
ity or low fracture toughness, especially in the swollen state, did not satisfy 
the ideal dressing requirements, i.e., they might stick to the wound surface 
or be crushed under high stresses [175]. Th ese disadvantages are mainly 
attributed to the constrained molecular motion of the polymer chains due 
to the large number of randomly arranged crosslinks in the conventional 
hydrogels [176]. Hence, a hydrogel having good strength and elasticity is 
expected to be better as a dressing material. In order to improve the physi-
cal and mechanical properties of hydrogels and to make them strong and 
elastic, small-scale inorganic particles are commonly used as reinforcing 
agents. Also, to improve the mechanical properties of hydrogels, several 
manufacturing methods were proposed, among which three resulted in 
signifi cant improvements in the mechanical properties. Namely:

• Double network hydrogels;
• Hydrogels containing sliding crosslinking agents;
• Nanocomposite hydrogels [177].

Double network hydrogels

In this method, two hydrogels are combined together. One of them is a 
highly crosslinked polyelectrolyte and the other one is a loosely crosslinked 
or maybe uncrosslinked natural hydrogel. Th is combination will result in 
an eff ective relaxation of locally applied stress and dissipation of crack 
energy [177]. Th e double network (DN) gels possess IPN structure where 
the properties of two networks exist in sharp contrast such as network den-
sity, rigidity, molecular weight, crosslinking density, etc. Th ey are generally 
synthesized via a two-step sequential free-radical polymerization process 
in which a high relative molecular mass neutral second polymer network is 
incorporated within a swollen heterogeneous polyelectrolyte fi rst network 
[178]. Th e mechanical properties of DN gels prepared from many diff erent 
polymer pairs were shown to be much better than that of the individual 
components. Under an optimized structure, the DN gels, containing about 
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90 wt% water, possess hardness, strength (failure tensile stress 1–10 MPa, 
strain 1000–2000%; failure compressive stress 20–60 MPa, strain 90–95%), 
and toughness (tearing fracture energy of 100–4400 J.m−2) [179]. Th ese 
excellent mechanical performances had never been realized before in syn-
thetic hydrogels, and are comparable to and even exceed some soft  load-
bearing tissues. 

Hydrogels containing sliding crosslinking agents

In this method two cyclodextrin molecules get crosslinked. Th ese mole-
cules will create double rings that can move slightly along the PEG chains. 
Th is will result in an excellent mechanical property for hydrogel. It will 
provide a hydrogel with a high degree of swelling and a high stretching 
ratio without fracture [177].

Nanocomposite hydrogels

Th ese kinds of hybrid hydrogels can be synthesized through polymeriza-
tion of hydrophilic monomers in the presence of nanoparticles. Diff erent 
kinds of nanoparticles such as gold, silver, iron oxide, carbon nanotubes, 
and various types of clays, e.g., laponite, montmorillonite, hydrotalcite, 
and bentonite have been used successfully in production of nanocom-
posite hydrogels [180]. Since 2002, several attempts have been made 
to reinforce the structure of hydrogels by incorporating nanoparticles 
or nanostructures to obtain nanocomposite hydrogels with improved 
mechanical, physical, and chemical properties [181]. Th e recent research 
on nanocomposite materials has shown that some properties of poly-
mers and gels signifi cantly improve by adding organoclay into polymeric 
matrix. Th e nanocomposite hydrogel exhibited extraordinary mechanical, 
optical, and swelling/de-swelling properties, which could simultaneously 
overcome the limitations of conventional chemically crosslinked hydro-
gels. Th e construction of nanocomposite hydrogels was achieved, not by 
the mere incorporation of clay nanoparticles into a chemically crosslinked 
network, but by allowing the clay platelets to act as multifunctional cross-
linkers in the formation of polymer/clay networks. Due to their supe-
rior properties, nanocomposite hydrogels have attracted much attention 
and are believed to be a revolutionary type of hydrogel. Typically, in this 
method polymer N-isopropylacrylamide (NIPAAm) that is clay-contained 
is combined with hectorite [Mg5.34Li0.66Si8O20(OH)4]Na0.66 as a multifunc-
tional crosslinker. Th e mechanical property of the hydrogel was enhanced 
and the tensile module and strength were proportional with clay content 
[177]. An interesting result with respect to applications obtained with the 
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IPN hydrogels is that these are two-phase systems (two glass transition 
temperatures), with the hydrophilic domains behaving essentially like the 
pure hydrophilic component [182–184]. Th us, the two basic functions of 
these IPN hydrogels with respect to applications, namely hydrophilicity 
and mechanical stability, are separately taken over by the two IPN compo-
nents, the hydrophilic and hydrophobic domains, respectively. Hydrogels 
are poor bacterial barriers and require a secondary dressing to secure them 
in place. Th erefore, the hydrogel wound dressing may also contain addi-
tives such as antibiotics, anti-fungals, and/or other organic compounds to 
prevent infection and to control odor.

9.7.3.1 Preparation Methods of Hydrogel Wound Dressings

Current approaches that are used for making hydrogels with controlled 
features can be categorized based on the technologies used to crosslink the 
gel during fabrication, including approaches such as emulsifi cation, micro-
molding, photolithography, and micro-fl uidic techniques. Th ese tech-
niques are shown schematically in Figure 9.8. Some other known methods 
of making hydrogel dressing using hydrophilic polymers include: physical 
method by repeated freezing and thawing, chemical method using chemi-
cals like borax, boric acid, glutaraldehyde, formaldehyde, and irradiation. 
PVA is a synthetic hydrogel that has been used in biomedical applications 
especially in wound dressing due to its good chemical and mechanical sta-
bility, processability, biocompatibility, and biodegradability. Th is kind of 
synthetic hydrogel is prepared by crosslinking the linear chains of PVA 
[185]. Crosslinked PVA based hydrogels possess most of the aforemen-
tioned properties, which make them ideal candidates as wound dressing 
material. Additionally, these hydrogels also create moist wound environ-
ments, which further accelerate the healing process. PVA can be cross-
linked by diff erent physical or chemical methods such as electron beam, 
c-irradiation, repeated freeze-thaw cycles, photo-crosslinking, reacting 
with bi-functional reagents like boric acid, phenyl boronic acid, dialde-
hydes, dicarboxylic acids, dianhydrides, acid chlorides, epichlorohydrin, 
etc. [186–191].

Crosslinked networks of synthetic polymers such as PEO, polyvinyl 
pyrollidone (PVP), PLA, polyacrylic acid (PAA), polymethacrylate (PMA), 
PEG, or natural biopolymers such as alginate, chitosan, carrageenan, 
hyaluronan, and carboxymethyl cellulose (CMC) have been reported 
for this purpose. Th e various preparation techniques adopted are hydro-
gen bonding interactions, physical crosslinking, chemical crosslinking, 
graft ing polymerization, and radiation crosslinking. Hydrogen bonding 
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Microfluidic tehniques

Gel printing

Adapted from Neai et al
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Adapted from Koh et al

Adapted from Mironov et al

Adapted from Zhang et al

Figure 9.8 Various microfabrication techniques for hydrogels as wound dressing 
materials [24]. Reprinted from (Adv. Mater), Vol. 21 Copyright (2009) with permission 
from (WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim).

interactions can be used to produce hydrogels in vitro by freezing-thawing, 
e.g., in the formulation of PVA-based hydrogels [192]. Physical crosslink-
ing of polymer chains can be achieved using a variety of environmental 
triggers (pH, temperature, ionic strength) and a variety of physicochemi-
cal interactions (hydrophobic interactions, charge condensation, hydrogen 
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bonding, stereocomplexation, or supramolecular chemistry). Th ere has 
been an increased interest in physical or reversible gels due to relative ease 
of production and the advantage of not using crosslinking agents. Th ese 
agents aff ect the integrity of substances to be entrapped (e.g., cells, pro-
teins, etc.) as well as the need for their removal before application. Careful 
selection of hydrocolloid type, concentration and pH can lead to the for-
mation of a broad range of gel textures and is currently an area receiving 
considerable attention, particularly in wound dressing application. Th e 
various methods reported in literature to obtain physically crosslinked 
hydrogels are:

• Freezing-thawing
• Heating/cooling a polymer solution
• Ionic interaction
• Complex coacervation
• H-bonding
• Maturation

Chemical crosslinking involves graft ing of monomers on the backbone 
of the polymers or the use of a crosslinking agent to link two polymer 
chains. Th e crosslinking of natural and synthetic polymers can be achieved 
through the reaction of their functional groups (such as OH, COOH, and 
NH2) with crosslinkers such as aldehyde (e.g., glutaraldehyde, adipic acid 
dihydrazide). Among several chemical crosslinking methods, IPN (polym-
erizing a monomer within another solid polymer to form interpenetrating 
network structure) and hydrophobic interactions [193] (incorporating a 
polar hydrophilic group by hydrolysis or oxidation followed by covalent 
crosslinking) are also used to obtain chemically crosslinked permanent 
hydrogels.

High-energy radiations like gamma and electron beams have been used 
to prepare hydrogel of unsaturated compound. Th e irradiation of aqueous 
polymer solution results in the formation of radical on the polymer chain. 

PVP is another example of polymer applied for the synthesis of hydrogel 
to be used in diff erent biomedical applications, especially wound dressing 
[194, 195]. PVP hydrogels can be obtained by gamma irradiation of PVP/
water solutions. Th e physical and mechanical characteristics of the resul-
tant gel depend on the radiation dose as well as the presence of additive in 
the solution. Th e irradiation causes crosslinking between the PVP chains 
and consequently results in the formation of a polymer network. In gel syn-
thesis the presence of chemical substances diff erent of PVP in the starting 
solution as well as the radiation dose infl uences the mechanical behavior of 
the resultant product, since it infl uences the network crosslinking density. 
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Th e network crosslinking density is one of the decisive parameters on the 
mechanical behavior of the gel. While copolymerization/crosslinking of 
reactive monomers and crosslinking of linear polymers are the main meth-
ods for producing hydrogels, there are other techniques that also deserve 
mention, particularly chemical conversion and the formation of interpen-
etrating networks. Production of hydrogels by chemical conversion uses 
chemical reactions to convert one type of gel to another. Th is can involve 
the conversion of a non-hydrogel to a hydrogel or the conversion of one 
type of hydrogel to another. Examples of the former include the hydrolysis 
of polyacrylonitrile to polyacrylamide or of poly(vinyl acetate) to PVA; an 
example of the latter includes the alkaline hydrolysis of polyacrylamide 
to PAA. As another example, PVA gels with superior mechanical prop-
erties can be produced by the bulk polymerization of vinyl tri-fl uoroac-
etate (forming a non-hydrogel), followed by solvolysis of PVTFA to PVA 
[196]. It is well known that poly(hydroxyethyl methacrylate) (PHEMA) 
is one of the other most widely applied and important hydrogels. Since 
1955 it has been modifi ed with many natural and synthetic substances and 
by various methods, and has been applied in the production of contact 
lenses and dressings, and for drug delivery and tissue engineering pur-
poses. Th e properties of PHEMA depend, among other things, on the 
method of synthesis, polymer content, degree of crosslinking, temperature 
and fi nal application environment. Th e synthesis can be carried out with 
simultaneous crosslinking by UV-radiation. In one possible way of prepar-
ing PHEMA [197], 2-hydroxyethyl methacrylate (HEMA) as a monomer, 
polyethylene glycol dimethacrylate as the crosslinking agent and benzoin 
isobutyl ether (BIE) as the UV-sensitive initiator were used. De-ionized 
water (DI) in an amount appropriate to the desired concentration should 
then be added to the system prepared from the listed components. Th e 
fi nal products are obtained in the form of fi lms or membranes by treat-
ing them with UV radiation. Next, the fi lm is immersed for 24 h in water 
until it is fully saturated in order to remove toxic or un-reacted substances 
that could damage living tissue. Th is kind of hydrogel can be applied in 
artifi cial skin manufacturing, and dressings, especially burn dressings, as it 
ensures good wound-healing conditions.

Also, PEG is one of the other most widely used hydrogels in medicine 
and biomedicine. Hydrogels based on its derivatives—polyethylene glycol 
methacrylate (PEGMA), polyethylene glycol dimethacrylate (PEGDMA), 
and polyethylene glycol diacrylate (PEGDA) are likewise widely applied. 
PEG-based hydrogels are characterized by their high biocompatibility, lack 
of toxic infl uence on surrounding tissue, and solubility in water, which 
makes them good candidates for wound dressing and drug delivery system 
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applications [198]. Another group widely used in biomedical applications is 
hydrogels based on PVP. Th ey are present in wound dressings and are usu-
ally obtained with the radiation technique, an apparently simple, effi  cient, 
clean and environmentally friendly process. Th e application of radiation 
in the formation of hydrogels for biomedical use off ers a unique opportu-
nity to combine the formation and sterilization of a product in one single 
technological step. PVP hydrogels can thus be regarded as advantageous 
owing to their simple formation and lower production costs, soft ness and 
elasticity; their ability to store large amounts of liquid while retaining quite 
good mechanical properties makes them optimal candidates for the manu-
facture of dressings. To improve its mechanical properties, PVP is usu-
ally blended with other polymers (mainly natural), which also enhances its 
biocompatibility and water uptake. Agar, cellulose and PEG are the usual 
polymers added [139, 199, 200]. Besides, polyurethane (PU) hydrogels are 
also applied in wound dressing manufacture. Th ese gels are obtained in a 
one-step bulk synthesis using 1,6-hexamethylene diisocyanate (HDI) or 
methylene bis-(4-cyclohexy-lisocyanate) (HMDI) and 1,4-butanediol or 
maleic acid as a chain extender with the 0.02–0.05 wt % addition of a dibu-
tyltin dilaurate or FeCl3 catalyst. Th e reaction occurs within a few minutes, 
aft er which the mixture is placed in a propylene cube at 368 K for 20 h to 
fi nish the process. Th e fi nal product can be also obtained in the form of 
fi lms, using 5% solution of polymer in methanol [201].

9.7.3.2 Characterization of Hydrogel Wound Dressings

Since the presence of diff erent functional groups plays an important 
role in the water holding capacity of the hydrogel, it becomes neces-
sary to analyze the presence of diff erent functional groups in a newly 
synthesized hydrogel wound dressing. Also, determination of the func-
tional group can provide some information on the composition of the 
polymeric network. Th e various techniques used for characterization 
of hydrogels include UV-Vis spectroscopy, infrared (IR) spectroscopy, 
mass spectrometry and NMR. Th e chemical bonds in a molecule are 
always either in stretching or in bending motion. Th e IR spectroscopy 
involves excitation of the functional groups with IR irradiation of a par-
ticular wavelength, which results in the increase in the amplitude of the 
vibrations (bond stretching and bending) of the functional groups. Th e 
stretching vibrations can either be symmetric or asymmetric, while the 
bending vibrations can either be in-plane or out-of-plane. Th e change 
in the amplitude of the vibrations of the bonds is recorded by the IR 
instrument.



340 Advanced Healthcare Materials

At present the most commonly used method to determine the mechani-
cal properties of hydrogels are by tensile testing or strip extensiometry. 
Th ese methods have been extensively used to study the mechanical behav-
ior of various hydrogels [47, 202]. Th is destructive technique involves 
applying a tensile force to strips of material held between two grips. 
Alternatively, the force can be applied to a ring instead of a single strip. 
Applied force and the elongation of the material are used to obtain a stress-
strain chart. Th is chart can be used to derive several mechanical properties 
of the hydrogel including Young’s modulus, yield strength, and ultimate 
tensile strength. Tensile testing is performed to determine elastic modulus, 
ultimate stress, and ultimate strain for sheet hydrogels. In tensile testing, a 
“well sized” shaped sample is placed in the grips of movable and stationary 
fi xtures in a screw driven device, which pulls the sample until it breaks and 
measures applied load versus elongation of the sample.

Another commonly used method to determine the mechanical prop-
erties of hydrogels are Dynamic Mechanical Analysis (DMA). Th is tech-
nique determines elastic modulus, loss modulus, and damping coeffi  cient 
as a function of temperature, frequency, or time. Th e approach is oft en 
used to determine glass transition temperature as well. In this method, the 
sample is clamped into movable and stationary fi xtures and then enclosed 
in a thermal chamber. Th e DMA applies torsional oscillation to the sample 
while slowly moving through the specifi ed temperature range. Results are 
typically recorded as a graphical plot of elastic modulus, loss modulus, 
and damping coeffi  cient versus temperature. DMA, like tensile testing, is a 
destructive technique.

Th ermal Gravimetric Analysis (TGA) continuously measures the weight 
of a sample as a function of temperature and time. Th e sample is placed in a 
pan held in a microbalance. Th e pan and sample are heated in a controlled 
manner and weight is measured throughout the heating cycle. Changes in 
weight at specifi c temperatures correspond to reaction or changes in the 
sample such as decomposition.

Extensiometry can also be used to examine the viscoelastic characteris-
tics of a hydrogel material by elongating the material strip to a particular 
length and examining the stress relaxation response over time at a constant 
strain. Th ere are several shortcomings with using extensiometry, which 
include: only hydrogel strips or rings can be measured, measurements can 
only be performed once on each test piece, the potential misalignment of 
grips and the strain is limited to being uniaxial. Th e destructive nature 
of this type of test makes it diffi  cult to monitor the change in mechanical 
properties of the hydrogels over time, an important parameter in engineer-
ing tissues.
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Among the many parameters used to characterize hydrogels, the poly-
mer volume fraction in the swollen state, the molecular weight of the 
polymer chain between crosslinks (Mc), and the mesh size of the gel (ζ) 
are among the most informative, especially for drug delivery and wound 
dressing applications (Figure 9.9). Also, the crosslinking density, the num-
ber of chemical or physical crosslinks in a given volume controls many 
fundamental hydrogel properties that are important in biomedical applica-
tions. Th ese properties include the volumetric swelling ratio (Q), the shear 
modulus (G) and the diff usion coeffi  cient (D) of entrapped molecules. As 
can be seen in Figure 9.9, two network structures representative of low and 
high crosslinking densities are depicted to demonstrate the relationship 
between crosslinking density and basic hydrogel properties. As crosslink-
ing density increases, mesh size (ζ), which is a measure of the space that is 
available between macromolecular chains for the diff usion, decreases.

For more details about using the equilibrium swelling theory of rubber 
elasticity for determination of these three important parameters, see refs 
[34], [47], and [202–211].

Th e use of XRD for determining the crystalline nature of a substance 
has long been used. XRD throws light on the properties of the diff erent 
phases (for example, structural make-up and crystallite dimension, ori-
entation and strains) present in the polymer- polymer blend matrix. Th e 
XRD is based on the principle of diff raction of the X-rays from the atomic 
lattice of the specimen when the specimen is being irradiated with a beam 
of monochromatic x-rays. Th ese diff racted rays are analyzed carefully to 
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Figure 9.9 Schematic representation of a polymeric hydrogel where the molecular 
weight of the polymer chain between crosslinks (Mc), and the mesh size of the gel (ζ) are 
represented.
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fi nd out the angles of diff raction and the intensity of the diff racted rays. 
Th e angle of diff raction is useful in calculating interplanar atomic spac-
ing (d-spacing). Th e d-spacing can reveal information, viz. unit cell size 
or lattice parameter, on the arrangement of atoms in a compound. Th e 
d-spacing and intensity information are unique for a particular material 
and act as a unique fi ngerprint for the material. Hence, the information 
can be used to characterize materials, both quantitatively and qualitatively, 
even in a mutli-component mixture. Th e width of the diff racted peaks can 
reveal information on the crystallite size and the micro-strain developed 
within a specimen. Th e main methods used to characterize and quantify 
the amount of free and bound water in hydrogels are DSC and NMR. Th e 
proton NMR gives information about the interchange of water molecules 
between the so-called free and bound states [212]. Th e use of DSC is based 
on the assumption that only the free water may be frozen, so it is assumed 
that the endotherm measured when warming the frozen gel represents the 
melting of the free water, and that value will yield the amount of free water 
in the hydrogel sample being tested. Th e bound water is then obtained by 
diff erence of the measured total water content of the hydrogel test speci-
men, and the calculated free water content [130]. Diff erent behavior of 
water fractions in a hydrogel is most evident in diff erential thermal analy-
sis and DSC. Upon slow heating of a frozen hydrogel (water content of 
about 30% and above), one oft en observes two endothermic peaks, a sharp 
one corresponding to the melting of ice (~273 K) and a broader one at 
10–40 K below. Th ey are usually associated with freezable free water and 
freezable bound water [213, 214]. It should be noted, however, that a dif-
ferent explanation has also been given for the case of poly(hydroxyethyl 
methacrylate) (pHEMA) hydrogels: the apparent two endothermic peaks 
are really only one peak which is interrupted by an exothermic peak caused 
by amorphous ice undergoing crystallization just below the melting transi-
tion [215, 216].

Raman measurements allow an estimate of defects in water-water 
hydrogen bonding in hydrogels as compared to liquid water or ice. Th ey 
show no qualitative diff erence between pure water and hydrogels when one 
goes through the temperatures at which the DSC peaks occur [217]. In 
fact, Raman spectroscopy is very sensitive to other phase transitions such 
as the coil-to-globule transition in poly [N- (3-ethoxypropyl) acrylamide] 
hydrogels.

SEM can be used to provide information about the sample’s surface 
topography, composition and other properties such as electrical conduc-
tivity. Magnifi cation in SEM can be controlled over a range of up to 6 
orders of magnitude from about 10 to 500,000 times. Th is is a powerful 
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technique widely used to capture the characteristic “network” structure in 
hydrogels [218, 219]. 

Atomic forced microscopy (AFM) is commonly used for determining 
the surface properties of the hydrogels. AFM is a contact profi lometer 
and can be operated either in contact mode or in tapping mode. In tap-
ping mode, the tip of the cantilever has a piezoelectric element (PZTe). 
Th e cantilever is oscillated in the resonance frequency of the PZTe. As the 
tip approaches the surface of the material, there is an increased interac-
tion between the surface and the tip, thereby resulting in a decrease in the 
amplitude of the oscillation. Th e decrease in the amplitude of oscillation is 
then recorded and compared with an external reference, which provides 
information on the surface characteristics of the material. While in the 
static mode, the tip of the AFM instrument drags over the sample surface. 
Th e surface properties are measured as a function of the tip defl ection as 
it moves over the surface. Th e defl ection of the tip is generally measured 
using a laser beam detector, which detects the refl ected laser beam from 
the upper surface of the cantilever holding the tip. 

A compression test is another technique that has previously been used 
to examine the mechanical properties of several diff erent types of hydro-
gels. Th is technique involves placing the material between two plates and 
compressing it. Th e pressure applied to the surface of the hydrogel and 
distance the hydrogel is compressed can be used to calculate the mechani-
cal properties of the hydrogels using a theoretical model. One of the advan-
tages of the compression test over extensiometry is that it does not limit the 
hydrogel geometry to strips or rings although it does require a fl at surface. 
Th is approach has several limitations including bulging of the hydrogel 
under compression and diffi  culty in applying pressure evenly. Bulging can 
be overcome by confi ning the hydrogel around its outer edge although 
this changes the nature of the measurements [48, 220]. However, non- 
destructive online characterization of the mechanical properties of hydro-
gels is not achievable with this technique.

9.8 Recent Developments on Hydrogels

A recent subject that has attracted much attention in the fi eld of gel science 
is the fabrication of hydrogels with the rapid stimuli responsiveness and 
superior mechanical properties required for many applications of stimuli-
responsive hydrogels. Th e creation of durable hydrogels that exhibit revers-
ible and rapid changes in shape or volume, the likes of which are found in 
living organisms such as muscle, has been a challenge for materials chemists. 
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Hydrogels synthesized from monomer solutions by radical polymerization, 
a general-purpose method for making synthetic hydrogels, however, face 
several constraints. Th e inherently weak mechanical properties caused by 
underlying spatial inhomogeneity during polymerization and extremely 
slow responsiveness caused by critical slowing down and vitrifi cation during 
the shrinking process restrict the widespread use of these hydrogels [221]. 
Although some approaches have been developed to improve the stimuli sen-
sitivities and mechanical properties of hydrogels, it remains a challenge to 
design ideal gel networks with a combination of desired properties. In the 
past few years, there has been increased interest in the development and 
applications of hydrogel nanocomposites, specifi cally as a new class of bio-
materials. Nanocomposite hydrogels have good potential to be used as func-
tional soft  materials in biomedical applications, due to their excellent 
mechanical properties, high water content, and good biocompatibility [222]. 
To date, there is growing interest on the research, synthesis, and the develop-
ment of nanocomposite hydrogels for novel applications especially in wound 
dressing systems [223]. In some cases, the nanoparticles (e.g., gold, mag-
netic, carbon nanotubes) can absorb specifi c stimuli (e.g., alternating mag-
netic fi elds, near-IR light) and generate heat. Th is unique ability to remotely 
heat the nanocomposites allows for their remote controlled (RC) applica-
tions, including the ability to remotely drive the polymer through a transi-
tion event (e.g., swelling transition, glass transition). Th e nanocomposite 
hydrogels, referred to crosslinked polymer networks swollen with water in 
the presence of nanoparticles or nanostructures, are new generation materi-
als that can be used in a wide variety of applications including stimuli-
responsive sensors and actuators, pharmaceutical, and biomedical devices 
[224]. Th e most potential use of nanocomposite hydrogels is for novel bio-
materials in tissue engineering, drug delivery, and hyperthermia treatment 
because they, in comparison with conventional hydrogels, can provide 
improved properties such as increased mechanical strength and ability for 
remote controlling [225]. Due to the excellent dispersion of cellulose nano-
crystals (CNCs) in water, the fabrication, molding, and application of hydro-
gels containing CNCs without modifi cation has many advantages compared 
with other nanofi llers such as polymer and metal nanoparticles [226, 227]. 
Moreover, CNCs possess the long-term biocompatibility and controlled bio-
degradability, which is benefi cial to further develop applications of nano-
composite hydrogels used as biomaterials. Nakayama et al. [228] for the fi rst 
time reported cellulose-polymer nanocomposite hydrogels composed of 
bacterial cellulose (BC) and gelatin. Bacterial cellulose is biosynthesized by 
microorganisms, and displays unique properties, including high mechanical 
strength, high water absorption capacity, high crystallinity, and an ultra-fi ne 
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and highly pure fi ber (10–100 nm) network structure. By immersing BC gel 
in aqueous gelatin solution followed by crosslinking with N-(3- 
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride, high mechani-
cal strength DN nanocomposite hydrogels were prepared. In addition, these 
double network nanocomposite hydrogels exhibit not only a mechanical 
strength as high as several megapascals but also a low frictional coeffi  cient of 
the order of 10−3. Th ese kinds of hydrogels not only exhibit superior mechan-
ical properties (compression strength of up to 10 MPa) and withstand long-
term cyclic stresses (up to 2000–6000 cycles) without substantial reduction 
of mechanical properties, but also show anisotropic behavior on both swell-
ing and deformation. Cellulose nanocrytals or nanofi bers isolated from 
plants have lower cost and higher price-performance ratio than BC, and 
their size can be facilely adjusted to meet the requirement of hydrogels prop-
erties for the various applications, e.g., pharmaceutical and biomedical 
devices and the potential impact for nanocomposite hydrogels to infl uence 
the lives of the general public continues to grow. Th e large amount of recent 
reports has explained some of the physics and chemistry behind the unique 
properties of these hydrogel materials. Responsive hydrogels that change 
properties and function as response to external stimuli such as artifi cial mus-
cles are oft en inspired by natural systems. Desirable properties such as inject-
ability and precise drug delivery that cannot be controlled with certain 
macroscopic hydrogels are achieved with nanocomposite micro- and nano-
gels. Future directions certainly include the rational design of biomedical 
nanocomposite hydrogels that require not only control of chemical and 
physical properties, but also the consideration of biological variables. While 
hydrogels can be used to simulate biological tissues, signifi cant challenges 
arise when it comes to designing mechanically strong gels with long-term 
biocompatibility and controlled biodegradability. Reviewed literature sug-
gests that the development of synthetic routes and fabrication technologies 
for fundamental understanding of nanocomposite hydrogels will continue, 
but with a greater emphasis on designing sophisticated multi-component 
and complex materials that can be tailored to very specifi c applications. 
Emerging new techniques strongly support the systematic characterization 
of nanocomposite gels, which, in return, drives research forward and impacts 
the rational design of materials. Although developing hydrogel systems that 
respond quickly to external stimuli is a challenge, fi lms that have a fast, easily 
observable response to minimal stimuli have undergone tremendous 
improvement. Furthermore, developing a single system that can respond to 
multiple stimuli is oft en challenging and requires precise molecular engi-
neering. Some of the recent studies in the development of the hydrogel 
nanocomposites are discussed here. An example of multi-responsive 
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hydrogels have been developed by the Serpe group, including unique 
p(NIPAM-co-AAc) microgel fi lm assemblies on gold substrates, called etal-
ons, capable of color tunability over 300 nm in response to temperature and 
pH changes [229–231], which may fi nd applications as microarray sensors 
or in display technologies. Th e recent research on nanocomposite materials 
has shown that some properties of polymers and gels signifi cantly improve 
by adding organoclay into polymeric matrix. Recently, Kokabi et al. [232] 
reported a new nanocomposite hydrogel based on PVA and reinforcing 
agents, i.e., OMONT. In their research work, in order to obtain wound dress-
ing with better properties, nanocomposite hydrogel wound dressing was 
prepared, using a combination of PVA hydrogel and organoclay, i.e., 
Na-montmorillonite, via the freezing-thawing method. Because of its desired 
water absorption, extensive swelling in water, and cation exchange capacity, 
montmorillonite is recognized as the main mineral clay used to prepare 
polymer nanocomposites [233, 234]. In another attempt, a new generation of 
nanocomposite hydrogel with excellent mechanical properties, good water-
stability and unique water-activated shape memory behavior were prepared 
with in situ free-radical polymerization using titania nanoparticles as the 
crosslinking agent by Xu et al. [235]. Reviewing the literature on the nano-
composite hydrogels shows that numerous research studies have been per-
formed on those nanocomposite hydrogels, which their crosslinking process 
is done mainly via using chemical crosslinking agents (so-called chemical 
nanocomposite hydrogels). Almost no essential attention has been paid to 
the nanocomposite hydrogels crosslinked physically in the absence of chem-
ical crosslinking agents, like those which can be prepared via freezing-thaw-
ing technique. Recently, Sirousazar et al. [236] have prepared the PVA 
nanocomposite hydrogels via a physical crosslinking method (freezing-
thawing cyclic technique) using OMONT as nanoparticles. Based on the 
obtained swelling characteristics of the PVA-OMONT nanocomposite 
hydrogels, the clay loading level in nanocomposite hydrogels was optimized 
and the best one to biomedical applications was chosen by them. It should be 
noted that, surely, imitating and/or designing of this new type of advanced 
materials will help aid in the development of more applications.

9.9 Conclusions

Hydrogels are crosslinked, hydrophilic polymeric networks with a broad 
range of materials and attractive diverse characteristics. Th e utilization 
of hydrogels has made great progress in the last 50 years. Th ese com-
pounds have played a very important role in various branches of science 
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and industry especially in biomedical applications. Hydrogels can be syn-
thesized by any of the techniques used to create crosslinked polymers. 
Covalently crosslinked networks can be created by copolymerization/
crosslinking of monomers and by linking linear polymers with chemical 
reagents or through ionizing radiation. Hydrogels can also be crosslinked 
by non- covalent interactions, including entanglements, electrostatics, 
hydrogen bonds, hydrophobic interactions, and crystallites. Hydrogels can 
be synthesized by any of the techniques used to create crosslinked poly-
mers. Covalently crosslinked networks can be created by copolymerization/
crosslinking of monomers and by linking linear polymers with chemical 
reagents or through ionizing radiation. With increasing eff orts devoted 
to controlled molecule release, the applications of hydrogels will continue 
to grow in the future. Proper network design and accurate mathematical 
modeling are keys to tuning the drug release rates as well as to modulating 
tissue regeneration. Th e future success of hydrogels as advanced materi-
als relies on the development of novel materials that can address specifi c 
biological and medical challenges. Recent enhancements in the fi eld of 
polymer science and technology have led to the development of vari-
ous stimuli sensitive hydrogels. Either pH-sensitive and/or temperature-
sensitive hydrogels can be used for site-specifi c controlled drug delivery 
and wound dressing applications. Th e development of synthetic occlusive 
wound dressing material is currently an area of great commercial interest. 
Crosslinked-based hydrogels possess most of the aforementioned proper-
ties, which make them an ideal candidate as wound dressing material.
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Abstract 
Natural and synthetic zeolites have emerged as potential materials for biomedi-
cal application in recent years. Zeolites are hydrated microporous tektoalumino-
silicates consisting of three-dimensional frameworks of SiO4 and AlO4 tetrahedra 
linked through shared oxygen atoms. Clinoptilolite, a mineral from the heulandite 
group of zeolites, ((Na,K)6(Al6Si3O)O72·nH2O), is the most abundant sedimentary 
zeolite in nature. In this chapter an overview of surface modifi cation of clinopti-
lolite by interaction with cationic surfactants is given alongside with the methods 
used for characterization of the surfactant modifi ed zeolites (organozeolites/com-
posites). Diff erent organozeolites were tested under conditions for adsorption of 
several mycotoxins commonly found in animal feed. Study of in vitro surfactant 
desorption in vitro followed by in vivo acute toxicity testing was used to dem-
onstrate the nontoxic nature of these improved mineral materials. Functionality 
related characteristics of modifi ed natural zeolites were analyzed for investigation 
of their potential use as pharmaceutical excipients for modifi ed release of active 
pharmaceutical ingredients.
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10.1 Introduction 

Zeolites were discovered in the 18th century by the Swedish mineralogist 
Axel Fredrik Cronstedt. Natural zeolites  are safe, environmentally friendly, 
naturally occurring minerals . Briefl y, they are crystalline, hydrated tec-
toaluminosilicates of alkali and alkaline earth cations having an infi nite, 
open, three-dimensional cage-like structure. Zeolites are able to lose and 
gain water reversibly and to exchange extraframework cations, both with-
out change of crystal structure. Th e large structural cavities and the entry 
channels leading into them contain water molecules, which form hydra-
tion spheres around exchangeable cations. Some of the more common 
natural zeolites are: analcime, chabazite, heulandite, natrolite, phillipsite, 
and stilbite [1, 2].

Most zeolites in volcanogenic sedimentary rocks were formed by the dis-
solution of volcanic glass (ash) and later precipitation of micrometer-size 
crystals, which mimic the shape and morphology of their basalt counter-
parts. Sedimentary zeolitic tuff s are generally soft , friable, lightweight and 
commonly contain between 50 and 90% of a single zeolite. As accessory 
minerals, zeolitic tuff s usually contain unreacted volcanic glass, quartz, 
K-feldspar, montmorillonite, calcite, gypsum, and cristobalite/tridymite 
[2].

Generally, zeolites consist of frameworks of SiO4
4- tetrahedra wherein 

all oxygens of each tetrahedron are shared with adjacent tetrahedra. In 
their structures, some of the quadrivalent Si is replaced by trivalent Al, 
giving rise to a defi ciency of positive charge in the framework. Th is nega-
tive charge is balanced by extraframework positive ions, usually sodium, 
calcium, magnesium, and potassium. Th e general formula for a zeolite is:

 (M+
x, M2+

y) [(Al (x+2y) Si n-(x+2y) O2n] mH2O 

where M+ and M2+ within the fi rst set of parentheses are monovalent and 
divalent extraframework cations, those within the second set are the struc-
tural cations, while m is the number of molecules of water. No zeolites have 
been found that contain more Al than Si, hence, the Si/Al atomic ratio of 
zeolite is ≥ 1:1 [3]. 

Th e structure of natural zeolite is characterized in the following way: the 
primary building units (PBU) of zeolites are the SiO4 and AlO4 tetrahedra 



Modified Natural Zeolites—Functional Characterization 363

linked through oxygen into simple geometrical forms—secondary build-
ing units (SBU). Secondary building units may be connected together in a 
variety of ways. Th is specifi c arrangement of SBUs directly infl uences the 
internal pores or cages and connecting channels in the zeolite. Loosely held 
water molecules within cavities and channels of the framework surround 
the exchangeable cations. Th ese water molecules can be easily removed by 
continuously heating the zeolite from room temperature to about 350 °C. 
Once water is removed, the cations move back to positions on the inner 
surface of the pore and channels close to the seat of charge (i.e., where Al3+ 
substitutes for Si4+ in the tetrahedron) [3, 4]. 

Th e extraframework exchangeable cations are usually weakly bound in 
the tetrahedral framework and can be removed or exchanged readily by 
washing with a strong solution of another cation. Th is property is called 
cation exchange capacity  (CEC) of the zeolite and is basically a function 
of the amount of Al that is substituted for Si in the framework tetrahe-
dra. Th us, the greater the Al content, the more extraframework cations are 
needed to balance the negative charge of framework. Natural zeolites have 
CECs from 2 to 4 milliequivalents per g (meq/g).

10.1.1 Clinoptilolite

Among the known natural zeolites, clinoptilolite  is the most common, 
occurring in large amounts (millions of tons) in altered volcanic tuff s and 
saline, alkaline-lake deposits. Clinoptilolite and heulandite  are isostruc-
tural and belong to the same group (HEU) of zeolites.

HEU type zeolites have a two-dimensional channel system that allows the 
mineral to act as a molecular sieve. In clinoptilolite, the 10-ring and 8-ring 
channels parallel to the c-axis of the structure have free dimensions of 0.44 
by 0.72 nm and 0.41 by 0.47 nm, respectively. A third 8-ring channel system 
parallels the a-axis and has free dimensions of 0.40 by 0.55 nm [3]. 

Characterization  of the starting zeolite is crucial for potential practical 
application of the material. It usually includes chemical and instrumental 
analyses of the samples. Th e chemical composition is generally determined 
by several diff erent methods: classical chemical analysis—gravimetric 
method, atomic absorption spectrometry, or X-ray fl uorescence spectrom-
etry. It may provide insight into the main basic oxide components (SiO2 
and Al2O3), exchangeable cations, and other elements present in smaller 
concentrations [4]. 

Th ere are several deposits of HEU type zeolites in Serbia. Th e most 
commonly studied zeolitic tuff  is from the Zlatokop deposit, near Vranjska 
Banja (southern Serbia). Th e zeolitic tuff  (ZVB) contains approximately 
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70% clinoptilolite while accessory minerals are quartz, feldspar and pyrite 
[5]. Some basic mineralogical and physochemical characteristics of this 
zeolitic tuff  are described below. Th e surface morphology of ZVB was 
investigated using a scanning electron microscope (SEM). Fig. 10.1 pres-
ents the SEM micrograph of the raw zeolitic tuff . Field observation and 
microscopic study of the sample revealed that the natural zeolitic mineral 
occurs predominantly as well-formed fi ne-sized crystals. Many of the well 
defi ned plates display tabular morphology characteristic of a monoclinic 
crystal system of clinoptilolite. Th e plates are commonly 0.025 to 0.050 μm 
in thickness and 0.2 to 1 μm in length [6]. 

Heulandite and clinoptilolite cannot be easily distinguished solely on 
the basis of X-ray powder diff raction data. Th us, these two species, with 
a common HEU framework topology, are distinguished based on the Si/
Al ratio, exchangeable-cation composition and behavior upon heat treat-
ment (thermal stability) or framework chemistry. Other methods that may 
be used for diff erentiation include optical properties, thermogravimetric 
analysis or diff erential scanning calorimetry and proton nuclear magnetic 
resonance (1H NMR) [7, 8]. 

Th e Zeolite Subcommittee of the Commission on New Minerals and 
Mineral Names of the International Mineralogical Association (IMA) pro-
posed that zeolite mineral species should not be distinguished solely on 
the basis of the framework Si : Al ratio. However, an exception is made in 
the case of heulandite and clinoptilolite; heulandite is defi ned as the zeolite 

Figure 10.1 SEM micrograph of the natural zeolite ZVB [6].
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mineral series having the distinctive framework topology of heulandite 
and the ratio Si/Al < 4, while clinoptilolite is defi ned as the series with the 
same framework topology and Si/Al > 4 [7]. Th e chemical composition of 
ZVB is presented in Table 10.1. 

From the results in Table 10.1, the calculated Si/Al ratio is over 4, indi-
cating that ZVB is rich in clinoptilolite. Additionally, clinoptilolite is ther-
mally stable in air to nearly 700 °C, whereas heulandite transforms into 
heulandite-B phase near 250 °C and becomes amorphous to X-rays near 
350 °C [3]. 

From previous thermal stability investigations it was shown that ZVB is 
thermally stable near 600 °C, providing evidence that ZVB is rich in clino-
ptilolite [9]. Th e DTA/TGA curve of zeolite ZVB is presented in Fig. 10.2.

Table 10.1 Chemical composition of the natural zeolite ZVB.

Natural 

zeolite
Content, wt%

SiO2 Al2O3 Fe2O3 CaO MgO K2O Na2O I.L.*

66.57 13.13 2.30 3.85 0.56 1.17 1.27 11.05

I.L.*- ignition loss
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Figure 10.2 Th ermal curves of the natural zeolite ZVB.
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Ward and McKague [8] and Daković et al. [10] demonstrated that clino-
ptilolite and heulandite can be diff erentiated based on their 1H solid state 
NMR spectra, independent of the origin of the zeolite. Randomly dispersed 
water molecules give rise to a Gaussian peak shape for clinoptilolite. For 
heulandite, a Pake doublet was observed, indicating an ordered arrange-
ment of the crystal water in the lattice. Proton NMR spectra of ZVB [10] 
is presented in Fig. 10.3. A Lorentzian line shape was observed, with a 
chemical shift  of 4.4 ppm, and a line width of about 4 ppm (1.6 kHz). Both 
line width and shape indicate motional narrowing, and the signal is most 
likely caused by physisorbed water on the exterior and interior surface. Th e 
much narrower line width than that observed by Ward and McKague [8] 
is due to additional water adsorbed from the environment. Th e absence of 
any splitting suggests that ZVB is rich in clinoptilite, confi rming the results 
from the thermal stability study.

10.1.2 Biomedical Application of Natural Zeolites 

Biomedical application  of natural zeolites is based on its ion-exchange or 
adsorption capability and it is strongly connected to the integrity of its 
structure. Having an alkaline nature, zeolites are unstable in an acid envi-
ronment. Zeolite breakdown, due to long exposure to low pHs, is usually 
preceded by partial replacement of indigenous cations with hydronium 
ions followed by dealumination. Resistance to acids strongly depends on 
the Si/Al ratio, which increases with increasing Si content. Th e high-silica 

15 10 5 0 –5 –1020 –15
ppm

Figure 10.3 Proton NMR spectra of the natural zeolite ZVB [10].
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clinoptilolite is particularly acid resistant: it resists acid attack for several 
months at pH even lower than zero [11]. Considering that the pH of the 
stomach is very low, acid resistance of zeolite is an imperative pre-requisite, 
especially in oral administrations. Th is is the main reason for the prefer-
ence of siliceous zeolites, such as clinoptilolite and mordenite, in biomedi-
cine compared to the more aluminous phillipsite and chabazite [2, 12]. 

Th e application of clinoptilolite and mordenite-rich tuff s for animal nutri-
tion  began in Japan in the mid-1960s with their successful use in slowing 
down the passage of nutrients in the digestive system and therefore resulting 
in better nutrient assimilation and calorifi c effi  ciency [12]. Clinoptilolite has 
been used in human medicine as antacid, haemostatic and wound-healing 
accelerator and antihyperglycemic agent [13–18]. Furthermore, antidiar-
rhoeic, hypocholesterolemic, antiviral, immunomodulatory and antitumor 
activity of clinoptilolite has been reported [19–28]. 

10.2 Surfactant Modifi ed Zeolites  (SMZs)

Th e natural zeolites, due their net negative charge and hydrophilic surface, have 
no ability to adsorb nonpolar organic molecules as well as inorganic anions. It 
has been demonstrated that the long chain cationic surfactants  due to a great 
affi  nity to negative charge of the zeolitic surface are commonly used for prepa-
ration of SMZs (organozeolites/composites ). Th e adsorption of surfactants at 
the solid–liquid interface may modify the properties of the solid surface and 
favor the uptake of molecules from solution that do not adsorb onto the solid 
in the absence of surfactants. Th is phenomenon is usually described as surface 
solubilization, adsolubilization or co-adsorption [29]. Th e cationic surfactants 
that are most commonly used to modify natural zeolites are usually long alkyl 
chains with a quaternary ammonium head group at one end of the chain such 
as hexadecyltrimethylammonium (HDTMA) bromide.

Th e HDTMA molecule (Fig. 10.4) has the following properties: it con-
sists of a 16-carbon chain tail group attached to a 3-methyl quaternary 

Figure 10.4 Molecular model of HDTMA ion (blue-nitrogen; grey-carbon; 
white-oxygen). 
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amine head group with the permanent +1 charge; it is water soluble and 
exists as monomers in solution below the critical micelle concentration 
(CMC) or as micelles above the CMC of 9 × 10–4 M; summation of the van 
der Waals packing radii for a 3-methyl ammonium head group yields a 
diameter of 0.694 nm; a fully extended HDTMA chain length is 3.5 nm; a 
typical carbon chain diameter is 0.4 nm [30]. 

Cationic surfactants, such as HDTMA, may exchange native inorganic 
cations (sodium, calcium, potassium, and magnesium) at the clinoptilo-
lite surface producing an organic carbon enriched surface. Based on the 
dimensions of commonly studied surfactant HDTMA and the dimensions 
of clinoptilolite channels, it is obvious that these cations are excluded from 
the interior channels of clinoptilolite and their adsorption is limited to 
the external surface of the zeolitic mineral. Th e external cation exchange 
capacity  (ECEC) characterizes the exchange capacity of the mineral sur-
faces for surfactants. Th e adsorption of cationic surfactants onto a nega-
tively charged surface involves both cation exchange  and hydrophobic 
binding . When the amount of surfactants is below the ECEC value, sur-
factant monomers are adsorbed, eventually developing a monolayer at the 
zeolitic surface. Monomers adsorb individually by coulombic interactions 
to available exchange sites and also by hydrophobic tail group interactions. 
When the amount of surfactant is ≥ ECEC a bilayer exists at the mineral 
surface. Th e bilayer formation results in charge reversal on the external 
surface, providing sites where anions will be retained, cations repelled, 

Figure 10.5 Concept of surfactant adsorption at the zeolitic surface (below and above 
ECEC). 
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while neutral species can partition into the hydrophobic core. Th e possible 
arrangement of surfactants at the zeolitic surface is presented in Fig. 10.5.

Initial studies using surfactant-modifi ed clays  in environmental remedia-
tion were focused on removal of hydrophobic organic contaminants from 
water due to the increase in total organic carbon content of the sorbents 
aft er modifi cation. However, once the surfactant loading on zeolite exceeded 
their ECEC, the modifi ed mineral will reverse their surface charge and show 
strong affi  nities for anions such as chromate, nitrate and sulfate [31–34]. Th e 
sorption and retention of anions by surfactant-modifi ed zeolite is attributed 
to surfactant-bilayer formation on which positive charges will develop and 
surface anion exchange is the main adsorption mechanism. Th e adsorption 
ability of SMZs for mycotoxins, metabolites, pollutants and/or drugs [10, 
35–38] will be described in the following sections.

10.2.1 Application of SMZs as Sorbents of Mycotoxins

Mycotoxins  are a group of structurally diverse secondary fungal metabo-
lites that occur as contaminants of grain worldwide. It is estimated that 
mycotoxin contamination may aff ect as much as 25% of the world’s food 
crops each year. Many of these mycotoxins can cause serious problems in 
livestock resulting in substantial economic losses [39]. Th e most common 
mycotoxins found in animal feed are the aflatoxins, ochratoxins, trichothe-
cenes, fumonisins, zearalenone, and ergot alkaloids.

Th e most promising and economical approach for detoxifying mycotoxin-
contaminated feedstuff s is the addition of nutritionally inert mineral adsor-
bents to the diet to decrease the bioavailability of the mycotoxins during 
absorption in the gastrointestinal tract. Aluminosilicates (natural zeolite–
clinoptilolite and natural bentonite–montmorillonite) are the most widely 
utilized adsorbents [40]. 

Th e unmodified surfaces of aluminosilicates are very eff ective in bind-
ing aflatoxin B1; however, their negatively charged surfaces are ineff ective 
in binding other fairly nonpolar mycotoxins [41, 42]. Th e permanent nega-
tive charge in their crystal structure makes them suitable for modification 
using long-chain organic cations (surfactants), which results in an increased 
hydrophobicity of the mineral surface and a high affi  nity for hydrophobic 
mycotoxins [43]. Th e long chain organic cations exchange with inorganic 
cations only on the external surfaces of zeolites, whereas in montmorillon-
ite, all exchangeable positions are equally available, therefore, for zeolites, 
less organic phase is needed for modification [44].

Th e binding effi  cacy of adsorbents for mycotoxins is dependent on their 
crystal structures and physical properties (the total charge and charge 
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distribution, the size of pores, accessible surface area, etc.) as well as the 
physicochemical properties of the mycotoxins (polarity, solubility, shape, 
charge distribution, dissociation constants, etc.) [39]. Adsorption of two 
mycotoxins zearalenon and fumonisin B1 by organozeolites obtained by 
treatment of ZVB with octadecyldimethyl benzyl (ODMBA) ions is pre-
sented. Th ree diff erent levels 25%, 50%, and 100% of ODMBA ions were 
used for modifi cation. Samples were denoted as OZ-2, OZ-5 and OZ-10. 
Measurements of inorganic cations released from the surface, unreacted 
ODMBA content in the supernatants aft er ODMBA adsorption, as well 
as through the determination of the CEC of the modifi ed organozeolites 
confi rmed quantitative ion exchange has occurred [45]. 

Zearalenone  (ZEN) is a hydrophobic molecule, only slightly soluble in 
water. ZEN has two phenolic hydroxyl groups (Fig. 10.6) with an estimated 
pKa1 = 7.62 [43], suggesting that at pH 3, it is mainly in neutral form, while 
at pH 7, the phenolate anion is present in water solution. Adsorption of 
ZEN by organozeolites was studied at pH 3 and 7. 

Natural zeolite - clinoptilolite, due to its net negative charge on the sur-
face and the presence of exchangeable metal cations (Ca2+, Mg2+, Na+, and 
K+) at the hydrophilic surface was ineff ective in adsorbing ZEN at pH 3 
and 7. However, the presence of the hydrophobic ODMBA at the surface 
of each organozeolite signifi cantly increased ZEN adsorption, at both pH 
values indicating that ODMBA ions may be the active site relevant for ZEN 
adsorption on the organozeolites [45]. 

In order to investigate the mechanism of ZEN sorption by the three 
organozeolites, the adsorption isotherms were determined at pH 3 and 
7 (Figs. 10.7–8). Th ese isotherms were obtained by plotting the concen-
tration of ZEN in solution aft er equilibrium against the amount of ZEN 
adsorbed per unit of weight of each adsorbent [10]. All three organozeo-
lites showed increasing adsorption of ZEN with increasing ZEN concen-
tration. Th e lowest adsorption was observed for organozeolite OZ-2 at all 

Figure 10.6 Chemical structure of zearalenone.
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Figure 10.7 Adsorption of ZEN by organozeolites at pH 3 [10].

0.5

1

2

3

4

5

0

6

1 1.5 2 2.50 3

ZEN in solution, mg/l

Z
E

N
 a

d
so

rb
e

d
, m

g
/g

pH 7 R2 = 0.981

R2 = 0.969

R2 = 0.955

OZ–2

OZ–10

OZ–5

Figure 10.8 Adsorption of ZEN by organozeolites at pH 7 [10].

pH values. Adsorption of ZEN by organozeolites was best represented by 
a linear type of isotherm at pH 3 (Fig. 10.7), while at pH 7 adsorption of 
ZEN by organozeolites followed a non linear type of isotherm (Fig. 10.8).

Groisman et al. [46] reported that short-chain organoclays are better 
sorbents for non ionic compounds (NOC) than the long-chain organoclays 
only in the case of low molecular weight compounds of relatively low hydro-
phobicity. Namely, they studied the sorption of six compounds—atrazine, 
ametryn, prometryn, terbutryn, pyrene, and permnethrin, with the range 
of log Kow (Kow, the octanol-water partition coeffi  cient, is the measure of 
hydrophobicity) values from 2.5 to 6 by TMA- and octadecyltrimethyl 
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(ODTMA)-bentonite from water solution. Th ey reported that compounds 
with low or medium hydrophobicities (log Kow 2.5–3.8) were more strongly 
sorbed on the short-chain organoclay, whereas the more hydrophobic com-
pounds (log Kow 5.2–6.1) were better sorbed on the long-chain organoclay. 
Isotherms of the ODTMA-clay were linear for all the compounds, whereas 
those of the TMA-clay were non linear. 

Th e data for ZEN adsorption on the organozeolites with diff erent levels 
of ODMBA at the zeolitic surface at diff erent pH values suggest that the 
adsorption mechanism is dependent on the form of ZEN in solution. At 
pH 3, ZEN exists in solution as the neutral form, thus the linear isotherms 
at pH 3 suggest that hydrophobic interactions are probably responsible for 
adsorption of neutral, hydrophobic ZEN on the hydrophobic surface of the 
organozeolites. At pH 7, the phenolate anion is present in water solution, 
thus data for ZEN adsorption by the three organozeolites at this pH sug-
gest that sorption appears to be the result of the adsorption process as well 
as partitioning. 

Fumonisin B1  contains carboxylic, hydroxyl, and amino functional 
groups (Fig. 10.9) [47, 48]. Compared to ZEN, FB1 is more polar and water 
soluble [49, 50]. Th e carboxylic and amino functional groups suggest that 
FB1 exists in solution either in cationic or anionic form depending on pH. 
Adsorption of FB1 on ZVB (C0FB1 = 2 ppm, and Csuspension = 10 g/L) showed 
that its adsorption was 90.3 and 2.0% at pH 3 and 7, respectively [6]. Based 
on the literature, the unmodifi ed zeolitic surface with its negative charge 
has little or no affi  nity for anionic species [31] suggesting that FB1 may 
exists in the anionic form at pH 7.

Th e sorption isotherms (Figs. 10.10–11) of fumonisin B1 by the three 
organozeolites OZ-2, OZ-5 and OZ-10 were studied [6] and it was found 
that the presence of ODMBA ions at the zeolitic surface greatly improved 

NH
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Figure 10.9 Chemical structure of fumonisin B1.
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adsorption of FB1 at diff erent pHs, suggesting that ODMBA ions at the 
surface may provide active sites onto which FB1 is adsorbed. Furthermore, 
FB1 adsorption by all the three organozeolites showed a nonlinear type of 
isotherm at pH 3 and 7 and the highest FB1 sorption was achieved when 
the zeolitic surface was completely covered with ODMBA (OZ-10). 

Avantaggiato et al. [48] reported nonlinear isotherms for FB1 sorption 
on activated carbon and cholestyramine at pH 7, indicating that binding of 
FB1 is a saturable process. Usually, sorption of nonionic organic substances 
by smectites modifi ed with large organic cations (HDTMA) is due to 
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Figure 10.10 Fumonisin B1 adsorption by organozeolites at pH 3 [10].
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linear solute partitioning into the hydrophobic phase formed by the large 
alkyl chains of the HDTMA. Nonlinear isotherms, indicative of adsorp-
tion or co-adsorption, were observed when smectite was modifi ed with 
smaller organic cations (tetramethylammonium – TMA) [51, 52]. Li et al. 
[53] reported the nonlinear isotherms for sorption of polar phenol and 
p- nitrophenol on HDTMA-bentonite, indicating that sorption appeared to 
result from adsorption in addition to partition. Th e presumed low partition 
was attributed to the large disparity of the (polar) phenols and the (nonpo-
lar) HDTMA medium. Also, Rawajfi h and Nsour [54] studied the sorption 
of phenol, p-chlorophenol, an 2,4-dichlorophenol by HDTMA-bentonite 
and reported nonlinear isotherms suggesting that sorption occured via an 
adsorption/partition mechanism, in which partitioning of organic com-
pounds into organobentonite and adsorption take place simultaneously. 
Fumonisin B1 is a larger molecule than phenol and it contains one NH2-
group, three hydroxyl, and four carboxylic groups (Fig. 10.9), although it 
also has hydrophobic parts of the molecule and can partition into hydro-
phobic phase created by ODMBA alkyl chains. Th e interactions between 
carboxylic groups of FB1 and nitrogen of head groups of the surfactant 
may be involved in the sorption process. Once FB1 is attached to the head 
groups of surfactant, then hydrophobic interactions between hydrophobic 
areas of FB1 and alkyl chains of ODMBA could enhance the sorption. Th e 
nonlinear isotherms that were obtained for sorption of polar FB1 to the 
three organozeolites suggested a sorption/partition mechanism.

Eff ective adsorbents for either ZEN or FB1 were obtained by modifi ca-
tion of ZVB with ODMBA ions. Adsorption of both mycotoxins increased 
with increasing the amounts of ODMBA at the zeolitic surface at pH 3 
and 7. Results on adsorption of these two mycotoxins, which have diff er-
ent polarity, by organozeolites indicated that diff erent adsorption of ZEN 
and FB1 is related to diff erent functional groups and diff erent shapes of 
these molecules. Knowledge of the physical and chemical properties of 
mycotoxins and the properties of the modifi ed minerals together with the 
determination of the adsorption isotherms may indicate the mechanism 
mycotoxins are adsorbed by organozeolites. 

10.3 Minerals as Pharmaceutical Excipients  

Almost all therapeutic products (for human and veterinary use) contain 
both pharmacologically active compounds and excipients added to aid 
the formulation and the manufacture of the subsequent dosage form for 
administration to patients. According to pharmacopoeias, an excipient 
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(auxiliary substance) is any constituent of a medicinal product that is not 
an active substance. Excipients are used in pharmaceutical preparations  to: 
(a) enhance their organoleptic characteristics, such as fl avor (fl avor cor-
rectors) and color (pigments); (b) improve their physicochemical prop-
erties, such as viscosity of the active ingredient (emulsifying, thickening, 
and anticaking agents), (c) facilitate their elaboration (lubricants, diluents, 
binders, isotonic agents) or conservation (desiccants, opacifi ers), and (d) 
facilitate liberation of the active ingredient within the organism (disinte-
grants, carrier-releasers). In accordance with the above roles, excipients 
are indispensable components of medicinal products and, in most cases, 
comprise the greatest proportion of the dosage unit. 

Th e properties of the fi nal dosage form (i.e., its bioavailability and stabil-
ity) are, for the most part, highly dependent on the excipients chosen, their 
concentration, and interaction with both the active compound and each 
other. Excipients can be defi ned according to their functional roles as solu-
bility or bioavailability modifi ers, stability enhancers, crystal form stabiliz-
ers, buff ers and pH-adjusting agents, propellants, tablet binders, dispersing 
agents and the like. Many studies have been focused on providing informa-
tion about this rapidly evolving area, for which regulatory guidance is only 
developing [55–59]. 

In earlier days, excipients were considered pharmacologically inactive 
and indiff erent ingredients. Over time, pharmaceutical scientists learned 
that excipients are not inert (or slightly active) and frequently have sub-
stantial impact on the manufacture, quality, safety, and effi  cacy of the drug 
substance(s) in a dosage form [57]. Th e types of excipients that can, for 
example, delay or extend the release of a drug substance are very important 
to achieving the desired bioavailability of the active ingredient (without 
consideration of its solubility) at the required location in the body [60]. 

A wide range and variety of minerals have been used as excipients in 
pharmaceutical preparations because they have certain desirable physical 
and physicochemical properties, such as high adsorption capacity, specifi c 
surface area, swelling capacity and reactivity to acids. Other important 
properties are water solubility and dispersivity, hygroscopicity, unctuos-
ity, thixotropy, slightly alkaline reaction (pH), plasticity, opacity, and color. 
Clearly such minerals must not be toxic to humans [59]. 

Th e following minerals are commonly used as excipients in pharmaceu-
tical preparations: oxides (rutile, zincite, periclase, hematite, maghemite, 
magnetite), hydroxides (goethite) carbonates (calcite, magnesite), sulfates 
(gypsum, anhydrite), chlorides (halite, sylvite), phosphates (hydroxyapa-
tite) and phyllosilicates/clay minerals (smectites, palygorskite, sepiolite, 
kaolinite and talc). Within the smectite group, montmorillonite, saponite, 
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and hectorite are the most widely used species. Colloidal anhydrous silica  
and various aluminosilicates  are used as excipients in pharmaceuticals, cos-
metics, and food products because of their adsorbent, anticaking, bulking, 
binding, stabilizing, and other similar properties. More recently, some tec-
tosilicates (zeolites) also feature in pharmaceutical preparations [55, 61, 62]. 

10.3.1 Minerals and Modifi ed Drug Delivery

In addition to aforementioned classical pharmaceutical uses, some miner-
als (so far, mostly clays) have been used eff ectively in development of new 
drug delivery systems with modifi ed drug release. 

To overcome disadvantages of conventional drug therapy, such as short 
duration of drug action due to inability to control temporal drug delivery, 
fl uctuation in drug level, potentiation or reduction in drug activity during 
chronic dosing, appearance of side eff ects and problems with patient com-
pliance during chronic use, development of modifi ed drug delivery dosage 
forms has been, and continues to be, the focus of a great deal of research. 

Th e mineral–organic interaction  can be used to control the release of 
active ingredients (drugs) with improved therapeutic properties. Here the 
minerals fi rst serve as a carrier, and then as a releaser of the active ingredi-
ent. Because of their large specifi c surface area and high adsorption capac-
ity , clays  (smectites, palygorskite, sepiolite, kaolinite) are well suited to act 
as drug carriers and have been proposed as fundamental constituents for 
obtaining the modifi ed drug release, with diff erent purposes and acting 
through various mechanisms [63–69]. 

10.3.2  Clinoptilolite as Potential Pharmaceutical Excipient/
Drug Delivery

Several toxicological studies  can be found in the literature that demon-
strate certain zeolites (e.g. clinoptilolite) are non-toxic and safe for use in 
human and veterinary medicine. In addition, clinoptilolite crystals, hav-
ing a non-fi brous morphology, contrary to erionite, are completely safe as 
regards the possible induction of mesothelioma [23, 70]. 

Clinoptilolite (from Vranje deposit, southern Serbia) was investigated 
in a preclinical toxicology trial by setting the “limit” test [25]. Th is test 
refers to administering high doses of clinoptilolite (2 × 200 and 2 × 500 
mg/mouse per day orally by gavage) for 6, 14, and 30 days. Since the clino-
ptilolite did not cause death of mice in this limit test, an “up-and-down” 
test on mice was performed, with daily doses ranging from 60 to 4000 mg/
per mouse, in which no toxicity was observed. Th erefore, classical acute, 
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subacute, and chronic toxicity studies on mice and rats of both sexes (sepa-
rately) were conducted. Th e duration of the study was as follows: acute, 1 
month; subacute, up to 3 months; chronic toxicity, up to 6 months. Animals 
were monitored for phenotypic changes, changes in behavior and survival, 
changes in body weight, amount of food and water consumed, changes in 
hematological and serum clinical chemistry parameters. Pathohistological 
analysis of liver, spleen, kidney, brain, lung, testes, ovary, duodenum, eye, 
stomach, large and small intestine, muscles, myocardium, pancreas, thy-
mus, and axillary lymph nodes was carried out on sacrifi ced experimen-
tal and control mice. Th e results of all of these studies were that oral (in 
diet) administration of clinoptilolite to mice and rats for 6 and 12 months, 
respectively, caused no change that could be considered a toxic eff ect of 
treatment.

Local tolerance of the fi ne powder of natural clinoptilolite, obtained by 
tribomechanical micronization, was evaluated to ascertain whether the test 
substance is tolerated at the sites in the body which may come into contact 
with the product as a result of its administration [23]. Repeated-dose dermal 
tolerance testing of these small-sized particles (MZ) was performed on male 
Wistar rats and male BALB/c mice. MZ was applied to the shaved skin of 
the whole dorsal region of animals in three ways: (a) as original powder; (b) 
mixed with neutral creme at the ratio of 1:1; (c) mixed with paraffi  n oil at the 
ratio of 1:1. Th e animals were treated twice a day for 28 days. Macroscopic 
changes in the treated skin were examined daily. Th e left  dorsal region of the 
animal was used as control. For microscopic analysis of the possible changes, 
skin samples were collected 1 day aft er the last treatment. Th e results revealed 
that MZ was not toxic or allergenic for the skin. 

Th e Cosmetic Ingredient Review (CIR) Expert Panel [71] reviewed 
the safety  of claylike ingredients (Aluminum Silicate, Calcium Silicate, 
Magnesium Aluminum Silicate, Magnesium Silicate, Magnesium Trisilicate, 
Sodium Magnesium Silicate, Zirconium Silicate, Attapulgite, Bentonite, 
Fuller’s Earth, Hectorite, Kaolin, Lithium Magnesium Silicate, Lithium 
Magnesium Sodium Silicate, Montmorillonite, Pyrophyllite and Zeolite) 
used in cosmetic formulations. Th e Panel considered that most of formula-
tions are not respirable, and of the preparations that are respirable, the con-
centration of the ingredient is very low. Even so, the Panel considered that 
any spray containing these solids should be formulated to minimize their 
inhalation. With this admonition to the cosmetics industry, the CIR Expert 
Panel concluded that these ingredients (i.e., clinoptilolite as representative of 
zeolites) are safe as currently used in cosmetic formulations. 

Th e fully comprehensive review by Colella [12] gives a critical recon-
sideration of biomedical and veterinary applications of natural zeolites. 
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Namely, as claimed by the author, studies of natural zeolites in life sciences 
should involve a preliminary characterization of the material to evaluate 
the specifi city of its use and to plan, when possible, suitable modifi cations. 
Unfortunately, most studies do not pay attention to this point; thereby the 
zeolitic material is oft en used in its original form irreproducible if other 
similar materials are used. In a few studies and/or applications, attention 
is paid, however, to the characterization and standardization of the mate-
rial. A protocol is usually set up to obtain, through suitable treatment 
(e.g.,  through ion exchange, exhaustive grinding, etc), a product, which 
can be used safely and with the certainty of results. 

Commercial products presenting a higher grade of standardization, e.g., tri-
bomechanically activated zeolites are sometimes used for experiments [27]. 
For some of the commercial products such as clinoptilolite for the natural 
detoxifi cation, suppliers state that it complies with the quality requirements 
of the European Pharmacopoeia. Since the clinoptilolite (or any other zeolite) 
is not included in the European Pharmacopoeia, this statement is probably 
related to the European Pharmacopoeia requirements  for heavy metals limita-
tion for substances of mineral origin such as bentonite, kaolin or talk. Namely, 
the limit for extractable heavy metals for these substances is a maximum 50 
ppm, i.e., maximum 25 ppm if intended for internal use. 

Narin et al. [72] reported that the zeolitic tuff  (a 67 wt% of clinoptilo-
lite) was successfully loaded with NO aft er thermal activation. Th e irre-
versibly adsorbed NO could be stored under dry atmosphere and was 
released when the NO-loaded natural zeolite came in contact with aqueous 
medium under physiological conditions. Th e released NO exhibited anti-
bacterial and bactericidal activities against both Gram-positive and Gram-
negative bacteria. Hence, the local clinoptilolite-rich natural zeolite seems 
a promising adsorbent for NO storage and release for medical applications. 

A clinoptilolite-rich rock was evaluated as inorganic Zn2+ releas-
ing carrier for antibiotic erythromycin in the topical treatment of acne, 
given the effi  cacy of zinc-erythromycin combination against resistant 
Propionibacterium strains [62]. A 66 wt% of clinoptilolite content was 
determined by means of XRD analysis while its CEC was 1.45±0.08 
mEq/g. Using a specifi c exchange method, the material was previously 
Na-conditioned then Zn-conditioned. A substantially complete Zn-form 
was obtained, as demonstrated by AAS analyses. Th e Zn-conditioned pow-
der was then micronized to achieve a volume/surface ratio suitable for a 
topical therapy. Aft er micronization, the specifi c surface area, determined 
by BET gas adsorption, was 30.2 m2/g, and 92% of the powdered rock was 
lower than 30 μm. Th e Zn2+ release from the micronized rock was mea-
sured at 37 °C both in physiologic solution (9 g/l NaCl) and in 0.05 M 
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KH2PO4/Na2HPO4 buff er. Under these conditions, a prompt and signifi -
cant zinc release was recorded: aft er 30 min, 68% and 60%, respectively. 
Erythromycin was charged onto the micronized material using a solvent 
evaporation method. HPLC determinations showed that 85% of the drug 
in contact with the carrier was loaded. Th e simultaneous release of zinc 
and erythromycin were evaluated in the phosphate buff er and it was deter-
mined that 82% of the loaded antibiotic was released aft er 30 min. It was 
also interesting that zinc and erythromycin had similar release patterns 
demonstrating that the presence of cation does not signifi cantly interfere 
with the release of the antibiotic. According to the authors, under these cir-
cumstances, the two components of the preparation (zinc and antibiotic) 
can jointly develop their eff ects against the P. acnes. 

Investigations into the eff ectiveness of clinoptilolite as a drug carrier 
have been done mainly by means of its active external surface interaction 
with drug molecules. Lam et al. [73] reported a theoretical study of physi-
cal adsorption of aspirin on the natural zeolite clinoptilolite. It was dem-
onstrated through a theoretical approach that the natural zeolite is able 
to bind aspirin (acetylsalicylic acid) molecules on its surface, allowing a 
modulation of drug activity by its slow availability. In the following papers 
regarding investigations from the same research team, theoretical studies 
of metronidazole adsorption [74] in addition to the physicochemical inter-
actions of metronidazole and sulfamethoxazole [75] (Table 10.2) with the 
purifi ed natural zeolite were presented. Th e natural zeolite used in these 
studies was from Tasajeras deposit (Cuba) and it met the requirements for 
the use in the pharmaceutical industry, which includes the fulfi llment of the 
physical, chemical, and technological tests, as well as toxicological, phar-
macological, stability, and clinical studies [19, 76]. In view of the fact that 
the drugs used in these investigations aft er oral administration may cause 
a group of side eff ects mainly associated with gastrointestinal disturbances, 
it was interesting to evaluate the chemical behavior of both organic mol-
ecules in the presence of natural zeolite, which is used itself as an antacid. 
As expected, the polar zeolite surface interacted preferably with the more 
hydrophilic metronidazole than with the more hydrophobic sulfamethoxa-
zole, i.e., the diff erence in the adsorptive behavior is fundamentally related 
with the polarity of the molecules. It was demonstrated that the drugs do 
not show signs of degradation aft er the contact with the zeolite at any pH 
values, therefore simultaneous administration to a patient without any loss 
of the individual pharmaceutical eff ect is possible. To enhance the clinopti-
lolite interaction with these drugs, research was directed towards prepara-
tion and characterization of clinoptilolite-surfactant drug composites and 
investigation of their use as drug carriers. 
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10.4 SMZs for Pharmaceutical Application 

As previously mentioned, the chemical modifi cation of zeolite with long 
chain organic cations results in an increased hydrophobicity of the min-
eral surface, providing a high affi  nity for organic, i.e., drug molecules. 
Nowadays it is also important to investigate adsorption from aqueous solu-
tions as useful and safe alternative to already reported organic media such 
as n-hexane, dimethyl sulfoxide, dimethylformamide and diethylether, 
employed for drugs adsorption on both natural and synthetic aluminosili-
cates [77–79]. 

Th e usefulness of SMZs refl ects not only upon their effi  ciency of diverse 
contaminants (from water or soil) removal but also upon their long-term 
chemical and biological stability. In the study of Li et al. [80] the chemi-
cal (over a wide range of pH values and ionic strengths) and biological 
(under aerobic, anaerobic, saturated, and unsaturated conditions) stabil-
ity of clinoptilolite modifi ed with HDTMA–Br or –Cl was investigated. 
SMZs were stable in high ionic strength and low- and high- pH environ-
ments, with more than 90% of HDTMA remaining bound to the zeolite 
surface aft er washing with 100 pore volumes. HDTMA bound to the zeo-
lite surface was resistant to microbial degradation, with more than 98% of 
the original HDTMA remaining aft er 12–17 weeks of incubation under 
aerobic or anaerobic conditions. While aqueous HDTMA was biocidal, 
HDTMA bound on SMZs did not inhibit microbial growth. On the basis 
of the results of this study, SMZs appear suitable as a sorbent for long term 
in situ applications and as a substrate for enhanced bioremediation.

Interactions of cationic surfactant with natural zeolites have been exten-
sively studied since prepared modifi ed natural zeolites proved to be excel-
lent adsorbents for various drug molecules. 

10.4.1  Preparation and Characterization of SMZs 
for Drug Delivery 

In the study of Rivera et al. [81] cationic surfactant benzalkonium chloride 
(BC) (Table 10.3) was used for modifi cation of the pure natural zeolite from 
Tasajeras deposit (Cuba) (see above) and preliminary characterization of 
drug support systems based on natural clinoptilolite was performed. Th e 
modifi cation process took place at room temperature and under agitation. 
Th e model drugs used for investigation were sulfamethoxazole , acetylsali-
cylic acid , and metronidazole  (Table 10.2). 
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Th e drug/modifi ed zeolites composites were characterized by 27Al 
and 29Si MAS NMR and 13C CPMAS NMR spectroscopy, and nitrogen 
adsorption isotherm measurements. Th e overall results suggested that the 
presence of surfactant and drug molecules on the zeolitic surface does not 
produce structural changes, resulting in a strong decrease of the specifi c 
surface area, allowing the zeolitic materials to support drugs of very dif-
ferent nature. 

In the following investigation the same research team used a zeolitic 
sample from a national deposit (a mixture of about 70% clinoptilolite– 
heulandite, 5% mordenite, 15% anortite and 10% of quartz)[35]. Th e natu-
ral zeolitic sample (NZ) was a powder of 37–90 μm particle size, which has 
a Si/Al ratio ≈ 5.3. Th e adsorption of sulfamethoxazole and metronidazole 
as guest compounds were evaluated on clinoptilolite-surfactant (BC) com-
posites. Th e drug adsorption assays showed that the NZ–BC composite 
adsorbs a considerable amount of drug, in particular sulfamethoxazole, as 
a less polar drug. It was proven by means of TG thermogravimetric anal-
ysis that the composites are more stable thermally when the admicelles 
contain sulfamethoxazole in their interior. Th e studies by IR spectroscopy 
indicated that the zeolite structure remained unchanged aft er the modi-
fi cation with the surfactant and the drug. Th e results of the drug release 
revealed that approximately 80% of sulfamethoxazole was released from 
the NZ–BC–drug composite in about 24 h.

Th e reported results of investigation of SMZs in drug delivery [35, 36, 
81, 82] revealed the possibility of their potential use as prospective excipi-
ent for pharmaceutical application. Nevertheless, it should be emphasized 
that the formulation of a fi nal dosage form includes further investigation 
of its overall composition and possible interactions of SMZs (as one of its 
components) with other auxiliary substances. 

Latest investigations on cationic surfactants-modifi ed natural zeolites 
were directed toward analysis of their potential use as drug formulation 
excipients with improved functionality [83–85]. In recent years, increased 
attention is being given to functional roles of excipients in pharmaceuti-
cal dosage forms. In terms of functionality is the ability of an excipient 
to interact with the active ingredient in the formulated dosage form and/
or provide a matrix that can aff ect critical quality attributes of the drug 
substance, including stability and bioavailability [57]. Since the 5th Edition 
of the European Pharmacopoeia, a number of excipient monographs have 
contained a non-mandatory section on functionality-related character-
istics  (FRCs) [86]. Th e aim of this section is to provide users with a list 
of physical and physicochemical characteristics that are critical to the 
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typical uses of the concerned excipient, and to provide the general meth-
ods required to assess these characteristics.

Th e starting material for these experiments was, as previously men-
tioned, ZVB. Th ree cationic surfactants of diff erent chain length and polar 
head groups: benzalkonium chloride , hexadecyltrimethylammonium bro-
mide  and cetylpyridinium chloride  were used for preparation of organo-
zeolites (Table 10.3). 

Th e modifi ed zeolites with the diff erent surfactant contents were used 
for additional adsorption investigations of three model drugs: diclof-
enac diethylamine (DDEA), diclofenac sodium (DS) and ibuprofen (IB) 
(Table 10.2) from a buff er solution at pH 7.4, by means of adsorption iso-
therm analysis. 

Th e model drugs used in the investigations are representatives of non-
steroidal anti-infl ammatory drugs (NSAIDs) , a group of structurally unre-
lated organic acids that have analgesic, anti-infl ammatory, and antipyretic 
properties. 

10.4.1.1 Physicochemical Analysis of ZCPCs 

Comprehensive physiochemical analysis of the organozeolites/composites 
obtained by the modifi cation of ZVB with CPC at three diff erent levels, i.e., 
10, 20, and 30 mmol/100g (denoted as ZCPC-10, ZCPC-20 and ZCPC-
30) was performed by Fourier transform infrared spectroscopy (FTIR), 
electrokinetic (zeta) potential measurements and thermal analysis (DTA/
TGA/DTG) [84].

Th e IR spectra for clinoptilolite ZVB and ZCPC 10–30 composites 
are shown in Fig. 10.12. Bands positioned at 3630, 3420, and 1640 cm-1 
(dashed line) are characteristic bands of the clinoptilolite connected to 
acidic hydroxyls Si-O(H)-Al, hydrogen-bonding hydroxyl groups and 
deformation vibration of absorbed water, respectively [87]. However, two 
new bands appear (solid line), which correspond to the CPC present on the 
composite, associated with the C-H stretching vibrations of the hydrocar-
bon chain −2917 and 2847 cm-1 [88]. Th e relative intensity of these bands 
increases with increasing amounts of adsorbed CPC. No relevant varia-
tions in the frequency of the bands assigned to the clinoptilolite aft er the 
treatment with the CPC were observed, which indicates that the zeolite 
structure remains unaltered aft er the modifi cation, and that surfactant is 
present only at the zeolite surface.

Measurements of zeta potential, as a refl ection of surface potential, 
showed that the initial zeta potential of ZVB (–27.4 mV) changed in 
correlation with the initial surfactants loadings (Fig. 10.13). When the 
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Figure 10.12 IR spectra for ZVB and ZCPC 10–30 composites [84].
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Figure 10.13 Zeta potentials of ZVB and ZCPC 10–30 composites.

concentration of surfactant was equivalent to 100% of ECEC of starting 
zeolite, zeta potential of composite ZCPC-10 was –8.4 mV. Increasing the 
surfactant loading to 200% of ECEC infl uenced the more pronounced 
alteration of the zeta potential for sample ZCPC-20 (+29.7 mV), while aft er 
modifi cation with surfactant amount equivalent to 300% of ECEC zeta 
potential of sample ZCPC-30 slightly increased to + 32.2 mV (Fig. 10.13). 

It is well known that when the concentration of surfactant is ≤ ECEC of 
the initial zeolite, a general model of sorption of ionic surfactants on a solid 
surface is the formation of monolayer or hemimicelle at the solid-aqueous 
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interface via strong coulomb (ionic) bonds. Th e sorbed surfactant creates 
an organic-rich layer on the previously negative zeolite surface, and the 
charge on the surface is reversed from more to less negative or even posi-
tive value with increasing surfactant concentration. 

If the initial surfactant concentration exceeds the CMC, according to 
experimental conditions in this and previously reported studies [37, 89, 
90], the hydrophobic tails of the surfactant molecules will associate to form 
a bilayer or aggregates, i.e., admicelles. As a result, the formation of surface 
aggregates can be envisaged as a superfi cial analogue of micellization in the 
bulk solution. Furthermore, as with the micelles in solution, the aggregates 
may have diff erent shapes and sizes such as patchy bilayer, bilayer, small 
spherical micelle, and multilayer. A desired surfactant confi guration on the 
surface can be achieved by controlling the initial and fi nal surfactant con-
centrations in the system. 

Since the initial concentration of CPC in our study was above its CMC, 
when the amount of CPC was equal to ECEC value (ZCPC-10), zeta poten-
tial increased and approached zero confi rming nearly monolayer forma-
tion and almost complete hydrophobicity of the zeolitic surface. At CPC 
amount equal to 200% and 300% ECEC zeta potential became positive 
pointing charge reversal and bilayer formation at the zeolitic surface. It is 
possible that at the initial CPC concentration of 200% of ECEC, micelle 
produced less extensive bilayer at the zeolitic surface. A slight increase in 
zeta potential of sample ZCPC-30 suggests that when the initial concen-
tration of CPC was equal to 300% of ECEC, possibly, the micelle systems 
formed complete bilayer or extensive admicelles at the zeolitic surface. 

Th e thermogravimetric (TG), diff erential thermogravimetric (DTG) 
and diff erential thermal analysis (DTA) curves of ZVB and ZCPC 10–30 
are given in Fig. 10.14, while the mass loss for all the samples in diff er-
ent temperature regions are presented in Table 10.4. Th ermal curves of the 
pure CPC are presented in Fig. 10.15. 

Th ermal analysis of organoclay complexes supplies information on 
the thermal reactions, properties and stability of the complexes, and the 
amount and properties of adsorbed water in the organoclay and on the 
bonding between organic species and the clay [91, 92]. 

Since in our study, CPC initial concentrations were above CMC and sur-
factant was added in amounts ≥ ECEC of the starting zeolite, from the TG 
curves of the three organozeolites (Fig. 10.14a), it is expected that an initial 
mass loss ~ 230 °C is associated with dehydratation, as well as with elimina-
tion of non- or weakly adsorbed organic molecules from the zeolitic surface. 

Zeta potential measurements indicated almost monolayer formation 
for ZCPC-10, less extensive bilayer for ZCPC-20 and complete bilayer or 
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extensive admicelles for ZCPC-30. Compared to the mass loss of the start-
ing zeolite, in the fi rst temperature region (Table 10.4) (7.36%), the mass 
loss for ZCPC-10 decreased −6.49% confi rming increased hydrophobic-
ity. Th e increase of mass loss of ZCPC-20 (8.01%) indicates elimination of 
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weakly bound CPC from less extended bilayer, while slightly lower mass 
loss for ZCPC-30 (7.53%) indicates an elimination of part of CPC from 
ordered complete bilayer or admicelle. Th e mass loss between 230 °C and 
700 °C corresponds to the oxidation of organic material present at the zeo-
litic surface, as well as to the water coordinated to the cations remaining in 
the zeolite channels. 

Th e DTA curve (Fig. 10.14c) of the initial zeolitic tuff  had an endothermic 
peak at 113 °C and a shoulder at 213 °C, characterictic of Ca-clinoptilolite 
from the Zlatokop deposit [93]. Usually, because some water is replaced 
by the adsorbed organic matter, the size of this peak, in the DTA curves 
of the organoclay complexes, is smaller than that in the DTA curve of the 
untreated clay [92]. At DTA curves of organozeolites, in fi rst temperature 
region, the intensity of endothermic peak decreases with increasing the 
amount of CPC used for modifi cation, and also the peak is slightly shift ed 
toward higher temperatures with increasing the amount of CPC at the zeo-
litic surface (from 117 °C for ZCP-10 to 121 °C for ZCPC-30). Besides 
dehydratation, in the fi rst temperature region, melting and boiling of non-
adsorbed organic compounds are identifi ed by their endothermic peaks, 
thus, broad endothermic peak observed around 217 °C for organozeolites 
may additionally suggest eliminaton of weakly bound CPC.

Additonally, at DTG curves of organozeolites (Fig. 10.14b), in same 
temperature region, shift  of the fi rst DTG peak toward lower temperatures 
was observed with increasing amounts of CPC (from 120 °C for ZCPC-
10 to 103 °C for ZCPC-30). Consequently, increasing in intensity of the 
second DTG peak (around 230 °C) on the DTG curves with increasing 
amounts of CPC is observed. Th us, desorption of water and elimination of 
weakly bound organic matter from zeolitic surface are the thermal reac-
tions in fi rst region. 

Table 10.4 Mass loss for ZVB and ZCPC 10-30 samples in diff erent temperature 
regions [84].

Sample

Mass loss, %

20–230 ∞C 230–500 ∞C 500–700 ∞C 20–700 ∞C

ZVB 7.36 4.93 1.64 13.83

ZCPC-10 6.49 5.80 2.34 14.99

ZCPC-20 8.01 7.25 2.90 18.09

ZCPC-30 7.53 7.65 3.00 18.33
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In the second temperature region (230−700 °C), the sharp exothermic 
peak at 476 °C on the DTA curve of the natural zeolitic tuff  demonstrates 
the oxidation of pyrite that is present in the raw material [93]. In the DTA 
curves of the organozeolites, an intensive exothermic peak at temperatures 
>300 °C was observed representing oxidation of the organic matter pres-
ent at the zeolitic surface. Th e relative intensity of this exothermic peak 
increases with increasing amounts of organic phase at the zeolitic surface. 
It is observed that exothermic peak shift s toward higher temperatures with 
increasing amounts of CPC at the zeolitic surface (from 320 °C for ZCPC-
10 to 345 °C for ZCPC-30). 

Th e DTA curve of pure cetylpyridinium chloride (Fig. 10.15c) has one 
exothermic peak visible at 286 °C. Compared to the temperature of the 
exothermic peak on DTA curve of pure surfactant, the higher temperature 
of the exothermic peak observed for organozeolites (320 °C for ZCPC-10, 
347 °C for ZCPC-20, and 345 °C for ZCPC-30) suggests CPC chemically 
bonded to the zeolitic surface and more heat is required to remove the 
surfactant molecules from the mineral surface. Since CPC was added in 
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amounts above ECEC of the zeolitic tuff , the broad and not well defi ned 
exothermic peak at temperatures >400 °C may characterize the extent of 
organic matter at the zeolitic surface whose oxidation has not been com-
pleted at lower temperatures. In the DTA curves of the organozeolites, 
pyrite oxidation peak is not visible due to overlapping with the peak that 
originated from the extent of the surfactant. 

Th us, the results of thermal analysis confi rmed that within the CPC 
amounts evaluated, the organic molecules are both chemisorbed and 
physisorbed at the zeolitic surface. Chemisorption is mainly occurred 
up to complete hydrophobicity of the zeolitic surface, while elimination 
of weakly bound CPC together with chemisorption takes place when the 
bilayer is formed. 

10.4.1.2 Evaluation of Possible SMZs Pharmaceutical Application 

Evaluation of ZCPCs composites as possible pharmaceutical excipient was 
performed through in vivo acute toxicity testing , drug adsorption study, in 
vitro drug release  and surfactant desorption testing. Additionally, pharma-
ceutical technical characterization of the composites was used for assess-
ment of their FRCs relevant for pharmaceutical application. 

Th e dose of 2000 mg/kg of ZVB and ZCPC-30 was administered via oral 
route according to FDA guidance for Potential excipient intended for short 
term use [94]. During the observation period (72 h) treated animals were 
observed for mortality or symptoms of toxicity. Th e results of in vivo experi-
ments demonstrated that neither natural clinoptilolite nor organozeolite 
with the highest surfactant amount did cause death or any kind of toxico-
logical reaction during the period of observation. Th ese results along with 
previous fi ndings of non-toxic clinoptilolite eff ects make this mineral mate-
rial a suitable applicant as excipient in pharmaceutical formulations. Th e 
non-toxic nature of the organozeolites modifi ed with the highest amount 
(30 mmol/100g ) of BC and HDTMA-Br was also proven [95, 96]. 

Diclofenac sodium is hydrophobic organic molecule (Table 10.2), spar-
ingly soluble in water, thus it is assumed that it will sorb at the hydrophobic 
phase created by surfactant tail groups at the zeolitic surface. It is also a 
weak organic acid and at pH 7.4 (phosphate buff er), exists in ionized (more 
99%) anionic form. Diclofenac is used mainly as the sodium salt for the 
relief of pain and infl ammation in various conditions. Th e usual oral or 
rectal dose of diclofenac sodium is 75 to 150 mg daily in divided doses [97]. 
Its use is associated with gastrointestinal-intestinal disturbances including 
discomfort, nausea, diarrhoea, and occasionally bleeding or ulceration. 
Due to these side eff ects and its short elimination half time (1–2 h) it is an 
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ideal candidate for modifi ed release preparations with the aim to maintain 
therapeutic activity, reduce side eff ects and to improve patient compliance. 

It was already mentioned that the natural zeolite due to its net negative 
charge and presence of hydrated inorganic cations (Ca2+, Mg2+, Na+, and 
K+) at the hydrophilic surface, has no affi  nity for neither hydrophobic nor 
anionic species, and in preliminary experiments it was confi rmed that ZVB 
was ineff ective in DS adsorption. Th e drug adsorption by ZCPCs compos-
ites was studied through the evaluation of the adsorption isotherms. Th e 
DS adsorption isotherms by ZCPCs composites are presented in Fig. 10.16. 

Adsorption  of DS by all three modifi ed zeolites followed nonlinear iso-
therms. Th e Langmuir and Freundlich models as a good approximation 
of adsorption behavior were used to fi t the equilibrium data. Th ese mod-
els are suitable for isotherm evaluation in system comprising inorganic 
or functionalized sorbents. Th e better fi ts of the experimental data were 
obtained using the Langmuir model (Table 10.5). 

Th e presence of CPC at the zeolitic surface signifi cantly increased DS 
sorption and the drug sorbed amounts increased with increasing the ini-
tial DS concentrations in solution (Fig. 10.16). Also, it was observed that 
DS adsorbed amounts increased with increasing the amount of surfactant 
at the surface of ZCPCs composites. Th ese results suggest that organic 
phase at zeolitic surface is most likely relevant for DS sorption by the 
organozeolites. 

Th e DS release profi les from the DS/ZCPCs composites are shown in 
Fig. 10.17. As can be seen from Fig. 10.17, prolonged release of DS from 
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Figure 10.16 Adsorption of DS by ZCPC 10–30 composites [84]. 
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Figure 10.17 In vitro drug release profi les of DS from the ZCPC 10-30 composites [85].

Table 10.5 Fitted Langmuir parameters for DS adsorption by diff erent 
 composites [84].

Sample Q
m 

(mmol/kg) K (l/mmmol) R2

ZCPC-10 70.17 24.20 0.997

ZCPC-20 134.93 42.65 0.998

ZCPC-30 159.57 46.82 0.995

all the three composites over 8 h was achieved. For the DS/ZCPC-10 com-
posite, 55% of the drug was released, while a lower amount (30%) of DS 
was released from the DS/ZCPC-20 and DS/ZCPC-30 composites. Th ese 
results indicated that the drug molecules were released slowly from the 
materials.

It was suggested that mainly a monolayer of CPC ions exists at the sur-
face of ZCPC-10, thus alkyl ammonium ions and hydrophobic alkyl chains 
are the relevant sites for DS adsorption from buff er solution. During release 
of DS from DS/ZCPC-10, desorption from these sites occurred. However, 
a complete bilayer was formed on the samples ZCPC-20 and ZCPC-30, 
thus beside the above-mentioned active sites for DS adsorption, counter 
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ions from the bilayer can interact with the anionic form of DS. Aft er drug 
adsorption, the anionic form of DS in the bilayer of the surfactant may 
interact with phosphates from the buff er solution; thus for drug release 
from DS/ZCPC-20 and DS/ZCPC-30, anion exchange together with DS 
desorption from hydrophobic alkyl chains occurred. Th is behavior is sche-
matically presented in Fig. 10.18. 

Hydrophobic interactions are much weaker than electrostatic interac-
tions, thus DS desorbed more easily and faster from the surface of ZCPC-
10 than from ZCPC-20 and ZCPC-30. Th is may be an explanation for the 
higher amount of DS released from ZCPC-10 than from ZCPC-20 and 
ZCPC-30 during the test period. 

Th e results of the surfactant desorption (aft er ultrasonication) and in 
a buff er solution at pH 6.8 (under same conditions as in the drug release 
testing) are presented in Table 10.6 [96]. 

It was found that for ZCPC-10, no desorption  occurred, while for 
ZCPC-20 and ZCPC-30, the amount of CPC desorbed was 9% and 5%, 
respectively. Th ese results showed that at initial concentrations of CPC 
equal to and above 200% of ECEC, only small amounts of the CPC was 
desorbed from the surface of the composites, confi rming the high stability 
of the ZCPCs, in both in vitro and in vivo conditions. 

To study whether a similar and prolonged release of the drug could be 
achieved from a sample obtained by mixing the composite and DS, release 
experiments were performed from a physical mixture containing ZCPC-
10 and DS. Th is composite was chosen because it showed the highest per-
centage of released drug in addition to its lack of surfactant desorption. 
For comparison, the drug release from a physical mixture containing NZ 

= ECEC > ECEC

cetylpyridinium ion diclofenac sodium (anion)

I step II step

I step
II step

Figure 10.18 Schematic representation of the possible DS release from the ZCPC 10–30 
composites (blue-nitrogen; grey-carbon; white-oxygen; green-chlorine; red-sodium) [85].
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Table 10.6 Results of in vitro surfactant desorption for ZCPC 
10-30 composites.

Sample 
Medium

Water Phosphate buff er (pH 6.8)

ZCPC-10 / /

ZCPC-20 2* 9

ZCPC-30 4 5

* (%) of the surfactant desorbed

and DS (DS/NZ) was also investigated. Th e quantity of DS in both physical 
mixtures  was the same as DS content in DS/ZCPC-10 composite (≈ 22 mg 
DS/g). Th e drug release profi les from the physical mixtures of ZCPC-10 
and DS and of DS/NZ are presented in Fig 10.19. 

DS release from both physical mixtures and the composite was perman-
tent over a period of 8 h. For the physical mixture of DS/natural zeolite 
(NZ), maximum amount of released drug was over 85% compared to the DS 
release from the sample DS/ZCPC-10 (max 55%, see Fig. 10.17), a similar 
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prolonged, but slightly lower release of DS (max 38%) was observed from 
the physical mixture containing ZCPC-10 and DS. A much faster release of 
DS from a physical mixture Mg–Al–hydrotalcite (HTIc) than from inter-
calated composite HTIc–DS was observed by Ambrogi et al. [98]. 

In their study, the release of DS from the physical mixture was already 
completed aft er 15 min, whereas the release of DS composite HTIc–DS was 
38% aft er 15 min, 60% aft er 90 min and 90% aft er 9 h. Since CPC species 
at the zeolite surface has a high affi  nity for DS, the prolonged release of 
DS from the mixture containing ZCPC-10 and DS suggested that the drug 
molecules in the buff er solution fi rst dissociated and adsorb at the CPC 
active sites at the surface of ZCPC-10 creating DS/ZCPC-10. Aft er com-
pletion of this process, slow release of DS from the composite occurred. 
Furthermore, from the slope of the curves presented in Figs. 17 and 19, 
it can be seen that the drug release kinetics for DS/ZCPC-10 and physi-
cal mixture containing ZCPC-10 and DS were similar, but a much faster 
release of DS was achieved from the physical mixture DS/NZ (70% aft er 1 
h). Th is may be explained by the fact that the negative surface of NZ had 
no affi  nity to adsorb the hydrophobic anionic form of DS from the buff er 
solution [83]; thus, only a more rapid and more complete release of DS 
from the physical mixture DS/NZ occurred.

FRCs of the ZCPC 10–30 composite was evaluated by determination 
of apparent density  and fl owability  according to procedures of Ph. Eur. 7 
[99, 100]. Th e apparent density (also called bulk density) is determined by 
measuring the volume of a known mass of powder that has been passed 
through a screen into a graduated cylinder. Th e test for fl owability is 
intended to determine the ability of divided solids (for example, powders 
and granules) to fl ow vertically under defi ned conditions. 

Th e results of these investigations (Table 10.7) revealed that modifi ca-
tion of the zeolitic surface by treatment with cationic surfactant induced 
enlargement of apparent density probably caused by changes of hydro-
philic/hydrophobic properties (noticed during modifi cation procedure) 
of the modifi ed zeolite surfaces. Furthermore, the results of mannitol (an 
excipient oft en used in formulation of solid dosage forms) characteriza-
tion, were in accordance with the literature data (bulk density 0.430 g/cm3 
for powder [55]. 

Th e starting ZVB sample showed worse fl owability of mannitol, how-
ever the modifi cation procedure induced improvement of the powders 
fl ow properties, especially for the sample ZCPC-10. It was demonstrated 
previously that particular pharmaceutical characteristics of a solid dosage 
form could be aff ected by hydrophobicity/hydrophilicity of the pharma-
ceutical excipient [101]. Th e overall understanding of excipients’ role in 
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pharmaceutical dosage forms contributed to their alteration from “inter 
ingredient” to “functional component” of the formulation [102]. Th e 
improved functionality can be in terms of improved process ability such 
as fl ow properties, compressibility, content uniformity, dilution potential, 
or improved performance such as disintegration and dissolution profi le 
[103]. Th e presented results exposed the infl uence of the modifi cation pro-
cedure on the particular pharmaceutical characteristics of the obtained 
modifi ed zeolites, which could be attributed as their FRCs. 

10.5 Conclusions

A wide range of minerals have been used for biomedical/pharmaceu-
tical applications, because they have desirable physical and physico-
chemical properties, such as high adsorption capacity, specifi c surface 
area, swelling capacity and reactivity to acids. Aluminosilicates (natural 
 zeolite– clinoptilolite and natural bentonite–montmorillonite) and surfac-
tant-modifi ed zeolites (SMZs) are the most widely utilized as mycotoxins 
adsorbents. Because of their large specifi c surface area and high adsorp-
tion capacity, clinoptilolite and surfactants-modifi ed clinoptilolite (sur-
factants - clinoptilolite composite) are well suited to act as drug carriers. 
Th e latest investigations on cationic surfactants-modifi ed natural zeolites 
were directed toward analysis of their potential use as drug formulation 
excipients with improved functionality. Th e improved functionality can 
be in terms of improved process ability such as fl ow properties, compress-
ibility, content uniformity, dilution potential, or improved performance 
such as disintegration and dissolution profi le.

Table 10.7 Results of apparent density and fl owability determination.

Sample Apparent density (g/ml) Flowability (s)*

ZVB 0.36 81.4

ZCPC-10 0.56 32.4

ZCPC-20 0.67 22.6

ZCPC-30 0.76 25.1

Mannitol 0.52 29.6

*result related to 100 g of the sample
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Th e presented results discuss the infl uence of the modifi cation pro-
cedure on the particular pharmaceutical characteristics (functionality-
related characteristics/FRCs) of the obtained modifi ed zeolites.
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11.1 Introduction

Cyclodextrins (CDs) are a series of cyclic oligosaccharides with the 
most common being α-, β-, and γ-CD, which consist of 6, 7, and 8 D(+)-
glucose units, respectively [1, 2, 3]. Th e conformation and orientation 
of hydroxyl groups in the cyclic molecular structure of CDs produce a 
hydrophobic inner cavity with a depth of ca. 7.0 Å, an internal diameter 
of ca. 4.5, 7.0, or 8.5 Å (α-, β-, and γ-CD, respectively), and a hydrophilic 
outer surface (Figure 11.1) [4, 5, 6, 7]. CDs can act as host molecules to 
include a great variety of molecular guests in their cavities as a result 
of geometric compatibility, van der Waals forces, and host-guest hydro-
phobic interactions between the CDs. Based on host-guest interactions, 
suitable linear polymer chain guest molecules penetrate the cavities of 
CDs to form inclusion complexes (ICs) and a poly(pseudo)rotaxane is 
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Figure 11.1 Molecular structure of cyclodextrins (CDs) and their corresponding 
dimensions.
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thus formed with or without bulky groups (or stoppers) on both terminal 
ends [7, 8, 9, 10, 11]. Once threaded onto the guest polymer chains, CD 
molecules become hydrophobic because their hydroxyl groups are con-
sumed by hydrogen bonding [12]. In detail, two stages are involved with 
the formation of supramolecular hydrogels: fi rst, the CD host threads 
onto the guest polymer chains to form individual poly(pseudo)rotax-
anes as a result of host-guest hydrophobic interactions. Subsequently, 
due to strong intermolecular hydrogen bonding between neighboring 
CDs, the cyclodextrin poly(pseudo)rotaxanes aggregate into columnar 
α-CD crystalline domains between the neighboring threaded α-CDs, 
acting as physical crosslinks that give rise to a polymer network crys-
tallite structure [2, 13]. Th e remaining hydrophilic segments, such as 
partially unthreaded poly(ethylene glycol) (PEG) blocks or hydrophilic 
blocks introduced via graft ing or blocking, function as the water absorb-
ing portion and form large amorphous domains that are essential for the 
retention of a large volume of water within the supramolecular hydrogel 
structure [14, 15, 16]. Figure 11.2 depicts the process of CD poly(pseudo)

High molecular weight PEG

Driving forces of poly (pseudo)-

rotaxanes formation:

1. Host-guest hydrophobic

interactions between guest

polymer and α-CDs

2. Hydrogen bonding between

neighboring threaded α-CDs 

Uncovered segments:

The remaining hydrophilic

segments act as the water

absorbing portion to retain a

large volume of water within

its hydrogel structure

Driving forces of poly (pseudo)-

rotaxanes aggregation:

1. Strong hydrogen bonding

between poly (pseudo)

rotaxanes at neighboring

α-CDs-rich domains

2. Columnar α-CDs crystalline

domains

(a) (b) (c)

α-CD

Figure 11.2 Formation of poly(pseudo)rotaxane hydrogels from α-cyclodextrin (α-CD) 
and high molecular weight PEG. A clear PEG aqueous solution without α-CD (a); 
α-CD is added and threads onto the polymer to form poly(pseudo)rotaxanes (b); and 
aggregation of poly(pseudo)rotaxanes and uncovered hydrophilic PEG segments gives rise 
to hydrogels (c).
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rotaxane supramolecular hydrogel formation using unmodified CDs and 
homopolymers of high molecular mass PEG as an example.

In some cases the hydrophobic chains, such as poly(ε-caprolactone) 
[PCL] and poly(propylene-oxide) [PPO], remain unthreaded and may 
self-aggregate due to hydrophobic interactions that contribute to the physi-
cal crosslink network and improve the strength of the hydrogels [17, 18]. 
Supramolecular hybrid and nanocomposite hydrogels can also be estab-
lished on CD–poly(pseudo)rotaxane inclusions with carbon nanomaterials, 
such as grapheme [19], single-walled carbon nanotube (SWNT) [20, 21], 

and multi-walled carbon nanotube (MWNT) [22]; with metal-based 
nanoparticles of magnetite [23] and silver [24]; with silica nanoparticles 
[25]; or with polysaccharide nanocrystals. In all these examples, multiple 
PEG or PEG-containing copolymers were first attached to the nanomateri-
als through chemical bonding or physical interactions and then α-CDs were 
threaded onto the PEG-decorated materials. Remarkably, the functions of 
the nanoparticles were inherited and new network junctions increased.

Supramolecular hydrogels based on the aggregation of cyclodextrin 
poly(pseudo)rotaxanes in aqueous solution without chemical cross-linking 
reagents were found to be thixotropic, reversible, and injectable through 
needles, which was characteristic of the supramolecular self-assembly sys-
tem [14, 26]. Th e intrinsic properties of supramolecular hydrogels, such as 
shear-thinning and temperature-sensitivity, were due mainly to the aggre-
gation of poly(pseudo)rotaxanes; while properties such as pH-sensitivity 
[12], reduction-sensitivity [27], or temperature and pH dual-responsivity 
[28, 29] resulted from the unthreaded guest polymers or from introduced 
nanomaterials. Th e stimulus-response function and reversible thixotropy, as 
well as the biocompatibility of the compositions, allow them to be used in a 
unique injectable hydrogel drug delivery system using a fi ne needle [29, 17], 
which has great potential in the injectable biomaterials fi eld. Hydrogels have 
also shown great potential as drug carriers (due to its sustained and con-
trolled released properties), gene carriers [30], and cell-adhesive scaff olds 
[31]. Table 11.1 summarizes the properties of polymer guest molecules and 
applications for poly(pseudo)rotaxane supramolecular hydrogels.

11.2  Fabrication of Cyclodextrin Poly(pseudo)rotaxane-
Based Hydrogels

11.2.1 Homopolymers as Guest Molecules

Th ere are two kinds of homopolymers used as guest molecules: high 
molecular mass PEG and linear polyethylenimines (LPEIs, molecular mass 
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greater than 3.5 kDa). Homopolymers used in cyclodextrin poly(pseudo)
rotaxane hydrogels must have the following characteristics: fi rst, the molec-
ular mass of linear chains must be greater than 3.5 kDa, otherwise the nor-
mally fast α-CD threading will cause shorter chains (less than 2 kDa) to be 
fully covered and precipitate[37]; and second, the uncovered chain units 
must be long enough to remain unthreaded and water soluble in order to 
form large amorphous domains, which are essential for the retention of a 
large volume of water within the polymer structure. Without this water 
absorbing portion, the hydrogen bond interaction with water diminishes 
during the growth of columnar α-CD domains, leading to precipitation 
from aqueous solution rather than hydrogel formation. Th e aggregation of 
cyclodextrin poly(pseudo)rotaxanes forms physical crosslinks that induce 
a supramolecular polymer network and provide the primary driving force 
for hydrogelation. Th e uncovered hydrophilic segments allow water to fi ll 
the network during supramolecular self-assembly [13, 38, 14].

Th e fi rst report of cyclodextrin poly(pseudo)rotaxane supramolecular 
hydrogels dates back to 1994 [37]. Water-soluble linear high molecular 
mass PEG polymers partially penetrate the inner cavity of α-CD from both 
terminals to form cyclodextrin poly(pseudo)rotaxanes with a necklace-like 
structure [13]. Due to hydrogen bonding and crystallite formation, the 
poly(pseudo)rotaxane chains rapidly aggregate into bundles containing 
nanosized columnar α-CD domains between neighboring CD-rich seg-
ments. Th ese domains continue to assemble into larger particles leading 
to a turbid sol and subsequent increase in viscosity. Eventually, with many 
of these α-CD domains acting as physical crosslinks, hydrogelation occurs 
[39, 37, 8]. Kinetically, hydrogelation is favored by low temperature and by 
a high α-CD to PEG ratio. Th e properties and structures of supramolecular 
hydrogels can be fine-tuned by adjusting the composition ratio between 
α-CD and PEG, the molecular mass, and the chemical structure of the 
polymer [14]. Recently, based on the Poisson distribution of α-CD/PEG, 
Sabadini et al. [40] found the complexation of PEG and α-CD had a small 
dependence on the polymer molecular mass or structure (linear or star-
like) while the kinetics of complexation were strongly dependent on the 
PEG structure.

Similar to α-CD/PEG-based hydrogels, linear polyethylenimines 
(LPEIs) of various molecular masses were used to prepare CD poly(pseudo)
rotaxane hydrogels under specifi c conditions (pH and/or temperature 
dependent) [41]. In this work, the high molecular mass LPEIs partially 
penetrated the inner cavity of α-CD from both terminals to form cyclodex-
trin poly(pseudo)rotaxanes, which then aggregated into columnar α-CD 
crystalline domains. Hydrogelation, however, required a high gelation 
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temperature and a relatively long time to achieve critical threading of 
α-CDs. Th e unthreaded LPEI chains acted as the water absorbing portion 
to retain water within the hydrogel structure. In the case of low molecular 
mass LPEI (2.2 kDa), all the LPEI chains easily penetrated the inner cav-
ity of α-CD and the uncovered or unoccupied EI units were too short to 
form a hydrogel. It is worth noting that the physical state of the hydrogels 
spontaneously turned into a crystalline precipitate during repeated heating 
and cooling with continuous stirring. Th e intermolecular hydrogen bonds 
between the hydrated LPEI chains and/or water played a major role in the 
stabilization of the hydrogels as a result of deprotonation of almost all the 
secondary amines (pKa = 8.9) at pH 11.0.

11.2.2 Block-Copolymers as Guest Molecules

To avoid using PEG or LPEI as the high molecular mass homopolymer as 
described above, an alternative is to utilize a fl anking PEG block or thread-
able segments. Copolymers that could be used to induce cyclodextrin 
poly(pseudo)rotaxane hydrogels include block, graft , and other branched 
structures either with or without PEG. Th e combination of partial inclusion 
complexation between PEG blocks and CDs and hydrophobic interaction 
between hydrophobic blocks in the copolymers induced the formation of 
stable macromolecular supramolecular networks [17, 42].

11.2.2.1 Diblock Copolymer

While α-CD and high molecular mass PEG can form supramolecular 
hydrogels based on inclusion complexation, it is also possible to form a 
hydrogel with α-CD and a diblock copolymer comprising a PEG block and 
a hydrophobic block. A series of diblock copolymers such as PEG-b-PCL 
[17], PEG-b-PLL [12] and PEG-b-PLG [28] have been reported to form 
cyclodextrin poly(pseudo)rotaxane hydrogels. In these systems, the intro-
duction of hydrophobic blocks decreases the molecular mass of the thread-
able PEG block.

Biodegradable amphiphilic poly(ethylene glycol)-b-poly(ε-capro-
lactone) (PEG -b-PCL) diblock copolymer has been used to form novel 
supramolecular hydrogels [17]. In this work, PEG with a low molecular 
mass of 5 kDa was used to obtain a viscous mixture aft er adding α-CD 
aqueous solution to a diblock copolymer aqueous solution. A homogen-
eous hydrogel formed within a few minutes. In the system, α-CD preferred 
to thread onto PEG blocks to partially form cyclodextrin poly(pseudo)
rotaxane ICs [17, 43]. Th ese ICs subsequently self-assembled into col-
umnar α-CD crystalline domains, which act as physical crosslinks.Th e 
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unthreaded PEG segments remained water soluble and may have formed 
large water-soluble amorphous domains; however, whole PCL blocks 
were left  unthreaded, particularly when the ratio of α-CD to PEG-b-PCL 
copolymer was low, which facilitated hydrogel formation and improved 
stability via hydrophobic interactions between uncovered PCL blocks. 
As a result, a phase-separated structure consisting of uncovered hydro-
phobic PCL blocks, crystalline α-CD/PEG-b-PCL poly(pseudo)rotaxane 
ICs, and unthreaded hydrated PEG blocks formed. Th e combination of the 
aggregated cyclodextrin poly(pseudo)rotaxane ICs between PEG blocks 
of PEG-b-PCL diblock copolymer and α-CD and the hydrophobic inter-
action between the uncovered PCL blocks provided the primary driving 
force for hydrogel formation during supramolecular self-assembly. Based 
on a similar principle, poly(ethylene glycol)-b-poly(L-lysine) (PEG-b-PLL) 
diblock copolymer was used to form cyclodextrin poly(pseudo)rotaxane 
supramolecular hydrogels under alkaline conditions (pH 10) in which the 
PLL blocks were hydrophobic as a result of the amino end groups being 
neutral and insoluble -NH2 groups [12]. Interestingly, poly(ethylene gly-
col)-b-poly(L-glutamic acid) (PEG-b-PLG) has also been used to fabricate 
supramolecular polypeptide-based hydrogels in two forms: normal micel-
lar hydrogels and reverse micellar hydrogels [28]. Th e normal micellar 
hydrogels existed in the form of polypeptide-cored micelles with a PEG 
corona, which was mediated through hydrogen bonding interactions 
between PLG chains, followed by inclusion complexation between the 
PEG corona and α-CDs acting as physical cross-linking points. In a com-
pletely diff erent process, reverse micellar hydrogels existed in the form of 
α-CD/PEG poly(pseudo)rotaxane-cored micelles with a polypeptide cor-
ona, with inclusion complexation occurring fi rst, followed by hydrogen 
bonding interactions among the polypeptide coronas.

11.2.2.2 Triblock Copolymer

A series of triblock copolymers comprising PEG blocks such as PEG-b-
PPO-b-PEG [18], PEG-b-PHB-b-PEG [44], PHB-b-PEG-b-PHB [45], 
PCL-b-PEG-b-PCL [42], and PLA-b-PEG-b-PLA [46] have been used to 
construct cyclodextrin poly(pseudo)rotaxane hydrogels. Th ese systems used 
self-assembly based on CDs and triblock copolymer inclusion complexes, 
which aggregated into microcrystals that acted as physical crosslinks and 
led to the formation of a supramolecular polymer network. At the same 
time, hydrophobic interaction between the unthreaded blocks facilitated 
hydrogel formation and improved stability. Supramolecular hydrogels based 
on triblock amphipathic copolymers poly(ethylene glycol)-b-poly[(R)-3- 
hydroxybutyrate]-b-poly(ethylene glycol)) (PEG-b-PHB-b-PEG) and α-CD 
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have been reported [26, 44, 47]. In the α-CD/PEG-b-PHB-b-PEG system, 
low molecular mass PEG blocks (5 kDa) partially penetrated the inner cavity 
of α-CD from both terminals to form cyclodextrin poly(pseudo)rotaxane 
ICs, which then aggregated into microcrystals and acted as physical cross-
links leading to the formation of a supramolecular polymer network. Th e 
uncovered PEG remained water soluble and retained water within the supra-
molecular structure. Th e PHB chains could not penetrate the inner cavity 
of α-CDs to form ICs, but facilitated the formation of a polymer network 
due to hydrophobic interaction between the middle PHB blocks, making the 
macromolecular network stronger. Similar results were reported when the 
middle PHB blocks were replaced by poly(propylene-oxide) (PPO) in PEG-
b-PPO-b-PEG triblock copolymers (also known as Pluronics) [18, 48].

Based on a similar principle, some triblock amphipathic copolymers 
have threadable PEG blocks in the middle in which α-CD molecules can 
partially thread past the telechelic segments with a larger cross-sectional 
area than their cavity size, and preferentially settle on the relatively more 
hydrophilic middle PEG segments forming block-selected cyclodextrin 
poly(pseudo)rotaxanes with necklace-like structures49. Th e remaining 
unthreaded blocks could decrease the molecular mass to build an exten-
sive and strong hydrogel network through hydrophobic interaction, such 
as PHB-b-PEG-b-PHB [45] and PCL-b-PEG-b-PCL [42] triblock copoly-
mers being used to form cyclodextrin poly(pseudo)rotaxanes. 

UV irradiation with a photoinitiator caused the physically cross-linked 
hydrogel precursor to rapidly turn into a chemically cross-linked hydrogel 
when the cyclodextrin poly(pseudo)rotaxane was end-capped with photo-
curable methacryloyl groups or acryloyl groups. Th e system of amphiphilic 
poly(L-lactide)-b-poly(ethylene glycol)-b-poly(L-lactide) is an example of this 
process. PLA-b-PEG-b-PLA copolymers were end-capped with methacryloyl 
groups [46, 50], in which the polymethacrylates formed crosslink junctions 
as topological stoppers for the polyrotaxane chains of the hydrogel net-
work. Similar results can be achieved based on the system of Pluronic F68/
PCL block copolymer end-capped with acryloyl groups and α-CD [51] and 
Pluronic F68/PCL block copolymer end-capped with acryloyl groups and 
β-CD, in which β-CD can selectively thread onto the middle PPO block [52].

11.2.3 Graft -Copolymers as Guests

Diff erent from block copolymers with linear guest polymers, graft  
 copolymer-based cyclodextrin poly(pseudo)rotaxane supramolecular hydro-
gels could lead to a higher degree of cross-linking than a linear guest poly-
mer. PEG (with a molecular mass of less than 5 kDa)-graft ed high molecular 
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mass biodegradable backbone (molecular mass greater than 10 kDa) copoly-
mers, for example PEG-graft ed dextrans [16], PEG-graft ed chitosans [15], 
PEG-graft ed hyaluronic acid (HA) [53], and PPEGMA-graft ed- poly[2-
(dimethylamino)ethyl methacrylate] (PDMA) [29], have been used as guest 
polymers to form α-CDs poly(pseudo)rotaxane hydrogels. Guest polymers 
such as poly(ε-lysine) (PL)-graft ed dextran and α-CDs [54], and poly(propyl-
ene glycol) (PPG)-graft ed dextran and β-CDs [55] have also been used to pre-
pare cyclodextrin poly(pseudo)rotaxane supramolecular hydrogels. In these 
systems, the PEG, PL, and PPG side-chains graft ed to the hydrated backbones 
thread the cavities of CDs to form cyclodextrin poly(pseudo)rotaxane ICs. 
Th ey have a channel-type structure, which aggregates into columnar crystal-
line domains as physical crosslink junctions. Th e backbones, such as dextran, 
chitosan, hyaluronic acid and PDMA, did not form ICs under certain con-
ditions and therefore remained hydrophilic in the hydrated state and acted 
as the water absorbing portion. Th e supramolecular hydrogels that formed 
had a phase-separated structure that consisted of the hydrophobic crystalline 
IC domains and the hydrophilic domain of hydrated dextran chains. If the 
backbone was an ionic polymer with pH-dependent water-solubility, such as 
chitosan, hyaluronic acid, or PDMA, the hydrogel formation showed pH-de-
pendent properties. Poly(organophosphazenes) were synthesized through 
graft ing poly(ethylene glycol) methyl ether (mPEG) and about 20% glycine 
ethyl ester to the phosphazene backbone to prepare novel supramolecular 
hydrogels with α-CDs [32]. Th e aggregation of ICs between the α-CD and 
mPEG side chains served as physical cross-links, while the uncovered mPEG 
side chains acted as a water absorbing reagent.

Amphiphilic MPEG-b-PCL-graft ed chitooligosaccharide (COS-g-PCL-
b-MPEG) copolymers have been used to fabricate supramolecular hydro-
gels [33]. In this work, an amphiphilic MPEG-b-PCL diblock copolymer 
(MPEG of 2 kDa) side chain was graft ed onto a chitooligosaccharide back-
bone to produce a novel ternary amphiphilic graft  copolymer (COS-g-PCL-
b-MPEG). α-CD can thread the PEG and PCL chains to form cyclodextrin 
poly(pseudo)rotaxane ICs, but the rapid gelation and strong hydrophobic 
interaction between PCL blocks may have hindered α-CD molecules slid-
ing over PEG blocks to cover PCL blocks; consequently not all PCL blocks 
were occupied. Th e unthreaded COS backbone remained hydrophilic and 
retained a large volume of water in its supramolecular structure.

11.2.4 Other Branched Polymers as Guests

A double-graft ed polymer brush with a high density of PEG graft s, 
poly(2- (2-bromoisobutyryloxy)ethyl methacrylate) (PBIEM) graft  
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poly(poly(ethylene glycol)methyl ether methacrylate) (PEGMA) (PBIEM-
g-P(PEGMA)) was used to fabricate supramolecular hydrogels with α-CDs 
[56]. Th e high density PEG chains located on the outer end of the side 
chains penetrated the inner cavity of α-CD to easily form cyclodextrin 
poly(pseudo)rotaxane ICs. In the case of P(PEGMA)-based hydrogels, 
the column domains were perpendicular to the main chain, while in the 
PBIEM-g-P(PEGMA) brush the column domains were parallel to the main 
chain. Th e orientation of the column domains for the polymer brush may 
have facilitated physical cross-linking. On the other hand, steric hindrance 
prevented CD threading of the PEG segments attached close to the back-
bone, so those segments remained unthreaded and hydrophilic, allowing for 
retention of a large volume of water in the supramolecular structure. Th ese 
two factors contributed to the formation of supramolecular hydrogels. A 
novel reduction-sensitive supramolecular hydrogel based on [poly(ethyl-
ene oxide) monomethyl ether]-graft -[disulfide-linked poly(amido 
amine)] (mPEG-g-SS–PAA) and α-CDs was introduced in which the 
 reduction-sensitivity was ascribed to the disulfide linkage in the unthreaded 
SS–PAA main chain [27]. Another interesting type of cyclodextrin 
poly(pseudo)rotaxane hydrogel in which “multi-arm” physical crosslinkers, 
i.e., well-defined biodegradable triblock copolymer methoxy-poly(ethylene 
glycol)-b-poly(ε-caprolactone)-b-poly[2-(dimethylamino)ethylmethacryl-
ate] (MPEG-b-PCL-b-PDMAEMA) (denoted as ECD, where E represents 
MPEG, C represents PCL, and D represents PDMAEMA), were used to 
condense plasmid DNA (pDNA) into polyplexes (ECD/pDNA polyplexes) 
has been reported30. By adding a low solids content of PEG (1%) and α-CD 
(8%) to ECD/pDNA polyplexes, poly(pseudo)rotaxane hydrogels formed.
Th e MPEG-b-PCL-b-PDMAEMA copolymers condensed pDNA into 
275−405 nm polyplexes with hydrophilic MPEG in the outer corona. Due 
to its amphiphilicity, the copolymer self-assembled into micelles with a 
hydrophobic PCL core and a hydrophilic MPEG/PDMAEMA corona at 
a copolymer concentration above the critical micellization concentration 
(CMC). Th e pDNA condensed into ECD/pDNA polyplexes through elec-
trostatic attraction interaction to form a multi-arm structure. Th e multiple 
MPEG in the outer corona and the added PEG partially penetrated the inner 
cavity of α-CD to form cyclodextrin poly(pseudo)rotaxane ICs that could 
act as physical crosslinks. Th e multiple α-CD/ECD/pDNA and α-CD/PEG 
complexes formed poly(pseudo)rotaxane columnar crystalline domains 
due to strong intermolecular hydrogen bonding between CDs, which then 
formed the supramolecular hydrogel, as depicted in Figure 11.3. Th ese 
ECD/pDNA polyplexes acted as “multi-arm” crosslinkers in the hydrogel 
formation, which facilitated the gelation process and improved the hydrogel 
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performance. Th e unthreaded PCL chains made the hydrogel stronger and 
more stable due to hydrophobic interaction.

11.3  Stimulus-Response Properties of Cyclodextrin 
Poly(pseudo)rotaxane Based Hydrogels

As previously mentioned, supramolecular hydrogels that are based on the 
aggregation of cyclodextrin poly(pseudo)rotaxane ICs in aqueous solu-
tions, without the use of chemical cross-linking reagents, are thixotropic 
and could be injectable through needles [14, 57]. Although α-CD/PEG 
poly(pseudo)rotaxane hydrogels are already stimuli-responsive as a result 
of their thixotropic nature and their thermo-reversible sol-gel transition, 
it is nevertheless of great interest to incorporate other stimuli-responsive 
properties into this kind of hydrogel to obtain multi-responsive “smart” 

ECD micelles

Polyplexes anchored hydrogel

Hydrogel dissolution

1. PEG

2. α-CD

Polyplexes

pDNA condensation

ECDMPEG-PCL-PDMAEMA

ECD/pDNA polyplex

Figure 11.3 Design of ECD/pDNA anchored α-CD/PEG supramolecular hydrogels. 
Amphiphilic ECD forms micelles with a PCL core and MPEG/PDMAEMA corona in an 
aqueous environment. PDMAEMA at the corona is responsible for pDNA binding while 
MPEG serves both as a stabilizing moiety for the resultant ECD/pDNA polyplex and 
as a hydrogel anchoring segment. Sustained release of pDNA polyplexes is achieved via 
hydrogel dissolution over time. Reprinted with permission from Ref 30.
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materials. Stimulus-response properties, including shear-thinning, pH, 
temperature, reduction response, and so on, may result from the aggrega-
tion of poly(pseudo)rotaxane, from uncovered polymer segments, or both.

11.3.1  Stimulus-Response Properties Derived from 
Cyclodextrin Poly(pseudo)rotaxanes and their 
Aggregates

Th e major properties that result from the aggregation of poly(pseudo)
rotaxanes include reversible shear-thinning and thermosensitive sol-gel 
transition.

11.3.1.1 Shear-Th inning

Reversibility of the hydrogels is a basic and crucial feature of supramolecular 
systems [57]. Rheological studies on supramolecular-structured hydrogels 
formed by α-CD and high molecular mass PEG homopolymer indicated 
that they were thixotropic and reversible, and that the viscosity of the hydro-
gel was sensitive to the shear rate, i.e., the viscosity decreased as the shear 
rate increased14. In Figure 11.4, we can see that the viscosity of the hydrogel 
significantly decreased when agitated (Figure 11.4(a)), but once the agitation 
disappeared the viscosity was eventually restored toward the original values, 
in most cases within hours (Figure 11.4(b)). It is this property that makes 
hydrogels injectable even through a fine needle where viscosity decreases 
markedly aft er injection. Th e finer needle leads to a higher shear rate causing 
the hydrogel viscosity to decrease more deeply and steeply.
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a shear rate of 120 s-1(a); and (b) restoration of the gel viscosities aft er 20 of agitation at a 
shear rate of 120 s-1. Reprinted with permission from Ref. 14.
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11.3.1.2 Temperature-sensitivity

In the graft ed dextran-based supramolecular-structured poly(pseudo)
rotaxane hydrogels, the sol-gel transition was based on supramolecu-
lar assembly and dissociation, corresponding to a process of threading- 
dethreading the α-CD molecules along the PEG graft s [55, 16]. Th e gelation 
temperature (Tgelation) was defi ned as the point where the polymer solutions 
no longer fl owed when the vial was inverted. Th e gels became mobile as the 
temperature increased and the point where the gels started to fl ow was taken 
as the gel-melting temperature (Tgel–melting). Th e hydrogels experienced three 
diff erent phases. For example, in the case of IC hydrogels of PEG graft ed dex-
trans (PEG of 750) [16], when the temperature was below Tgelation (the tem-
perature at which the ICs formed) they exhibited an opaque gel phase and 
were not mobile. With increasing temperature they remained opaque and 
mobility increased until the temperature was greater than Tgel–melting, at which 
point they became clear solutions. Th ere are several parameters that can be 
used to control the properties of the hydrogel, including variation of the poly-
mer concentration and feed ratio of the guest [PEG]/host [CD] as well as the 
PEG content in the graft  copolymers. When the polymer concentration was 
high, the PEG chains formed more stable cyclodextrin poly(pseudo)rotaxane 
ICs with a high Tgel –melting. Th e stoichiometry of [PEG]/[CD] is known to be 2 
[58]. When the feed ratio of [PEG]/[CD] increased from 1 to 2, both Tgel–melting 
and Tgelation increased. Th is could be explained by the fact that with a high 
feed ratio, that is to say with more guests, the increased guest moieties have 
more opportunities to form more stable poly(pseudo)rotaxane ICs with the 
host CD, leading to an enhanced physical crosslinking network. However, 
a decreased concentration of CD moieties leads to fewer opportunities for 
disturbing the network formation induced by the hydrophobic interactions of 
ICs. Th e number of graft ed chains per backbone must be suffi  cient to provide 
enough hydrophobic moieties to associate with CDs, which may be more 
advantageous to host–guest interactions. On the other hand, the formation of 
poly(pseudo)rotaxane ICs is entropically unfavorable because it is hindered 
by more favorable interactions such as hydrogen bonding and hydrophobic 
interactions. As the temperature increases, the polymer chains dethread from 
the CDs, restoring their intrinsic entropy from random conformations, and 
leading to dissociation of the poly(pseudo)rotaxane ICs16. With the repeated 
heating-cooling that accompanied the sol-gel transitions that corresponded 
to threaded-dethreaded CDs, the supramolecular hydrogel showed a ther-
mally reversible sol-gel transition [55]. A thermosensitive hydrogel based on 
an alkylpyridinium and α-CD poly(pseudo)rotaxane, which showed sol-gel 
transitions between 7–67°C (depending on the type and amount of the guest 
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compound) has also been reported [59]. Another unique thermoreversible 
sol-gel transition has been seen in hydrogels based on mPEG modified bio-
degradable polyphosphazenes and α-CD [32].

Rapid response thermosensitive supramolecular hydrogels, such as 
Pluronic F68/poly(ε-caprolactone)/α-CD [51] and Pluronic F68/poly(ε-
caprolactone)/β-CD [52] based hydrogels have also been reported. In these 
systems the Pluronic F68/poly(ε-caprolactone) acts as a thermosensitive 
macromer. In addition to the aggregation of cyclodextrin poly(pseudo)
rotaxane ICs, which mainly provides temperature-sensitivity, hydrophobic 
aggregation between the unthreaded hydrophobic blocks also facilitates 
the network. Th ese two factors contribute to rapid thermosensitivity.

11.3.2  Stimulus-Response Properties Derived from Uncovered 
Segments

11.3.2.1 pH Sensitivity

In PEG-b-PLL/α-CD-based hydrogels, the α-CD cannot thread the PLL 
chains to form stable cyclodextrin poly(pseudo)rotaxane ICs, so pH- 
sensitive gelation was induced by the uncovered PLL segments. Th e 
pH- inducible hydrogel from supramolecular micelles was found to be 
completely reversible upon change in pH [12]. Th e hydrogels were formed 
under alkaline conditions at pH 10, but the gel could be readily reversed 
to sol by acidifi cation. When protonated in a neutral or acidic solution the 
PLL chains remained water soluble, adopting a random coil conformation 
due to electrostatic repulsion between the side chains, which consist of 
charged amino end groups that prefer to stay outside of the hydrophobic 
threaded CD cavities. Once the pH increased to greater than 10, the amine 
salt (-NH3

+) in the branched chains of the PLL blocks was deprotonated 
to form neutral insoluble -NH2 groups, causing the PLL chains to be more 
hydrophobic. Aggregation of PLL chains due to hydrophobic eff ects facili-
tated the polymer network. Th e -NH2 groups were protonated again by acid 
causing hydrogel dissociation, and then deprotonated again with alkali to 
form hydrogels. Th is repeated protonation-deprotonation by changing pH 
showed the hydrogels had a pH reversible gel–sol/sol–gel transition. 

It is worth mentioning that some temperature/pH dual-responsive 
hydrogels have been reported. Th e copolymers used in dual- responsive 
hydrogels contain two kinds of blocks: one that forms cyclodextrin 
poly(pseudo)rotaxane ICs, such as PEG and PL; and another that contains 
ionizable chains with carboxyl or amino groups, such as PEG side-chains 
on chitosan backbones [15], PEG side-chains on PDMA backbones [29], 
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and diblock copolymers (PEG-b-PDMAEMA) [60] (all containing amino-
groups), as well as (PEG)-graft ed hyaluronic acid (HA) [53], which con-
tains carboxyl groups. Th e pH-responsivity resulted from pH-dependent 
water-solubility where the hydrogels showed pH reversible gel–sol/sol–gel 
transitions. At the same time, high temperature disrupts weak interactions, 
such as hydrogen bonding and hydrophobic interaction, which may cause 
CDs to dethread from the chains and thereby weaken the hydrophobic 
interactions between unthreaded hydrophobic blocks, leading to dissoci-
ation of the hydrogels. Th erefore, it is the aggregation of poly(pseudo)
rotaxane ICs and the uncovered blocks that contributes to temperature and 
pH dual-responsivity.

11.3.2.2 Reduction Sensitivity

A novel reduction-sensitive supramolecular hydrogel based on mPEG-
g-SS–PAA and α-CD was fabricated [27]. Th e reduction-sensitivity was 
ascribed to the disulfide linkage in the unthreaded SS–PAA main chain. 
Th e disulfide bond is sensitive to reduction conditions in the human body 
due to the thiol–disulfide exchange reaction. Th is means that disulfide 
bonds are stable at low concentrations of glutathione tripeptide (GSH), 
ca. 2–20 μM, in the body and extracellular milieu; however, they may be 
quickly cleaved at high GSH concentrations, ca. 0.5–10 mM. In this work, 
dithiothreitol (DTT), a reducing agent model and a substitute for GSH, 
cleaved the disulfide bonds of the SS–PAA main chain because a more sta-
ble six-membered cyclic disulfide formed aft er the oxidation of DTT. Th e 
mPEG-g-SS–PAA polymer could be cleaved into a short segment, oligo-
mer, or small molecule under high reductant concentration. As the DTT 
concentration increased, the mPEG-g-SS–PAA degradation rate increased; 
this was attributed to the incorporation of more DTT, which provided more 
opportunities to cleave the disulfide bonds of the main chain mPEG-g-SS–
PAA. When the mPEG-g-SS–PAA main chain broke, followed by breakage 
of the cyclodextrin poly(pseudo)rotaxane ICs, the hydrogel turned into a 
turbid or transparent solution. It was concluded that reduction-sensitivity 
resulted from the unthreaded segments and was not caused by the aggrega-
tion of poly(pseudo)rotaxanes.

11.4 Nanocomposite Supramolecular Hydrogels

Based on a principle similar to that discussed in the approach using PEG-
based biodegradable polymers, carbon nanomaterials, metal nanoparticles, 
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and polysaccharide nanocrystals have been used to construct nanocom-
posite or hybrid supramolecular hydrogels. In all these systems, multiple 
PEG or PEG-containing copolymers were first attached to the nanomateri-
als through chemical bonding or physical interactions, followed by thread-
ing of α-CD onto the PEG-decorated materials. Th e incorporation of 
nanoparticles such as SWNTs, graphene, and silica may accelerate hydro-
gel formation.

11.4.1  Nanocomposite Hydrogel Filled with Carbon 
Nanoparticles

In the carbon-based nanocomposite hydrogel system based on the non-
ionic commercially available Pluronic copolymer (PEG-b-PPO-b-PEG) 
and α-cyclodextrin, the Pluronic copolymer has a dual role. Due to its 
hydrophobic eff ect in water, the copolymer disperses the pristine car-
bon nanomaterial to form a stable and homogeneous copolymer-coated 
solution, in which the PPO blocks are bonded onto the hydrophobic sur-
face of the carbon nanomaterial via hydrophobic interactions. Th e PEG 
chains partially penetrate the inner cavity of α-CD to form cyclodextrin 
poly(pseudo)rotaxanes, which aggregate into columnar α-CD crystallite 
domains as physical crosslinks. Th e introduction of carbon nanomaterials 
such as grapheme [19] and single-walled carbon nanotubes (SWNTs) [20, 
21], may infl uence the morphology of the hydrogel. In SWNT nanocom-
posite hydrogels [20] the hybrid hydrogel was relatively smooth while the 
native hydrogel appeared coarse with undulant pimples, which may result 
from the hydrophobic interaction of the PPO block with SWNTs. Such 
hydrophobic interaction could limit the movement and micellization of the 
PPO block and result in the changed morphology. Th e SWNT-hybridized 
hydrogel [21] inherited the loose sponge-like structure of the native hydro-
gels, but had many agglomerates and a crystalline character, which may be 
attributed to nucleation of SWNTs. Graphene-hybridized supramolecular 
hydrogels, on the other hand, had a lamellar structure [19]. Th e introduc-
tion of graphene changed the geometric/spatial state of the block copoly-
mer, making the PEG chains more ordered, and thus accelerated formation 
of the hydrogel.
Th ere is another kind of carbon-based supramolecular nanocomposite 
hydrogel based on poly(ethylene glycol)-graft ed-multiwalled carbon nano-
tube (MWNT-g-PEG) [22]. Similar to PEG-b-PCL/α-CD, it is a combina-
tion of the aggregation of cyclodextrin poly(pseudo)rotaxane ICs based on 
selective inclusion complexation between the PEG block and α-CD and the 
strong hydrophobic interaction that provides the primary driving force for 
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hydrogel formation. In a comparative study, three diff erent polymers were 
used: MWNT-g-PEG (2000, 4000, and 6000). In the case of MWNT-g-
PEG2000/α-CDs, there was only precipitate formation, no hydrogel, because 
one end of the uncomplexed PEG chain was anchored to a MWNT and the 
other end of the uncomplexed segment was not long enough to form a net-
work due to the low molecular mass. In the case of MWNT-g-PEG6000/α-
CDs, the graft ed PEG6000 chain was so long that the MWNT hindrance was 
almost negligible and the distance between the PEG6000 chains was too large 
for the cyclodextrin poly(pseudo)rotaxanes to aggregate and form physi-
cal cross-links. Th e MWNT-g- PEG4000/α-CDs had a high molecular mass 
and a high graft  density of 590; therefore the PEG chains were long enough 
to thread the α-CDs and the high graft  density provided enough physi-
cal crosslinking. Th e uncomplexed PEG was also long enough to absorb a 
large volume of water to fi ll in the network (Figure 11.5).

11.4.2  Nanocomposite Hydrogels Filled with Metal-Based 
Nanoparticles

Similar to SWNT-based nanocomposite hydrogels, magnetic supra-
molecular hydrogels based on PEG-b-PCL/α-CD stabilized magnetic 
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Figure 11.5 Schematic representation of the hybrid hydrogels made of MWNT-g-PEO/α-
CDs. Reprinted with permission from Ref. 22.
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iron oxide nanoparticles (Fe3O4) and α-CD have been reported [23]. And 
a novel strategy for in situ incorporation of silver nanoparticles into the 
supramolecular hydrogel networks was reported by Ma et al. [24]. In the 
silver nanoparticle-based hybrid hydrogels the amphiphilic block copoly-
mer Pluronic F-68 (PEG-b-PPO-b-PEG) not only forms cyclodextrin 
poly(pseudo)rotaxane ICs to give rise to a network, but also absorbs silver 
ions to form colloidal silver hydrosols at the micelle-water interface. Th ese 
hydrosols were the result of silver ions forming complexes with oxygen 
atoms in the presence of Pluronic F-68 chains. Th e silver ions were reduced 
at the interface leading to the incorporation of silver nanoparticles in the 
micellar aggregates. As the concentration of Pluronic F-68 increased more 
micelles aggregated, depositing more silver nanoparticles onto the micellar 
surface, preventing the silver nanoparticles from gathering together and 
hence enhanced colloidal stability. In this case, Pluronic F-68 functioned 
as a stabilizing and capturing agent for the formation of colloidally stable 
hydrosols containing silver nanoparticles. Consequently, the Pluronic 
F-68-based hydrogels contained colloidally stable silver nanoparticles. It is 
worthwhile noting that the incorporation of silver nanoparticles prolonged 
the gelation process, which could be explained by the formation of silver 
nanoparticles in the mixed system that weakened the ICs between α-CD 
and PEG blocks, resulting in an increased gelation time.

Another supramolecular hydrogel was prepared based on adamantane 
monoend-functionalized low molecular mass PEG (Ada-PEG of 1.1 or 
2K) and α-CD and their hybridization with β-CD surface-functional-
ized silica nanoparticles (β-CD-SiO2) through host-guest interaction 
(Figure 11.6) [25]. In this work, the Ada-PEG penetrated the inner cav-
ity of α-CD to form cyclodextrin poly(pseudo)rotaxane ICs to give rise to 

Figure 11.6 (A) Chemical structure and (B) schematic representation of β-CD -SiO2 and 
its inclusion complex with Ada-PEG. (C) Optical photo and (D) schematic representation 
of the supramolecular hydrogels made of Ada-PEG2K, α-CD, and β-CD- SiO2. Reprinted 
with permission from Ref. 25.
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supramolecular hydrogels rather than crystalline precipitates. Th e hydro-
phobic Ada group is an important element in the formation of a homo-
geneous hydrogel. Because the bulky Ada group is larger than the α-CD 
cavities it can partially prevent the threading of CD, thereby decreasing 
the relative amount of threaded CD. Th e remaining uncovered PEG is 
then long enough to absorb water within the network. Th e Ada group pro-
vides additional physical crosslinks via its hydrophobic aggregation which 
enhances the network. What’s more, based on the fact that β-CD and Ada 
can form ICs (with a stability constant as high as 5×105 M-1), β-CD-SiO2 
nanoparticles were used as supra-cross-links that attached to PEG chains to 
form  nanoparticle-hybridized supramolecular hydrogels. Th e incorporated 
inorganic β-CD-SiO2 nanoparticles were fixed within the network through 
inclusion complex interaction between the β-CD groups and the Ada 
groups, which not only accelerated the gelation process but also strength-
ened the hydrogels. Th e combination of the aggregation of partial cyclo-
dextrin poly(pseudo)rotaxane ICs with one-end low-molecular mass PEG 
chains and α-CD, as well as the ICs formed between the Ada group and 
β-CD-SiO2 nanoparticles, cooperatively leads to a strong network structure 
and gives rise to novel nanoparticle-hybridized supramolecular hydrogels. 

11.4.3  Nanocomposite Hydrogel Filled with Polysaccharide 
Nanoparticles

It is worth noting that polysaccharide nanocrystal-doped supramolecular 
hydrogels based on PEG137-b-PPO44-b-PEG137/α-CD inclusion complexa-
tion have been constructed [61]. In this work, a combination of the aggre-
gation of cyclodextrin poly(pseudo)rotaxanes based on selective inclusion 
complexation between PEG blocks and α-CD and micellization between 
PPO blocks due to strong hydrophobic interaction provided the primary 
driving force for hydrogel formation. Th e introduction of cellulose whisker 
(CW) and crab shell chitin whisker (CHW) to the nanocomposite hydro-
gels improved the gelation process. Recently, β-CD modified cellulose 
nanocrystals have been reported to construct supramolecular hydrogels 
based on Pluronic polymers and α-CD [34]. Th e PEG blocks fi rst facilitate 
the dispersion and compatibility of nanocrystals to a high loading level, 
and then form ICs with α-CD to give rise to in situ hydrogels.

11.4.4 Role of Nanoparticles

In the broader context of materials design, incorporating functional 
nanoparticles into three dimensional cyclodextrin poly(pseudo)rotaxane 
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hydrogel networks allows for the design of hybrid hydrogels where proper-
ties of nanomaterials could be exploited. In many cases, the incorporation 
of nanoparticles not only accelerated gelation, but also regulated the mech-
anical performance of the hydrogels, for example the superparamagnetic 
eff ect from incorporating Fe3O4 nanoparticles and the catalytic activity of 
incorporated Ag nanoparticles.

11.4.4.1 Reinforcement

In polysaccharide nanocrystal-doped supramolecular hydrogels the incor-
poration of polysaccharide nanocrystals, such as the rod-like whiskers of 
cellulose (CW) and chitin (CHW), and the platelet-like starch nanocrys-
tal (StN) [61], into supramolecular hydrogels speeded gelation, enhanced 
mechanical strength, improved erosion resistance of solution, and facili-
tated long-term sustained release of drugs. Figure 11.7 depicts the dynamic 
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Figure 11.7 Dynamic rheological behavior of nanocomposite hydrogels containing 
various loading levels of CW (A), CHW (B), and StN (C), as well as the native EPE/CD 
hydrogel for comparison. (Solid symbols for storage modulus, G′, and hollow symbols for 
loss modulus, G″). Reprinted with permission from Ref. 61.
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rheological behaviors of the native PEG-b-PPO-b-PEG (EPE)/CD hydrogel 
and of the nanocomposite hydrogels with diff erent polysaccharide nano-
crystals and loading levels. As shown, the storage modulus (G′) of both 
hydrogels was greater than the loss modulus (G″) over the entire frequency 
range, exhibiting a substantial elastic response with strength and rigidity. 
Both G′ and G″ increased due to the nucleation eff ect of polysaccharide 
nanocrystals, which improved the crystallization and physical cross-link-
ing caused by hydrogen bonding between the incorporated polysaccharide 
nanocrystals and the hydrogel matrix and resulted in enhanced mechani-
cal strength. Both the type and loading level of polysaccharide nanocrys-
tals regulated the G′ and G″ values of the nanocomposite hydrogels. Th e G′ 
values initially increased with an increase in the loading level of polysac-
charide nanocrystals, but only up to 0.5 wt%, which produced the highest 
mechanical strength. When the loading level was 1.0 wt% and greater, the 
G′ values initially decreased due to increased aggregation of the polysac-
charide nanocrystals. Th e G′ values were in the order of EPE/CD/CW-0.5 
> EPE/CD/CHW-0.5 > EPE/CD/StN-0.5 at the same 0.5 wt% loading level. 
Cellulose whisker at a 0.5 wt% loading level gave the highest storage mod-
ulus. Its maximum G′ value of ca. 1700 Pa×s was approximately 50 times 
higher than that of the native EPE/CD hydrogel. Th is was attributed to 
the cellulose whisker’s ability to avoid protonation of amino groups on the 
CHW surface and the self-aggregation of StN, which inhibited hydrogen 
bonding between the polysaccharide nanocrystals and hydrogel matrix. 
Th e introduction of polysaccharide nanocrystals positively aff ected rein-
forcement because nucleation of the polysaccharide nanocrystals induced 
crystallization of ICs, and hydrogen bonding between the polysaccharide 
nanocrystals and the hydrogel matrix acted as physical crosslinks which 
improved the stability of the hydrogel framework. Similar to the polysac-
charide nanocrystal-doped supramolecular hydrogels, β-CD modified cel-
lulose nanocrystals have been used to construct nanocomposite hydrogels 
with higher loading levels (> 5 wt %), in which both thermal stability and 
mechanical properties were improved [34].
Some carbon-based nanocomposite supramolecular hydrogel systems 
also showed reinforcement, such as the incorporation of multiwalled 
carbon nanotube (MWNT-g-PEG) that promoted the strength and vis-
cosity of hydrogels22. Th e storage modulus (G′) of these hydrogels was 
almost two times higher than the native hydrogels, showing an obviously 
improved strength. At the same time, the thermal stability was also greatly 
improved as the decomposition temperatures of nanocomposite hydro-
gels were nearly 100 °C higher than that of native hydrogel [22]. In the 
SWNT-incorporated nanocomposite hydrogels the higher strength and 
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rigidness were due to mechanical reinforcement of its distinct nanostruc-
ture and hydrophobic interaction between SWNT and PPO blocks [21]. 
Th e viscosities and ultimate strengths of SWNT-based [20] and graphene 
sheet-based19 hybrid hydrogel systems decreased as compared to native 
hydrogels. Th is phenomenon was attributed to the adsorption and bind-
ing of PPO chains onto the hydrophobic surface of the carbon material, 
which restrained the micellization and entanglement of PPO blocks with 
each other and decreased the density of crosslinking points. However, 
the mechanical strength and the viscosity of the SiO2 nanoparticle hybrid 
hydrogel were greatly improved [25]. Compared to the native hydrogel, the 
storage modulus (G′) of the hybrid hydrogel was about four times higher 
over a broad frequency range; the viscosity at a low shear rate (up to �1300 
Pa×s) was approximately eight times higher.

11.4.4.2 Other Functions

Th e in situ incorporation of silver nanoparticles into hybrid hydrogel24 
decreased the G′and G″ and increased the gelation time due to weakened 
inclusion complexation resulting from the formation of silver nanoparti-
cles by the reduction reaction of AgNO3 with the PEG blocks. Th e hydro-
gel showed good catalytic activity for the reduction of methylene blue dye 
(MB) by sodium borohydride NaBH4.

Th e SWNT-hybridized supramolecular hydrogel exhibited better anti-
microbial activity against Escherichia coli and Staphylococcus aureus [21] 
than the native hydrogel and shows promise as a wound dressing. 

Th e incorporation of iron oxide (Fe3O4) nanoparticles in the nano-
composite magnetic supramolecular hybrid hydrogels [23] accelerated 
the gelation process by shortening gelation time and enhanced mechani-
cal strength due to the interaction of PEG-b-PCL with Fe3O4 nanopar-
ticles, which is favorable for the formation of subsequent cyclodextrin 
poly(pseudo)rotaxane ICs. More importantly, these hydrogels were super-
paramagnetic and the saturation magnetization was lower with a higher 
PEG-b-PCL concentration.

11.5  Biomedical Application of Cyclodextrin 
Poly(pseudo)rotaxane-Based Hydrogels

11.5.1 Drug Carriers

It was previously mentioned that supramolecular hydrogels are thixotropic, 
reversible, and injectable through needles. Th e properties of thixotropy 
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and reversibility allow hydrogels to be used as a unique injectable drug 
delivery system using a fi ne needle. Drugs can be encapsulated directly 
into the hydrogels in situ at room temperature without organic solvents 
or chemical crosslinking required during the gelation process [14, 35]. 
Encapsulation not only facilitates enhanced drug loading levels, but also 
avoids structural changes to the drug and the interference of cell activity 
caused by chemical crosslinking. With gelation restored spontaneously in 
situ aft er injection, the hydrogel serves as a depot for controlled release 
[14]. In addition, in aqueous environments, hydrogels gradually disinte-
grated and dissolved in the release medium during the release process; 
therefore, the release of encapsulated drugs is controlled by dissolution, 
dissociation, and erosion of the hydrogel that corresponds to dethread-
ing of the cyclodextrin poly(pseudo)rotaxanes rather than by diffusion of 
the drugs through the hydrogel. Because of this, the drug release kinetics 
were less dependent on the properties of the drugs, leading to a potential 
advantage for rendering the delivery system more widely available for dif-
ferent drugs [14, 17, 29]. Supramolecular hydrogels based on α-CD/PEG 
homopolymer have been used to study release and drug-delivery prop-
erties using fl uorescein isothiocyanate-labeled dextran (dextran-FITC) as 
a model drug [14]. However, the rapid dissociation and release kinetics 
upon contact with the incubation solution make such hydrogels unsuitable 
for long-term drug release (most entrapped dextran-FITC was released 
within 5 days). By increasing the molecular mass of PEG, the release rate 
decreased markedly, with the hydrogels formed by PEG 100 kDa showing 
the most sustained release kinetics. Th e high molecular mass PEG (PEG 
> 10 kDa), however, is diffi  cult to fi lter through the human kidney [17], 
so it was important to either fi nd a biodegradable high molecular mass 
replacement or look for other associative forces to strengthen the hydro-
gel network. To this end, the use of PEG-block biodegradable amphiphilic 
copolymers or nanocomposite hydrogels has been explored. Th e molecu-
lar mass of these copolymers can be greater than 10 kDa as long as the 
non-degradable PEG portion is less than the renal clearance limit. Th is 
allows for continued exploitation of polymer entanglement to strengthen 
the hydrogel network. Because these polyesters are hydrophobic and semi-
crystalline, they provide additional physical crosslinking via hydropho-
bic interaction and segmental crystallization to strengthen the hydrogel 
network, resulting in more stable hydrogels for long-term controlled and 
sustained release [62]. For example, when dextran-FITC was used as a 
model drug in α-CD/PEG-b-PCL diblock based supramolecular hydrogels 
[17] the sustained release increased significantly over the pure α-CD/PEG 
hydrogels, and almost 20% of the encapsulated dextran-FITC was retained 
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by the hydrogel for up to 1 month, even if the molecular mass of the PEG 
block was only 5 kDa. Another supramolecular hydrogel based on the 
amphiphilic copolymer PEG-b-PHB-b-PEG drug showed excellent con-
trolled release properties using dextran-FITC as a model by sustaining the 
drug’s release for more than 1 month [26]. Th ese results further support 
the idea that cooperation of the aggregation of cyclodextrin poly(pseudo)
rotaxane ICs between α-CD and PEG segments and the hydrophobic inter-
action between unthreaded blocks leads to the formation of hydrogels with 
strong supramolecular networks, as well as the properties for long-term 
sustained release. Th ese hydrogels gradually dissolved during the release of 
dextran-FITC and disappeared when all dextran-FITC was released. Based 
on a similar principle, another supramolecular hydrogel based on the COS-
g-PCL-b-MPEG copolymer with α-cyclodextrin showed sustained release 
of bovine serum albumin (BSA) [33].

Some responsive hydrogels used as sustained release injectable carri-
ers are triggered by changes in pH, temperature, or other conditions of 
the environment. For example, in temperature and pH dual-responsive 
hydrogels [29] the release kinetics of 5-[(4,6-dichlorotriazin-2-yl)amino] 
fluorescein-labeled BSA (BSA-DTAF) could be controlled by regulating 
temperature and pH. In work on reduction-sensitive injectable supra-
molecular hydrogels [27] the release rate of BSA as a model protein drug 
could be regulated via the reduction conditions, including concentra-
tion of the reducing agent dithiothreitol (DTT) in the reduction media 
(phosphate buff er solution with pH of 7.4). In the absence of DTT, the 
release profile showed a prominent sustained release characteristic with 
an accumulative release ratio of ca. 70% for up to 30 days. Th e release rate 
obviously increased as the DTT concentration increased due to degradation 
of mPEG-g-SS–PAA in the presence of DTT. Remarkably, a higher molar 
ratio of DTT vs. disulfide bond, corresponding to higher DTT concentra-
tions, led to a higher release rate of BSA, accompanied by rapid erosion of 
the supramolecular hydrogel due to severe cleavage of mPEG-g-SS–PAA. 

In other work, polysaccharide nanocrystal-doped nanocomposite 
supramolecular hydrogels exhibited potential for application as inject-
able biomaterials in which the release profiles of BSA exhibited sustained 
release [61]. Compared to the native hydrogel that released encapsulated 
BSA in 18 days, the cumulative release rate of the nanocomposite hydrogel 
was only ca. 80% aft er 20 days. A loading level of 0.5 wt% showed the most 
sustained release in the order of EPE/CD/CW-0.5 > EPE/CD/CHW-0.5 
>EPE/CD/StN-0.5, which is the same order as was found for G′ values. 
Th ese sustained eff ects could be due to drug release being controlled by 
erosion of the hydrogel at the interface between the hydrogel exterior and 
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solution, and by drug diff usion. Nucleation of polysaccharide nanocrys-
tals to induce crystallization and hydrogen bonding between the polysac-
charide nanocrystals and hydrogel matrix resisted erosion of the hydrogel 
exterior that was immersed in solution and diff usion of external solution 
into the hydrogel. Also, the polar surface of the polysaccharide nanocrys-
tals immobilized encapsulated BSA through intermolecular interaction 
and hence slowed the drug’s sustained release. Similar nanocomposite 
hydrogels based on β-CD modified cellulose nanocrystals exhibited prom-
ising controlled and sustained release behavior about three times higher 
than the native hydrogels [34].

Recently, cyclodextrin poly(pseudo)rotaxane dual-drug loaded supra-
molecular hydrogels have created great interest. Two drugs could be co-en-
capsulated in situ forming a hydrogel matrix and showing both long-term 
and sustained release behaviors. For example, the in vitro release profiles 
of supramolecular hydrogel/micelle composites for co-encapsulation and 
prolonged release of camptothecin (CPT) and granulocyte colony-stimu-
lating factor (G-CSF) showed that loaded CPT and G-CSF could be released 
simultaneously and have dual independent release behaviors [36]. A doxo-
rubicin (DOX)/cisplatin dual-drug loaded hydrogel has been reported that 
showed higher cytotoxicity than single drug loaded hydrogels [35], pro-
viding a convenient and eff ective way to formulate cocktail-drug loaded 
hydrogel systems for cancer therapy.

11.5.2 Gene Carriers

Th e cyclodextrin poly(pseudo)rotaxane supramolecular hydrogels also 
showed immense potential as injectable carriers for sustained gene deliv-
ery based on thixotropy and in situ gelling30. In this work, active cationic 
copolymer MPEG-PCL-PDMAEMA (denoted as ECD) condensed plas-
mid pDNA into ECD/pDNA polyplexes with hydrophilic MPEG in the 
outer corona that anchored the polyplexes within the poly(pseudo)rotax-
ane hydrogel and acted as a sustained gene delivery carrier. Th e results 
showed the sustained release of DNA was up to 6 days, which was longer 
than in α-CD/PEG hydrogel in its naked form (up to 3 days) with the same 
amount of pDNA (70 μg) encapsulated. In all cases, there was no significant 
burst release and the hydrogels were completely eroded aft er 100% DNA 
release and showed a sustained release profile. Th is indicated the DNA 
release was not diffusion controlled, but controlled mainly by the gel disas-
sociation mechanism. Th e gradual erosion of the hydrogels that resulted 
from dethreading of the α-CD from the PEG and MPEG chains contrib-
uted to surface erosion. Regions that were lower in ECD/pDNA polyplexes 



432 Advanced Healthcare Materials

resulted in areas of poor dispersibility and compositional inhomogeneity 
of corresponding polyplexes during hydrogel formation. Th ese regions 
were more susceptible to erosion and thus weakened the network links 
resulting in faster hydrogel erosion than the more homogeneous hydrogel. 
In addition, released pDNA was found in intact nanoparticle ECD/pDNA 
polyplexes as a result of electrostatic bonding between the cationic seg-
ment of the MPEG-PCL-PDMAEMA and pDNA. It is worthwhile noting 
that the bioactivity of released pDNA polyplexes did not decrease during 
encapsulation by in vitro gene transfection. Also, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenylte-trazolium bromide (MTT) measurements showed 
that released ECD/pDNA polyplexes had no significant cytotoxicity.

11.5.3 Cell-Adhesive Scaff old

Cyclodextrin poly(pseudo)rotaxane supramolecular hydrogels based on 
chitosan derivative hydroxyphenyl acetamide chitosan (CHPA) and Arg-
Gly-Asp (RGD)-conjugated poly(pseudo)rotaxane (PRxRGD-CHPA) 
have been used as cell-adhesive injectable hydrogel scaff olds31. It is known 
that RGD is the cell adhesion motif for integrin receptors and this peptide 
promotes proliferation and diff erentiation of a variety of cells. Figure 11.8 
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Figure 11.8 Scanning electron microscope images showing the morphology of fi broblasts 
adhered to PRx-CHPA and PRxRGD-CHPA hydrogels aft er incubation times of a-c: 1 day 
and d-f: 3 days (scale bar = 100 μm). Reprinted with permission from Ref. 31.
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shows the morphology of the cells that adhered to the hydrogels. In the 
presence of RGD more cells adhered to the hydrogels, and the number 
of adhered cells increased aft er 3 days of incubation. Cells adhering to 
the hydrogels were spread out and adopted a spindle-shape. It was con-
cluded that the RGD-containing hydrogels more eff ectively promoted cell 
adhesion and enhanced spreading and proliferation, and that all hydrogels 
were cyto-compatible and therefore show potential for use as injectable 
biomimetic hydrogel scaff old in tissue engineering applications.

11.6 Conclusions and Prospects

Supramolecular hydrogels based on host-guest interactions and aggrega-
tion of cyclodextrin poly(pseudo)rotaxane ICf materials design, various 
kinds and shapes of copolymers containing threadable chains as guest mol-
ecules could be used in poly(pseudo)rotaxane systems to construct novel 
supramolecular hydrogels with special properties and functions, such as 
stimuli-sensitivity. Th e introduction of hydrophobic blocks or nanomateri-
als is expected to reinforce and stabilize the polymer network. Also, hybrid 
and nanocomposite hydrogels inherited the properties of the nanomaterials 
resulting in smart functions. Based on the intrinsic shear-thinning thixo-
tropic and thermo-reversible properties, as well as biocompatibility, these 
supramolecular hydrogels have great potential as injectable biomaterials and 
break through the limits of conventional hydrogels. Supramolecular hydro-
gels with drugs physically encapsulated in situ showed long-term controlled 
and sustained release properties. In addition, the supramolecular hydrogels 
also showed potential for application in sustained gene delivery systems and 
in injectable cell-adhesive scaff olds. Th e upcoming research and develop-
ment on designing smart hydrogel biomaterials with specifi ed properties to 
broaden their biological and practical applications is worth anticipating.
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Abstract
Bacterially synthesized polyhydroxyalkanoate (PHA) polymers have attracted 
much attention because of their tuneable biodegradability and superb biocompat-
ibility. Poly(3-hydroxybutyrate) (P3HB), for example, has been intensively studied 
for applications in tissue engineering. However, PHA polymers also have disad-
vantages, including being mechanically rigid due to crystallization and limited 
elastic stretchability. In contrast, chemically crosslinked biodegradable elastomers, 
poly(polyolsebacate) (PPS) for example, exhibit a large elastic elongation at break 
but tend to show cytotoxicity. Hence, it has been envisaged that the blending of 
PHA with the crosslinked elastomers is a potential approach to maximizing the 
advantages and minimizing the disadvantages of these polymers, achieving a sat-
isfactory combination of the mechanical properties of elastomeric polymers and 
biocompatibility/degradation kinetics of PHA. Th is chapter provides a review of 
PHAs and PHA-based polymer blend biomaterials that are developed for appli-
cations in tissue engineering, focusing on the biocompatibility, biodegradability, 
and mechanical properties of these materials, which are three essential features of 
biomaterials in most tissue engineering applications. At the end of the chapter, the 
major achievements on the development of PHA-based polymer blends are sum-
marized, and future directions are highlighted.
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12.1 Introduction

From the viewpoint of terminology, a polyhydroxyalkanoate (PHA) is the 
polymer formed from a hydroxyl-alkanoic acid (i.e., a carboxylic acid), 
which can be defi ned as any acid with the structure HO-R-COOH, where 
R is an alkyl unit having the composition of CnH2n. Based on this defi nition, 
polymers such as poly(lactic acid) (O-CH(CH3)-COO), poly(6-hydroxy-
hexanoic acid) (otherwise known as polycaprolactone, (O-(CH2)5-COO)), 
and poly(4-hydroxybutyrate) (O-(CH2)3-COO) are all PHAs. However, 
in the biomaterials fi eld, PHA is usually restricted to those members that 
are derived from bacterial sources [1–4]. Hence, poly(lactic acid) (PLA), 
which is formed by conventional synthesis from bio-derived monomers, 
and polycaprolactone, which is derived from synthetic monomers, are usu-
ally excluded from the PHA class. Th e general structure of PHA is shown 
below in Fig.12.1.

PHAs are a relatively old family of biomaterials. Th e discovery of its fi rst 
member, P3HB, can be traced back to the 1920s. Th e potential of P3HB 
for biomedical applications was fi rst recognized in 1962, but it was not 
until the 1980s that P3HB again became of interest in biomedical research, 
when P3HB tablets for sustained drug delivery were studied [6]. PHAs 
have since attracted increasing attention as tissue engineering materi-
als due to their biocompatibility, general biodegradability and tuneable 
mechanical properties. Th is review chapter provides a review on PHAs 
and related elastomeric biomaterials used in tissue engineering, including 
PHAs, PHA-co-polymers, and PHA-based polymer blends. Each section 
includes a description of the synthesis of the material that is critical to the 
understanding of its unique properties, followed by a detailed discussion 
of its biocompatibility, biodegradability, and mechanical properties. Lastly, 

O *
m

O

* n

R

Figure 12.1 General structure of poly(hydroxyl alkanoates) [5].
n = 1 R = hydrogen poly(3-hydroxypropionate)
R = methyl poly(3-hydroxybutyrate)
R = ethyl poly(3-hydroxyvalerate)
R = propyl poly(3-hydroxyhexanoate)
R = pentyl poly(3-hydroxyoctanoate)
R = nonyl poly(3-hydroxydodecanoate)
n = 2 R = hydrogen poly(4-hydroxybutyrate)
n = 3 R = hydrogen poly(5-hydroxyvalerate)
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the major achievements and remaining challenges for elastomeric bioma-
terials are summarized.

12.2 Synthesis of PHAs

In the 1920s, Lemoigne reported 3-hydroxybutyric acid, a granular com-
ponent produced by the bacteria Bacillus Megaterum, and characterized 
the solid material in the bacterial cell as a polymer of 3-hydroxybutyric 
acid [7, 8]. To date, over 150 diff erent aliphatic polyesters of the same gen-
eral structure with diff erent R-pendant groups have been discovered [6, 9, 
10]. Some PHAs are listed in Table 12.1.

Although PHAs can be man-made, these polymers are primarily 
produced by microorganisms. Many bacteria can synthesize polyesters 
of hydroxyalkanoic acids and can accumulate water-insoluble PHAs 
in the cytoplasm as inclusions and as storage compounds for energy 
and carbon. Th ese inclusions are referred to as PHA granules [12]. 
Accumulation of PHAs in the bacterial cell usually occurs under condi-
tions of depleted nutrients (e.g., ammonium, potassium, sulphate, mag-
nesium, and phosphate, which is essential for growth) but with an excess 
carbon source [6, 9, 12–14]. Under these conditions, PHAs are synthe-
sized by diverting either central intermediates of the carbon metabo-
lism or derivatives from precursor substrates, which are provided as 
carbon sources for the growth of the bacteria, to hydroxyacyl-CoA thio-
esters. Th e latter are then polymerized to PHAs, which become bound 
to the surface of PHA granules together with other proteins. PHAs pro-
duced by bacteria can be homo-polymers or copolymers in which two 
or more hydroxyalkanoates are randomly arranged or occur in blocks. 
Alcaligenes eutrophus (A. eutrophus) and Pseudomonas oleovorans (P. 
oleovorans) are the two types of PHA synthesis bacteria that are the 
most widely reported.

Chemically synthesized PHAs are less competitive than biosynthesized 
PHAs due to the relatively high cost of the former. However, PHAs of low 
molecular weight with single composition have not been achieved by bio-
synthesis, which limits the possible modifi cations on the PHAs. Hirt and 
co-workers [15] produced low molecular weight P3HB and P(3HB-co-
3HV) by trans-esterifi cation. By dissolving P3HB and P(3HB-co-3HV) 
in diglyme and adding ethylene glycol and dibutyltindilaurate as cata-
lysts, low molecular weight P3HB and P(3HB-co-3HV) can be produced 
aft er the above reactant mixture is held at 140 ºC for 7.5 hours [15]. Th e 
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Table 12.1 Names and structures of some common PHA units [11]

Full name of PHA Abbreviation m R structure

poly(3-hydroxybu-
tyrate)

P3HB 1 -CH3

poly(4-hydroxybu-
tyrate)

P4HB 2 H

poly(3-hydroxyval-
erate)

P3HV 1 -CH2CH3

poly(3-hydroxyhex-
anoate)

P3HH 1 -(CH2)2CH3

poly(3-hydroxyoc-
tanoate)

P3HO 1 -(CH2)4CH3

poly(3-
hydroxydecano-
ate)

P3HD 1 -(CH2)6CH3

molecular weight drops from over 30000 in the raw material to approxi-
mately 2000in the fi nal products. Other low molecular weight PHAs could 
also be obtained by the same method [16]. With low molecular weight 
PHAs, block copolymers based on PHAs can be produced, such as P3HB-
co-polycaprolactone(PCL) and P3HB-co-poly(ethylene glycol)(PEG) 
diblock polymers [17, 18].
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12.3  Processing and its Infl uence on the Mechanical 
Properties of PHAs

Th e fi nal products of PHAs are typically processed in the shape of thin 
sheets/fi lms or fi bers, which sensitively aff ect the mechanical properties 
of the polymers. PHAs are thermoplastic rubbers. In principle, PHAs have 
good processability, which is characteristic of all thermoplastics. In these 
polymers, there are two separated micro phases, crystalline rigid segments 
and amorphous fl exible segments. Th e fl exible polymer chains are held 
together by crystalline regions. Th e rigid segments function as crosslinkers 
that provide mechanical strength, whereas amorphous segments provide 
fl exibility [19].

Th e diffi  culty in processing P3HB, however, is caused by its rigidity and 
brittleness. When the spherulites of P3HB homo-polymer are grown from 
the melt, large cracks are oft en observed in the spherulites. Th e formation 
of such cracks in P3HB spherulites is one of the causes of embrittlement 
[20]. Th e sealing of cracks can be achieved by rolling the spherulitic fi lms. 
Spherulites without cracks can be made by increasing the nucleation den-
sity until the spherulites become suffi  ciently small to prevent cracks. Th e 
P3HBsheets/fi lms without cracks can be obtained using the self-seeding 
procedure with a spherulite size of under 20μm [20]. De Koning and 
Lestra reported that the embrittlement of P3HB materials occurs due to 
the progress of secondary crystallization during storage at room tempera-
ture [21]. Th is secondary crystallization has been argued to be involved 
with the reorganization of lamellar crystals formed at the initial crystalli-
zation, which tightly contains the amorphous chains between the crystals. 
It has been demonstrated that molded P3HB materials can be toughened 
by annealing aft er their initial crystallization.

Th e elongation at break of the stretched P3HB fi lm was mark-
edly improved relative to that of non-stretched fi lm (Fig. 12.2), and the 
improvement in the tensile strength was due to the orientation of the 
P3HB molecular chains, which was facilitated through the increasing draw 
ratio. Further improvement in the mechanical properties of P3HB fi lms 
was achieved by subsequent annealing against the nine or ten times hot 
drawn UHMW P3HB fi lm. It was also found that the mechanical proper-
ties of the stretched P3HB fi lm did not deteriorate during storage at room 
temperature for 6 months (Fig. 12.2).

Th e X-ray fi ber pattern obtained from the two-step-drawn P3HB 
fi lms showed a new equatorial refl ection derived from the planar zigzag 
conformation (β-form), together with a 21 helix conformation(α-form) 
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(Fig. 12.3).It has been considered that the β-form be introduced by the 
orientation of free molecular chains in amorphous regions between 
α-form lamellar crystals [23]. Specifi cally, tie molecules between the 
lamellar crystals are important in the generation of high mechanical 
properties. By a two-step drawing at room temperature, the tie mol-
ecules are strongly extended and, as a result, the planar zigzag con-
formation is generated, which is responsible for the good mechanical 
properties.

12.4 Mechanical Properties of PHA Sheets/Films

Th e PHA family of polyesters off ers a wide variety of material properties, 
from hard crystalline plastics to elastic rubbers. For P(3HB-co-3HV), the 
tensile strength and Young’s modulus of the fi lms decreased from 45 to 
18 MPa and from 3.8 to 1.2 GPa, respectively, as the 3HV fraction was 
increased from 0 to 34 mol%. Th e elongation at break increased from 4 to 
970% as the 3HV fraction was increased from 0 to 34 mol% [24]. As men-
tioned above, P(3HB-co-3HV) copolymers show a high degree of crystal-
linity due to co-crystallization. Th erefore, the mechanical characteristics 
of P(3HB-co-3HV) with (R)-3HV content up to 20% are not signifi cantly 
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Figure 12.2 Stress-strain curves of ultra-high-molecular-weight P3HB fi lms aft er 
diff erent storage times at room temperature. (a) stretched fi lm stored for 7 days (b) 
stretched fi lm stored for 190 days (c) stretched-annealed fi lm stored for 7 days and (d) 
stretched-annealed fi lm stored for 180 days [22].
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improved in comparison with the P3HB homopolymer. However, if suf-
fi cient -3HV units are incorporated into P3HB molecules, the fi lms show 
high elongation at break, for example, that of P(3HB-co-28 mol%3HV) 
and P(3HB-co-34 mol%3HV) reached up to 700 and 970%, respectively. 

In contrast to the above-discussed P3HB-co-HV polymers, other 
P3HB-based copolymers with longer side chains on the 3rd carbon atom 
do not display co-crystallization. Th e crystallinity of P(3HB-co-3HHx) is 
rapidly reduced by the introduction of 3HHx units (Fig. 12.4). Th e tensile 
strength of the fi lms decreased from 43 to 20 MPa as the 3HHx fraction 
was increased from 0 to 17 mol%. Th e elongation at break dramatically 
increased from 6 to 850%. Th us, the P(3HB-co-3HHx) becomes a soft  
and fl exible material by copolymerizing with a small amount of the 3HHx 
unit [25].

If the side chain is on the 4th carbon atom and the side chain is also 
short, the polymer still does not display co-crystallization. For example, 
the mechanical properties of the P(3HB-co-4HB) copolymer have been 

Figure 12.3 A wide-angle X-ray diff raction pattern of two-step-drawn fi lms of ultrahigh 
molecular weight P3HB (draw-ratio = 15) [23].



446 Advanced Healthcare Materials

determined using solution-cast fi lms that have a wide range of composi-
tions from 0 to 100 mol% 4HB. Th e tensile strength of P(3HB-co-4HB) fi lms 
decreased from 43 to 26MPa with an increase in the4HB fraction from 0 to 
16mol%, whereas the elongation to break increased from 5 to 444%. Th e ten-
sile strength of the fi lms with compositions of 64–100 mol% 4HB increased 
from 17 to 104 MPa with an increasing 4HB fraction [26, 27].

Even though P3HB-based copolymers have slow crystallization rates 
and exhibit soft  and fl exible material properties, secondary crystallization 
occurs during storage at room temperature and results in the embrittle-
ment of materials that are similar to the P3HB homopolymer. In contrast to 
the secondary crystallization of the P3HB homopolymer that involves the 
reorganization of lamellar crystals, the small and thin crystallites produced 
at the interlamellar amorphous regions reduce the mobility of molecular 
segments with the progress of secondary crystallization.

Similar treatments of cold-drawing and hot-drawing are also applied 
on P3HB copolymers. Iwata and co-workers applied a cold drawing tech-
nique for copolymer samples of P(3HB-co-8 mol%3HV) (Mw=1.0×106) 
and P(3HB-co-5 mol%3HHx) (Mw=0.8×106). Independent of the co-
monomer structure, cold drawing of melt-quenched amorphous fi lms 
of P(3HB-co-8 mol%3HV) (Mw=1.0×106) and P(3HB-co-5 mol%3HHx) 
(Mw=0.8×106) succeeded easily and reproducibly at the temperature of 
ice water. Th e tensile strength of the P(3HB-co-8 mol%3HV) fi lms was 
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Figure 12.4 Eff ects of co-polyester composition on the degrees of crystallinity of diff erent 
microbial co-polyesters [25]. (•) P(3HBco-3HH); (�) P(3HB-co-3HP);(�) P(3HB-co-3HV); 
P(3HB-co-3HP) is a random copolymer of (R)-3-hydroxybutyric and 3-hydroxypropionic 
acids.
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drastically increased from 19 to 117 MPa. In the case of P(3HB-co-5 mol% 
3HHx) fi lms, melt-quenched fi lms in the rubber state could be stretched 
reproducibly. Th e 5-times cold–drawn fi lms of P(3HB-co-5 mol%3HHx) 
had a tensile strength of 80 MPa, with a high elongation to break of 258%. 
By using two-step drawing for the cold drawn fi lms, the tensile strength 
of P(3HB-co-8 mol%3HV) (Mw=1.0×106) and P(3HB-co-5 mol%3HHx) 
(Mw=0.8×106) increased from 117 to 185 MPa and from 80 to 140 MPa, 
respectively [28, 29].

In summary, the important mechanical properties, except for Young’s 
modulus, of PHA sheets/fi lms are usually improved by drawing, including 
cold drawing, hot drawing and two-step drawing. Th e higher the drawn 
ratio is, the higher the tensile strength and elongation at break that can 
be achieved. However, Young’s modulus remains unchanged, especially 
aft er one-step cold drawing. According to previous studies [29, 30], the 
mechanical properties of PHA sheets can be improved with the two-step 
drawing method.

12.5 PHA-Based Polymer Blends

Besides direct biosynthesis of PHAs from carbon sources in bacteria, 
blending PHA with other polymers is an alternative way to tune the physi-
cal properties. Polymer blends are physical mixtures of chemically diff er-
ent polymers, and the mixture of two polymers forms a homogeneous or 
heterogeneous phase in the amorphous region on a microscopic scale at 
equilibrium. When a mixture of two polymers in the amorphous phase 
exists as a single phase, the blend is considered to be miscible in a ther-
modynamic sense. In contrast, if a mixture of two polymers separates into 
two distinct phases that are primarily composed of individual components, 
then the two components are considered to be immiscible in the thermo-
dynamic sense. Th e physical properties of a blend polymer are strongly 
dependent on the phase structures [35].

12.5.1 Miscibility of PHAs with Other Polymers

Blends with other polyesters

Th e miscibility of component polymers is the critical property for success-
ful synthesis of their polymer blends. Hence, many studies performed on 
PHA-containing blends have focused on the miscibility of the polymers. 
Being polyesters, PHAs are in general miscible with other polyesters. 
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According to Blümm and Owen’s work [36], low-molecular-weight poly(L-
lactic acid)(PLLA) (Mn = 1759) is miscible with P3HB in melt over the 
whole composition range, whereas a blend of high-molecular-weight 
PLLA (Mn = 159400) with P3HB exhibits phase separation, which is in 
agreement with the prediction of Flory-Huggins theory [36]. DSC anal-
ysis revealed that the structure of solid P3HB/P(CL-co-LA) blends was 
strongly dependent on the copolymer composition of the P(CL-co-LA) 
component. Th e miscible blends of P3HB have been prepared with amor-
phous P(CL-co-LA) that ranges from 30 to 100 mol % LA [37].

Blends with non-polyester polymers

It has been shown that PHA polymers exhibit possibilities for interaction 
with a number of other non-polyester polymers. Th is fi nding has been 
demonstrated in blends with poly(ethylene oxide) (PEO)and poly(vinyl 
alcohol) (PVA). Diff erential scanning calorimetry (DSC) and optical 
microscopy were used to determine the miscibility behaviour of P3HB and 
PEO mixtures. It was found that P3HB and PEO are miscible in the melt 
[38]. Yoichiro Azuma and co-workers [39] studied thermal behaviour and 
miscibility of P3HB and PVA blends. Th e results show that the increase in 
PVA content in a blend enhances the miscibility, and the crystallinity of 
P3HB in the blends also decreases with an increment in the PVA content. 

When P3HB was blended with poly(butylene succinate-co-butylene 
adipate) (PBSA) or poly(butylene succinate-co-ε-caprolactone) (PBSC), 
the DSC thermogram analysis of each blend system revealed two distinct 
glass transitions that were independent of the blend composition, indicat-
ing that P3HB is immiscible with either PBSA or PBSC in the amorphous 
state [40]. Melt-quenched P3HB/poly(methyl methacrylate) (PMMA) 
blends containing up to 20 wt% P3HB are single-phase amorphous mate-
rials with a composition-dependent Tg. At a higher P3HB content, PMMA 
molecules are fully engaged in a 20/80 P3HB/PMMA miscible phase, while 
excessive P3HB segregates and forms a partially crystalline phase [41].

Ethylene-vinyl acetate (EVA) is a soft er, more rubbery material. P(3HB-
co-15%HV)/EVA (28 mol% VA) blends are immiscible. Th e partially 
crystalline solid blends of P(3HB-co-3HV) and EVA showed two glass 
transitions and melting regions, which relate to the two separate compo-
nents. Th e dynamic modulus and failure strength were strongly aff ected 
by the blend composition. In the region above 70% P(3HB-co-3HV), the 
samples were stiff  and relatively brittle, and the behaviour was dominated 
by the P(3HB-co-3HV) component. Below 70% P(3HB-co-3HV), the 
behaviour was dominated by the soft er EVA component, which appears 
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to form a continuous matrix in which BIOPOL domains are embedded 
[42]. Holmes and co-workers reported the partial miscibility of PHAs with 
polymers that contain chlorine or nitrile groups. Blends of PHAs and sev-
eral chlorinated or nitrile-containing polymers showed improvements in 
the mechanical properties. It was suggested that the chlorine and nitrile 
groups promote hydrogen bonding with the carbonyl groups of the PHA 
polymers [43].

Blends with natural rubbers

A number of rubbers, including natural rubber, nitrile rubber and buta-
diene rubber, were blended with a PHA that has a medium chain length 
(mcl-PHA) at room temperature using a solution with the blending tech-
nique by Rachana Bhatt and co-workers [44]. Blends of 5, 10 and 15 % of 
mcl-PHA with various rubbers were produced (the author did not specify 
which mcl-PHA they used). Th ermo-gravimetric analysis of mcl-PHA 
showed that the melting temperature of the polymer was approximately 
50 °C. Th ermal properties of the synthesized blend were studied by DSC, 
which confi rmed eff ective blending between the polymers. 

Imam and co-workers prepared injection-moulded specimens by 
blending poly (hydroxybutyrate-co-valerate) (PHBV) with corn starch 
[45]. Blended formulations incorporated 30 or 50% starch in the pres-
ence or absence of PEO, which enhances the adherence of starch granules 
to PHBV.

12.5.2 Degradability of PHA-Based Polymer Blends

Biomedical degradation

Th e biodegradability of binary blends of P3HB with PCL, poly(1,4-butyl-
ene adipate) (PBA) and PVA has been studied [46]. Th e enzymatic deg-
radation of the P3HB-based blend fi lms was conducted at 37°C and pH 
7.4 in an aqueous solution of an extracellular P3HB depolymerized from 
Alcaligenesfaecalis T1. Th e profi les of enzymatic degradation of the P3HB-
based blends were strongly dependent on the polymer component blended 
with P3HB. In the case of the P3HB/PCL blend fi lm, a complicated depen-
dence of the PCL weight fraction on the rate of enzymatic degradation 
was observed. In contrast, the weight loss of the P3HB/PBA or P3HB/PVA 
blend fi lm by the P3HB depolymerization decreased monotonically with 
an increase in the weight fraction of PBA or PVA. Th e enzymatic degrada-
tion data are shown in Fig. 12.5 [46].
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Films of P3HB blended with PEG in various proportions of P3HB/PEG 
(100/0, 98/2, 95/5, 90/10, 80/20 and 60/40 (wt. %)) were studied for their 
degradation. Samples that contained 20and 40% PEG lost 50% of their mass 
aft er 401 and 431 hr of aging with amylase. Th e same amount of mass loss 
was seen aft er 853, 650 and 784 hr for 2, 5 and 10 % P3HB, respectively. Th e 
addition of larger amounts of PEG (20 and 40 %) increased the number of 
polar groups in the samples and promoted the interaction of these groups 
with water molecules in the hydrolysis that preceded biodegradation [47].

Environmental degradation

Degradation studies on the blends of 5, 10 and 15 % of mcl-PHA with 
various natural rubbers were conducted using a soil isolate, Pseudomonas 
sp. 202, for 30 days. Imam and co-workers investigated the degradation 
of PHBV blended with corn starch[45]. Blended formulations incor-
porated 30 or 50% starch in the presence or absence of PEO. Starch in 
blends degraded faster than PHBV and accelerated the PHBV degradation. 
Additionally, PHBV did not retard the starch degradation. Gel permeation 
chromatography (GPC) analyses revealed that, while the number of aver-
age molecular weight (Mn) PHBVs in all of the exposed samples decreased, 
there was no signifi cant diff erence in this decrease between neat PHBV as 
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Figure 12.5 Enzymatic degradation (erosion) profi les of fi lms of P3HB-based blends in 
an aqueous solution (pH 7.4) of P3HB depolymerase (8 μg) at 37°C. •, P3HB; �, P3HB/
PCL [77/23(w/w)]; O, P3HB/PBA [75/25(w/w)]; �, P3HB/PVA[74/26(w/w)] [46].
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opposed to PHBV blended with starch. SEM showed homogeneously dis-
tributed starch granules embedded in a PHBV matrix, which is typical of 
a fi ller material. Starch granules were rapidly depleted during exposure to 
compost, increasing the surface eroding area of the PHBV matrix.

In short, the blending of PHAs with other polymers infl uences the over-
all rate of biodegradation. Immiscible blends frequently show enhanced 
degradation rates, but the homogeneity of these blends must be well con-
trolled to obtain good reproducibility [48].

12.5.3 Biocompatibility of PHA-Based Polymer Blends

Research into the biocompatibility of PHA-based blends has been 
focused on the blends of the members of the PHA family. Blends of 
polyhydroxyalkanoates containing polyhydroxybutyrate (PHB) and 
poly(hydroxybutyrate-co-hydroxyhexanoate) (PHBHHx) were fabricated 
into fi lms and scaff olds [49]. Scaff olds made of PHBHHx/P3HB consisting 
of 60 wt% PHBHHx showed strong growth and proliferation of chondro-
cytes on the blending materials under a scanning electron microscope. Th e 
chondrocyte cells grown on PHBHHx/P3HB scaff olds exhibited eff ective 
physiological functions for the generation of cartilage [49].

Similar blending is also used for rabbit articular cartilage chondrocytes 
[50]. It was shown that the blend with a 1:1 ratio of P3HB/PHBHHx pos-
sessed the highest surface free energy, which was the most optimal material 
for chondrocyte adhesion. Aft er 24 h, the amount of chondrocytes adhered 
on fi lms of P3HB/PHBHHx (1:1) was 2.1×104 cells/cm2, 5 times more 
compared with that on the P3HB fi lms (0.4×104 cells/cm2). Th e polarity 
of the blends increased with decreasing crystallinity. Aft er 8 days of cul-
tivation, the chondrocytes attached on P3HB fi lms were surrounded by 
both collagen II and collagen X, and the amount of extracellular collagen 
X decreased with increasing polarity contributed by increasing PHBHHx 
content in the blend, while chondrocytes changed shapes from spherical to 
fl at with increasing polarity [50].

Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) and 
poly(propylene carbonate) (PPC) were blended for the fi bronectin (FN) 
and rabbit aorta smooth muscle cells adsorption test [51]. Th e amounts 
of FN absorbed on 7:3, 3:7 PHBHHx/PPC blend and PPC fi lms were not 
signifi cantly diff erent from that on PHBHHx fi lms. Th e amount on 5:5 
PHBHHx/PPC blend fi lm was higher than that on PHBHHx fi lms. For 
rabbit aorta smooth muscle cells, the adhesion to 7:3 and 3:7 PHBHHx/
PPC blend fi lms showed no signifi cant diff erence compared with that of 
PHBHHx fi lms. Th is fi nding was consistent with the results of FN adsorp-
tion, except for that on PPC fi lms.
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12.5.4 Mechanical Properties of PHA-Based Polymer Blends

Blends with other thermoplastic polyesters

Th e mechanical properties of the fi lms of P3HB/PCL and P3HB/PBA blends 
have been studied by Yoshiharu Kumagai & Yoshiharu Doi [46]. Th e Young’s 
modulus and tensile strength of P3HB fi lm at 23°C were 1560 and 38MPa, 
respectively. When P3HB was blended with PCL, both of the values of the 
mechanical properties of the blend fi lms markedly decreased with an increase 
in the weight fraction of the PCL component and reached minimum values 
(110 and 4MPa) at approximately 50 wt% of the PCL component. Th e Young’s 
modulus and tensile strength of the P3HB/PBA blend fi lms decreased linearly 
with an increase in the weight fraction of PBA in the fi lm, from 1050 MPa 
(Young’s modulus) and 32MPa (tensile strength) to 480 and 10MPa [46].

Blends of P3HB with PLLA were prepared at various compositions, and 
their drawing behaviours were investigated in terms of mechanical prop-
erties [52]. Th e mechanical property was enhanced in proportion to the 
PLLA content due to a good interfacial adhesion between two polymers and 
the reinforcing role of the PLLA components. More specifi cally, the ultra-
high molecular weight (UHMW) P3HB/PLLA system showed remarkable 
improvement due to the simultaneous orientation of the PLLA domains.

Blends with other elastomeric polyesters (poly polyol sebacate)

Th e present authors have very recently developed a new family of PHA-
containing cross-linked elastomeric blends that is biocompatible and elas-
tic, with broad tuneability on mechanical properties that are suitable for 
a range of tissue repair applications. In this study, one of the poly(polyol 
sebacate) (PPS) members, poly(glycerol sebacate) (PGS), was used as the 
crosslink polymer component. Homogenous blends of PGS-P34HB have 
been achieved at a content of P34HB lower than 50 wt %, beyond which 
phase separation occurred. 

Compared with pure P34HB polymers, the PGS-P34HB blends of 
P34HB (up to 50 wt % of P34HB) show the typical elastomeric behaviour 
of cross-linked elastomers, with trajectory stress-strain curves (Fig. 12.6). 
With P34HB content further increasing (≥ 70wt % P34HB), however, the 
material becomes as brittle as P34HB.

Compared with the mechanical properties of pure PGS, the Young’s 
modulus, UTS and elongation at break of PGS-P34HB blends increase 
simultaneously with the increment in the P34HB component up to 50 wt% 
(Fig. 12.7). Th e above phenomenon can be attributed to the two opposing 
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eff ects of P34HB on the mechanical properties of the network. First, the 
addition of P34HB introduced a physical barrier to the crosslinking reac-
tion and, thus, reduced the mechanical strength of the network. Second, 
the relatively long and side chained P34HB had the eff ect of hardening 
the network. Th e mechanical properties of PGS-P34HB depends on the 
competition of the above two antagonistic eff ects. When the content of 
P34HB is low, the hydroxyl group of glycerol and the carboxyl groups of 
sebasic acid still have a suffi  cient possibility to meet and react to crosslink 
polymer chains. Th e increased Young’s modulus can be attributed to the 
relatively long and side-chained P34HB molecules. In addition, the well 
dispersed P34HB could form a microcrystal structure that could contrib-
ute to the mechanical properties. At the 50 wt% P34HB, the elongation 
at break increases to 300%, which could be due to small crosslinks in the 
blends that are caused by the immiscibility that occurs at such a high pro-
portion of P34HB.

Th e cyclic tests (Fig. 12.8) show that the resilience of the PGS-P34HB 
blend is satisfactorily higher than that of pure P34HB (65%), although it 
drops from 99 (pure PGS) to 80% when the P34HB proportion increases 
to 50 wt%. 

Blends with non-polyester polymers

To obtain binary P3HB blends by melt-mixing, the following minor compo-
nents with functional ester or anhydride groups were used: (1) ethylene pro-
pylene rubber (EPR), (2) EPR graft ed with dibutyl maleate (EPR-g-DBM), 
(3) EPR graft ed with succinic anhydride (EPR-g-SA), (4) ethylene-vinyl ace-
tate (EVA), and (5) EVA polymer containing OH groups (EVAL) [53]. Th e 
addition of 20% rubber to P3HB results in a decrease in the tensile strength 
σR and the modulus of elasticity E, but it results in an improvement in the 
elongation to break εR (Table 12.3). Blends of P3HB/poly(methylene oxide) 
(POM) have been prepared by melt mixing and subsequent compression 
moulding [54]. Th e immiscibility of the two polymers in the liquid state is 
reported. Th e tensile test results are summarised in Table 12.4 [54].

Poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) (PHBHHx) and 
poly(propylene carbonate) (PPC) were blended by a solvent casting 
method into fi lms at various weight ratios in order to obtain materials with 
properties that were more suitable for blood vessel tissue engineering than 
pure PHBHHx alone [51]. With increasing PPC content in the PHBHHx/
PPC blends, the elastic modulus and tensile strength decreased from 93 to 
43MPaand from 10 to 6MPa, respectively, while the elongation at break 
increased from 16 to 1456 % [51].
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Figure 12.8 Th e cyclic stress-strain curves of pure P34HB and PGS-P34HB blending. (a) 
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P34HB, and (e) P34HB.

Table 12.3 Modulus E, stress σR, and elongation εR at rupture for P3HB homo-
polymer and for PHB/rubber blends.

Polymer E (10 -3kg/cm-2) σ
R 

(kg/cm-2) ε
R 

(%)

P3HB 2.1 290 1.5

P3HB-EPR 1.5 170 2.0

P3HB-EVA 1.6 175 2.0

P3HB-EVAL 1.7 185 3.0

P3HB-EPR-
g-DBM

1.6 175 4.0

P3HB-EPR-g-SA 1.6 182 6.5
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Table 12.4 Tensile properties of PHB/POM blends.

Polymer Young’s modulus 

(GPa)

Stress at break 

(MPa)

Strain at break 

(%)

P3HB 2 28 2.6

P3HB 80 1.9 18 1.0

P3HB 60 1.9 16 0.9

P3HB 40 1.7 13 1.1

P3HB 20 1.9 34 4.4

POM 1.9 58 10.7

Table 12.5 Tensile mechanical properties of the various P3HB/PEG blends.

Polymer Tensile strength at 

maximum (MPa)

Elongation at break 

(%)

P3HB/PEG 100/0 28±3 9±3

P3HB/PEG 98/2 26±8 25±6

P3HB/PEG 95/5 11±3 25±10

P3HB/PEG 90/10 12±3 25±8

P3HB/PEG 80/20 13±8 32±8

P3HB/PEG 60/40 13±4 31±10

Blends of P3HB with PEG (P3HB/PEG) in diff erent proportions (100/0, 
98/2, 95/5, 90/10, 80/20 and 60/40 wt %) were investigated for their 
mechanical properties. Compared to pure P3HB fi lm, the tensile strength 
was reduced by the addition of PEG (Table 12.5) [47].

Atactic poly(methyl methacrylate)(aPMMA) was blended with P3HB 
up to a maximum composition of 25% of polyester, at 190°Cin a Brabender-
like apparatus [55]. Tensile experiments showed that, at room tempera-
ture, the 10/90 and 20/80 P3HB/aPMMA blends exhibited higher values of 
strain at break, and there were slight decreases in the modulus and stress at 
break compared to neat aPMMA (Table 12.6) [55].



Polyhydroxyalkanoate-Based Biomaterials for Applications 459

12.6 Summary

PHAs, which are highly biocompatible and have good processability, 
have been extensively investigated for applications in tissue engineering 
[56–67]. Th e major drawbacks of PHAs include their mechanical rigidity 
and heterogeneous degradation properties [68, 69], which are caused by 
the crystalline or rigid amorphous domains that contribute to strength 
but resist degradation. To minimize the above-mentioned drawbacks, 
PHA-based polymer blends have been developed [54]. In general, PHA-
based blends with other thermoplastics frequently show little-improved 
or even compromised mechanical properties and accelerated degradation 
rates. In contrast, blends of PHA with chemically crosslinkable polyesters, 
such as PGS, show signifi cantly improved elastic properties, with Young’s 
modulus, UTS and elongation at break increasing simultaneously. Further 
work is needed: 1) to expand the family of PHA-PPS elastomers, 2) to con-
trol the homogeneity of these blends to obtain good reproducibility, 3) to 
investigate the degradation kinetics of this new family of polymer blends, 
4) to evaluate the toxicity of these elastomeric blends in vitro, and 5) to 
conduct in vivo animal trials. 
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Abstract 
Molecularly imprinted polymers (MIPs) are smart synthetic receptors, char-
acterized by a high selectivity for a selected template. Th ey are known as 
biomimetic molecules because of their ability to mimic the behavior of a bio-
recognition element, such as antibodies or biological receptors. MIPs can 
recognize both biological and chemical molecules including amino acids and 
proteins, nucleotides and their derivatives, and many drugs and poisons. MIPs 
have a wide range of applications and are used in separation and purifi ca-
tion sciences, chemical sensors/biosensors, antibodies and receptors systems, 
and especially in drug delivery. In comparison with bio-molecules, MIPs are 
cheaper materials, more robust with longer shelf life, more stable in high tem-
peratures and pressures and are chemically inert towards acids, bases, metal 
ions and organic solvents. 

From the time of their discovery up to now, many various biological applica-
tions have been widely developed, especially in pharmacology and clinical chem-
istry and medicine. Even many eff orts have been performed for miniaturized the 
size of MIPs to nano-scales (Nano-MIPs). However, in spite of these progresses in 
MIPs technology, several aspects have to be further studied to let this advanced 
materials are used in vivo or in point-of-care devices in the near future.

Hence, in this chapter, recent achievements in design, synthesis, and develop-
ment of MIPs for use in drug delivery or in healthcare devices based on sensor/
biosensor systems will be discussed. 
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13.1 Molecularly Imprinted Polymer Technology

Molecularly imprinted polymer (MIP) is a smart artifi cial receptor, which 
has a high affi  nity to a special molecule. MIP technology deals with design-
ing and synthesis of a polymeric supra-molecule according to a template 
molecule. 

Perhaps the concept of using a molecular template to generate recogni-
tion sites for selective reaction within a polymeric network has come from 
Polyakov’s studies on silica matrixes in 1931 [1]. 

Molecularly imprinted polymers (MIPs) are highly stable synthetic 
polymers that have some recognition sites in a specifi c three-dimensional 
(3-D) shapes for target molecules [2]. 

Th is selective recognition of molecularly imprinted polymers depends 
on the morphology and the number of functional groups of the template 
[3]. Increasing the number of interacting functional groups in a molecule 
will increase the selectivity of MIP. Accessibility of the interaction sites 
depends on the morphology of the MIP. 

MIPs have also the ability to recognize one or a group of analytes depend-
ing on the choice of template. Th e selectivity of the imprinted polymer 
depends on the applications for which they are used. For example in separa-
tion of chiral molecule, synthesis of well-defi ned sites with high selectivity is 
required. But in drug delivery, other factors such as the ease of diff usion of 
analytes in and out of the polymer network are important [4, 5]. 

In comparison with natural receptors, molecularly imprinted polymers 
off er some advantages such as cost eff ectiveness of the preparation process, 
ability to design and synthesize most compounds, possessing similar affi  n-
ity to natural biomolecules but oft en with better specifi city, ability to work 
in organic solvents, physical robustness, stability at low/high pHs, pressure 
and temperature, compatibility with micro-fabrication. 

13.2 Synthesis of MIPs

From the time MIPs discovered up to now, their synthesis have been dis-
cussed several times in reviews, chapters and books in detail [6–9].

Molecular imprinted polymer is synthesized by a reaction of a tem-
plate molecule, functional monomers, a cross-linking monomer (or two), 
a polymerization initiator in a porogenic solvent. During polymerization 
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process, a complex forms between the template molecule and the functional 
monomer, and the complex is surrounded by addition of cross-linker, and 
yielding a three-dimensional polymer network where the template mol-
ecule is trapped aft er completion of polymerization. By washing, the tem-
plate molecule is eliminated to create a cavity matching to the template 
size, shape, and molecular interactions. Figure 13.1 shows a schematic dia-
gram of synthesis of MIPs. 

To obtain MIPs possessing a particular selectivity or specifi c morphol-
ogy, the selection of the reagents (monomers or functional monomers, 
cross-linker and solvents or porogens), which are used in imprinting is 
very important. Also, the conditions used in the preparation and polymer-
ization process should be controlled carefully. 

General monomers which are used as building block of the polymer 
network are acrylic acid, methacrylic acid, methylmethacrylic acid, acryl 
amide, methacrylamide, styrene, 4-ethystyrene, 4-vinylpridine, p-vinyl-
benzoic acid.

Common crosslinkers are ethylene glycol dimethacrylate (EGDMA), divi-
nylbenzene, N,N-methylenediacrylamide, N,N-Phenylenebisacrylamide, 
2,6-Bisacrylamidopyridine, Trimethylolpropane trimethacrylate, and tet-
ramethylene dimethacrylate. Th e amount of a crosslinking agent aff ects 
the rigidity of MIPs, while the nature of this agent signifi cantly aff ects the 
physicochemical properties of a polymer matrix. Azobisisobutyronitrile 
(AIBN) is the most effi  cient initiator.

Th e nature of the solvent has a great eff ect on the stage of MIP synthesis 
and on the stage of the repeated binding of target molecules. As a rule, 
MIPs exhibit a better capability for molecular recognition in solvents with 
low permittivity. In these solvents, the monomer–template non-covalent 
interactions are stronger than in polar solvents.

MIPs were mostly prepared by free-radical polymerization, resulting 
in non-conducting polymers. Th is polymerization requires the presence 

MIP

Monomers

Template

molecule

Figure 13.1 Schematic diagram of synthesis of MIPs.
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of a polymerization initiator and light or heat to induce it. MIPs are gen-
erally prepared by thermal bulk polymerization. Free-radical polymer-
ization is inhibited in the presence of oxygen; the reaction mixture is 
purged with nitrogen or argon in order to remove oxygen. Th e rate of 
radical polymerization depends on the nature and concentration of the 
initiator. 

Th e synthesis of MIPs can also be performed at reduced temperatures 
(from 15 to –20°C) while initiating the polymerization reaction by UV 
irradiation (366 nm). In this case, MIPs with a greater capacity for molecu-
lar recognition were obtained. Th is was explained by the fact that the com-
plex of a monomer and a template in the prepolymerization mixture is 
more stable at low temperatures [10].

Another method for preparation of conducting MIPs is electrochemi-
cal synthesis. Sharma et al. have discussed on this method extensively in 
a review article [11]. In this way, MIP fi lm is prepared by electropolymer-
ization of conducting monomers on the surface of a transducer (e.g., a 
gold electrode or glassy carbon electrode). MIP in this way has superior 
properties which is suitable for the use in sensors. Simplicity and speed 
of preparation, easy control of the fi lm thickness and morphology, high 
reproducibility and the possibility of polymer preparation and operation 
in aqueous solutions are the advantages of this method. Figure 13.2 shows 
a schematic of electropolymerization synthesis of MIP.

For many biomolecules and biomacromolecules such as glucose, fruc-
tose, neomycine, kanamycine, lysozyme, histamine, atropine, dopamine, 

Electrode

Before 

Polymerization

Electrode

Electro

polymerization

Electrode

Removing

Template

Monomers

Template

Cross-linker

Figure 13.2 Synthesis of conducting MIPs by electropolymerization on the transducer 
surface.
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morphine, folic acid electropolymerized conducting MIPs on Au, Pt, 
Glassy carbon electrodes have been reported [11].

In a recent review by Cheong et al., synthesis of the MIPs for enantio-
selective recognition has been discussed [12].

MIP can be prepared as monoliths, particles, nanoparticles, in the mem-
brane or on the surface of a solid. 

In general, MIPs can be synthesized in a covalent or a non-covalent way. 

13.2.1 Molecular Covalent Imprinting Polymer

In this way the template molecule reacts chemically with the building 
blocks of the polymer (monomer). Aft er the polymerization process is 
complete, the chemical bond is cleaved to obtain free selective binding 
sites. In this method a reversible covalent linkage occurs (Figure 13.3). Th e 
ability to fi x template in place during polymerization, lower dispersity in 
binding sites, ability to perform in any solvent are the advantages of this 
method. However, due to the low kinetic rate of re-binding, covalent bind-
ing is not preferred for molecular recognitions.

Non-covalent MIP

Covalent MIP

Polymerization

Polymerization

EGDMA

(cross-linker)

-galactose

+galactose

Figure 13.3 Comparison between covalent and non-covalent MIPs [13,14].
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13.2.2 Molecular Non-Covalent Imprinting Polymer

Non-covalent imprinting polymer is based on self-assembly of the tem-
plate molecule to the functional groups of monomers (complexation 
between monomer and template occurs). Th en, the polymerization pro-
cess is done in presence of a cross-linker. Aft er that, the template mole-
cule is removed from the polymer and the resulting polymer will contain 
a recognition site with functional groups in a defi ned 3-D array. Easy 
to remove template from polymer, good recovery of valuable templates 
and accessible binding sites, very large number of templates amenable to 
non-covalent imprinting, rapid kinetics of re-binding is advantages of 
this method.

Th e drawbacks of this method are the inability to fi x the template in 
place during polymerization, polydispersity in binding sites, poor defi ni-
tion, the method generally requires low-polarity aprotic solvents, and it is 
incompatible with aqueous polymerizations. 

13.2.3 Nano-Molecularly Imprinted Polymers (Nano-MIPs)

Most cases of the imprinted polymeric matrix is synthesized by polymer-
ization of methacrylic acid monomers in bulk materials. Th us, a porous 
solid or monolith MIP is formed. MIPs made in this way need to grind 
to prepare size fractions suitable for separation and extraction applica-
tions. Other preparation methods such as suspension, emulsion, and 
precipitation polymerization for synthesis of MIPs with particle sizes of 
about 200 nm–100 μm have been used. Despite the fact that MIPs have 
molecular recognition ability similar to that of biological receptors, tra-
ditional bulky MIP materials usually exhibit a low binding capacity and 
slow binding kinetics to the target species. Moreover, the MIP materials 
lack the  signal-output response to analyte binding events, when used as 
recognition elements in chemo/biosensors or bioassays [15]. Th e molec-
ular imprinting nanotechnologies are expected to considerably increase 
the molecular affi  nity of MIP materials, and thus provide a wider range 
of applications approaching to biological receptors [16]. In the nano-
structured, imprinted materials most of imprinted sites are situated at the 
surface or in the proximity of surface. Th erefore, the forms of imprinted 
materials are expected to greatly improve the binding capacity, kinetics 
and site accessibility of imprinted materials. Compared with the imprinted 
fi lms and surface-imprinted materials, the imprinted nanomaterials have 
shown a higher affi  nity and sensitivity to target analyte and a more homo-
geneous distribution of recognition sites [17]. 
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However, recently researchers tried to prepare MIP particles less 
than 100 nm in size [18, 19]. MIP nanoparticles, which are called 
“Nano-MIPs,” are compatible with a range of solvents and soluble as 
colloids, compatible with biological environments, and have a effi-
cient diffusion path for binding and release of the template molecules. 
Moreover, using Nano-MIPs as direct replacements for antibodies and 
other natural binders in biosensors and immunoassays becomes a real 
possibility [20].

Th ere are diff erent ways to prepare materials at the nanoscale; these can 
be described either as top-down or bottom-up approaches [21]. Th e top-
down method involves grinding or other means of reducing the size of the 
system (such as mini-emulsion polymerization). More control, however, 
can be exercized by using a bottom-up approach, assembling smaller units, 
but in a way that only produces nano-objects. 

Molecularly imprinted polymer nanoparticles can be prepared by 
microemulsion polymerization according to the work reported by A.S. 
Belmont and coworkers [22]. 

Piletsky et al. reported the MIP nanoparticles as receptors, which are 
synthesized using the second approach [20, 21].

13.3 Application of MIPs

Molecularly imprinted polymer is a general technology which has a wide 
range of applications (Figure 13.4). 

Th ey are used in an increasing number of applications categorized as 
follows:

• As adsorbent in separation and purifi cation sciences (e.g., 
chromatography even in chiral separation; selective permeable 
membranes; in selective solid phase extraction as adsorbents 
for separation of drugs, biomolecules,amino acids, poisons, 
pesticides, and many other organic compound in various clin-
ical and environmental applications)

• As receptor or plastic antibody (e.g. antibody–receptor 
binding site mimics in recognition and assay systems or in 
microfl uidic devices)

• As recognition elements in chemical sensors/biosensors
• As catalysts (enzyme mimics in catalytic applications or for 

facilitation of chemical synthesis
• As drug delivery systems (as drug/fragrance release matrices) 
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13.4 Biomimetic Molecules

Th ere is a rich and long history of gaining inspiration from nature for the 
design of practical materials and systems. It can be stated that the greatest 
impact of the biological sciences on technology may prove to be through 
the lessons learned by mimicking biological function.

Molecular biomimetics is an emerging fi eld in which hybrid technolo-
gies are developed by using the tools of molecular biology and chemistry. 
Taking lessons from biology, polypeptides can now be genetically engi-
neered to specifi cally bind to selected inorganic compounds for applica-
tions in nano- and biotechnology. 

MIPs are one of the most promising areas of biomimetics. Th ey are able 
to mimic the behavior of a bio-recognition element, such as antibodies 
or biological receptors. MIPs can recognize both biological and chemical 
molecules including amino acids and proteins, nucleotides and their deriv-
atives, many drugs, and poisons.

In comparison with bio-molecules, MIPs are cheaper materials, more 
robust with longer shelf life, more stable in high temperatures and pres-
sures, and are chemically inert towards acids, bases, metal ions, and organic 
solvents. 

Th is technique is based on the system used by enzymes for substrate 
recognition, which is called the “lock and key” model (Figure 13.5).

Molecularly Imprinted 

Polymer

(MIP)

Applications

Drug 

Delivery

Sensor

Biosensor

Separation

Purification
Plastic 

receptor

Catalyst

Figure 13.4 Schematic diagram of MIPs various fi eld of applications.
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13.5 MIPs as Receptors in Bio-Molecular Recognition

Molecular recognition is the specifi c interaction between two or more 
molecules through non-covalent bonding such as metal coordination, 
hydrogen bonding, hydrophobic forces, van der Waals forces, π-π interac-
tions, charge-dipole interaction, halogen bonding, electrostatic and elec-
tromagnetic interactions [23]. Besides these interactions, solvents have a 
dominant role in molecular recognitions [24, 25] Molecular recognition is 
also called “host-guest” interaction [26].

Chemists have demonstrated that artifi cial supramolecular systems 
can be designed that exhibit molecular recognition. One of the earliest 
examples of such systems is crown ethers which are able to bind selec-
tively with specifi c cations. Cyclodextrines, calixarens, podanta, cryptands, 
dendrimers, fullerenes, and many other molecules have shown the recog-
nition eff ect. Nowadays, a number of artifi cial systems have since been 
established. Molecularly imprinted polymers, a class of synthetic supra-
molecules, are an excellent choice for molecular recognition. 

In general, molecular recognition can be divided into static molecular 
recognition and dynamic ones. In the static molecular recognition a kind 
of 1:1 complexation interaction occurs between host molecule and its guest 
like a key and a keyhole. To achieve advanced static molecular recogni-
tion, it is necessary to make recognition sites that are specifi c for guest 
molecules.

In dynamic molecular recognition, there are two or even more binding 
sites on the host molecule and two or more guest molecules can interact 
with the host. However, the fi rst guest which binds to the fi rst active site 
of a host aff ects the binding of a second guest with a second binding site. 
It can cause an increase (positive eff ect) or decrease (negative eff ect) in 
the association constant of second interaction. Th e dynamic molecular 

Figure 13.5 “Lock and key” model of MIPs.
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recognition can be seen in many biological systems, e.g., the interaction of 
albumin with some organic and inorganic molecules. 

Th e most important interaction that occurs in biological systems is 
molecular recognition. Th is phenomenon can be observed where a ligand 
binds to a receptor or an antibody interacts with its antigen or even between 
DNA/RNA with proteins. 

Smart materials like MIPs with biorecognition functions have enor-
mous potential in the development of a new generation of stable biomi-
metic sensors, affi  nity separation matrices and in drug delivery systems. 
Replacement of antibodies with biomimetic MIPs as the binding compo-
nent can be useful in immunoassays. 

A comparison of the properties of MIPs with antibodies shows the clear 
advantages of MIPs. No need to the animals for producing, resistance to 
microorganism, reusability, longer lifetime, better shelf life, easier storage 
and the less production price are the most important superiority of MIPs to 
antibodies. Also, artifi cial binding sites of MIPs have the same features as 
the antibody binding sites, showing binding reversibility, enhanced selec-
tivity, high affi  nity constant and a signifi cant polyclonality (non-covalent 
MIPs) or monoclonality (covalent MIPs). 

Piletsky in Cranfi eld University synthesized MIP nanoparticles and 
called them “plastic antibodies.” Th ey used “living” initiators, called pho-
toiniferters, which allow the polymerization to be switched on and off  by 
the presence or absence of UV light, as well as precipitation polymerization 
from diluted aqueous solution [20, 21].

Baggiani et al. reviewed the molecular imprinted polymers used as 
synthetic receptors for the analysis of some important toxins in human 
healthcare (myco- and phyco-toxins) [27]. As shown in this review, molec-
ular imprinting can be successfully used to prepare intelligent materials 
for detection, clean-up and preconcentration of natural toxins in complex 
samples.

13.6 MIPs as Sensing Elements in Sensors/Biosensors

A sensor/biosensor is a simple device for fast and selective analysis of vari-
ous species (called analyte) ranges from ions to organic molecules and bio-
macromolecules. Each sensor or biosensor is composed of three important 
parts: a sensing matrix, a transducer, and a recorder. Th ese parts change 
a chemically important signal to a readable (electronical) signal. Sensor/
biosensors are divided by two ways. One is according to the kind of trans-
duction of chemical signal (electrochemical, optical, mass, and thermal 
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sensors/biosensors) and the other one is based on the kind of sensing ele-
ments used in sensing layers (enzymatic biosensors, immuno-sensors, 
DNA sensors, MIP sensors, etc.).

Th e element which causes a selective, even a specifi c response, is a 
 sensing material. Many supra-molecules and bio-molecules possessing 
recognition properties have been applied as sensing elements in designing 
many sensors/biosensors. MIPs are excellent sensing materials for use in 
sensor/biosensor systems. 

To date, molecularly imprinted polymers have been successfully used 
with most types of transduction platforms (Table 13.1) and various meth-
ods have been used the platform with the polymer.

MIPs also can be used for optical sensing. A number of fl uores-
cent monomers have been used to prepare fl uorescent MIPs. In another 
approach, a fl uorophore linked to the MIP structure.

Wang et al. developed a system that responded to the binding event with 
a signifi cant fl uorescence intensity change without the use of an external 
quencher [28]. Anthracene-containing monomer that was substituted with 
a boronic acid-containing group was used. When the template, d-fructose, 
was re-introduced into the system, a large change in fl uorescence was 
observed. Th is was attributed to the reformation of the boronic ester with 
the cis-diol of the fructose (Figure 13.6). Other optical MIPs with diff erent 
detection techniques have been also reported [29].

Piletsky et al. used a porous polymer, computationally designed, to 
interact with homoserine lactones. Th ey prepared a “switch off ” biolumi-
nescence sensory system [30].

Table 13.1 summarizes the work of some researchers who used MIPs as 
sensing elements in sensory/biosensory systems.

13.7 MIPs as Drug Delivery Systems

One of the important applications of molecularly imprinted polymers is 
in modern drug delivery systems. MIPs are able to load a therapeutic drug 
and intelligently release it in response to the specifi c environment.

Drug delivery systems should be able to release the drug into the spe-
cifi c location and also control the rate of drug release. It means they cannot 
have any delay or speedup in the release. Hence, effi  cient drug delivery 
systems should provide a desired rate of delivery of the therapeutic dose 
at the most appropriate place in the living system. Drug delivery systems 
are usually used in case of some pharmaceutics which their consumption 
is diffi  cult for the patients. By this way, the duration of pharmacological 
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action is prolonged and the side eff ects are reduced, the dosing frequency 
is minimized and fi nally patient compliance is enhanced [5].

MIPs as drug delivery system can sustain the plasma concentration of 
the drug in therapeutic window (below toxic levels and above the min-
imum eff ective level). Th ey can also protect the drug from degradation 
by enzymes or other proteins. Hoshino et al. in 2010 reported the in vivo 
application of MIPs [61]. 

Th e main limitations in use of traditional MIPs in biomedical fi eld are 
their toxicities, biocompatibilities and their best performance in hydro-
phobic organic solvents. Apolar solvents reduce the non-specifi c hydro-
phobic interactions and create the best environment for the interactions 
involved in the molecular recognition mechanism [62].

Puoci et al. in a recent review discuss more and complete about the 
MIPs for drug delivery system [5]. Table 13.2 summarizes the work of 
some researchers who used MIPs as drug delivery systems.

13.8 MIPs as Sorbent Materials in Separation Science

One of the wide applications of imprinted polymers is in separation and 
purifi cation science. In a recent review by Cheong in journal of separation 
science this application of MIPs discussed completely [70]. Here, we just 
pointed to some of biological and clinical applications.

MIPs can be used in selective solid phase extraction techniques via on-
line or off -line procedure, in the formats of mini-columns, knotted reac-
tors, disks, membranes, renewable beads, or cartridges. Th ey are powerful 
sample pretreatment/enrichment tools.

Fluorescence off                
Fluorescence on 

B

O

O

B

O

O

HO

HO

R′

R′

R

R

Template

Figure 13.6 A fl uorescent MIP sensor
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MIP membranes have been increasing used in the last few years. One 
of the recent examples is the work of Yusof et al in 2013. Th ey used a MIP 
membrane as a sorbent for the removal of 2,4-dinitrophenol (2,4-DNP) 
from aqueous solution. Th ey embedded MIP particles on cellulose acetate 
(CA) and polysulfone (PSf) to prepare the membrane. [71]. Several other 
articles have been published on using MIPs as sorbents, showing specifi c 
permeability or separation for template molecules such as cholesterol [72], 
amino acids [73] and various drugs [74–76] even enantiomeres [77].

Also, MIPs can be used as stationary phase in chromatogra-
phy techniques [78]. Th ere have been many reviews on capillary 
electrochromatography(CEC) application of MIPs too [79–87].

In a review published in 2007, Maier and Lindner [88] discussed on chi-
ral separation applications of MIPs. Slow mass transfer characteristics and 
binding site heterogeneity are suggested as intrinsic limitations of MIPs in 
enantioselective separation. Non-covalent MIPs also can be used in affi  nity 
separations [89, 90]. Table 13.3 summarizes some of the recent reported 
MIPs used as sorbents.

Another application of MIPs as separation tools can be seen in separation 
of bacteria. Separation of compounds out of complex mixtures is a key issue 
that has been solved for small molecules. However, general methods for the 
separation of large bio-particles, such as cells, are still challenging. MIPs for 
small molecules separation are usually polymerized as bulk porous materi-
als, which can be used as solid phase for example in chromatography, but 
for peptides and bigger biological objects and bacteria a surface molecu-
lar imprinting of polymers methodology has to be used. SMIPs technology 
was used for obtaining of the polymeric surface imprinting against various 
microorganisms: yeast, Saccharomyces, cerevisiae [101, 102].

Schirhagl et al. showed that imprinted polymeric fi lms into a microfl u-
idic chip, can preferentially capture cells matching an imprint template, 
and separate strains of cyanobacteria with 80–90% effi  ciency, despite a 
minimal diff erence in morphology and fl uorescence, demonstrating its 
general nature. Capture specifi city and separation can be further enhanced 
by orienting the imprints parallel to the fl ow vector and tuning the pH to 
a lower range [103].

In a study, N-Acyl homoserine lactone-binding polymers were used for 
the control of quorum sensing (the process of sensing bacterial numbers 
through signal molecule concentration in Gram negative bacteria) [104, 
105]. In this study, molecularly imprinted polymers were used to bind the 
signal molecules (N-acyl homoserine lactones) in order to control the cells 
growth. Th e porous polymer, computationally designed to interact with 
homoserine lactones can switch off  the bioluminescence of signaling mol-
ecule without aff ecting cell growth.
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13.9 Future Perspective of MIP Technologies

From the time of their discovery up to now, various biological applications 
have been widely developed especially in pharmacology and clinical chem-
istry and medicine. Many eff orts have been performed for miniaturized 
the size of MIPs to nano-scales (Nano-MIPs) or for synthesis of biocom-
patible MIPs. However, in spite of these progresses in MIPs technology, 
several aspects should be further studied to allow these advanced materials 
are used in vivo or in point-of-care devices for critical care applications or 
for direct use by patients in the near future. 

Large-scale separation by MIPs is also another area of great potential 
market especially in chiral separation of pharmaceutical biotechnology 
industries or for separation of the bacterial from fermentation media. 

In the future it is likely that a number of key developments in therapeu-
tic monitoring and intelligent drug delivery will rely on MIPs technology.

13.10 Conclusion

In this chapter, recent achievements in design, synthesis and development 
of biocompatible MIPs for use in drug delivery or in healthcare devices 
work based on sensor/biosensor systems have been discussed. In spite of 
these progresses in MIPs technology, several aspects should be further 
studied to allow these advanced materials to be used in vivo or in point-
of-care devices for critical care applications or for direct use by patients in 
the near future. 
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Drug screening is routinely performed on urine for workplace drug testing, medical 
purposes at clinical and rehabilitation settings, criminal justice systems, schools and 
testing of professional athletes. In addition, federal, military, and corporate employ-
ees undergo periodic screening for illegal drugs such as opiates, amphetamines, 
cocaine, and cannabinoids as indication of drug abuse. Urine is the most common 
sample matrix for drug screening due to ease of sampling. Other advantages include 
the presence of higher drug and metabolite concentrations as well as longer lived 
chemical species. Furthermore, routine drug screening immunoassays have become 
largely automated to match the increasing demand and workload which in turn has 
led to rapid turnaround time for results. In addition, many simple and easy-to-use 
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for the most commonly abused drugs. Th e simplicity, ease of use, low cost, and rapid 
results have made immunoassays the most popular initial screening test that can 
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14.1 Introduction

Drug screening is routinely performed on urine for workplace drug test-
ing (preemployment and random testing), medical purposes at clinical 
and rehabilitation settings (identifi cation of substances associated with 
drug overdoses or substance abuse, compliance and/or abstinence moni-
toring in substance abuse treatment centers), forensics and the criminal 
justice system (cause of death, at the time of arrest, rehabilitation testing 
of convicts and persons on parole), schools and testing of professional ath-
letes (eligibility to compete). Urine drug testing (UDT) is also an essential 
part of pain management as physicians seek to identify the use of illicit or 
unauthorized licit drugs in addition to verifying adherence to prescribed 
opioid analgesic regimens. In pain management, the expected testing 
result is oft en positive as compliance with the prescribed opioid analgesic 
is confi rmed. Other hospital units that utilize UDT include intensive care, 
psychiatry, as well as labor and delivery. Drug testing in the criminal jus-
tice system provides judges with relevant information for bail-setting and 
sentencing, helps identify drug users in need of treatment, and provides 
indication on whether an individual is complying with rules or conditions 
of their probation, parole, work release, etc. In addition, federal, military, 
and corporate employees get screened periodically for illegal drugs such as 
opiates, amphetamines, cocaine, and cannabinoids as indication of drug 
abuse. For example, the U.S. Department of Transportation (DOT) requires 
alcohol and drug testing of all safety-sensitive transportation employees in 
aviation, railroads, mass transit, trucking, etc. As can be expected, the laws 
regarding random drug testing of employees as well as what drugs can be 
tested vary by state. Many federal agencies like the DOT limit drug test-
ing to amphetamines, cocaine, opiates, cannabinoids, and phencyclidine 
(PCP). However, such screenings still generate a large number of samples, 
which must be analyzed in a timely and economically effi  cient manner that 
ultimately requires the use of high throughput analytical methods. In addi-
tion, it is critical that the analysis of the screening results be interpreted 
correctly which in turn requires a thorough understanding of how each 
assay/analytical method functions, which drugs and/or metabolites can be 
detected, knowing the limits of detection/cutoff  values used to generate the 
result for the drug of interest, understanding the specifi city of each assay, 
being aware of the possibility of obtaining false-negative or false-positive 
results, and also the possible need for confi rmatory testing. Furthermore, 
one would also need to know how long each drug remains detectable in the 
body aft er ingestion as well as the eff ects any intentional and unintentional 
interferents would have on the assay results. Finally, it should be noted that 
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drug screening methods are generally unable to distinguish between acute 
and chronic exposure to a substance. 

Th is chapter will focus on the discussion of drug screening in a medical 
setting with some emphasis on drug screening as it pertains to substance 
abuse. Th ere are very few published guidelines on drug screening for clini-
cal purposes. In a hospital setting, a UDT for adults is usually ordered as 
a diagnostic test to guide medical treatment without a specifi c informed 
consent under the general “consent to treatment.” UDT services at clinical 
laboratories are typically tailored with the needs of emergency care depart-
ments in mind and generally have short turnaround times. Th e results of 
the UDT are used to make decisions regarding further treatment in cases 
of substance abuse, drug overdose or drug/intoxicant related motor vehi-
cle injuries among others. Th erefore, providing accurate and precise UDT 
results in a timely and cost-eff ective manner is of great importance. 

Th ere are two primary analytical methods for drug testing: immuno-
assays and chromatography. Immunoassays are the most popular initial 
screening test and can be performed on-site, at home, or in the laboratory 
due to their simplicity, ease of use, low cost, and rapid results. Th e specifi ci-
ties of immunoassays vary depending on the particular assay and presence 
of chemically similar compounds in the sample, which can lead to false 
positive results. Most immunoassays designed for drug screening pro-
vide qualitative information about the presence or absence of a drug. Th e 
results from the sample specimen are compared to results from a calibrator 
or a standard, which contains a known quantity of the drug of interest. If 
the signal response from the biological specimen is equal or higher than 
that of the standard, then the test is considered positive. If the sample gives 
a lower response than the standard, then the test is interpreted as negative. 
Each test has diff erent cutoff  values, which usually correspond to federal 
workplace cutoff  values established by the U.S. Department of Health and 
Human Services (DHHS) for the immunoassay and the chromatography 
method [1]. Th ese cutoff  values (which are relatively high) are chosen such 
that false positive results from cross reactivity due to consumption of legal 
drugs and food items with similar chemical structures are minimized. As 
a result, the cutoff  values used by some health care facilities and substance 
abuse programs may not be appropriate because it assumes that “one size 
fi ts all” and increases the potential for false-negative results. Furthermore, 
most cutoff  levels are developed for adults and may not be applicable to 
children whose urine is usually more dilute than that of adults leading to 
false-negative results. Th e specifi c cutoff s used for each test in the drug 
screening should be included with results on a drug screen report. Th e 
Substance Abuse and Mental Health Services Administration (SAMHSA), 
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an operational division of the DHHS, has defi ned a panel of fi ve drug 
classes (amphetamines, cocaine, opiates, PCP, and marijuana) called NIDA 
5 for use in workplace drug testing. Many clinical laboratories off er more 
than one type of drug screening panel and also most tests are available 
on automated platforms that are capable of simultaneously and rapidly 
screening for multiple drugs on a single urine specimen.

Chromatographic analysis usually done by instrumental analysis is used 
as a confi rmatory test in UDT. It is more specifi c, sensitive, accurate, and 
reliable than immunoassays in detection of most illicit drugs. However, 
it is more time-consuming to operate, expensive, oft en requires multiple 
sample preparation steps and must be performed by trained person-
nel. Also, instrumentation-based chromatographic methods may not be 
available in all hospital-based clinical laboratories due to relatively large 
capital investment required to acquire the instrumentation and are gen-
erally more common at laboratories that specialize in toxicology. Some 
easy to use, noninstrumental chromatography options like thin-layer 
chromatography drug screening methods such as Toxi-Lab (MP Products, 
Amersfoort, Netherlands) do exist. However, these assays may require 3 
to 4 hours before the results can be obtained. Chromatographic methods 
are also used to quantify specifi c drugs and their metabolites in the bio-
logical specimen. More specifi cally, chromatographic analysis is coupled 
with a mass spectrometry detector to confi rm positive test results obtained 
from drug screen immunoassays. For example, a positive immunoassay 
drug screen for opiates would be confi rmed by a chromatographic method 
which would also quantify each opiate and their associated metabolites. 

Th e confi rmatory test is usually performed using tandem instrumen-
tal analysis such as gas chromatography-mass spectrometry (GC-MS), or 
liquid chromatography tandem mass spectrometry (LC-MS/MS). Th ese 
analytical methods can also be used to identify drugs that are not routinely 
included in drug screen immunoassay panels or the so-called designer 
drugs for which screening immunoassays are currently not available. In 
addition, confi rmatory tests are utilized in forensic toxicology laboratories 
to provide accurate and precise drug testing results, which can be used as 
evidence in the criminal justice system and in other legal settings. In most 
hospital laboratories, confi rmatory testing is not routinely performed due 
to cost, longer turnaround times to obtain results and limited resources. 
Th erefore, it is critical that clinicians have adequate knowledge regarding 
the limitations of analytical methods such as immunoassay based UDT, 
interpretation of the results and when to order confi rmatory testing. 
Even though chromatographic methods are generally more specifi c and 
less prone to interference from sample matrix than immunoassays, false 
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positive and false negative results can occur. However, when a confi rma-
tory analytical method is properly designed and optimized, the chances of 
obtaining false positive results are virtually eliminated.

14.2 Urine and Other Biological Specimens

Biological specimens used as sample matrices for drug testing include 
urine, blood, oral fl uid (saliva), hair, nails, meconium and sweat. Each 
sample matrix has diff erent levels of sensitivity, specifi city, and accuracy. 
Urine tends to be the preferred sample matrix because its collection is con-
venient, oft en rapid and noninvasive. Also, urine does not typically require 
preanalytical sample preparation and a relatively large quantity of urine 
is usually available for analysis. Depending on the analytical method, the 
volume of urine required for UDT varies from a few drops to 30 mL [2]. 
In addition, the concentrations of drugs and their metabolites tend to be 
higher and the chemical species longer lived in urine samples as opposed 
to blood and other sample matrices. Of note, there is no direct correlation 
between the concentration of drugs present in urine or blood. Furthermore, 
interference from other components in the sample matrix is less likely in 
immunoassays that utilize urine because it contains less proteins and lipids 
than blood. However, depending on the analytical method, urine that is 
turbid or contains sediments may need to be centrifuged prior to analysis 
in order to avoid false-negative results [2]. 

Like urine, obtaining saliva is noninvasive and convenient. In addition, 
saliva is less likely than urine to be adulterated and the sample collection 
does not require a person of the same gender witnessing the urine sample 
collection. Drug testing using saliva is also a better indication of current 
impairment and contains the parent drugs rather than their active metabo-
lites, which may be detectable earlier compared to urine [2]. Th is makes 
saliva a convenient specimen for roadside testing by law enforcement 
offi  cers. However, saliva is potentially more infectious than urine [3]. In 
addition, saliva-based testing is challenging because the sample volumes 
are considerably less compared to urine and the analytes are present in 
lower concentrations due to dilution, etc. Th erefore, the cutoff  limits for 
drug present in saliva are signifi cantly lower than in urine making their 
detection that more challenging. Also, some patients may not be able to 
provide adequately large saliva specimens. Furthermore, artifi cial stimula-
tion of saliva fl ow alters the normal pH of about 6.5 to a pH of about 8, 
which aff ects the protonation state of drugs with pKas near these values 
and ultimately, the ability of an immunoassay to accurately measure their 
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concentration [3, 4]. To further complicate matters, drug concentrations 
in saliva can vary depending on the sample collection method [5]. Finally, 
oral contamination with various substances may also aff ect test results in 
saliva-based testing [2]. 

Hair, nail, and meconium specimens require lengthy analyte extraction 
and sample preparation procedures prior to analysis, making them more 
diffi  cult and less practical sample matrices to analyze. Concentrations of 
drugs in meconium refl ect in utero drug exposure on the fetus over the 
last 20 weeks of gestation. As a specimen, sweat is cumbersome to uti-
lize because elimination of drugs through the skin may take days, drug 
concentrations may vary depending on the sample collection site, and the 
possibility of the sample being contaminated during collection is high [2]. 
For these reasons, urine remains the specimen of choice for drug testing. 

Drug concentrations in urine are aff ected by acute vs. chronic drug 
use, elapsed time since last use, pharmacokinetics, metabolism and renal 
clearance, body mass, fat distribution, and fl uid consumption [1, 6, 7]. In 
addition, there are genetic variations in how drugs are metabolized by indi-
viduals [8]. Typically, when utilizing an immunoassay for drug screening, 
no pretreatment or predilution steps are performed on the urine sample. 
A positive urine drug screen indicates the presence of a drug, but does 
not provide any information about the dosage, how or when the drug was 
administered, or degree of physical impairment. A negative urine drug 
screen result does not guarantee that the person has not consumed the 
drugs of interest because the drug concentration may not be high enough 
to exceed the assay’s cutoff  level for detection. 

Timing of urine sample collection and proper labeling of the samples are 
also important in all urine drug screening procedures. In addition, chain 
of custody procedures, such as maintaining a direct line of sight between 
the observer and the specimen bottle, must be strictly adhered to when a 
urine sample is to be used for workplace screening or legal situations. Th is 
ensures that the sample integrity is preserved. Th e guidelines for Federal 
Workplace Drug Testing Programs also include specimen integrity assess-
ment and the use of split specimens. Detection time is defi ned as how long 
a drug or its metabolites can be detected in a biological sample aft er it was 
last used. In general, the detection time for drugs of abuse is longest in 
hair, followed by urine, sweat, saliva, and blood [7]. Blood and saliva have 
the shortest detection times, but provide the best correlation between cur-
rent intoxication/impairment level and the concentration of the drug in 
the specimen. Although varying from drug to drug, typical detection time 
for a single dose of a drug is 1.5 to 4 days in urine and in chronic users up 
to one week aft er last use [7]. In chronic users, certain drugs may remain 
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at detectable levels in the urine for up to 3 months in the case of cannabis 
and 22 days in the case of cocaine [7]. 

Also, possible substitution, dilution, and chemical adulteration of urine 
samples have to be considered and ruled out when utilizing urine samples 
for drug screening. Dilution, substitution and adulteration of urine sam-
ples by synthetic urine such as Sub-Solution or Dr. John’s Concentrated 
Urine are oft en detected by comparing the specimen from the patient to 
the known characteristics of human urine. Validity of the urine sample can 
be verifi ed by testing temperature (900-1000 F within 4 minutes of collec-
tion), pH (4.0–9.0), specifi c gravity (1.003–1.030), and creatine (≥20 mg/
dl) of the sample [8, 9]. Validity testing using pH and creatine concen-
tration and well as testing for potential adulteration is required in federal 
workplace drug screening, but not at clinical laboratory settings. Easy-to-
use, commercially available urine sample validity dipstick tests and devices 
such as TesTcup (Roche Diagnostics, Indianapolis, IN) can be used in non-
regulated settings. Th ere is a growing and profi table online industry from 
which one can obtain a plethora of chemical adulterants that are purported 
to and can invalidate urine drug screening results. Examples of such chem-
ical adulterants include “Instant Clean Add-it-ive,” “Stealth,” and “Urine 
Luck,” which contain pyridium chlorochromate and other assay interfer-
ents [8, 10, 11]. In addition, various household chemicals such as vinegar, 
lemon juice, vitamin C, table salt, baking soda, soap, bleach, and drain 
cleaner are also used to alter sample integrity tests and drug screening 
results [12, 13]. Ingestion of diuretics, salicylates, and sodium bicarbonate 
has also been done with the intention to alter the specifi c gravity or chemi-
cal composition of urine and to invalidate the test results [8]. Th ere are 
also commercially sold “cleansers” such as Green Clean and XXTra Clean 
that may be ingested [8]. Adulterants that interfere with the immunoassay 
itself and are not detectable by routine urine integrity tests include halo-
gens, chromates, pyridine, and glutaraldehyde. As an aside, nitrites may 
not aff ect immunoassay screening tests but have been shown to interfere 
with GC-MS confi rmatory testing for drugs such as cannabinoids [3]. In 
short, if the sample does not have the expected characteristics of human 
urine, it should be rejected and if possible recollected before further testing 
for drugs of abuse.

14.3 Immunoassays

Th e fi rst immunoassay was described by Solomon Berson, a physician, and 
Rosalyn Yalow, a biophysicist, in 1959 [14]. Yalow went on to receive the 
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Nobel Prize in Medicine in 1977 for their work on measurement of plasma 
insulin by a radioimmunoassay. Th e advantages of radioimmunoassay 
(RIA) include high sensitivity, excellent precision, the ability to detect the 
signal even without optimization of the assay conditions, and lack of inter-
ference from the sample or assay environment [15]. However, individuals 
performing the assay had to protect themselves against radiation exposure 
from the radioactive labels. RIAs are not commonly used for urine drug 
screenings.

Th e use of immunoassays for various biomedical applications has 
increased in popularity since 1970s. Th is popularity may in part be due 
to relatively simple assay procedures that require minimal to no sample 
preparation, availability of antibodies for a plethora of analyte molecules, 
and widely available sensitive analytical instrumentation for detection 
[16]. Improvements in labels used in generating the signal in the assays 
have also allowed for more sensitive detection, lower cost and safer test-
ing. Many of the steps for quantitative immunoassays have also been auto-
mated for assays performed in clinical laboratory settings. 

Immunoassays are highly sensitive and specifi c analytical chemistry 
methods, which allow the detection and/or measurement of trace levels of 
biologically relevant molecules in urine, blood and other sample matrices. 
Immunoassays provide qualitative (positive or negative) or quantitative 
(a number expressing amount or concentration with appropriate units) 
results for the analyte which are then compared to established ranges for 
the assay. Even qualitative immunoassays have a quantitative component 
as each test has a characteristic cutoff  concentration above which the assay 
result is reported as positive and below which the results are considered 
negative. Th erefore, the assays express whether the concentration of the 
drug analyte in the biological specimen is below or above a specifi c cut-
off  concentration. Qualitative immunoassays are more frequently uti-
lized in drug screening than quantitative assays. Th e U.S. Food and Drug 
Administration (FDA) approves immunoassays for specifi c analytes and 
applications. Accuracy and precision studies must be performed to vali-
date even FDA approved qualitative immunoassays for drugs of abuse at 
each lab [17]. For these studies, a large set of urine specimens are analyzed 
by utilizing both the new immunoassay tests and an instrumental analysis 
method with an established procedure such as GC-MS or LC-MS. 

Immunoassays are oft en used to screen a large number of samples for a 
specifi c drug or a class of drugs. However, drugs that can be detected using 
immunoassays are limited by the availability of specifi c antibodies for an 
analyte and its cutoff  concentration. Th e cutoff  is defi ned as the concentra-
tion of an analyte drug in a specimen at or above which the test result is 
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reported as positive and below which it is determined to be negative [9]. 
In drug screening, the cutoff s are based either on the analytical perfor-
mance of the method or are determined by governmental or regulatory 
agencies [3]. Sensitivity of a drug screening test measures the proportion 
of drug users which are correctly identifi ed as such (that is, the percent-
age of known drug abusers who are correctly identifi ed as drug abusers). 
If the urine drug screening test is negative, generally no further testing is 
performed. If the screening test gives positive results, a confi rmatory sec-
ondary test involving chromatography may be ordered. 

Th e performance of the immunoassay screening tests varies between 
manufacturers as well as between several diff erent lots from the same 
manufacturer [3]. Some of this variation is due to the quality of antibodies 
used in the assay. Th erefore, quality control of assays must be performed at 
each testing site. Furthermore, many immunoassays respond to a class of 
drugs rather than a specifi c drug. For example, the immunoassay for opiate 
screening may give a positive result in the presence of hydromorphone or 
morphine making it diffi  cult to determine which specifi c drug the person 
may be using and also rendering the assay results harder to interpret [17].

14.3.1 Assay Design

Immunoassays involve a highly specifi c, noncovalent interaction between 
the antibody (Ab) molecule, a large Y-shaped glycoprotein, and the antigen 
(Ag, i.e. the drug in this case). Each antibody molecule has two identical 
binding sites and are hence considered to be bivalent. Most antibodies used 
in urine drug screening methods are monoclonal antibodies and recognize 
a specifi c structural feature of the drug analyte or its metabolite [18]. Th is 
oft en irreversible binding interaction between the Ab’s binding site and the 
Ag may be monitored using a colored, a fl uorescent or a radioactive label. 
Several well studied conjugation methods exist for coupling the labels to the 
antigens. Th e development of new immunoassays to detect specifi c antigens 
can be time consuming, labor intensive, and costly, especially if new immu-
nogenic reagents must be produced and tested. However, once developed, 
the assays can function rapidly, are reliable, inexpensive and easy to use. Th e 
most common immunoassay formats used in routine drug screening are 
enzyme multiplied immunoassay technique (EMIT), fl uorescence polariza-
tion immunoassay (FPIA), cloned enzyme donor immunoassay (CEDIA) 
and immunoturbidimetric assay which will be discussed in this chapter.

Most immunoassays used in screening urine for the presence of drugs of 
abuse are based on the competitive immunoassay design [17]. Competitive 
immunoassays, also known as limited reagent assays, are oft en used for 
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applications where the antigen molecule is small (with a molecular weight 
of a few hundred grams per mole) and has only one epitope [19]. In a com-
petitive assay, a limited amount of Ab is used, which is usually not enough 
to capture all the Ag molecules in the sample. A fi xed, predetermined 
amount of labeled Ag is mixed with the urine specimen and allowed to 
incubate. Th e label attached to the drug reagent, the labeled Ag, can either 
contain a chemiluminescent compound, a fl uorophore, an electrochemilu-
minescent portion or an enzyme that catalyzes the formation of a detect-
able product molecule. Unlabeled Ag from the specimen and the labeled 
Ag compete for binding to a limited number of binding sites on the capture 
Abs. If quantitative results are desired from a competitive immunoassay, it 
is critical that the ratio of limited Ab reagent to the labeled Ag must remain 
constant between samples.

Rinses are required in some immunoassay formats to separate the 
unbound Ag from the bound Ag prior to the detection of a signal, which 
is proportional to the concentration of Ag in the sample. However, most 
immunoassays used for urine drug testing are homogeneous assays which 
do not require a separation or a washing step because they are qualitative 
and the signal generated by bound vs. unbound Ag is suffi  ciently diff erent 
from each other to be reliably measured [17]. In addition, homogeneous 
assays are rapid and easier to use but lack the sensitivity of heterogeneous 
assays which include a physical separation step to isolate the Ab-Ag com-
plex from the unbound constituents followed by a washing step to remove 
any unbound reagents and sample components [16]. On the other hand, 
homogeneous assays are more susceptible to interference from other 
chemical species in the sample. An advantage of using a heterogeneous 
immunoassay format for quantitative analysis is its ability to detect very 
low concentrations of Ag.

14.3.2 Antibody–Antigen Interactions

Drugs are relatively small antigen molecules compared to viruses, bacteria, 
and protein molecules that are detected by some immunoassays. Th erefore, 
it is not unusual for the drug molecule or its metabolite that is being analyzed 
to have only one site for Ab binding. Many illicit drugs also have limited anti-
genic diversity due to their small size [8]. Th is is the main reason for limited 
specifi city of some Abs for individual drugs and their broad cross-reactivity 
toward other closely related molecules. Th e binding interactions between Ab 
and Ag are noncovalent and cumulative [16]. Th e noncovalent intermolecu-
lar forces operate over short distances and include ionic bonding, hydropho-
bic interactions, hydrogen bonding, and van der Waals forces. Th e unique 
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antigen binding region of the antibody is called the paratope which accepts 
and binds with high affi  nity to a complementary site on the antigen called 
the epitope. A high degree of complementarity is required between the para-
tope and the epitope in order for the noncovalent interactions to result in the 
formation of a stable Ab-Ag complex. 

Th e analyte drug (Ag) must possess a certain degree of chemical com-
plexity (unique functional groups) such that it can be selectively recog-
nized by the antibody molecules. Although most Ab-Ag interactions are 
very specifi c, some antibodies can cross-react with other structurally simi-
lar but unrelated molecules [16]. Cross-reactivity occurs if two diff erent 
molecules share an identical or very similar region that acts as the epitope 
in the binding interaction. Even though the antibody typically has lower 
affi  nity for the structurally similar molecules than the target Ag for which 
it was produced, cross-reactivity can still produce false positive results. As 
such the specifi city of the immunoassay varies depending on the nature 
and quality of the antibodies used in the immunoassay reagent. 

Most immunoassays incorporate monoclonal antibodies (MAb) as the 
reagent [18]. MAbs, which are identical in the primary structure, are more 
specifi c for their Ag than polyclonal antibodies [16]. MAbs are generated 
by a single Ab-producing cultured cell line (containing clones of a single 
parent cell) in a bioreactor or produced in microbial systems or transgenic 
mice [20, 21]. MAbs are known for being highly specifi c and having high 
affi  nity for a given Ag, the immunoassay target molecule. Th us, MAbs have 
a built-in specifi city toward a single chemically unique epitope on the Ag 
molecule that allows the detection of small diff erences on the surface of 
the Ag. Th erefore, they are used as the primary or capture Ab in most drug 
screening immunoassays. 

Polyclonal Abs have a heterogeneous mixture of immunoglobulin mole-
cules secreted against a specifi c antigen, each recognizing a slightly diff erent 
epitope [19]. Polyclonal Abs have varying affi  nities for the Ag and are oft en 
used as the secondary Ab in ELISAs (Enzyme-Linked Immunosorbent 
Assays) and also for binding with the Ag in immunoassays where classes of 
compounds (such as opioids) are being analyzed instead of a specifi c drug. 
For some assays, antibodies are intentionally raised against a class of drug 
compounds rather than a specifi c parent drug because, urine for example, 
contains primarily drug metabolites instead of the parent drug that was 
consumed [17]. So, for a particular class of compounds, the same antibody 
assay reagent can have diff erent affi  nities for the diff erent drug metabolites 
in the urine and thus diff erent concentrations of Ab-Ag complexes with 
which to trigger a positive result for each individual molecule or metabo-
lite within that drug class. 
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For many drugs, the parent compound may not be excreted in the urine 
at detectable levels and the chemical structures of their metabolites may 
be signifi cantly diff erent from that of the parent drug that was consumed. 
Th ese diff erences can be signifi cant for Ab-Ag selectivity and binding in 
drug screening assays. For example, Δ9-tetrahydrocannabinol (THC), the 
active constituent in cannabis, and other related cannabinoids undergo 
microsomal hydroxylation allylic to the Δ9-THC double bond with two 
outcomes: the major product resulting in formation of an 11-CH2OH 
moiety and the minor hydroxylation occurring on the C-8 carbon [22]. 
Th e major terminal metabolic products found in urine are generated aft er 
nonmicrosomal oxidation of the resultant 11-OH-Δ9-THC to 11-nor-Δ9-
THC-9-carboxylic acid and to other more polar acids [22]. Also, the pro-
portions of the two metabolites in the urine specimen vary depending on 
the route of cannabinoid administration. For example, aft er oral admin-
istration, approximately equal quantities of THC and its highly active 
11-hydroxy metabolite are detected, whereas the latter metabolite is only 
a minor component aft er smoking or intravenous administration of THC 
[22]. Most commercially available THC immunoassays are not very spe-
cifi c and react with a variety of THC metabolites, whereas most confi rma-
tory methods are designed to detect only the 11-nor-Δ9-THC-9-carboxylic 
acid (Figure 14.1.), a major terminal THC metabolite in urine [8].

Of note, the use of synthetic cannabinoids has increased in popular-
ity since 2008 due to their relative ease of acquisition via the Internet, in 
some gas stations, certain convenience stores, and smoke shops. Synthetic 
cannabinoids are laboratory synthesized chemicals sprayed on herbs and 
are purported to mimic the eff ects of natural THC. Some of these syn-
thetic cannabinoids have similar chemical structures, which allow binding 
to the cannabinoid receptors in the human body. Th e inability of current 
standard drug screening immunoassays to detect synthetic cannabinoids 
has also added to their overall appeal among users. However, synthetic 
cannabinoids are known to be metabolized in the liver via hydroxylation 

Figure 14.1 11-nor-�9-THC-9-carboxylic acid or 11-nor-9-carboxy-delta-9-
tetrahydrocannabinol (11-nor-9-Carboxy-THC). Th e main metabolite of THC which is 
formed aft er cannabis is consumed. Th is is the primary marker for THC use detected by UDTs.
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and oxidation reactions and novel enzyme linked immunosorbent assays 
have been developed for the two most common synthetic cannabinoids 
JWH-018 and JWH-250 [23]. Th e immunoassays were calibrated with the 
hydroxylated metabolites of each synthetic cannabinoid, validated with 
urine samples containing their metabolites and confi rmed with LC-MS 
resulting in greater than 95% sensitivity and specifi ty for both assays [23].

Like enzymes and other biological molecules with specifi c binding 
interactions, Abs (large glycoproteins) and their binding sites are sensitive 
to their environmental conditions. Special care has to be taken to properly 
immobilize the Abs on the assay. Improper orientation of antibodies on 
the solid surface can lead to loss of their biological binding activity because 
the two Ag binding sites on the Y-shaped arms of the antibodies have to 
be exposed in a specifi c orientation to the Ags. Also, the density of the Abs 
on the surface cannot be too high in order to minimize crowding and the 
resulting steric hindrance between Abs and Ags [24, 25]. 

14.3.3 Common Immunoassay Formats for Drug Screening

14.3.3.1 Enzyme Immunoassays

Quantitative enzyme immunoassays (EIAs) were introduced as an alter-
native to radioimmunoassays by Engvall, Perlmann, Van Weemen, and 
Schuurs in 1971 [26]. Th e previously used radioactive labels such as the 
isotopes iodine-125 and phosphorus-32, which would indicate the for-
mation of an Ab-Ag complex in the sample, were replaced by safer and 
cheaper bioselective enzyme labels. Chosen enzymes have high selectivity 
for specifi c substrates, and can provide large signal amplifi cation due to 
their high turnover rate, which ultimately results in the detection of very 
low concentrations of Ag. However, the catalytic activity of enzyme labels 
is oft en aff ected by reaction conditions such as temperature, pH, and ionic 
strength which may have to be controlled during the detection step. 

14.3.3.1.1 Enzyme-Multiplied Immunoassay Technique (EMIT)
EMIT is a commonly used homogeneous enzyme immunoassay method 
for detection of relatively small molecules such as drugs. In this competi-
tive assay, the drug molecules of interest (antigen, Ag) and enzyme-labeled 
drug molecules compete for a fi xed, limited quantity of antibody (Ab) [27]. 
Th e Ag is immobilized onto the enzyme in such a way that the presence of 
an Ab restricts access of the enzyme substrate to the active site where the 
formation of the product is usually catalyzed, thereby inhibiting the enzyme 
activity. Th e Y-shaped Ab prevents the enzyme from undergoing the neces-
sary conformational changes that would lead to induced fi t and subsequent 
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substrate binding. Th e enzyme-labeled drug that is unbound, and thus free 
in solution, exhibits high enzyme activity, which can be detected as a change 
in absorbance or other measurable signal (Figure 14.2A). If there is no drug 
of abuse in the urine sample, the antibody binds to the enzyme-labeled drug 
and the enzyme activity decreases dramatically (Figure 14.2B). Th is may 
be due to structural changes at the active site of the enzyme from the Ab 
binding or due to increased steric hindrance. Ultimately, the enzyme activity 
increases as the unlabeled free drug concentration increases. Th e commonly 
used enzyme labels for EMIT assays are lysozyme, horseradish peroxidase, 
β-galactosidase, and glucose-6-phosphate dehydrogenase. 

14.3.3.1.2 Cloned Enzyme Donor Immunoassay (CEDIA) 
CEDIA is a homogenous, competitive enzyme immunoassay with an 
unusual assay approach, which utilizes recombinant DNA technology. Th e 
assay originally developed by Microgenics (now Th ermo Scientifi c, Fremont, 
CA) depends on genetically engineered enzyme β- galactosidase having two 
types of individually inactive units: the Enzyme Acceptor (EA) unit and the 
Enzyme Donor (ED) unit. Th e ED unit has been conjugated with drug mol-
ecules for binding the antidrug antibody during the assay. During the assay, 
the drugs in the sample and the ED units with drug compete for available Ab 
binding sites. Th e free EA and ED units spontaneously reassemble into com-
plete monomers, and ultimately, an active tetrameric enzyme in the pres-
ence of competing drug molecules from the urine sample (Figure 14.3A). 
Th e active enzyme reacts with its specifi c substrate catalyzing the formation 
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Figure 14.2 Enzyme-multiplied immunoassay technique (EMIT). A) Enzyme 
conjugated antigen exhibits high enzyme activity when it is free in solution. Th e capture 
antibody (Ab)  is bound to free drug antigen (Ag)  from the specimen. B) At low 
Ag concentration, the Ab binds to the labeled Ag and the enzyme activity is signifi cantly 
diminished or absent due to steric hindrance or structural changes at the active site upon 
binding of the large Ab molecule. 
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of a product which effi  ciently absorbs visible light at 570 nm. Th erefore, the 
absorbance of light increases over time as the active enzyme generates more 
product. Th is increase in absorbance is proportional to the quantity of drug 
found in the urine sample. In the absence of a drug of abuse in the urine 
sample, the ED-drug conjugate binds to antidrug antibodies thereby pre-
venting the formation of an active tetrameric enzyme complex and resulting 
in a constant absorbance signal vs. time (Figure 14.3B). 

14.3.3.1.3  Enzyme-Linked Immunosorbent Assays (ELISA) or Sandwich 
Immunoassays

Sandwich immunoassays are heterogeneous assays which use solid phase 
immobilized Abs to capture an Ag. Sandwich immunoassays are oft en 
referred to as enzyme-linked immunosorbent assays (ELISA) because the 
Ab or the Ag is immobilized on a solid surface such as a polystyrene well, a 
bead, or a membrane. Having the Abs of the ELISA physically immobilized 
makes it easy to separate bound from unbound sample components during 
the washing steps of the heterogeneous assay format [26]. 

ELISAs are typically semiquantitative or quantitative analytical assays 
that can be automated relatively easily. Th ey have much lower limits of 
detection than competitive EIAs because, in the sandwich format, Ag 
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Figure 14.3 Cloned Enzyme Donor Immunoassay (CEDIA). A) When antigen (Ag), , 
from the specimen is available to bind with the antibody (Ab), , all Enzyme Acceptor 
(A) and Enzyme Donor (D) fragments are free to form complete monomers and 
subsequently the active tetrameric enzyme complex. B) In the absence of drug antigen, the 
Enzyme Donor fragment bound antigen is captured by the Y-shaped antidrug antibody 
and steric eff ects prevent the formation of a complete Donor-Acceptor monomer that is a 
vital part of the active enzyme tetramer resulting in an inactive enzyme in the sample.
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capture can be driven to near-completion under optimized reaction condi-
tions [28]. However, use of the ELISA format is limited to relatively large 
Ags (like opiates) because a suffi  ciently large surface area is required on the 
Ag molecule to simultaneously accommodate two bound Abs (the primary 
and secondary Abs). Sandwich EIAs are also relatively labor intensive and 
time consuming compared to other assay types because of the multiple 
incubation and washing steps required. 

Figure 14.4 below details the main steps involved in utilizing a sandwich 
enzyme immunoassay. A nonspecifi c binding blocker is added and incu-
bated to coat all exposed solid surfaces and minimize background signal 
that would result from immunoassay reagents binding to exposed areas. 
Addition of the biological (in this case urine) sample which contains the 
drug Ag is followed by an incubation period to allow time for the primary 
Ab to capture the drug Ag. Incubation times and temperatures are optimized 
and fi xed for each enzyme immunoassay procedure, so that the Ag capture 
is complete in each standard and sample. Next, a washing step using a buff er 
solution removes all materials not captured by the Abs. An enzyme-labeled 
Ab probe (Ab*) that is directed toward a second binding site on the Ag mol-
ecule is then added, followed by an incubation period to allow binding to 
occur. Th en, excess unbound Ab* is washed off . At this point, captured Ag 
molecules are “sandwiched” between the primary and the secondary anti-
bodies (Ab and Ab*), hence the name sandwich immunoassay. Th e enzyme 
on the secondary Ab probe (Ab*) functions as a label for each captured Ag. 
Finally, the enzyme substrate is added and then incubated for a few min-
utes prior to detecting the enzymatically formed product. Each enzyme label 
rapidly converts several substrate molecules into detectable product thereby 
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Figure 14.4 Enzyme-Linked Immunosorbent Assay (ELISA). , nonspecifi c binding 
blocker (NSB);  primary Ab; , drug Ag;  Ab*, enzyme-labeled secondary 
antibody; S, substrate for enzyme; and P, product of the enzymatic reaction that is 
detected.
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resulting in signifi cant signal amplifi cation and allowing the detection of low 
Ag concentrations. Th e main disadvantage here is the occurrence of nonspe-
cifi c binding (NSB) of the labeled secondary Ab* probe to any exposed solid 
surfaces of the assay which leads to increased background signal and there-
fore a diminished ability to detect low Ag concentrations [16, 29].

Quantifi cation in ELISA relies on the proportionality that exists among 
the following factors which include: the signal response detected, the con-
centration of product generated by the enzyme-catalyzed reaction, the 
amount of enzyme label bound, the amount of Ag captured by the immo-
bilized primary Abs, and ultimately the concentration of Ag in the urine 
sample. Calibration with standards of known drug concentrations are used 
to relate the signal response to the Ag concentration in the urine sample. 

Th e selectivity of the assay is based on the immobilized primary Ab 
being able to selectively capture drug Ag from the biological specimen and 
on the washing steps to remove all other sample and reagent materials that 
might interfere with detection of the product. Th e secondary antibody, Ab* 
in ELISAs, provides a second level of selectivity prior to performing the 
detection step by recognizing a diff erent region of the same Ag molecule. 
Incorporating these two selective binding reactions in the assay design, in 
addition to the washing steps, minimizes the need for signifi cant sample 
preparation prior to analysis of the specimen. 

14.3.4 Fluorescent Immunoassays

Fluorophore labels are used in some immunoassays to increase their sen-
sitivity. Fluorescence is the process of a molecule absorbing energy in the 
form of light and then releasing the light energy at a longer, lower energy 
wavelength. Th e absorption of light excites the electrons in the fl uorophore 
to higher energy states. Some energy is lost as heat, but a large amount 
is released as photons of visible light at a specifi c longer wavelength. 
Molecules that fl uoresce well typically have somewhat rigid and oft en pla-
nar structures with aromatic groups. Fluorescein, a synthetic organic mol-
ecule, is a commonly used fl uorophore label in immunoassays. Fluorescein 
in aqueous solution has its maximum absorbance at 494 nm and maximum 
emission at 521 nm. Th e most common fl uorescent immunoassays used in 
drug screening are Fluorescence Polarization Immunoassays (FPIA).

14.3.4.1 Fluorescence Polarization Immunoassay (FPIA)

Th e FPIA, which was fi rst described in 1970 by Dandliker, is a competi-
tive homogeneous immunoassay where the antigen of the fl uorophore 



510 Advanced Healthcare Materials

labeled reagent and the Ag from the urine sample compete for access to an 
insuffi  cient number of available Ab binding sites [30, 31]. FPIA relies on 
diff erences in the speed of rotation or tumbling of molecules due to the dif-
ferences in their molecular weight. Fluorescein is a commonly used fl uo-
rophore label molecule in FPIAs [32, 33]. A polarizing lens or a prism is 
used in FPIA to resolve excitation light into rays in a single plane [15]. Th e 
plane polarized light is then used to excite the fl uorophore molecules in the 
assay and their emission of partially polarized fl uorescence is detected with 
a detector positioned at a 90° angle relative to the excitation beam originat-
ing from the light source. Polarized rays of light from the light source may 
excite the electrons in the fl uorophores regardless of whether the labeled 
Ag molecules are bound to the Ab in the solution or not [15].

 Ab + Ag—F* → Ab:Ag—F* + Ag—F* 

When a drug Ag is not present in the sample, fl uorophore-labeled Ag 
(Ag—F*) binds with the antidrug Abs. Th e fl uorophore-labeled drug 
molecules bound to the higher molecular weight antibodies (Ab:Ag—F*) 
revolve slowly and maintain the polarization of the absorbed light. Smaller, 
unbound fl uorophore-labeled Ag molecules (Ag—F*) that are free in solu-
tion when a drug Ag in present in the sample, rotate more freely and fast 
enough in the solution to depolarize the absorbed radiation resulting in 
low polarization (Figure 14.5A). For example, in a phenobarbitone FPIA 
that uses a fl uorescein label, the free fl uorescein labeled Ag has a molecular 
weight of about 500 g/mol which increases to over 150,000 g/mol upon 
antibody binding. Th e movement of the fl uorophore-drug conjugate is 
severely restricted upon binding the antibody (Figure 14.5B). Th erefore, 
the resulting signal detected from the sample is inversely proportional to 
the concentration of the drug in the urine specimen, i.e., the signal is high 
in the absence of drugs in the biological specimen and low when they are 
present. Abbott Laboratories (Abbott Park, IL) produces several types of 
analyzers for the detection of drugs of abuse as well as larger analytes of 
interest.

14.3.5 Immunoturbidimetric Assay

Th e particle agglutination immunoassay uses inert particles that help pro-
duce the detectable change [33]. Artifi cial particles made of latex or metal 
react with the drug molecules in the urine sample. Th e agglutination pat-
terns are oft en so prominent as to be easily detected by the naked eye. 
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14.3.5.1  Kinetic Interaction of Microparticles in Solution 
Immunoassays (KIMS)

Kinetic interaction of microparticles in solution (KIMS) are homogeneous 
immunoassays that are essentially agglutination assays. In these assays, the 
particulate matter such as latex microparticles that have been conjugated 
with drug molecules become cross-linked by antidrug Abs in the absence of 
the drug in the specimen resulting in large complexes that visibly increase 
the turbidity of the solution (Figure 14.6A). Th e turbidity can be detected 
as increased absorbance, indicating that a binding reaction has taken place 
between the anti-drug Abs and the microparticle-bound Ags. When free 
drug molecules or their metabolites are present in the urine sample, they 
are captured by the antidrug Abs instead of the drug-conjugated micropar-
ticles and minimal/no aggregation or turbidity is observed in the solution, 
and the absorbance is much lower (Figure 14.6B). Th erefore, the turbid-
ity or the absorbance of the assay mixture is inversely proportional to the 
endogenous concentration of the drug analyte in the specimen. Th ese FDA 
approved immunoassays that utilize this assay design in UDT are produced 
by Roche Diagnostics (Indianapolis, IN). 
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Figure 14.5 Fluorescence Polarization Immunoassay (FPIA). A) When drug Ag is 
present in the sample, it binds with the Ab binding sites and the fl uorescein-labeled drug 
conjugate rotates fast enough to lose the previously absorbed polarized light. B) When no 
drug is present in the urine sample, the antidrug Ab binds with the fl uorescein-conjugated 
drug resulting in the formation of a large, heavy complex that severely restricts its 
movement in solution. As a result, the polarization of absorbed light is maintained. 
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14.3.6 Lateral Flow Immunoassay

Beginning in the late 1970s, point-of-care testing with simplifi ed immuno-
assay formats became commonplace for workplace UDT protocols. Th ese 
assays provide rapid results, are simple to use (consisting typically of only 
one step where a sample is applied onto the device), and yield reproduc-
ible results especially when used according to the instructions. Most of these 
tests are solid-phase competitive immunoassays, which consist of porous, 
absorbent membranes with detection zones onto which the capture Abs are 
immobilized. Th e urine sample fl ows spontaneously through the porous 
membrane. Th e main advantage of the assay is its ability to be utilized at the 
point of care urine testing. Only samples with positive responses are gener-
ally forwarded to the laboratory for secondary testing and confi rmation. 

14.4 Drug Screening with Immunoassays

14.4.1 On-Site Drug Testing

On-site drug testing with immunoassays refers to assays utilized outside of 
a laboratory setting, usually at the time of specimen collection, for example 
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Figure 14.6 Kinetic Interaction of Microparticles in Solution (KIMS). A) Th e urine 
sample does not contain any drug Ag and microparticle-conjugated Ag become 
crosslinked by the capture Abs resulting in the formation of large complexes that 
signifi cantly increase the absorbance of the solution. B) When the urine sample contains 
drug Ag, it binds and saturates the Ab binding sites. Th erefore, the capture Abs will 
not crosslink the Ag-microparticle conjugates in the assay resulting in a relatively clear 
solution with low absorbance. 
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at homes, workplaces, or schools [9]. Th ere are many commercially avail-
able immunoassay kits for testing urine for commonly abused drugs. Such 
easy to use tests include iCup Drug Screen (BioScan Screening Systems 
Smyrna, TN), iCassette Drug Screen Screen (BioScan Screening Systems, 
Smyrna, TN), Rapid K2 Synthetic Marijuana Urine Drug Test (Rapid Detect 
Inc., Poteau, OK), Rapid Detect Dip Drug Test 6 Panel (Rapid Detect Inc., 
Poteau, OK), and Rapid TOX Cup® II (Amedica Biotech Inc., Hayward, 
CA). FDA-approved, qualitative drug screening devices using saliva as the 
sample are also gaining popularity and are available for analytes such as 
opiates. Cozart® RapiScan Opiate Oral Fluid Drug Testing System (Opiate 
Cozart® RapiScan System or Opiate CRS, now Concateno, Abingdon, UK) 
is an example of such device. Th ese kits yield rapid results, are easy to use, 
and require no prior training to perform. However, the interpretation of 
these tests is somewhat subjective. Th e cutoff s for these commercially sold 
test kits are not standardized and may diff er signifi cantly from those sug-
gested by the SAMHSA. In addition, these tests are generally more expen-
sive than those performed in laboratory settings. 

14.4.2 Point of Care Drug Testing

Point of care (POC) testing of urine for the most common illicit substances 
is a multimillion dollar business. It is an attractive alternative to the collec-
tion, storage, transport, and laboratory analysis of a urine specimen needed 
to produce rapid results. In clinical settings, POC testing can be performed 
at various sites such as emergency departments, pain-management centers, 
drug treatment clinics, and detoxifi cation clinics. Non-laboratory person-
nel or persons with minimal or no training on the assays used in POC are 
oft en involved in the interpretation, quality control, and documentation of 
the test results because the process is easy to perform and results easy to 
interpret. 

Most POC devices are based on competitive immunoassays and are 
available in formats ranging from dipsticks to cards, cups, and plastic cas-
settes [3]. Most of these devices for are based on the immunoturbidimetric 
assay design or include antibodies or drugs conjugated to a chromophore 
or a fl uorophore. In addition to urine, POC testing devices have been 
developed to screen for drugs of abuse in saliva. In addition, POC devices 
are available for the detection of a specifi c drug such as methadone or class 
of drugs such as opiates. POC test can also be used to detect the presence of 
several common drugs simultaneously from a single specimen. However, 
it is important to keep in mind that some POC testing devices may not 
only detect the specifi c drug they were designed for but others as well. For 
example, the POC testing device RapiTest MOP (One Step Morphine Test, 
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Morwell Diagnostics, Zurich, Switzerland) is designed to detect morphine 
but it actually also detects other opioids such as codeine [34]. As is the case 
with immunoassay drug screening tests performed in laboratory settings, 
most POC devices detect the presence of drug metabolites rather than the 
parent drug that was ingested. 

Th e complexity and length of each POC testing device varies. One such 
device, the Triage Panel for Drugs of Abuse (ASCEND Multi Immunoassay, 
Biosite Diagnostics, San Diego, CA), which tests for seven drugs (PCP, 
benzodiazepines, cocaine, amphetamines, marijuana, opiates, and barbi-
turates) has three steps: 1) introduction of the urine sample to the reaction 
cup and incubating it for 10 minutes, 2) transferring the solution from the 
reaction cup to the detection area and 3) washing the detection area with 
three drops of the washing solution and reading the test results. Th e incu-
bation period results in a total assay time of about 10 minutes. Although 
some devices require 15–30 minutes for analysis, in most cases results can 
be obtained in less than 15 minutes [3]. Th e interpretation of the results 
obtained from most devices used in POC drug testing is diff erent from 
similar devices, like pregnancy tests, (which test for the hormone beta-
hCG) as they do not develop a line or undergo a color change indicating 
a positive result. However, with certain devices such as Triage, a color line 
appears in the detection zone next to the name(s) of the drug(s) that is 
(are) present in the urine sample making interpretation of results some-
what easier. 

Following manufacturer instructions closely in order to perform the test 
and interpret results correctly is critical when using POC testing devices as 
most steps involve operator input. Important steps include: introduction 
of the sample, possible transfer of the sample to another portion of the 
device, adhering to the recommended time needed to complete the test, 
and recording the results [2, 3]. For example, the presence of a faint line in 
the observation window should be interpreted as a negative result in most 
devices. Certain POC devices are more diffi  cult to interpret as indicated 
by an increase in false-positive results from screening tests as shown by 
confi rmatory methods [4, 35]. Also, the device will typically only show 
the proper response for the sample in the window for 5–10 minutes. If the 
person performing the test is distracted or engaged in other tasks, they 
may forget to read the result at the recommended time for that test, lead-
ing to false results. Other POC testing devices such as the LifeSign Status 
DS (LifeSign, Skillman, NJ), the American Bio Medica Rapid Drug Screen 
(American Bio Medica, Kinderhook, NY), and the Triage TOX Drug 
Screens (Biosite Diagnostics, San Diego, CA) are also commercially avail-
able for purchase. 
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14.5  Immunoassay Specifi city: False Negative and 
False Positive Test Results

Major limitations of immunoassays include: false negative, false positive, and 
pseudo-false positive test results. False negatives can result from improper 
sample storage or treatment, reagent deterioration, or improper washing tech-
niques when using the assay. In addition, the co-ingestion of prescription or 
over-the-counter drugs may also result in false negatives in certain UDTs [8].

False positives may be caused by other molecules present in the urine 
sample that cross-react or bind to the capture Ab in the immunoassay. 
Some of these interfering molecules include relatively common and legal 
substances (such as poppy seeds or coca leaf tea), nutritional supplements 
(such as hemp seed oil), over the counter medications (such as cough 
suppressants, antihistamines, and pain relievers) and prescription medi-
cations (such as antipsychotics, antibiotics, antidepressants, and antiepi-
leptics). Table 14.1 lists common interfering agents contributing to false 
positive results in immunoassay and GC-MS analysis of urine (and/or 
plasma) [1, 38–42]. Abs with poor specifi city may bind with molecules 
that possess similar chemical structures to the analyte of interest result-
ing in a false positive. For example, common over-the-counter (OTC) 
drugs such as decongestants (pseudoephedrine, Vicks inhaler), antihista-
mines, and appetite suppressants (phentermine) can cause false-positive 
results in urine immunoassays for the detection of amphetamines. Th e 
small amounts of morphine and codeine naturally present in poppy seeds 
may also cause false positive results if the cutoff  for the assay is set low. In 
order to avoid obtaining too many false positive results that require time-
consuming and costly confi rmatory testing, the detection cutoff s/thresh-
olds for amphetamine and opiate assays are set relatively high at 1,000 and 
2,000 ng/ml respectively by the workplace drug testing programs, even 
though the actual detection limits of the immunoassay used are signifi -
cantly lower (Table 14.1.) [8]. Interestingly, with some drug analytes, the 
chromatographic confi rmatory test has higher limits of detection than the 
immunoassay screening test [8]. Th is can be problematic, as it may poten-
tially create numerous, unconfi rmed positive drug screening results which 
would ultimately erode the credibility of the drug screening process. 

Immunoassays are also used to monitor therapeutic levels of certain 
drugs such as tricyclic antidepressants (TCAs) in order to avoid toxicity. 
Th e therapeutic ranges and toxicity levels for four commonly used TCAs 
are listed in Table 14.1 [38]. Even though UDTs are not routinely performed 
for TCAs, rapid screening for TCAs in urine is of great importance in 
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emergency medical situations such as intentional overdose. However, many 
over the counter as well as prescribed medications can lead to false posi-
tive TCA assay results (see Table 14.1 for commonly interfering agents). It is 
thought that the cause of the cross-reactivity between the interferents listed 
in Table 14.1. and TCAs is due to the fused 3-ring system (two of which are 
usually aromatic) which results in limited unique structural features for Ab 
production and ultimately decreasing the selectivity of the assay. 

Pseudo-false positive tests occur when screening or confi rmatory tests 
detect an illicit drug or its metabolite in urine when the drug was not actu-
ally ingested, but rather, may have originated from the use of a legal sub-
stance that contained detectable amounts of an illicit or licit substance or 
the metabolic conversion of an ingested licit or prescribed drug into a dif-
ferent yet structurally-related species. 

Th e specifi city of capture Abs has been reported to vary between dif-
ferent manufacturers of immunoassay reagents and can also aff ect assay 
results. Th erefore, positive results are always considered presumptive until 
the urine sample undergoes confi rmatory testing via gas chromatography-
mass spectrometry (GC-MS) or high performance liquid chromatography 
(HPLC) coupled with mass spectrometry (LC-MS). Commonly used con-
fi rmatory testing methods will be discussed in the next section.

To improve detection of drugs of abuse, drug screening immunoassays 
are oft en calibrated with a single representative drug within a class of drugs. 
A description of a barbiturate assay with a cutoff  value of 200 ng/ml may give 
the false impressions that the assay can be used in urine drug screening to 
detect any barbiturate at that concentration when that cutoff  is actually only 
accurate for secobarbital. Other related drugs such as amobarbital, pentobar-
bital, and phenobarbital may vary widely in their ability to bind to capture 
Abs in the same immunoassay resulting in diff ering cutoff  values. 

New drugs that may interfere and cause false-positive results with specifi c 
immunoassays continue to be identifi ed. Fenderson et. al. recently reported 
the fi rst case of atomoxetine (a selective norepinephrine reuptake inhibitor 
commonly prescribed as a nonstimulant treatment for ADHD) and/or its 
metabolites resulting in a false-positive urine toxicological drug screen in a 
young female patient with CEDIA developed for amphetamine detection.36 

14.6  Confi rmatory Secondary Testing Using 
Chromatography Instruments

Gas chromatography–mass spectrometry (GC-MS) analysis of urine can be 
used to confi rm the identity of a specifi c drug of abuse and/or its relevant 



The Role of Immunoassays in Urine Drug Screening  519

metabolites. Liquid chromatography–mass spectrometry (LC-MS) UDT is 
typically used to detect for specifi c categories of illicit drugs rather than an 
individual drug or its common metabolite. A typical drug screen confi rma-
tory testing procedure begins with sample preparation by hydrolysis (where 
applicable), organic solvent extraction of the drug metabolites, and derivatiza-
tion (when necessary) [43]. Confi rmatory testing of drugs of abuse such as 
cannabis, cocaine, amphetamine, and phencyclidine by GC-MS requires only 
0.2–0.5 mL of urine sample [43]. Th e concentrations of major metabolites 
are confi rmed by comparing the abundance of major ions (i.e., y-axis peak 
heights that are indicative of the species concentration) and the observed 
retention times of drug metabolites in the urine sample (i.e. x-axis values for 
major peaks used to confi rm the identity of the chemical species) with those 
of the established analytical standards. Libraries of mass spectra for common 
illicit and licit drugs can also help confi rm the identity of the drug of abuse as 
each chemical species has a unique mass spectrum with series of sharp lines 
that can act as a “chemical fi ngerprint.” All newly developed GC-MS methods 
are tested against urine samples already screened to be positive or negative by 
well-validated immunoassays to establish the accuracy of the new methods.

14.6.1 Gas Chromatography–Mass Spectrometry (GC-MS)

Gas chromatography (GC) is an instrumental chromatographic method 
that can be used to separate volatile organic compounds. A GC-MS con-
sists of a fl owing mobile phase (MP), a heated injection port, a long column 
containing the stationary phase (SP), which aids in separation of the diff er-
ent sample components, and a detector (in this case a mass spectrometer 
(MS)). Th e MP is generally an inert gas such as helium, argon, or nitro-
gen. Th e injection port for sample introduction is maintained at a higher 
temperature than the boiling point of the least volatile component in the 
sample. Th e GC column, the heart of the instrument, is housed in a temper-
ature-controlled oven. Long (5–100 m) capillary GC columns with small 
(0.05–0.5 mm) inner diameter are usually used and only require microliter 
volumes of the sample. Th e drugs and/or their metabolites contained in the 
urine sample are separated due to diff erences in their partitioning behavior 
when in the mobile gas phase or the stationary phase (contained in the GC 
columns) and thus, arrive at the detector at diff erent times.

Mass spectrometers (MS) are extremely sensitive detectors commonly 
used in various tandem instrumental analysis approaches such as in 
GC-MS. A mass spectrometer utilizes the diff erence in mass-to-charge 
ratio (m/z) of ionized gas-phase sample molecules and their fragments to 
separate them, in space or time, inside a mass analyzer resulting in sharp 
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peaks or lines on a signal vs. m/z spectrum. Mass spectrometers can be 
used to obtain chemical and structural information such as the molar mass 
of the sample molecule via analysis of a molecular ion peak, which helps 
identify the drug molecule or its metabolite. Th e molecular ion peak (M+) 
is oft en the peak with the highest molecular weight and lowest intensity. 
M+ represents an ion, which consists of the sample molecule minus an elec-
tron. Diff erent molecules have distinctive fragmentation patterns inside a 
MS, akin to a chemical fi ngerprint, that allows the determination of their 
structural components such as functional groups, molecular fragments 
and ultimately the molecular identity. Th e magnitude of the MS signal at 
each m/z peak may also be used to quantify the molecules in the specimen.

Th e series of events that occur inside a typical MS begin with the ioniza-
tion of the gas-phase sample, thereby generating gas-phase ions. During 
the separation step, a mass analyzer uses electric and magnetic fi elds to 
change the speed and direction of the ions according to their mass-to-
charge ratios. Th ere are various diff erent types of mass analyzers such as 
quadrupole and time-of-fl ight to name a few. Eventually the ions terminate 
their journey by striking the sensor of the detector, which measures the 
electrical charge induced or the current produced by the ions. Th e entire 
MS is in a high-vacuum system, which is required to avoid unnecessary 
collisions between the sample ions and air molecules prior to  reaching the 
detector. 

When the combination of an immunoassay screening test and a GC-MS 
confi rmatory test both give a positive test result for the presence of an 
illicit drug, the proof to a legal standard of certainty has been achieved. 
Other uses for GC-MS in a clinical or forensic setting include the accurate 
determination of blood alcohol level and the identifi cation of unknown 
substances. 

14.6.2  Liquid chromatography–Mass Spectrometry/Mass 
Spectrometry (LC-MS/MS)

Liquid chromatography–mass spectrometry/mass spectrometry is a hybrid 
instrumental analysis method that combines the physical separation capabili-
ties of high performance liquid chromatography (HPLC) with the structural, 
chemical and mass analysis capabilities of mass spectrometry detection that 
were discussed above. HPLC is a popular automated chromatographic tech-
nique in which the liquid mobile phase fl ows through an analytical column 
packed with solid stationary phase (SP) particles. Unlike GC, HPLC can also 
be used to analyze nonvolatile sample components that have higher molecu-
lar weights. Th e physical separation and the time of elution are determined 
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by the intermolecular interactions of the sample components with the SP 
particles inside the column vs. the mobile phase (MP).

Validated LC-MS/MS procedures exist as confi rmatory tests for many drugs 
of abuse. However, these procedures can be very time-consuming as signifi cant 
amount of sample preparation including extractions and derivatization steps 
are required prior to analyzing the sample. For example, a method to detect 
metabolites of fi ve synthetic cannabinoids (JWH-018, JWH-019, JWH-073, 
JWH-250 and AM-2201) consists of adding two internal standards to aliquots 
of urine sample that are fi rst enzymatically hydrolyzed at pH 5.5, then made 
basic with the addition of sodium hydroxide and extracted into methyl t-butyl 
ether [23]. Following evaporation, the samples were reconstituted using a 
mixture of water and mobile phase for chromatography prior to analysis by 
LC-MS/MS. Confi rmation of positive results from analysis was based on sig-
nal responses that exceeded those of the cutoff  calibrators as well as correlating 
retention times and transition ion ratios within defi ned limits [23].

Conclusion

Urine drug screening plays an important role in modern health care, ath-
letics, the military, legal and criminal justice system. For instance, it can 
be used to detect drug abuse at the workplace, drug overdose, monitor-
ing therapeutic drug levels as well as adherence to a prescribed drug regi-
men at a pain management clinic and certain other medical settings. In 
addition, urine drug testing with immunoassays is an easy, noninvasive 
method, which provides access to rapid results. Also, easy-to-use point of 
care urine drug screening devices that can be used in homes, the work-
place or in clinical settings are available from numerous manufacturers. 
However, urine specimen validity must be considered by personnel han-
dling the samples prior to any analytical testing. Due to certain inherent 
limitations such as cross-reactivity between assay Abs and molecules that 
are structurally similar to the target analyte (a drug), it is recommended 
that validation of routinely used immunoassays be performed for each 
analyte. When positive results are obtained from immunoassay screening 
test, it is important to note that they are presumptive, and further confi r-
matory testing based on diff erent separation and detection principles (i.e., 
chromatography-mass spectrometry) may be required. In legal settings, a 
combination of the urine drug screening by a well validated immunoassay 
with a confi rmatory chromatographic test by a GC-MS or an LC-MS are 
used to provide reliable test results. However, the cost of and time involved 
in performing confi rmatory testing limits their use in some hospitals. 
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