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Preface
This book represents recent developments and research activities in the field of nano-
materials with particular focus on biological and pharmaceutical applications.

The book is divided into four sections, each comprising chapters with a com-
mon theme. Section I contains seven chapters dealing with nanomaterials for drug 
delivery. Topics covered in Section I include stimuli-responsive nanostructured silica 
matrixes, gold nanoparticles, and liposomes for targeting drug delivery applications 
and dental applications. In addition, material on nanocarriers and nanoparticles as 
cancer therapeutics and as peptide therapeutics are covered in this section. Section II 
consists of two chapters dedicated to antimicrobial nanomaterials. Section II covers 
topics on the influence of surface characteristics on microbial adhesion and summa-
rizes recent advances in antimicrobial nanostructured polymers for medical applica-
tions. Section III contains five chapters dealing with nanomaterials in biosensors, 
and Section IV consists of a single chapter on safety of nanomaterials. Section III 
covers recent advances in nanodiagnostic techniques for infectious agents, chromo-
genic biosensors for pathogen detection and electrochemical biosensors for detecting 
DNA damage and genotoxicity, and molecular imaging with quantum dots including 
surface modifications by polymers for biosensing applications.

The authors who contributed to this book are very experienced researchers with 
years of experience in industry and academia. All of the book contributors are 
experts in their field with considerable experience in researching, developing, and 
applying the proposed techniques. We sincerely hope that the information in this 
book will be a valuable resource for clinicians, microbiologists, cell biologists, phar-
macists, chemists, and material scientists. This fascinating and comprehensive book 
will reinforce the multidisciplinary nature of the nanomaterial field.

Polina Prokopovich
Cardiff University, United Kingdom
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1 Stimuli-Responsive 
Nanostructured Silica 
Matrix Targeting Drug 
Delivery Applications

Sanghoon Kim, Nadia Canilho, and Andreea Pasc

ABSTRACT

Nowadays, challenges in drug delivery include engineering intelligent 
vectors for simultaneous diagnosis and treatment, vectors that are safe, eas-
ily administered, and with a reduced cost. Moreover, there is an increasing 
need for controlling the delivery with respect to the dose and the site level, 
in order to decrease adverse side effects. As a matter of fact, many important 
site-selective drugs, such as highly toxic antitumor molecules, require “zero 
release” before reaching the targeted cells or tissues. This chapter underlines 
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4 Biological and Pharmaceutical Applications of Nanomaterials

the latest progress made in controlled drug delivery through external stimuli 
such as magnetic field, irradiation, or temperature, to cite a few examples.

Keywords: Mesoporous silica, Drug delivery, Stimuli-responsive materials

1.1 � SILICA RESPONDING TO CHALLENGES IN DRUG DELIVERY

The ongoing development in drug delivery technologies takes into account primary 
factors such as the nature of therapeutics being delivered, the mode of administration 
beneficial to the patient, the well-being of the employees, and cost.

1.1.1 � Porous Materials

In addition, the current challenges consist of considering therapeutic and physiologi-
cal criteria for the development of drug delivery devices that

•	 Improve drug efficiency
•	 Reduce drug side effects
•	 Control sustained drug release
•	 Increase drug bioavailability
•	 Facilitate drug administration and use compliance

Implants and cancer treatments have opened the way to new materials and biocom-
patible therapeutic systems.1 Indeed, in this field, the nature of the vector is a strategic 
choice from a medical point of view. For a long time, biocompatible polymers, either 
pH or thermally sensitive, have been used as drug delivery systems (DDSs), but poly-
meric carriers have a limited efficacy in terms of drug loading, especially because of 
their low porosity, and therefore, research leaned toward porous materials with high 
pore volume and specific surface. One example is carbon nanotubes (i.e., single walled 
and multiwalled). These nanomaterials have shown interesting results as drug carriers; 
however, their use is rather limited owing to their lack of biodegradability and toxicity 
resulting from their accumulation in body tissues. Inorganic biomaterials seem to be 
the most advantageous type. This is attributed to their porosity (withstanding load-
ing capacity), thermal and chemical stability, and their resistance to corrosion under 
physiological conditions. They are also appreciated for their good biocompatibility 
but present a lower degradable rate except for silica-based biomaterials. In addition, 
their inherent physical and chemical properties can prove beneficial to various medical 
applications. Hence, porous silica materials are currently the subject of great interest 
because of their biocompatibility and high loading drug capacity. Moreover, therapeu-
tic drug nanoparticle carriers are mainly designed to overcome some drug constraints 
such as poor solubility, limited stability, rapid metabolization, drug excretion, unde-
sired side effects, and lack of selectivity toward specific cell types.

However, in order to design a specific drug release system (DDS), the latter pre-
requisites must be integrated to the porous silica support through several function-
alization ways that are constantly under study and that contribute to controlling the 

  



5Nanostructured Silica Matrix Targeting Drug Delivery Applications

molecular drug release at an appropriate rate.2 Such criteria are also valid for oral drug 
release delivery of pharmaceutical molecules, protein, and nucleotide-based drugs.

Among silica vectors, mesoporous silica nanoparticles (MSNs) are being extensively 
studied to design multifunctional cargo to achieve drug release under different stimuli-
responsive trigger systems (see Figure 1.1).3 The tuning of MSNs must also improve 
biocompatibility and prevent endosomal escape. Thus, nanoparticles can be hybrid 
organic–inorganic core–shell types where targeting ligands for specific cellular recogni-
tion or markers for the particle tracking in the cells are attached on the organic shell.

Another challenge for MSN cargos is particle sizing. In fact, it is now well known 
that some synthesis parameters such as concentration, pH medium, chemical nature of 
the surfactants, temperature, and reaction time enable control of the morphology, the 
structure, and the pore size of the mesoporous silica material.4–8 Nevertheless, for drug 
delivery into cells, particle size must be less than 120 nm to facilitate endocytic uptake.9

1.1.2 �A dministration Route

Although the methods of treatment are relatively specific to each disease, in the case 
of cancer, multiple administration routes are explored:

•	 Intravenous injection
•	 Pulmonary inhalation
•	 Dermal application

Gatekeeper
SPION
Au-NP
Biotin-avidin
Cyclodextrin
Rotaxane
Polymer
Polysaccharides
etc.

Targeting ligand
Folate
RGD
EGF
Antibody
DNA aptamer

Endosomal escape-
trigger
Photosensitizer
PEI
H5WYG

Cargo
Fluorescent dye

Anticancer drug
Anti-inflammatory drug

Antibiotic

Multifunctional MSN

Tracking marker
Fluorescent dye

SPION
QD

Spacer
PEG-linker

Biocompatible polymer

FIGURE 1.1  Schematic illustration of a multifunctional MSN containing the necessary fea-
tures for a stimuli-responsive controlled release of the loaded cargo into the cytosol of a targeted 
cell. Au-NP, gold nanoparticle; EGF, epidermal growth factor; H5WYG, endosomolytic pep-
tide; PEG, poly(ethylene glycol); PEI, poly(ethylene imine); QD, quantum dot; RGD, Arg-
Gly-Asp amino acid sequence; SPION, superparamagnetic iron oxide nanoparticle. (Reprinted 
with permission from C. Argyo et al., Multifunctional mesoporous silica nanoparticles as a 
universal platform for drug delivery, Chem. Mater., 26, 435–451. Copyright 2014 American 
Chemical Society.)
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•	 Oral uptake
•	 Local drug delivery

There are specific constraints linked to the administration route. In the case of local 
DDSs, 2D ordered nanoporous alumina with any connection between the channels and 
nanotubular titania are the most advanced and smart drug-releasing implants.10 They are 
biocompatible materials, able to load important amounts of drug into the nanostructured 
matrix and release chemicals, with zero-order kinetics, under various release triggers 
(magnetic field, ultrasonication, and radiofrequency). Despite the continuously extend-
ing range of applications (including bone therapies, cardiovascular stents, postsurgical 
healing, and treatment of localized infection, inflammation, or cancer), these systems are 
limited to therapies in which an implantable device can be introduced.

Oral administration has been exploited for most drugs because of several great 
advantages such as production cost, varied packaging, and user-friendliness. Pills or 
capsules are general forms of drugs for the oral route. Both products in question do 
not need to be sterilized, hence dramatically reducing production and logistic costs for 
the pharmaceutical industry. Being able to use several excipients is also an advantage 
for drugs that are orally administered. Extended or sustained drug release can be eas-
ily achieved using specific excipients like polymeric matrix based on xanthan gum.11 
Oral drug delivery technologies have also been developed to protect the drug from 
the acidic environment of the digestive tract up to the gastrointestinal barrier where 
it should be released. However, one disadvantage, specifically in cancer therapy, is 
that vectors could generate side effects and have limited effectiveness mainly because 
of the lack of target specificity.1 Moreover, oral administration might limit the bio-
availability of the active ingredient. Some of the hydrophobic active ingredients like 
curcumin show extremely poor bioavailability that might be caused by its insolubility 
in water, poor absorption, rapid metabolism, and systemic elimination.12 In addition, 
absorbed drug must pass the liver that accelerates rapid metabolism; as a result, the 
drug becomes less active. This phenomenon is often called first-pass effect.13 Another 
disadvantage is that drug absorption is highly dependent on the interaction with food 
in the stomach. For instance, some drugs such as griseofulvin showed poor adsorption 
in the presence of food; however, the absorption ability of propranolol is enhanced in 
the presence of food. Despite this fact, the relation between drug and food has not been 
systematically studied; each case should be taken into consideration.14 Additionally, 
the size might also cause a minor problem for patients, particularly in children, who 
rarely swallow sizable tablets or capsules as a whole.15 Thus, often most ingredients 
for drug in tablet form are pharmaceutically inactive excipients; hence, reducing or 
replacing some excipients could reduce drug size and enhance user-friendliness.16

Actually, many studies have been conducted that tried to overcome the disadvan-
tages concerning oral drugs. Nonetheless, no “magical” system has been proposed as 
a solution to the problems mentioned above, perhaps except for MSNs.

MSNs have well-ordered mesopores (2–50 nm) with high pore volume as well as 
large surface area. Drug molecules can be encapsulated inside mesopores without 
difficulty. MSN matrix can also serve as a good barrier for drug molecules; there-
fore, many problems concerning bioavailability or interaction with food would be 
resolved or have already been solved.17
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The field of application for MSN is not limited to oral administration; it might be 
extended to topical administration. Based on the target, this administration can be 
divided into two general terms: (1) skin and (2) mucosal membrane system. If the tar-
get is the human skin (case 1), one of the traditional formulations of the drug is a cream 
or ointment for direct dermal application. Patch form formulation has also been widely 
used, especially for stop-smoking therapy.18 These formulations have numerous advan-
tages (e.g., no first-pass effect, user-friendliness). Moreover, controlled DDS could also 
be achieved with formulation in patch form that consists of several membrane sheets. 
However, the cost of production is not as low as that for the tablet or capsule formula-
tion. In particular, for cream and ointment, highly purified water is needed because of 
the risk of bacterial proliferation. Furthermore, a large amount of additives (the toxic-
ity of some of which remains controversial) should be added for the same reason.19 
In addition, for cream and ointment, drug burst release, along with the degradation 
of the initial formulation, is a limiting factor for certain active ingredients. Targeting 
the mucosal membrane system (case 2) is a more complicated challenge, compared to 
a direct application on skin. In general, human mucosal membranes like nasal (nose) 
and buccal (oral) mucosal membranes are “naked” outside and are directly affected by 
the external environment, owing to the lack of physical barrier (skin).20 Thus, in terms 
of formulation, only few excipients are allowed and the use of irritating preservatives 
is strictly prohibited. Moreover, highly clean production conditions and an appropri-
ate logistic system are required, which result in an expensive drug for the customers. 
Here, using MSN in formulations can also be an alternative way to overcome these 
issues. As explained, a drug that is encapsulated inside MSNs is not directly exposed 
to the external environment; thus, a well-protected drug has fewer chances of being 
degraded and hence additive use is considerably reduced. Additionally, the response 
of MSN to the pH of the skin or temperature can provide “perfect” tools for some 
formulations that have systematic burst release. (Note that the pH of human skin is 
slightly acidic [4–5],21 and skin temperature is around 31°C.22) A detailed explanation 
on stimuli-responsive MSN strategy will be covered later in this chapter.

MSNs would also have a distinguishable position among drugs for intravascular 
(parenteral) administration. Taking a careful look into intravascular drug adminis-
tration, multiple disadvantages have been ignored as a result of the good bioavail-
ability of the drugs. A high concentration of the drug by injection can lead to side 
effects; hence, multiple injections with low concentration have been performed, 
causing serious discomfort for patients. For instance, during chemotherapy, anti-
emetic medication (ondansetron [brand name, Zofran]) should be injected several 
times a day to maintain therapeutic concentration in the blood. However, MSNs, the 
sustained release performance of which is already confirmed,2 could be applied to 
intravascular administration. Only through the use of an active ingredient or with a 
small amount of excipients for the injection of the drug formulation have scientists 
confirmed that MSNs of less than 150 nm diameter have no side effects on rat cells.9 
Besides, MSN uptake rate into cells (endocytosis) and drug release rate showed that 
MSN might be an outstanding candidate to replace the traditional injection method.2

As highlighted above, MSN has revealed some advantages whatever the adminis-
tration route. Yet, the first clinical tests are not planned in the near future. As of 2014, 
drug-MSN carriers are only at the in vivo stage in mouse or rabbit, and the first clinical 
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tests are planned for 2017.23 It seems that, to date, the most advanced application of 
MSN in vivo is in bone regeneration. Indeed, MSN embedded inside bioceramic or 
bioglasses could easily bypass some problems such as toxicity or bioavailability.24

1.2 � NANOSTRUCTURED SILICA: SUITABLE MATRIX 
FOR LOADING AND RELEASE

In the last two decades, investigations on hollow silica structures or silica nanocapsules 
have been engaged in the development of chemical and physicochemical synthesis 
approaches via the sol-gel process,25,26 emulsion/interfacial polymerization meth-
ods,27–29 or colloidal templating. The most used methods are illustrated in Figure 1.2.30

Hard templates such as SiO2, C spheres, polymers, or metal particle lead to good 
morphology and size control from microns to a few nanometers, while with soft 
templates such as oil and vesicles, the hollow particles usually present poor mono-
dispersity and high deformability because of the soft core.29,31–33

The template-free method seems to be a new approach for the synthesis of inor-
ganic hollow particles. This method combines the advantage of hard- and soft-template 
approaches, thus dodging the template-removing procedure. It is based on the Oswald 
ripening process where “the larger crystals grow from those of smaller size, which 
have higher solubility than the larger ones.”34 Then, small crystals undergoing dis-
solution become a nutrient supply for the growth of larger ones. Because of driving 
forces that tend to minimize the surface energy, particles aggregate and the larger 
ones continue to grow. Voids begin to appear progressively during the diffusion of sol-
ute. This solute diffusion phenomenon regulates the thickness of the shell.35–40 As an 
example, Hah et al. prepared hollow silica particles in two steps: hydrolysis of phenyl-
trimethoxysilane under acidic conditions followed by silane condensation under basic 

Self-assembly templating Dual templating Soft or hard templating

Mesoporous material Meso and macroporous material Macroporous material

Macropores

Mesopores

FIGURE 1.2  Schematic illustration of colloidal templating routes.
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conditions resulting in monodisperse hollow silica particles. The particle sizing has 
been controlled through hydrolysis time and a 400-nm diameter was reached.41

Spherical hollow silica structures with porous shell are also extensively explored 
to design controlled delivery biomedical materials. They allow for larger loading 
capacity to encapsulate drugs, genes, or biological molecules and small molecules 
that are generally stimuli sensitive in the shell.42–44 Pasc et al. prepared meso-
macroporous silica hallow particles using a co-templated approach. Monodisperse-
sized particles were obtained, and the porosity was controlled using solid lipid 
nanoparticles as soft template for macropores and a block copolymer surfactant as 
template for the mesoporous network.45

Hollow particles combining silica with inorganic composites such as TiO2, ZnO, 
or polymer were also designed. In summary, silica could be used either as an adsor-
bent or as an anchor layer, a protective and a biocompatible shell that could be meso-
porous when a controlled drug administration function is expected.

Originally, hollow particles were largely used as simple cargo for drug adminis-
tration. Over time and with the development of new biomedical approaches, magnetic 
and fluorescent hollow spheres have been preferred for medical imaging applications 
as markers or trackers for tumor cells.46–49

Some others silica matrixes such as nanosilica fibers have been investigated to 
design biomaterials as well, but since there is a limitation in using simple nonporous 
silica fibers as drug vectors, synthesis research has been rapidly oriented to using 
prepared nanoporous silica. In this context, the work of Stucky et al. and Linton et al. 
highlighted the major synthesis parameters capable of influencing particle morphol-
ogy to obtain mesoporous nanorods.

In 2000, Stucky et al. were interested in controlling the morphology of mesopo-
rous silica materials using a combination of block copolymers, cosurfactants, cosol-
vents, or strong electrolytes. Under acid conditions, long mesoporous SBA-15 fibers 
were successfully prepared by using poly(ethylene oxide)-block–poly(propylene 
oxide)-block–poly(ethylene oxide) triblock copolymer (EO20PO70EO20) as a structure-
directing agent and tetramethyl orthosilicate as a silica source.50 More recently, 
Linton et al. have investigated the mechanism for the aggregate growth of mesopo-
rous particles in order to control particle size.51

Furthermore, Ding et al. succeeded in obtaining SBA-15 nanorods by adjusting 
the pH media in the range of 0.5 to 2.5. Through their application, they noticed that 
SBA-15 rod morphology improved the adsorption of enzymes when compared to 
conventional spheric particles.52

Numerous investigations through the years lead to the synthesis of porous silica 
nanotubes by variable templating sol-gel methods using inorganic, organic, bio-
logical templates; reverse microemulsions; or electrospinning.53–57 The biosilicifica-
tion principle inspired from various marine biological systems, such as diatoms or 
sponges, is also an interesting route to synthesize hollow porous silica fibers under 
mild conditions.58 It was demonstrated that long-chain polyamines are intimately 
linked to the biosilicification process in the case of diatoms. After this finding, many 
efforts have been made in using organic templates such as self-assembled fibrils 
of polypeptides59–61 or amine-modified polysaccharides62 to synthesize silica nano-
tubes. In this way, silica with an outer diameter of 15 to 20 nm could be obtained.
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As for hexagonal mesoporous silica (HMS), silica nanotubes are also designed to 
be stimuli responsive. The first DDS based on magnetic nanoparticles consisted of 
mesoporous silica nanorods where pores were end capped by magnetic Fe3O4 nanopar-
ticles linked to nanorods through a chemically labile disulfide function. Human cells 
secrete antioxidant agents such as dihydrolipoic acid and dithiothreitol (DTT) that 
are capable of cleaving disulfide bonds.63 More importantly, the silica fibers show 
a strong self-activated luminescence ranging from 300 to 600 nm, and centered at 
405 nm, without rare earth or transition metal ions as activators. This sample could 
be potentially used as an environmentally friendly luminescent material.

Thereby, interesting optical properties of nanofibers have been enhanced in vari-
ous researches during the last few years, including those discovered by Hou et al. 
with porous SiO2 composite fibers. They are focused on developing synthetic proto-
cols to make high-energy luminescent porous composite fibers of NaYF4:Yb3+,Er3+@
SiO2 useful for bioimaging.64

Concerning mesoporous silica materials (MSNs), since the discovery of the 
MCM-41 mesostructure (Mobil Crystalline Material), many other MSNs have been 
developed with different ionic or nonionic surfactants or copolymers to obtain mate-
rials combining variable pore size and morphology together with high surface area 
and volume.65–68

It is increasingly difficult to describe the entire synthetic route specific to each 
type of MSN, but it is well known now that mesoporous materials can be prepared 
from surfactant or small block copolymer templates self-assembled into liquid crys-
tal mesophases, which tailor the arrangement of silica mesopores. Moreover, all the 
investigations conducted to date converge to the unanimous result that the most sig-
nificant reaction parameters to tune the morphology and the size of the particles are 
the pH value, the temperature, the surfactant concentration, the water content, and 
the silica source.69 Those latest parameters parameters have a strong impact in the 
silica condensation rate.70,71

Then, through mastering the condition of reactions, it is possible to obtain meso-
porous particles at the nanoscale level. As a result, drug delivery vectors have expe-
rienced a revival with the first ibuprofen encapsulation in MCM-41 proposed by 
Vallet-Regí et al. in 2001.72

Since then, MSNs have been extensively studied to design biomaterials for con-
trolling release delivery of pharmaceutical drugs, genes, or proteins and even bio-
cides and nutriments to the target sites.

Compared to nonporous silica nanoparticles, mesoporous silica materials within 
particular hexagonally ordered pores present several advantages such as large spe-
cific area, tunable pore diameter, and surface chemistry for hosting molecules with 
different sizes, shapes, and functionalities.

As a drug release vector, it is much more difficult to control release in the case of 
hollow nanoparticles than in MSNs. In fact, HMS has many interconnected pores lead-
ing to the central reservoir. A capping of the pore openings is systematically carried 
out to prevent the entrapped drug leaching, whereas in the case of MSNs, end capping 
is much more convenient and efficient to keep the drug inside mesopores, because the 
pore network consists of unconnected parallel channels with only two openings.
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Mesoporous silica material can be functionalized by stimulable molecules or 
directly by the drug molecule via two main routes. The first is by “one pot” where 
organic molecules are co-condensed at the same time as the silica source.73 The 
second is by postsynthesis of the silica material. In the latter case, MSN is generally 
immersed in a solution containing the molecules to be grafted and thus attached 
covalently or physically (depending on the trigger release) to the silica surface and 
walls.74

As an example, Lin et al. used different chain lengths of alkyl methylimidazolium 
cationic surfactants as template and its antibacterial effect on Escherichia coli K12.75

Today, the challenges no longer concern the synthesis itself, but the requirements 
and constant adaptations imposed by the bioscience field.

1.3 � STIMULI-RESPONSIVE NANOSTRUCTURED SILICA MATERIALS

Usually, the MSN functionalization process can be done following two methods: 
co-condensation, also called one-pot synthesis, and grafting or postsynthesis modifi-
cation including the surface coating on MSN.76–79 Co-condensation is in general inter-
esting as it produces an inorganic–organic hybrid network, and the method allows 
introduction of both acidic and basic functional groups into MSN for pH stimuli.66,80,81

Grafting is made on free silanol groups after the synthesis of MSNs especially 
when external surface modification is needed82,83 to facilitate, for example, disper-
sion in biological environment or to prevent particle aggregation.

Another postsynthesis functionalization is the imprint coating method where 
MSNs are coated with organic molecules with specific binding such as ligands for 
ionic complexation.84–86

Ideally, it is expected that DDSs are capable of sensing external environment 
signals and releasing the therapeutic dose through appropriate external stimuli that 
could induce on–off switches to the delivery mechanism.

External MSN surface functionalization with organic and inorganic moieties 
aims not only to exhibit, for the drug delivery, specific multifunctional interactions 
triggered by specific environment stimuli but also to improve specific cell targeting, 
prevent premature release with large molecules as pore gating, improve biocompat-
ibility, and colloidal and chemical stability in the environment.87–89

Internal modification of MSN surface with organic entities is generally selected to 
control drug diffusion, delivery kinetics, and stability of the therapeutic molecules.90,91

As explained previously, stimuli-responsive MSNs are prepared via co-condensation 
or over a postsynthetic grafting step.66,92 The challenge is to control the location of the 
functional groups in mesoporous silica particles. An example of specific functional-
ization is gating, an important strategy for triggered release of the drug. Entities such 
as large molecular groups like proteins, superparamagnetic iron oxide nanoparticles, 
or gold nanoparticles are used as gatekeepers to block the pore entrances for efficient 
sealing of the interior of the cargo.93–96

MSNs are sometimes directly functionalized by the molecular drug inside the 
pores through covalent or coordinative bonds cleavable by specific stimuli such as 
reducing agents, competitive binding molecules, or ultraviolet (UV) light.97–102
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Very good pore sealing can also be achieved by a complete coating of the MSNs. 
For instance, polymers, oligonucleotides, or supported lipid bilayers have been shown 
to prevent premature cargo release.103–112 Often, phase transitions or competitive dis-
placement reactions lead to opening of the pores and efficient cargo delivery.113,114

Usually, molecules or entities used as stimuli are classified into six categories of 
stimuli: pH, temperature, redox, magnetic, light, and biological stimuli.115–118 The 
first studies on stimuli-responsive materials focused only on pH and temperature. 
Now, chemical science has succeeded in combining several stimuli.

1.3.1 � pH Stimuli-Responsive MSN

MSN with pH responsiveness is one of the earliest investigation of MSN in drug 
delivery; the first application was conducted by Vallet-Regí et al. in 2001.72 The use 
of interaction between the drug and silica matrix, such as hydrogen bonding or elec-
trostatic interaction, is a common method to load and release the “guest” drug mol-
ecule. As already known, these interactions can be more or less strong as a function 
of the pH. This is the basic concept of pH-responsive DDS based on MSN. However, 
without inner surface modification of mesoporous silica, only weak hydrogen bond-
ing involving the silanol group could be expected. Thus, the guest drug molecule 
should contain a hydrogen bonding group to improve drug loading efficiency.

To overcome this disadvantage of mesoporous silica as DDS, scientists have con-
ducted several modifications of silica nanoparticles by various functional groups 
such as amino90 or carboxylate.91 Among some outstanding results, Balas et al. 
showed the confinement and the controlled release of alendronate from MCM-41-
type mesoporous silica.119 Alendronate is a bisphosphonate, used as a model drug 
in osteoporosis treatment. It can be loaded into amino-functionalized mesoporous 
MCM-41 at pH 4.8 and released by increasing the pH up to 7.4 where electrostatic 
interaction between the guest molecule and the host mesoporous silica becomes too 
weak.

Metal-involved coordination bonding–based mesoporous silica is also a good 
approach for pH-responsive DDS. Zheng et al. reported a construction of a coordi-
nation bonding “host–metal–drug” architecture using amino-functionalized meso-
porous silica (APS) and doxorubicin (DOX) as model drug.120 As it is well known, 
NH2–metal or metal–drug coordination bonding can be broken off as pH decreases 
such that pH can trigger drug release from mesoporous silica material in these sys-
tems. Indeed, suitable host–metal–drug matching is required for its application and 
the number of functionalized sites such as the amino group should be controlled 
to reach a maximum drug loading. For instance, the “NH2–Cu–DOX” architecture 
showed a highly sensitive pH-responsive release profile compared to the “NH2–Zn–
DOX” architecture (see Figure 1.3).

Although the concept that relies on host–guest interaction showed enormous 
applications and its potential for pH-responsive DDS, a good matching between guest 
molecule and host silica matrix is always necessary; hence, wide use of this strat-
egy is sometimes limited. The limit of host–guest interaction–based pH-responsive 
DDS can be overcome by the gatekeeping strategy. In fact, the gatekeeping strategy 
was first introduced by Lin et al. in 2003 using CdS nanoparticles that capped the 
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mesopore’s “gate” that contained the drug.87 In this system, the stimulus to trigger 
the drug release is not pH but external magnetic field, which will be discussed later.

For pH stimuli–responsive DDS, Liu et al. developed pH-responsive gold-capped 
mesoporous silica through an acetal linker.121 First, the outer surface of mesopo-
rous silica is functionalized by a carboxylic acid group. This can react with one of 
the amino group of a di-amino di-acetal linker. After drug loading, the mesopore’s 
“gates” were then capped by carboxylic acid–modified gold nanoparticles. The lat-
est were attached to the modified silica surface via the remaining free amino side 
groups bared by the di-amino di-acetal linker. Thus, the acid-cleavable acetal bond 
linking the modified mesoporous silica to the gold nanoparticles showed an efficient 
gate-capping ability at neutral pH. Since the stability of acetal bonding is highly 
dependent on pH, drug delivery can be triggered by acidic pH and release rate can 
also be controlled as a function of pH (see Figure 1.4).

Another strategy for pH-responsive gatekeeping is to use a supramolecular system 
as capping agent.122–124 For instance, the efficient supramolecular nanovalve based on 
cucurbit[6]uril (CB[6]) was developed by Zink et al.125 The gatekeeping method aims 
to create a nanovalve using CB[6]-induced 1,3-cycloaddition of azidoethylamine 
on alkyne-functionalized MCM-41. The final material contains two amine groups 
and CB[6] as gatekeeper on the linker. The nanovalve can be opened by adjusting 
the pH at 10 where the deprotonation of amine can disrupt ion–dipole interaction 
between the linker and CB[6] ring, and the rhodamine B (RhB) is released as shown 
in Figure 1.5.

An alternative way to cap mesopore gates is to use a pH-sensitive polymer as 
coating agent for the outer surface of mesoporous silica. A tremendous challenge in 
oral drug administration is that some drugs based on proteins or peptides undergo 
degradation at low pH. These drugs’ absorption should take place in the intestine, 
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FIGURE 1.3  pH-responsive DOX release of NH2–Cu–DOX (a) and NH2–Zn–DOX (b) 
by acidification step by step. The AMS (anionic surfactant templated mesoporous sil-
ica) nanoparticle used here was synthesized with APS/C18GluA = 2.5. Cu(CH3COO)2 and 
Zn(CH3COO)2 have been used as metal sources. (Reprinted with permission from H. Zheng 
et al., Coordination bonding-based mesoporous silica for pH-responsive anticancer drug doxo-
rubicin delivery, J. Phys. Chem. C, 115, 16803–16813. Copyright 2011 American Chemical 
Society.)
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and as such, an effective drug protection at low pH is required. Choi et al. developed 
polymer-coated spherical mesoporous silica for pH-controlled delivery of insulin.126 
Because of the important molecular size of insulin, the pore diameter of mesopo-
rous silica was tuned up to 32 nm, which is 3- to 10-fold larger than classic meso-
porous silica. Moreover, the inner silica surface was modified by amino groups to 
increase insulin loading efficiency. Eudragit L100, which has been employed in oral 
administration formulation, was used to coat the outer surface of mesoporous silica 
(see Figure 1.6). Eudragit L100 polymer coating protects mesoporous silica very 
efficiently under low pH, and it can be dissolved above pH 5.5–6.0 provoking drug 
release.

Among some biocompatible coating agents, pH-responsive nutraceuticals have 
attracted much attention in the scientific community. Considered as functional food 
in some countries such as Canada, nutraceuticals are biocompatible and biodegrad-
able, and their production costs are much lower than classical biopolymers.127 Guillet-
Nicolas et al. prepared for oral DDS a mesoporous silica material functionalized by 
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FIGURE 1.4  Schematic illustration of pH-responsive nanogated ensemble based on gold-
capped mesoporous silica through acid-labile acetal linker. (Reprinted with permission from 
R. Liu et al., pH-responsive nanogated ensemble based on gold-capped mesoporous silica 
through an acid-labile acetal linker, J. Am. Chem. Soc., 132, 1500–1501. Copyright 2010 
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succinylated β-lactoglobulin, which is a pH-responsive nutraceutical. They succeeded 
in preventing drug release under stomach conditions with such a biopolymer coating. 
In fact, below pH 5, the coated MSN keeps the drug inside of its mesopores because 
of gelation of the succinylated β-lactoglobulin, whose isoelectric point is at pH 5. As 
pH increases, the biopolymer becomes permeable, allowing the release of the drug.
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FIGURE 1.5  Release of the RhB guest molecules monitored by following the luminescence 
intensity of the solution of nanoparticles with shorter linkers {6 ⊂ CB[6]} (blue trace). Control 
experiments without changing the pH value (red trace) were also performed. There was no 
leakage. (S. Angelos et al.: pH-responsive supramolecular nanovalves based on cucurbit[6]uril 
pseudorotaxanes. Angew. Chem. Int. Ed. 2008. 47. 2222–2226. Copyright Wiley-VCH Verlag 
GmbH & Co. KGaA. Reproduced with permission.)
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FIGURE 1.6  Schematic for the pH-controlled insulin delivery system based on pH-sensitive 
polymer coating of insulin-loaded spherical mesocellular foam (S-MCF) and its pH-responsive 
release. (S.R. Choi et al., Polymer-coated spherical mesoporous silica for pH-controlled deliv-
ery of insulin, J. Mater. Chem. B, 2, 616–619 (2014). Reproduced by permission of The Royal 
Society of Chemistry.)
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1.3.2 �T emperature-Responsive MSN

The synthesis of temperature-responsive mesoporous silica has been achieved using 
a thermosensitive polymer such as poly(N-isopropylacrylamide) (PNIPAM).128 
PNIPAM and its derivatives present a low critical solution temperature (LCST) 
between 30 and 35°C. Under chemical modification of these polymers, the LCST 
increases up to the local temperature of tumors, which is slightly higher than the 
normal temperature of the human body.129 At LCST, these polymers undergo a tran-
sition of conformation, resulting in the increase of hydrophobicity owing to the loss 
of hydrogen bonding between the solvent (water in most of the cases). This transition 
could be used to trigger the drug release form mesopores.

Zhu et al. reported grafting of PNIPAM inside mesoporous silica by atom transfer 
radical polymerization for the temperature-responsive drug release system.130 In this 
system, ibuprofen was used as the model drug, and it was attached to the PNIPAM 
chains inside mesopores by hydrogen bonding. The swelled PNIPAM chains pre-
vented the escape of the drug molecules from mesopores, once it was loaded inside. 
Increasing the temperature above LCST results in the conformation transition of 
PNIPAM, causing the breaking up of the hydrogen bonding and opening the meso-
pores by a decrease of its own polymer chains, which can trigger the drug release.
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FIGURE 1.7  (a) Schematic preparation process of magnetic MSN (M-MSN) and M-MSN/
P(NIPAM-co-NHMA). (b) Cumulative drug release of drug-loaded systems in PBS solution 
(pH 7.4): cumulative drug release from ZnPcS4@M-MSN/P(NIPAM-co-NHMA)-5-10 system 
in PBS solution at different temperatures. CTAB, cetyltrimethylammonium bromide; MPS, 
3-(trimethoxysilyl)propyl methacrylate. (C. Liu et al., Magnetic mesoporous silica micro-
spheres with thermo-sensitive polymer shell for controlled drug release, J. Mater. Chem., 19, 
4764–4770 (2009). Reproduced by permission of The Royal Society of Chemistry.)
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Another strategy that involves coating the outer surface of mesoporous silica by 
the derivatives of PNIPAM was demonstrated by Liu et al.131 N-isopropylacrylamide 
(NIPA) and N-hydroxymethylacrylamide (NHMA) were copolymerized at the shell 
of MCM-41-type silica that already contained Fe3O4 as magnetic-responsive agent. 
The copolymer showed LCST around 38°C–42°C, a more adequate temperature for 
tumor-targeting drug delivery than nonmodified PNIPA. The experimental results 
showed a highly temperature-responsive drug release profile in which at low tem-
perature, less than 10% of drug was “leaked” from mesopores (see Figure 1.7).

In the outer surface coating system, drug release temperature could also be eas-
ily customized using paraffins, which have various melting temperatures depending 
on alkyl chain length. Aznar et al. showed paraffin-capped MSNs as temperature-
responsive drug cargo.132 In this case, the outer surface of MCM-41 was functional-
ized with octadecyltrimethoxysilane. The alkyl chain interaction is mainly driven 
by London forces, which are able to form a hydrophobic layer around MCM-41. 
Increasing the temperature above the melting point of paraffins results in the capped 
mesopores opening and, thus, the release of the drug.

Schlossbauer et al. demonstrated that DNA could be used as an efficient capping 
agent of mesopores.133 In their system, the main strategy relies on the DNA strand 
melting property at the specific temperature of the oligonucleotide, provoking the 
mesoporous silica cargo to open to release the drug loaded within.

1.3.3 �R edox-Responsive MSN

Redox responsiveness is another powerful tool to control drug release from MSNs. 
Since the cleavage of disulfide bond (–S–S–) takes place in a reducing environment 
and most intracellular compartments can provide such a condition, the use of disul-
fide bond on mesoporous silica as a couple of redox stimuli is a good strategy to 
trigger drug release, especially inside cells. Moreover, in many tumor cells, the level 
of glutathione (GSH), a disulfide-reducing agent, is higher than normal cells and thus 
tumor-targeting drug delivery could also be achieved.134

Lin’s group, which first introduced the gatekeeping strategy in mesoporous silica, 
reported CdS nanoparticle-capped mesoporous silica through linkers of disulfide 
and amino groups on the inner surface of mesopores.87 Briefly, vancomycin and 
ATP (a neurotransmitter) were loaded into mesoporous silica, which was further 
capped by CdS nanoparticles. No leaking of the drugs was observed after capping 
mesopores. Drug release could be triggered by increasing the concentration in a 
disulfide-reducing agent (i.e., DTT), which cleaves disulfide bonds and unlocks the 
mesopores (see Figure 1.8).

Again, Lin et al. demonstrated that cysteine, which already contains a thiol group 
and might be toxic in an extracellular environment, could be loaded in thiol-modified 
MSNs without the capping method. Cysteine release can be triggered and regulated 
by redox stimuli, in this case, by the intracellular GSH’s level.135

Other authors also designed redox stimuli–responsive mesoporous silica based on 
disulfide bond, using the gatekeeping approach with CB[6] or a-CD rings136 or the 
polyethylene glycol (PEG) coating method via a cystine-based linker.137
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1.3.4 �L ight-Responsive MSN

Photoactive silica materials also became very useful in the control of drug deliv-
ery through organic light stimuli–sensitive molecules. Generally, they are grafted 
at the pore outlets and act as gatekeepers. In such systems, the drug delivery is 
activated by external light and usually drug molecules do not have a light absorp-
tion band overlapped with the gatekeeper molecules in order to follow the release 
efficiency.

In this context, Fujiwara et al. reported the first example of light stimuli–responsive 
MSNs, based on MCM-41, where the loading, storage, and drug release of model 
molecules (steroid cholestane, pyrene, phenanthrene, and progesterone) were con-
trolled by light. To do so, they functionalized MCM-41 materials with a photo-
sensitive coumarin derivative, the 7-[(3-triethoxysilyl)propoxy]coumarin, either by 
postsynthesis functionalization or by co-condensation. Then, modified MCM-41 
was loaded with drug by the impregnation method. This material was irradiated 
under UV light (>310 nm for 30 min) in order to form the gatekeepers, namely, the 
cyclobutane rings, which result from the photodimerization reaction between a pair 
of coumarin groups. Then, the drug was easily released since cyclobutane rings are 
photocleavable upon UV light irradiation (around 250 nm), as shown in Figure 1.9. 
The release process efficiency was evaluated by UV-visible spectroscopy where the 
recurrence of coumarin absorption band was followed in time.138

MSNs modified with azobenzene moiety have also been largely investigated for 
their interesting photoreversibility property. As an example, Zink et al. reported light 
stimuli–responsive MSNs functionalized by azobenzene derivatives used as gate-
keepers. They prepared two modified azobenzene molecules presenting trans-to-cis 
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transition for postsynthesis functionalization of MCM-41 nanoparticles. The azoben-
zene derivative molecules were grafted inside the MCM-41 pores pointing straight 
along the channel like a thread when in the trans configuration. The latest con-
formation allowed loading RhB inside the MCM-41 porosity and either a pyrene-
β-cyclodextrin or a β-cyclodextrin molecule was chosen as the sealing nanopore 
group. The cargo porosity was released under UV light irradiation at 351 nm where 
azobenzene derivative molecules adopt the cis configuration.139

In another work, Zink et al. coupled the photoisomerization property of the 
azobenzene derivative moiety with a pH-switchable pseudorotaxane (CB[6] rings 
encircling bisammonium derivative stalks) acting as nanovalves blocking the pores. 
Adding such pH-responsive secondary gatekeepers at the outlet of mesopores could 
reduce drug leaking and also design dual-controllable MSN DDS. The UV irra-
diation at 448 nm provokes continuous photocommutation of azobenzene moiety 
from trans to cis configuration inside of the pore. Moreover, under basic pH, the 
ion–dipole interaction between CB[6] rings and bisammonium derivative stalks is 
disrupted. Then, the dissociation of the rings releases guest molecules as illustrated 
in Figure 1.10.140

In some applications needing photostimulation, the encapsulated drug is sensitive 
to light and degrades, as is the case for DOX. Lin et al. developed MSN functional-
ized with aminopropyl groups protected by nitroveratryl function through a carba-
mate bond. When the carbamate linker is irradiated at 350 nm, DOX loaded in MSN 
is released. In fact, UV light triggers the deprotection of amine groups, which become 
positively charged when the process is done in water; thus release of DOX molecules 
is induced by electrostatic repulsion between the respective ammonium moieties. 
The mechanism was verified by zeta potential measurement that showed the increase 
of positive charge owing to the free amino group.141 Lin et al. also designed light-
responsive MSNs using gold nanoparticles as gatekeepers142 to cap outlet mesopores 
through a cleavable photolabile linker, named thioundecyl-tetraethyleneglycolester-
onitrobenzylethyldimethyl ammonium bromide, for intracellular drug delivery. 
Their system was tested for photoinduced intracellular controlled release of an anti-
cancer drug, paclitaxel, inside of human fibroblast and liver cells. According to the 
results, endocytosis and drug release were efficient under irradiation (λ = 365 nm), 
preventing zero premature release.
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FIGURE 1.9  Coumarin photodimerization reaction to activate or deactivate gatekeeper 
dimer.
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FIGURE 1.10  Operation of dual-controlled nanoparticles. (a) Excitation with 448 nm light 
induces the dynamic wagging motion of the nanoimpellers, but the nanovalves remain shut 
and the contents are contained. (b) Addition of NaOH opens the nanovalves, but the static 
nanoimpellers are able to keep the contents contained. (c) Simultaneous excitation with 
448 nm light and addition of NaOH cause the contents to be released. (Reprinted with per-
mission from D.P. Ferris et al., Light-operated mechanized nanoparticles, J. Am. Chem. Soc., 
131, 1686–1688. Copyright 2009 American Chemical Society.)
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1.3.5 � Magnetic-Responsive MSN

Building MSNs that respond to the magnetic field has attracted a lot of attention 
because of its potential applications. As DDSs, based on magnetic MSN, they could be 
guided to the desired site and then removed after complete release using an external 
magnetic field. This strategy might be of interest for cancer-targeting drugs, showing 
certain toxicity for organs, in order to reduce adverse side effects. Besides guiding the 
drug by magnetic field, magnetic MSN can be used for hyperthermia therapy.143–145 For 
instance, superparamagnetic nanoparticles embedded into MSNs were already widely 
studied for both drug guide system and hyperthermia properties.146 However, bio-
compatibility and toxicity problems are always a limiting factor; thus, only magnetite 
(Fe3O4) or maghemite (γ-Fe2O3) have been considered for biomedical applications. To 
date, more than 1700 publications (based on Web of Science) deal with magnetic MSN. 
We will focus on some examples that marked a turning point in the biomedical field.

For the synthesis of magnetic MSN, various designs and strategies have been 
proposed.147,148 A core–shell structure with magnetic nanoparticles, proposed by Shi 
et al., has been considered as a basic model for magnetic MSN (see Figure 1.11).149,150 
Its potential medical applications were confirmed using ibuprofen as well.

Zhao’s group in Fudan University has extended the core–shell model using several 
iron sources and also simplified synthesis methods (see Figure 1.12).150–152 Besides 
conventional drug molecules, DNA can be carried inside mesopores and delivered 
using magnetic field (see Figure 1.13).153 Moreover, magnetic MSNs have been exten-
sively tested on in vivo cells in recent years.154 The results showed that a core–shell 
structure, in which nanoparticles do not have direct contact with cellular culture, is 
not toxic but exhibits excellent biocompatibility.

Embedding magnetic nanoparticles into MSNs has also been of interest for scientists. 
Magnetic nanoparticles can be easily incorporated inside mesopores or on the matrix 
of silica. Corriu’s group reported the synthesis of magnetic silica-based nanocompos-
ites containing magnetite (Fe3O4) nanoparticles using internal anchored acetylaceto-
nate groups as a ligand.155 Huang et al. demonstrated controlled and targeted ibuprofen 
release using magnetic γ-Fe2O3@MSN composites with different morphologies.156

Recently, the rattle-type hollow structure rose to the spotlight. Like in meso-
macroporous materials, a hollow cavity can enhance surface area/pore volume ratio, 

TEOS TEOS/C18TMS

Reduced

Hematite

Magnetic
core

Calcined

Mesoporous
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FIGURE 1.11  Illustration of synthesis of MFeCMS nanospheres. C18TMS, n-octadecyltri-
methoxysilane. (Reprinted with permission from W. Zhao et al., Fabrication of uniform mag-
netic nanocomposite spheres with a magnetic core/mesoporous silica shell structure, J. Am. 
Chem. Soc., 127, 8916–8917. Copyright 2005 American Chemical Society.)
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FIGURE 1.12  TEM images of (a) Fe3O4 particles, (b) Fe3O4@SiO2, and (c–e) Fe3O4@nSiO2@
mSiO2 microspheres, and (f) SEM image of Fe3O4@nSiO2@mSiO2 microspheres. (Reprinted 
with permission from Y. Deng et al., Superparamagnetic high-magnetization microspheres 
with an Fe3O4@SiO2 core and perpendicularly aligned mesoporous SiO2 shell for removal of 
microcystins, J. Am. Chem. Soc., 130, 28–29. Copyright 2008 American Chemical Society.)
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FIGURE 1.13  (a) Sectional drawing for existent status of DNA in M-MSN mesopores (the 
empty mesopores were omitted and the DNA chain inside or outside the mesopore was not 
depicted accurately). Arrow A represented the magnetic core, arrow B represented the meso-
pore, and arrow C represented DNA molecule. (b) An enlarged image for DNA molecule in 
mesopore. (Reprinted with permission from X. Li et al., Adsorption and desorption beha-
viors of DNA with magnetic mesoporous silica nanoparticles, Langmuir, 27, 6099–6106. 
Copyright 2011 American Chemical Society.)
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which also means an increase in drug binding surface/volume. Therefore, more 
drug can be encapsulated than into a core–shell model. Shi’s group reported rattle-
type hollow-structured magnetic mesoporous silica nanocapsules as a platform for 
simultaneous cell imaging and anticancer drug delivery (see Figure 1.14).48,157 As 
expected, these MSNs showed high DOX loading capacity and entrapment efficiency 
compared to the simple core–shell structure.157

Another type of magnetic MSNs consists of using magnetic nanoparticles as a 
capping agent for mesopore gates. Lin et al. reported MSN capped by Fe3O4 nanopar-
ticles via disulfide linker. This double stimuli–responsive system could be used in 
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FIGURE 1.14  TEM images of ellipsoidal (a) Fe2O3, (b) Fe2O3@SiO2, (c) Fe2O3@SiO2@
mSiO2, and (d) Fe3O4@mSiO2. Secondary electron SEM image of ellipsoidal Fe2O3 (e, inset: 
SEM image at high magnification) and backscattered electron SEM (f) image of ellipsoidal 
Fe3O4@mSiO2 nanocapsules (inset: purposely selected backscattered electron image of bro-
ken nanocapsules to reveal the hollow nanostructure). (Reprinted with permission from Y. 
Chen et al., Core/shell structured hollow mesoporous nanocapsules: A potential platform for 
simultaneous cell imaging and anticancer drug delivery, ACS Nano, 4, 6001–6013. Copyright 
2010 American Chemical Society.)
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more sophisticated applications like targeting by magnetic field and drug trigger by 
redox condition.63 Gate-capped MSNs with linkers, which respond to other stimuli 
such as light or pH, were already discussed.

1.3.6 � Biological Stimuli-Responsive Drug Release

Recent improvements in the design of stimuli-responsive drug release systems have 
been employed to develop biological stimuli carriers.

For example, Yu et al. showed programmable drug release from MSNs that 
responded to biological stimuli.158 Sulfasalazine (SZ), a prodrug, is encapsulated in 
amino-functionalized MSNs through electrostatic interactions. The material is then 
coated with succinylated soy protein isolate (SSPI), which is relatively affordable and 
considered a food additive in some countries such as Canada. This system showed 
no leakage of drug at low pH and in the water because hydrophobic SSPI does not 
undergo hydrolysis except at high pH. In the presence of pancreatin enzyme, which 
predominates in the intestine, SSPI is hydrolyzed and mesopore gates can be opened. 
Moreover, azo-reductase produced by colon microflora can cut the azo function of 
SZ, yielding the active metabolite 5-aminosalicylic acid (see Figure 1.15).

Qu et al. reported DNA-capped MSN for which pores can be opened upon treatment 
with deoxyribonuclease I (DNase I).159 DNA was grafted on the surface of MSN via 
the click conjugating method between azide-functionalized MSN and aryl-modified 
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FIGURE 1.15  Release of profiles of SZ from (a) MCM-48-SZ, (b) MSN-NH2-SZ, (c) MSN-
NH2-SZ@SSPI without enzyme, and (d) MSN-NH2-SZ@SSPI in the presence of enzymes 
(pepsin at pH 1.2 and pancreatin at pH 7.4) present in simulated GIT fluids. (Reprinted with 
permission from A. Popat et al., Programmable drug release using bioresponsive mesopo-
rous silica nanoparticles for site-specific oral drug delivery, Chem. Commun., 50, 5547–5550. 
Copyright 2014 Royal Chemical Society.)
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DNA sequence. The duplex DNA is a highly effective capping method; less than 10% 
of the drug is leaked without external stimuli. When this system is exposed to DNase 
I, the duplex DNA could be hydrolyzed, opening the mesopores and releasing the drug.

Adenosine triphosphate (ATP) can also be used as biological stimuli for con-
trolled drug release. Gooding et al. designed an MSN-based drug release system 
containing ATP-responsive gold nanoparticles as capping agent. Indeed, mesopore 
capping is achieved by the complexation of Cu2+ between amino-functionalized 
MSN and l-cysteine-modified gold nanoparticles (AuNP) under acid pH.160 ATP, 
which contains a more effective complexation site than a single amino group, was 
shown to be a biological stimulus to detach gold nanoparticles from mesopore gates 
through Cu2+ complexation. In this investigation, low pH and ATP have been used as 
biological stimuli for drug release within either the lysosome in the case of low pH 
or the cytosol, which contains a high concentration of ATP.

Using the US Food and Drug Administration (FDA)–approved peptide drug prot-
amine as coating agent of MSN is an effective way of making a biological stimuli–
responsive DDS, as demonstrated by Raichur et al.161 Indeed, like other coating 
agents, protamine can effectively protect the encapsulated drug from burst or unde-
sired release. Coating is conducted on amino-functionalized MSNs using glutaralde-
hyde as coupling agent. In the presence of enzyme (such as trypsin) that recognizes 
and cuts arginine or lysine sites, the protamine coating can dissolve, opening the 
mesopores and releasing the drug.

1.4 � SILICA: SUITABLE MATRIX FOR BIOMEDICAL 
APPLICATIONS (TOXICITY, BIOCOMPATIBILITY)

For a long time, the definition of biocompatibility was reduced to a basic criterion stat-
ing exhaustively that medical devices would be nontoxic, nonimmunogenic, nonthrom-
bogenic, noncarcinogenic, and nonirritant and should not harm the patient.162 However, 
medical devices should meet increasingly specific therapeutic demands that they are 
now becoming less and less inert but designed to interact with particular human tissues 
and body environment. Thus, today, the new definition of biocompatibility suggested 
in 2008 by William involves the fact that “biomaterials with all their specific functions 
must perform their desired function with respect to a medical therapy, without eliciting 
any undesirable local or systemic effects in the recipient or beneficiary of that therapy, 
but generating the most appropriate beneficial cellular or tissue response in that spe-
cific situation, and optimising the clinically relevant performance of that therapy.”162

Today, many biomaterials are based on silicon, one of the most abundant elements 
in nature that also contributes to human needs. Moreover, the FDA decreed amor-
phous silicon dioxide as “Generally Recognized As Safe (GRAS).”16 For all these 
reasons, numerous investigations have been done for the development of silicon-
based biomaterials for DDSs, probes for diagnosis, and materials for tissue engi-
neering. The weak bonds between silicon atoms themselves or with oxygen make 
Si-based materials biodegradable and biocompatible, but even if a large number of 
in vitro assays showed encouraging results, the probable in vivo behavior remains 
difficult to deduce from these evaluations, mainly because of the physiological and 
environmental complexities not reproducible in vitro.163
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Many therapeutic treatments or medical devices under in vitro assessment take 
the long road to a potential medical application. Interactions between nanoparticles 
and cells are the topic of many investigations. In general, local drug delivery needs 
to have an efferent cellular uptake, which depends strongly on the targeting strat-
egy. The latter is classified into two categories called passive targeting and active 
targeting according to the literature. Passive targeting relies on the accumulation of 
nanoparticles in tumor tissues through an enhanced permeability and retention (EPR) 
effect. In fact, tumor vasculature is highly permeable to modified nanoparticles with, 
for example, positively charged groups.164 Unfortunately, an EPR effect is not gener-
alized to all tumor cells. Active targeting uses, for example, folic acid, peptides, or 
macromolecules (PEG, DNA) as ligands that are able to bind to certain overexpressed 
receptors on tumor cell surfaces and to promote the cellular uptake of the nanocargo. 
Thus, it is possible to improve targeting specificity and then improve drug delivery 
while evading nonspecific binding and activation of immunogenic effects.103

An efficient delivery process is often confronted by entrapment of endosomes, 
which favor nanocarriers, and by drug molecule degradation by specific digestive 
enzymes present in lysosomes. Natural systems such as bacteria and viruses have 
developed ingenious strategies to penetrate membranes and reach the target sites 
while escaping endosomal entrapment.

The mechanisms that have been developed so far are intended to penetrate the 
endosomal barrier. Different mechanisms such as pore formation in the endosomal 
membrane, pH-buffering effects of protonatable groups (“proton sponge”), or fusion 
into the lipid bilayer of endosomes have been proposed to facilitate endosomal 
escape.165 In addition, photochemical methods to rupture the endosomal membrane 
have been introduced to MSNs.104,166

Nevertheless, by combining several recent in vitro and in vivo evaluations, it 
seems that nanoparticle silica toxicity is strongly related to their physicochemical 
parameters such as particle size, shape, surface chemistry, and charges.23 It was 
found that the shape of particles could modify the cell behavior. In fact, Huang et 
al. demonstrate in vitro that MSNs with variable aspect ratio (1, 2, and 4) and length 
(100, 240, and 450 nm) could influence the cellular uptake.167 They compared the 
transport of the different MSNs to an A375 model of malignant melanoma cells and 
they investigated the shape effect on cell proliferation, apoptosis, adhesion, migra-
tion, and cytoskeleton formation. They demonstrated that the MSNs’ shape modifies 
cellular responses and regulation cell functions. However, the results showed that 
MSNs with a smaller aspect ratio had a minor effect on cell operation.

Biocompatibility and stability are usually improved through the chemical modifi-
cation of the nanoparticle shell. Since the efficiency of the cellular uptake is enhanced 
for nanocargos smaller than 120 nm, to avoid thrombogenic effects, it is essential to 
prevent nanoparticle aggregation with polymer coatings, charged groups, or sup-
ported lipid bilayers.168–170 Thus, better stability has been observed for silica nanopar-
ticles, while preventing premature dissolution of silica in the biological media.171–177

In general, MSNs coated with a protective organic shell improved biocompatibility 
and hemocompatibility and can be potentially used for intravenous drug delivery.178

For example, He et al. proceed to in vivo assays on ICR mice to compare the bio-
distribution and excretion of MSNs and PEG-coated MSN nanoparticles, all sized 
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from 80 to 360 nm.179 Nanoparticles have been injected through the tail vein of the 
mice. They analyzed liver, spleen, and lung tissues and noticed that smaller particles 
escaped easily from those organs, in particular those coated with PEG. However, it 
was noticed that PEGylated MSNs were slowly biodegraded and correspondingly 
had a lower excreted amount of degradation products in the urine because of a longer 
blood circulation lifetime. However, neither MSNs nor PEGylated MSNs caused tis-
sue toxicity after 1 month in vivo.

1.5 � CONCLUSION AND PERSPECTIVES

This chapter demonstrates that MSNs have been intensively employed to design 
efficient DDSs especially because of their high loading capacity, high stability, 
and the ability to protect the guest molecules from various biochemical attacks. 
Indeed, what encourages many research groups to design MSN drug carriers are 
the biocompatibility and biodegradability of these materials. In addition, MSNs 
offer a multitude of functionalization routes that allow decorating either the inner 
or the outer surface, with pH, thermal, light, and magnetic stimuli–responsive mol-
ecules, polymers, metallic nanoparticles, and targeting ligands. The latest func-
tionalization strategies have been tailored to control the drug delivery kinetics at 
the appropriate place with zero premature release together with preventing unde-
sired side effects. That leaves the door open for researchers to build fascinating 
and efficient multifunctional nanocarriers for targeted disease treatment and bio-
imaging devices. For the moment, most in vitro studies helped in the evaluation of 
the cytotoxicity, biocompatibility, biodegradability, and retention of MSN nano-
carriers and in the understanding of some cellular uptake mechanisms. However, 
toxicity and intracellular uptake results reported in the literature are specific to 
each DDS developed up to now. Moreover, in vitro diagnostics could not be sys-
tematically representative of the in vivo assays because of the complexity of the 
body environment. Thereby, in vivo studies that demonstrate the potential of MSNs 
as DDSs or biosensors in therapeutic applications remain one of the biggest chal-
lenges today.180,181
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2 Gold Nanoparticles
A Novel and Promising 
Avenue for Drug Delivery

Shuaidong Huo, Xin Cao, 
Zhongbo Hu, and Xing-Jie Liang

ABSTRACT

As one of the most attractive candidates for drug delivery, gold nanoparti-
cles (Au NPs) exhibit many unique physical and chemical properties for their 
potential use in the biomedical field. From different sizes to a variety of sur-
face modifications, Au NPs can be selected to carry drugs with different prop-
erties and those with a specific purpose. Drug loading mechanisms, as well as 
the toxicity of Au NPs, will be mainly introduced in this chapter.

Keywords: Gold nanopartciles, Synthesis, Modifications, Toxicity, Drug delivery

2.1 � INTRODUCTION

With the booming development of nanoscience and nanotechnology, more and 
more nanoscale materials, such as nanoparticles (NPs), nanorods (NRs), liposomes, 
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micelles, and dendrimers, have been used for different biomedical purposes [1–5]. In 
order to improve the efficiency and effectiveness of payloads to the targets, several 
nanomaterials have been designed as delivery vehicles. NPs have been applied to 
drug delivery because of the following features: first, the high surface area of NPs 
provides enough sites and space for drug loading and enhances the stability and 
solubility of loaded drugs. Second, the NPs that can be modified by various targeting 
ligands or surface receptors enhance the specific efficiency of the expected drugs. 
Third, compared with free drugs in molecule, these drug-loaded NPs accumulate 
preferentially at sites of tumor growth or inflammation so that they can enter cells 
much more rapidly through different mechanisms [6].

As one of the most attractive candidates for drug delivery and other applications in 
the biomedical field, gold nanoparticles (Au NPs) exhibit many unique physical and 
chemical properties. Because of their intense optical and photo-physical properties, 
Au NPs are used for biodiagnostic assays of cancer, HIV-AIDS, and other diseases [7]; 
they have also been used in pregnancy tests for several decades [8]. Because of their 
facile surface chemical property, Au NPs can be used as artificial antibodies. Usually, 
gold nanorods (Au NRs) are applied in highly specific thermal ablation of infected or 
diseased tissues, owing to their efficient conversion of light into heat [9]. Moreover, 
Au NPs can be used to enhance cancer radiation therapy or increase imaging con-
trast in diagnostic computed tomography scans by exploiting their ability to absorb 
abundant amounts of x-ray radiation [10]. Importantly, the functionalized Au NPs can 
be employed to facilitate the efficient delivery of poorly soluble drugs, fluorescence 
imaging probes, and contrast agents by the use of their multivalency [6,11–13].

Because of their easy fabrication, controllable size and shape, tunable surface 
functionalization, and good biocompatibility, many efforts have been made to 
develop Au NP–based therapeutic approaches over the last decades, including drug 
and gene delivery vehicles, diagnostic tools, imaging agent in therapy, and biomark-
ers in the pharmaceutical field [14–16].

2.2 � SYNTHESIS OF Au NPs

Au NPs are the first nanomaterial that people used, which can be traced back to 
the 5th or 4th century BC in ancient Egypt and China [17], while the actual scien-
tific research on Au NPs was conducted approximately 150 years ago by Michael 
Faraday who first came up with the idea that there might be gold particles in the 
colloidal gold solution [18]. Afterward, with the development of scientific research 
and technology, especially the invention of electronic microscope, researchers have 
understand properties and other aspects of Au NPs more clearly and thoroughly. In 
addition, various fabrication methods have been developed, many of which are still 
used nowadays. Generally speaking, common methods of fabrication of Au NPs 
include the reverse micelle method, the aqueous-phase reduction method, and the 
hydrothermal method. Further classification includes reduction by sodium citrate, 
reduction of white phosphorus, reduction of ascorbic acid, and so on. Since there are 
so many preparation methods [19], in order to elaborate systematically, we will illus-
trate different methods of Au NPs with different sizes as well as different surface 
modifications in Table 2.1.
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2.2.1 � Synthesis of Au NPs with Different Sizes

In 1981, Schmid et al. fabricated 1.4 ± 0.4 nm Au NPs (Au55(PPh3)12Cl6) by means 
of reduction of AuCl(PPh3) with diborane of sodium borohydride [20]. It was the 
first time that researchers synthesized such small size and narrow disparity. However, 
since this reaction required strictly anaerobic conditions and diborane gas should be 
used as reducing agent, it was quite difficult to synthesize such Au NPs. Then, Weare 
et al. improved this method. They eliminated the use of diborane, and through ligand 
exchange, they fabricated Au101(PPh3)21Cl5, which was more convenient and safer [21]. 
Characterized by transmission electron microscope, the Au NPs that they synthesized 
were 1.5 ± 0.4 nm in diameter. In 1994, Brust et al. prepared thiol-derivatized Au NPs 
in a two-phase liquid–liquid system [22]. In that system, the gold chloride was trans-
ferred to toluene by way of a phase-transfer reagent, tetraoctylammonium bromide, 
and reduced in the presence of tert-dodecyl mercaptan (C12H25SH), which was used 
as a stabilizer. When the reaction condition changed, the ratio of thiol to gold in the 
product changed as well. In addition, the Au NPs’ diameter ranged from 1 to 3 nm. In 
2001, Teranishi et al. used heat treatment in the solid-state method to formulate the 
size of Au NPs of 3–10 nm at the temperature between 150°C and 250°C [23]. In their 
experiment, dodecanethiol-protected Au NPs that were prepared by using Brust’s 

TABLE 2.1
Synthetic Method of Au NPs with Different Sizes or Surface Modifications

Core Size 
(d ), nm Synthetic Method Reducing Agent Capping Agent Year References

1.4 ± 0.4 Reduction of PPh3AuCl Diborane and 
sodium borohydride

Phosphine 1981 [20]

1.5 ± 0.4 Reduction of PPh3AuCl 
and ligand exchange

Sodium borohydride Phosphine 2000 [21]

1–3 Reduction of HAuCl4 in 
a two-phase system

Sodium borohydride Dodecanethiol 1994 [22]

3–10 Heat-induced size 
ripening method

Sodium borohydride Alkanethiol 2001 [23]

16–150 Reduction of HAuCl4 Sodium citrate Citrate 1972 [24]

5–250 Slow coagulation of 
colloidal gold

Citrate Citrate 1963 [25]

13 Ligand displace Citrate DNA 1996 [27]

34 Oligonucleotide-directed 
immobilization

Citrate Antibody 2001 [28]

20 Nuclear translocation Citrate Peptide and 
bovine serum 

albumin

2002 [29]

5 ± 0.75 Au NP core serves as a 
size- and shape-
controllable scaffold

Citrate Phospholipids 
and 

apolipoprotein 
A-I 

2009 [30]
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method (two-phase reaction procedure) were used as a source for the heat treatment 
while octadecanethiol was used as a protective ligand as well as a protective agent tak-
ing the place of dodecanethiol. In 1972, Frens synthesized Au NPs with 16–150 nm 
in diameter through reduction of HAuCl4, with sodium citrate as reducing agent 
[24]. All other factors being equal, the diameter of the Au NPs could be changed by 
altering the concentration of sodium citrate. The higher the concentration of sodium 
citrate, the smaller the diameter and vice versa.

2.2.2 � Synthesis of Au NPs with Different Surface Modifications

In addition to the methods of fabrication of Au NPs with different sizes, many 
other alternative ways of synthesis of Au NPs with different surface functionaliza-
tions have been used by researchers. In 1963, Enustun and Turkevich synthesized 
citrated-capped Au NPs in the way that colloidal gold was stabilized by citrate ions 
and NaClO4 was used as coagulating agent [25]. In another study, transferrin-coated 
citrate-functionalized Au NPs were fabricated by Yang et al. [26]. They reported that 
those Au NPs could be absorbed by cells very well. However, they were susceptible 
to the environment and prone to aggregate. Many researchers tried to improve the 
above method or tried alternative surface functionalizations. Mirkin et al. found a 
way to synthesize Au NPs that could be controlled and reversibly assembled through 
an oligonucleotide-based method [27]. Since DNA oligonucleotides had the property 
of molecular recognition, they could be used as the trigger of NPs’ self-assembly 
progress. By changing the sequence and length of the oligonucleotides, various stable 
structures could be attained. In 2001, Niemever and Ceyhan fabricated antibody-gold 
nanoconjugates through the method of oligonucleotide-directed immobilization [28]. 
At first, they combined the covalent DNA-streptavidin with mouse IgG or rabbit IgG, 
and then these conjugates were bonded with Au NPs. The fabrication method was 
simple and efficient. The following year, Tkachenko et al. found a good approach to 
nuclear translocation, in which several different peptides were combined on a 20-nm-
diameter Au NP [29]. Although there would be obstacles of different cell membranes 
in the process of nuclear translocation, each of the peptides had a very good ability to 
cross different cellular membrane barriers so that they could translocate nuclei well. 
In recent years, lipids have also been used to modify Au NPs. Through adsorbing 
lipids and proteins to the surface of Au NPs, Thaxton et al. synthesized biomimetic 
high-density lipoprotein (HDL) nanostructures [30]. Au NPs adsorbed apolipoprotein 
and A-I phospholipids (APOA1) to their surface and then phospholipids were com-
bined on those conjugates. Since such nanostructure could mimic other biological 
HDL counterparts, they could be used to bind cholesterol as biomimetic materials.

2.3 � TOXICITY OF Au NPs

As a drug delivery system, one of the most concerning aspects of Au NPs is their 
possible toxicity. Until now, comprehensive in vitro and in vivo toxicological evalua-
tions were performed on various types of Au NPs, and cell/animal models were used 
to evaluate these effects [17,31]. The general conclusion from these studies is that 
the Au NPs are biologically inert and almost had no toxicity. However, this is not 
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absolutely true when the size of gold core decreases below 2 nm, where the surface 
of the Au NPs shows unusual and high chemical reactivity [31]. The high surface 
reactivity of this size can also be the source of unwanted reactions/side effects in 
biological systems [31,32].

Most studies were conducted using in vitro models (cultured cells) to evaluate 
the safety of Au NP solutions. Toxicological effects of Au NPs on culture cells, such 
as viability assays, reactive oxygen species analysis, gene expression analysis, cell 
substrate impedance and micro-motility analysis (electric cell-substrate impedance 
sensing), and cellular morphology assays, have been assessed by researchers [33–
36]. At the cellular level, there is no standard dose that is known to be safe or toxic. 
However, one thing that has been generally agreed upon is that cellular uptake of Au 
NPs occurs as a function of size, shape, surface charge, functionalization, aggrega-
tion state of NPs, concentration of NPs, the type of cell, incubation conditions, and 
type of culture media [13,37]. Despite the fact that the Au NP core is considered 
inert and nontoxic, the stabilizer or its degradation products, leftover chemicals from 
the synthesis, as well as remnants from inadequate purification can induce toxic-
ity [38]. One of the common examples is Au NRs. Because of the presence of free 
cetyltrimethyl ammonium bromide (CTAB) (capping agent) in the solution, apparent 
toxicity is shown at nanomolar concentrations [38–40]. In this case, the toxicity is 
not attributed to the Au NR core itself. One way to reduce the acute toxicity of Au 
NRs in cell culture is by replacing CTAB with another nontoxic capping agent or by 
preventing CTAB desorption from the surface of Au NRs [31,38].

Compared to in vitro toxicological studies, few studies focus on evaluating the 
toxicity of NPs in vivo until now. In order to apply Au NPs as drug carriers, their side 
effects should be evaluated, as well as the pharmacokinetic parameters of Au NPs 
in vivo, such as absorption, distribution, metabolism, and elimination [17]. Among 
these, the clearance of NPs from tissues after injection is of paramount importance 
to the evaluation of local inflammation and toxicity. There are various routes of 
clearance of small-molecule organic drugs from the body such as the kidneys (renal/
urinary excretion), the hepatobiliary system, the skin, and the lungs. However, the 
case for NPs is not the same since they are larger in size and in many cases can-
not cross filtration barriers such as the glomeruli in kidneys (6–8 nm) [41,42]. Most 
studies have suggested that safety in the intravenous administration of Au NPs can 
be based on general assessments such as animal average weight, loss of appetite, 
mortality rates, or other gross visual observations [17].

In summary, although most studies suggest that the gold core itself is biologically 
inert and safe, a great deal of work is also needed to evaluate and reduce the toxicity 
of the Au NPs.

2.4 � Au NPs FOR DRUG DELIVERY

2.4.1 � Loading as Capping Agents

As shown in Figure 2.1a, it has been reported that the thiols or amines can be 
anchored to the surface of Au NPs through Au–S or Au–N bonds [43,44]. By this 
way, drugs [45,46], DNA [47–49], and siRNA can be loaded on the surface of Au 
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NPs. Because the Au–S bond is stronger than the Au–N bond, the release of drugs 
with the Au–S bond needs more energy than those with the Au–N bond. The com-
mon methods of drug release include diffusion to cellular membrane, thiol exchange, 
and external light stimulus, to name a few. Because the Au–N bond is relatively 
weaker, in the cases of amines, they can release simply by diffusion [50], while for 
thiolated drugs, they release through thiol exchange or external light stimulus [51]. 
When Au NPs absorb light and then convert light into heat, the Au–S bond can be 
broken or NP itself may be melted to release drugs.

2.4.2 � Loading by Attachment to Capping Agents

As capping agents, organic compounds can be attached to the surface of Au NPs via 
covalent bonding, Au–S or Au–N bond, which prevents NPs aggregating. To take 
advantage of this, therapeutic drugs are coupled to the terminal of the capping agents 
through cleavable linkers as shown in Figure 2.1b. For instance, Brown et al. capped 
Au NPs with thiolated poly(ethylene glycol) (PEG) and they added the anticancer 
drug oxaliplatin to the surface of PEG through covalent bonding [52]. Dhar et al. 
coupled cisplatin Pt(IV) to the terminal of amine functionalized DNA-Au NPs via 
the formation of amide bonds [53]. Pt(IV) can be reduced to Pt(II) in the intercel-
lular milieu. Because Pt(IV) is very inert and has low side effects, it has become a 
valuable alternative to Pt(II) complexes. Schoenfisch et al. functionalized Au NPs 
with bromo-terminated alkanethiols and then attached amine compounds via ligand 
exchange so that –CH2Br was eliminated [54,55]. The amine compounds they syn-
thesized could release nitric oxide, which could be potentially used in vasodilation. 

(a)

(b)

(c)

(d)

(Drugs)

(e)
Au NPs

+
+

− − − − − − −

+ + +
+

S

S
S N

N
S S S S S S S S

FIGURE 2.1  Illustration of various methods of loading/unloading therapeutics into/from 
Au NPs. (a) Anchoring drugs directly to the surfaces of Au NPs through Au–S or Au–N 
bonds. (b) Drugs are coupled or attached to the terminal functional groups of the capping 
agent via a cleavable linker. (c) Partitioning and diffusion-driven release of hydrophobic drug 
molecules in an amphiphilic corona layer. (d) Loading charged biomolecules (e.g., DNA or 
siRNA) onto the surfaces of Au NPs by electrostatic layer-by-layer assembly. (e) Loading into 
the hollow Au NPs and released out by external stimuli.

  



45Gold Nanoparticles

Agasti et al. used a monolayer of photocleavable and zwitterionic thiol ligands as 
capping agents, and 5-fluorouracil, an anticancer drug, was attached to the mono-
layer with terminal carboxylic acids through a photosensitive o-nitrobenzyl linkage 
[56]. With irradiation of UV light, the photosensitive linkage could be broken and 
could be observed through UV-vis spectral.

However, the capping drugs on the surface of Au NPs, especially hydrophobic 
ones, often aggregate after coupling reactions. For instance, Gibson et al. found that 
a chemotherapeutic drug, paclitaxel, capped on NP via esterification with hexaethyl-
ene glycol linker, which was used as capping agent, aggregated to the extent of ~70 
paclitaxel molecules per NP [57]. Because of this aggregation, the solubility of these 
nanoclusters decreased in aqueous media whereas it increased in organic matters.

2.4.3 � Loading by Partitioning

When preparing Au NPs, capping agents are used to stabilize Au NPs against 
aggregation or sometimes used as shape-directing agents during the growth of NPs; 
thus, as-prepared Au NPs have a mono- or bilayer of capping agents on the surface 
[6]. In some cases, the existence of such mono- or bilayer is very useful to load 
drugs and release them in the diseased site. This mono- or bilayer, consisting of 
organic compounds, can be considered as a thin layer of organic solution, as shown 
in Figure 2.1c, in which hydrophobic drugs can be partitioned from the surround-
ing medium [58]. For instance, Kim et al. synthesized Au NPs with a monolayer of 
polymer as capping agents, which had both a hydrophobic alkanethiol interior and 
a hydrophilic organic compound exterior [59]. The hydrophobic nature of interior 
ligands can load hydrophobic drugs and the exterior region can stabilize the Au 
NPs in the aqueous media. With this structure, the Au NPs are more likely to bind 
specific biomacromolecules. The hydrophobic drugs are partitioned in the organic 
solution and released when the NPs interact with specific cell membrane while the 
NPs do not enter the cell. Hydrophobic drugs are released into the cell via membrane-
mediated diffusion.

2.4.4 � Loading by Layer-by-Layer Assembly

Au NPs are usually synthesized in a water medium, which is a strong polar solvent. 
In water media, many charged capping agents are coupled on the surface of Au NPs 
so that these NPs are high charged as well. Based on this, as shown in Figure 2.1d, 
Murphy et al. fabricated gold cores with charged drugs via electrostatic conjugation 
or the related layer-by-layer coating [60,61]. In addition, because nucleic acids—
DNA or siRNA—are highly negative charged, DNA or siRNA molecules can be 
coupled on the surface of cationic Au NPs. Huang et al. and Bonoiu et al. applied 
this method for gene delivery and gene silencing [62,63]. However, in some cases, 
the electrostatic interaction between Au NPs and nucleic acids was so strong that it 
could retard the release of DNA or siRNA. In order to solve this problem, Guo et 
al. found that charge-reversal functional Au NPs could improve the nucleic acids’ 
delivery efficiency [64]. In their research, they used a charge-reversal copolymer that 
could change charge nature according to pH. When the polymers were in acidic pH, 
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such as endosome or lysosome, they became positive charged so that DNA or siRNA 
would dissociate from Au NPs. When in neutral pH, the polymers remained nega-
tive charged. Lee et al. found another method to release complexed DNA or siRNA 
[65]. They synthesized Au NPs using four layers of poly-l-lysine (PLL), which were 
protease-degradable, and three layers of siRNA as capping agents. With the degrada-
tion of PLL, siRNA could be released and extended gene-silencing effect could be 
observed.

2.4.5 � Loading Inside the NPs

Not only can drugs be coupled to the exterior surface of Au NPs, they can also be 
loaded into the hollow gold nanospheres as shown in Figure 2.1e, such as nanocages 
and nanoshells. Xia et al. developed gold nanocages that were porous in structure 
[14]. The interior surfaces of the gold nanocages had unique optical/photothermal 
properties so that they could absorb and scatter near-infrared (NIR) light. Drugs 
were loaded into the gold nanocages through two steps [66]. First, drugs attached 
gold nanocages through thiol–gold bonds. After that, they entered the cages via 
simple inward diffusion from aqueous media. The release of these drugs was quite 
easy. By absorbing NIR light, the interior thermosensitive polymers could convert 
light into heat so that the gold nanocages would melt and then drugs were released 
out. Based on this, drug release could be controlled through changing the NIR light 
intensity or irradiation time. Similar to gold nanocages, gold nanoshells can also 
load drugs in the nanostructure. But one important difference between the two is 
that gold nanoshells are not porous so that drugs should be capped before the forma-
tion of nanoshells. Troutman et al. prepared a degradable sphere template, which 
was formed by liposomes and then gold nanodots capped on the template [67]. By 
absorbing visible or NIR light, gold nanostructure would degrade and drugs would 
be released. The release could also be controlled by changing the irradiation time 
or light intensity as stated above. Such gold nanostructure has a great potential use.

2.5 � OUTLOOK AND CONCLUSIONS

Gold-based therapeutics have a long history in medicine [43]. For a long time, gold 
compounds (such as Auranofin, with brand name Ridura) had been used in anti-
arthritic medications [68]. Recently, gold-based molecular compounds have been 
found to significantly restrict the viral reservoir in primate AIDS models [69]. Huge 
number of studies and clinical research demonstrated that Au NPs had great poten-
tial in biomedicine, especially used as drug carriers. Because of their easy fabrica-
tion with controllable size and shape, very low toxicity, functional flexibility, and 
ability to control the release of drugs, Au NPs offer many possibilities for further 
development of drug delivery systems. Comprehensive and exhaustive research into 
these nanoscale delivery vehicles should be continued to fully understand their phar-
macokinetics and interaction in living biological systems. Furthermore, more effort 
should be required to engineer new surface-functionalized and bioavailable Au NPs 
for drug delivery.
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3 Liposomes as a Drug 
Delivery System
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ABSTRACT

The discovery of phospholipids spontaneously forming spherical, self-closed 
bubbles known as liposomes, upon dispersion in water, ushered a new era in 
drug delivery technology. Continuous and systematic research over the last few 
decades has resulted in the development of tailor-made liposomal formulations 
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primarily for the treatment of cancer and gene therapy. The availability of a 
large array of vesicular systems differing in composition and applications has 
led to the effective delivery of bioactive molecules either by passive target-
ing through enhanced permeation and retention phenomena or by active bind-
ing to specific target cells and subsequent delivery of cargo. Coupled with the 
increased blood circulation time through the development of stealth technol-
ogy, various liposomal formulations have already been approved for clinical 
use while others are in various stages of clinical trials across the globe. Recent 
advances in nanotherapeutics have resulted in engineered liposomes emerg-
ing as workhorses in nanomedicine, providing better therapeutic control of 
pathological states through enhanced enrichment of therapeutic or diagnos-
tic agents in diseased tissues. This has paved the way for the development 
of second-generation liposomes with theranostic utilities for enhanced benefit 
and could ultimately lead to a paradigm shift from the conventional drug 
delivery technologies.

Keywords: Liposomes, Drug delivery, Therapeutics, Targeting

3.1 � INTRODUCTION

3.1.1 � History of Liposomes

The discovery of phospholipids spontaneously forming spherical, self-closed bubbles 
consisting of one or several concentric lipid bilayers with an aqueous phase inside 
and between lipid bilayers upon dispersion in water was made by A.D. Bangham 
in 1961 (Bangham et al. 1965a). He and his colleagues observed that smears of egg 
lecithin reacted with water to form quite intricate structures, and the strong positive 
birefringence of lecithin dispersions in water was lost, or even reversed in sign, upon 
incorporation into the lipid lamellae of increasing amounts of long-chain anions or 
cations (Duzgunes and Gregoriadis 2005). Electron microscopy demonstrated the 
formation of a multitude of lipid spherules, which entrapped ionic species dissolved 
in the aqueous phase at the time of their formation. These lipid vesicles initially 
called “smectic mesophases” were later renamed as “liposomes” (Figure 3.1) (Sessa 
and Weissman 1968).

The recognition of the biological cells exploiting surface-active properties of 
lipids to define anatomical membranes led to the development of model systems 
based on the orientation of lipids at the interfaces for the investigation of trans-
port functions and mechanisms, permeation properties, as well as adhesion and 
fusion kinetics. Model lipid membranes that mimic many aspects of cell mem-
branes have been very useful in helping investigations to discern the mechanism 
of interaction between bioactive molecules and lipids (Banerjee et al. 2012a). 
The lipid organization in these model systems bears a close resemblance to the 
arrangement of lipids in natural cell membranes (Seddon et al. 2009). Simplified 
artificial membrane systems provide a suitable platform for investigation of bio-
physical interactions of drugs and drug delivery systems bypassing the intricacies 
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of cell membrane structures and associated dynamic nature of lipid–lipid and 
lipid–protein interactions in cell membranes and also allow experimentation to 
be performed under conditions that living cells may not be able to withstand and 
remain viable (Peetla et al. 2009).

The diffusion of univalent cations and anions out of the liposomes was observed 
to be remarkably similar to the diffusion of such ions across biological membranes 
(Sessa and Weissman 1968). In fact, the rate of leakage of sequestered ions formed a 
good measure of the overall permeability of the structures, each containing several 
lamellae (Bangham et al. 1965a,b). Since these measurements were analogous to 
the determination of ion efflux from cells or organelles, liposomes started to attract 
attention as an artificial model membrane (Huang 1969) to determine the modes of 
action of toxins, drugs, hormones, and anesthetics, as well for studies of the perme-
ability of lipid membranes.

The resemblance of their lamellar structure with natural membranes, the capabil-
ity to discriminate ions (cations diffuse poorly from membranes that are permeable 
to univalent anions and water), and susceptibility to stabilization or labilization by 
bioactive molecules similar to biological membranes have rendered liposomes a ver-
satile tool in the field of biology, biochemistry, and medicine (Bangham et al. 1965a). 
The ability of the vesicles to swell osmotically, the possibility to vary membrane 
composition and surface potential, and availability of several analytical techniques 
to study these systems have made liposomes a preferred lipid matrix model of living 
cells (Bangham et al. 1965b).

Liposome bearing hydrophilic and hydrophobic drug

Phospholipid molecule

Hydrophilic drug

Hydrophobic drug

FIGURE 3.1  Schematic representation of a liposome. Liposomes are able to entrap both 
hydrophilic and hydrophobic drugs, thus making them attractive drug delivery vehicles.
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With the recognition of the biocompatibility, biodegradability, low toxicity and 
immunogenicity, and the capability to entrap molecules, liposomes have moved a 
long way from being just another exotic object of biophysical research to becoming 
a pharmaceutical carrier of choice for numerous practical applications (Black and 
Gregoriadis 1976; Gregoriadis 1976; Juliano and McCullough 1980; Neerunjun and 
Gregoriadis 1976; Torchilin 2005).

The initial excitement of liposomes as drug delivery vehicles was, however, short 
lived because of insufficient understanding of liposome disposition and clearance 
in vivo, inaccurate extrapolation of in vitro liposome–cell interactions or liposome 
targeting data, and pronounced instability and reduced circulation time of liposome-
based drugs in vivo (Lian and Ho 2001). Substantial advances in the late 1980s and 
early 1990s, including detailed understanding of lipid polymorphisms, physiological 
mechanisms of in vivo liposome disposition, and lipid–drug and lipid–protein inter-
actions, overcame many of the early disappointments (Torchilin 2005). However, 
the major breakthrough came with the realization that steric stabilization can sig-
nificantly increase liposome stability and prolong, by several orders of magnitude, 
their persistence in the blood circulation system after administration (Immordino et 
al. 2006). These resulted in the development of tailor-made liposomal formulations 
with increased stability both in vitro and in vivo, improved biodistribution, and opti-
mized resident time in systemic (or blood) circulation (Allen et al. 1991; Klibanov et 
al. 1990). The goal of liposomes as drug carriers in pharmaceutical applications was 
realized in the mid-1990s with the approval of liposomal formulations of anticancer 
drugs Doxil (Sequus Pharmaceuticals, Inc.) and DaunoXome (Gilead, Nexstar) by 
the US Food and Drug Administration for clinical use (Lian and Ho 2001).

3.1.2 � Components of Liposomes

3.1.2.1 � Phospholipids
The general chemical structure of phospholipids has two acyl chains linked to a 
headgroup by means of a glycerol backbone. Figure 3.2 shows the structural formula 
of a phospholipid, where R1 and R2 are saturated or unsaturated acyl chains and R3 
is the polar headgroup, while Figure 3.3 represents the chemical structures of lipids 
in liposome formulations. The lipid nature of the phospholipid is attributed to the 
long-chain fatty acids that are esterified with the hydroxyl groups of the glycerol 
(Lian and Ho 2001). The polar headgroups such as glycerol, choline, ethanolamine, 

R3

R2

R1
O

O−

O

P
O

O

OO

O

FIGURE 3.2  Structural formula of phospholipids. R1, R2 are the tail group–fatty acyl chains 
and R3 represent the various headgroups.

  



57Liposomes as a Drug Delivery System

H2C

N(CH3)3

C(CH2)7CH=CH(CH2)7CH3
O
C(CH2)7CH=CH(CH2)7CH3

H2C

HC

O

O

O

+

DOTAP

H2C C(CH2)16CH3

CH2CH2N(CH3)3H2C

HC

O

OH

O

O−

O

O

P
+

MSPC

O

H2C C(CH2)14CH3

CH2CH2N(CH3)2CH3

C(CH2)14CH3

H2C

HC

O

O

O

O−

O

O

P
+

HSPC

O

O

H2C C(CH2)12CH3

CH2CH2N(CH3)3

C(CH2)12CH3

H2C

HC

O

O

O

O−

O

O

P
+

DMPC

O

O

H2C C(CH2)16CH3

CH2CH2N(CH3)3

C(CH2)16CH3

H2C

HC

O

O

O

O−

O

O

P
+

DSPC

O

O

H2C C(CH2)14CH3

CH2CH2NH3

C(CH2)14CH3

H2C

HC

O

O

O

O−

O

O

P +

DPPC

O

O

H2C C(CH2)16CH3

CH2CH2NC

C(CH2)16CH3

H2C

HC

O

O

O

O−

O

O

P
+

O

O O

H2C C(CH2)7CH=CH(CH2)7CH3

CH2CH2N(CH3)3

C(CH2)7CH=CH(CH2)7CH3

H2C

HC

O

O

O

O−

O

O

P
+

DOPC

O

O

H2C C(CH2)7CH=CH(CH2)7CH3

CH2CH2NH3

C(CH2)7CH=CH(CH2)7CH3

H2C

HC

O

O

O

O−

O

O

P
+

DOPE

O

O

H2C C(CH2)7CH=CH(CH2)7C

C(CH2)7CH=CH(CH2)7C

H2C

HC

O

O

O

O−

O−

O

P

DOPA

O

O

H2C C(CH2)16CH3

C(CH2)16CH3

H2C

HC

O

O

O

O−

O

O

P C C

DSPG PEG2000-DSPE

O

O

OH OH

H2 H
CH2

H2C C(CH2)14CH3

C(CH2)14CH3

H2C

HC

O

O

O

O−

O

O

P C C

DPPG

O

O

OH OH

H2 H
CH2

H2C C(CH2)12CH3

C(CH2)12CH3

H2C

HC

O

O

O

O−

O

O

P C C

DMPG

O

O

OH OH

H2 H
CH2

(OCH2CH2)4sOCH3

FIGURE 3.3  Chemical structures of lipids in liposome formulations. Abbreviations: 
DOTAP, 1,2-dioleoyl-3-trimethylammonium propane; DPPC, dipalmitoylphosphatidylcho-
line; DOPA, 1,2-dioleoyl-sn-glycero-3-phosphate; MSPC, monostearoylphosphatidylcho-
line; DPPG, dipalmitoylphosphatidylglycerol; DSPC, distearoylphosphatidylcholine; HSPC, 
hydrogenated soy PC; DMPG, l-α-dimyristoylphosphatidylglycerol; DMPC, 1-α-dimyristo
ylphosphatidylcholine; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE, dioleoyl 
phosphatidylethanolamine; DSPG, distearoylphosphatidylglycerol; PEG2000-DSPE, poly-
ethylene glycol 2000-distearoylphosphatidylethanolamine. (Reproduced from H. I. Chang 
and M. K. Yeh, Int J Nanomed, 7, 49–60, 2012.)
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serine, and inositol are used for classification, that is, to distinguish between differ-
ent phospholipids (Table 3.1). The fatty acid part of the phospholipid molecule is 
important and differences in fatty acid composition can change the characteristics 
of the phospholipids. Fatty acids differ in number of carbon atom chains and degree 
of unsaturation.

3.1.2.2 � Sterols
Cholesterol has also been reported to be used in the preparation of liposomes to 
improve the bilayer characteristics of the vesicles. Cholesterol molecules (possessing 
a steroid backbone) orient themselves among the phospholipid molecules with the 
hydroxyl group facing toward the water phase, the tricyclic ring sandwiched between 
the first few carbons of the fatty acyl chains, into the hydrocarbon core of the bilayer 
(Vemuri and Rhodes 1995). This results in the improvement of the fluidity of the 
bilayer and the reduction of the permeability of water-soluble molecules through the 
membrane (Peetla et al. 2009). It also increases the stability of bilayer membrane in 
the presence of biological fluids such as blood/plasma by reducing interactions of the 
liposomes with the blood proteins such as albumin, m-transferrin, and macroglobu-
lin (Vemuri and Rhodes 1995). These components tend to destabilize the liposomes 
and reduce the utility of liposomes as drug delivery systems. However, the presence 
of a large quantity of cholesterol in a vesicle results in the loss of liposomal phospho-
lipid (Damen et al. 1981).

3.1.3 �S elf-Assembly of Phospholipids

The ability of the phospholipids to spontaneously aggregate into liposomes is attrib-
uted to the dual preference of the amphiphiles for solvent. Since the hydrophobic and 
hydrophilic components of amphiphiles are soluble in nonpolar and polar solvents, 

TABLE 3.1
Representative Headgroup Alcohols of the Phosphoglycerides

Name of Headgroup R3 Structure of R3

Phosphatidylcholine – – –CH CH N CH2 2 3 3( )+

Phosphatidylethanolamine – – –CH CH NH2 2 3
+

Phosphatidylglycerol –CH2–CHOH–CH2OH

Phosphatidylserine –CH2–CH–NH2COOH

Phosphatidylinositol HO

HO

OH

OH

OH
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respectively, the presence of water causes self-assembly of the phospholipids above a 
certain concentration, to minimize unfavorable hydrophobic interactions. This self-
organization is usually accompanied by increased entropy of the system (Finney and 
Soper 1994), which originates from the water–hydrocarbon interactions that force 
the water molecules into an ordered structure around the hydrophobic part when 
the amphiphiles are freely suspended as monomers. Release of the ordered water is 
achieved by driving the hydrophobic parts out of the aqueous solution and sequester-
ing them within the interior of the aggregate. The increase in entropy gained by the 
water molecules will lead to an overall gain in free energy and result in spontaneous 
aggregation (Blokzijl and Engberts 1993).

The spontaneous aggregation of the phospholipids into bilayer structures is not 
only determined by the hydrophobic contribution mentioned earlier but also related 
to the molecular parameters of the amphiphile. The aggregate structure for amphi-
philes is predicted by the “surfactant parameter” (S), which in turn takes into account 
parameters such as the hydrophobic volume, chain length, and headgroup area that 
contain information about the geometrical shape of the molecule (Israelachvili et al. 
1976). The surfactant parameter is defined as follows:

	 S = v/(l × a0),	 (3.1)

where v, l, and a0 are the volume of the hydrophobic portion of the amphiphile, the 
length of the hydrocarbon chains, and the effective area per headgroup, respec-
tively. The value of the surfactant parameter relates the properties of the molecule 
to the mean curvature of the formed aggregates. By convention, the curvature of 
an aggregate is positive if the aggregate is curved around the hydrophobic part 
and negative if it is curved toward the polar part (Seddon et al. 2009). The former 
is also said to form normal aggregates and phases, while the latter forms reversed 
ones. It has already been reported that while small values of S imply highly 
curved aggregates such as micelles, S ~ 1 represent planar bilayers (Israelachvili 
et al. 1976).

The geometry of the phospholipid molecules composed of two hydrocarbon 
chains attached to a polar headgroup has been approximated as cylinders. According 
to the geometrical packing concept described above, phospholipids prefer to self-
assemble into bilayers. At higher lipid concentrations, these molecules usually form 
lamellar phases where two-dimensional planar lipid bilayers alternate with water 
layers (Israelachvili et al. 1976).

3.1.4 � Classification of Liposomes

The liposome family comprises different types of vesicles that vary in size, structure, 
composition, method of preparation, application, and novelty. Although systematic 
classification of this wide range of varying colloidal particles is quite cumbersome, a 
simplified classification on the basis of structure (Table 3.2), method of preparation 
(Table 3.3) (Samad et al. 2007), and composition and application (Table 3.4) (Wagner 
and Vorauer-Uhl 2011) is attempted in this chapter.
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3.2 � LIPOSOMES AS DRUG DELIVERY VEHICLES

3.2.1 � Liposomal Drug Delivery: Passive and Active Targeting

In order to circumvent the problems associated with conventional drug delivery, 
which includes inefficient biodistribution throughout the body and lack of specific 
delivery and passively targeting tissues and organs that have discontinuous endothe-
lium (e.g., liver, spleen, and bone marrow), liposomal formulations of several key 
active molecules were developed (Immordino et al. 2006). The chaotic tumor-vessel 
architecture characterizing any solid tumor facilitates passive targeting. Leaky 
vasculature and dysfunctional lymphatic drainage characterize any solid tumor 

TABLE 3.2
Classification of Liposomes Based on Structure

Vesicle Type Abbreviation
Hydrodynamic 

Diameter
No. of Lipid 

Bilayers Reference

Small unilamellar 
vesicles

SUV 20–50 nm 1 Iqbal et al. 2011

Large unilamellar 
vesicles

LUV 100–1000 nm 1 Sharma and Sharma 1997

Giant unilamellar 
vesicles

GUV >1000 nm 1 Tomsie et al. 2005

Multilamellar 
vesicles

MLV >500 nm 5–25 Banerjee et al. 2012a,b

Oligolamellar 
vesicles

OLV 100–1000 nm ~5 Goren et al. 1990

Multivesicular 
vesicles

MVL >1000 nm Multicompartmental 
structure

Grant et al. 2004

TABLE 3.3
Classification of Liposomes Based on the Method of Preparation

Preparation Method Abbreviation Reference

Thin film hydration MLV Roux et al. 2003

Frozen and thawed multilamellar 
vesicles

FAT-MLV Maestrelli et al. 2009

Extrusion technique VET (LUVET/SUVET) Mayer et al. 1986

Multilamellar vesicles by reverse-phase 
evaporation

MLV-REV Taylor et al. 1990

Single- or oligolamellar vesicles by 
reverse-phase evaporation

REV Szoka and Papahadjopoulos 1978

Dehydration–rehydration DRV Kirby and Gregoriadis 1984

Stable plurilamellar vesicles SPLV Gruner et al. 1985
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TABLE 3.4
Classification of Commonly Known Lipid Vesicles according to Their 
Composition and Application

Identification Definition Reference

Stealth liposomes Liposomes coated with polyethylene glycol (PEG), a 
synthetic hydrophilic polymer, have improved stability 
and enhanced half-life in circulation by avoiding or 
retarding liposome recognition by the 
reticuloendothelial system (RES). The PEG-stabilizing 
effect results from local surface concentration of highly 
hydrated groups that sterically inhibit both hydrophobic 
and electrostatic interactions of a variety of blood 
components (e.g., albumin) at the liposome surface.

Allen et al. 1991; 
Klibanov et al. 1990

Niosomes Small unilamellar vesicles made from nonionic 
surfactants. These vesicles are also known as 
novasomes.

Brewer and 
Alexander 1994

Archeosomes Vesicles consisting of archaebacteria lipids, which are 
chemically distinct from eukaryotes and prokaryotes. 
These vesicles are less sensitive to oxidative stress, high 
temperature, and alkaline pH. Their chemical stability is 
comparable to niosomes.

Conlan et al. 2001; 
Krishnan et al. 2000

Ethosomes Multilamellar vesicles composed of phosphatidylcholine 
and approximately 30% of ethanol. They are used 
mainly for efficient delivery of drugs to the skin in 
terms of both quantity and depth compared to 
conventional liposomes.

Touitou et al. 2000

Transfersomes Ultradeformable vesicles composed of 
phosphatidylcholine and cholate with enhanced 
skin-penetrating properties.

Jain et al. 2003

Proliposomes Dry, free-flowing particles that immediately form a 
liposomal dispersion on contact with water.

Jung et al. 2002; 
Payne et al. 1986

Proteosomes Immunogenic vesicles of bacterial origin, prepared by 
solubilizing, ammonium sulfate precipitation, and 
dialysis against detergent buffer, have proteins and 
peptides noncovalently complexed to the membranes.

Lowell et al. 1988

Immunoliposomes Liposomes modified with antibodies, Fab’s, or peptide 
structures on the bilayer surface for recognizing and 
binding to cells of interest and thereby increasing 
liposomal drug accumulation in the desired tissues and 
organs.

Huang et al. 1983; 
Sullivan et al. 1986

Immunosomes Glycoprotein molecules anchored to preformed 
liposomes with structural and immunogen 
characteristics closer to purified and inactivated viruses 
unlike other forms of glycoprotein–lipid association.

Perrin et al. 1985

(Continued)
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TABLE 3.4 (CONTINUED)
Classification of Commonly Known Lipid Vesicles according to Their 
Composition and Application

Identification Definition Reference

Immune 
stimulating 
complex

Spherical, lipid assemblies made of the saponin mixture Quil 
A, cholesterol, and phospholipids containing amphiphilic 
antigens like membrane proteins and have a built-in adjuvant, 
Quillaja saponin, which is a structural part of the vehicle.

Kersten and 
Crommelin 2003

Lipoplexes Cationic lipid–DNA complexes that are efficient carriers 
for cell transfection. However, associated toxicity is a 
major drawback.

Audouy and 
Hoekstra 2001; 

Khalil et al. 2006

Virosomes Small unilamellar vesicles containing influenza 
hemagglutinin, by which they become fusogenic with 
endocytic membranes. Co-incorporation of other 
membrane antigens induces enhanced immune responses.

Gluck 1999

Dendrosomes A family of novel, nontoxic, neutral, biodegradable, covalent, 
or self-assembled, hyperbranched, dendritic, spheroidal 
nanoparticles that are easy to prepare, inexpensive, and 
highly stable. Predominantly used for gene delivery.

Sarbolouki et al. 
2000

Polymerized 
liposomes

Polymerized phosphatidylcholine vesicles composed of 
lipids bearing one or two methacrylate groups per 
monomer. Compared to nonpolymeric analogs, these 
vesicles exhibit improved stability and controllable 
time-release properties.

Regen et al. 1981

Temperature-
sensitive 
liposomes

Liposomes composed of lipids that undergo a gel-to-liquid 
crystalline phase transition a few degrees above 
physiological temperature have thermosensitive polymers 
anchored to the bilayers that render vesicle temperature 
sensitive. These vesicles are typically used to achieve 
site-specific delivery of drugs and can be modified in a 
temperature-dependent manner to control content release 
behavior, surface properties, and affinity to cell surface.

Kono 2001; 
Needham and 
Dewhirst 2001

pH-sensitive 
liposomes

Liposomes that respond to local pH changes and undergo 
conformational transition to release the encapsulated cargo. 
These types of liposomes are further subdivided into four 
subclasses: (a) vesicles composed of polymorphic lipids and 
mild acidic amphiphiles that act as stabilizers at neutral pH 
(extensively investigated); (b) vesicles composed of caged 
lipid derivatives that results in increased permeability to 
encapsulated solutes; (c) vesicles utilizing pH-sensitive 
peptides or reconstituted fusion proteins to destabilize 
membranes at low pH; and (d) pH-sensitive polymers to 
destabilize membranes after change of the polymer 
conformation at low pH (most recent). Mainly used for 
enhanced delivery of drugs within cells by fusing with 
endovascular membranes under low pH condition.

Drummond et al. 
2000
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(Underwood and Carr 1972). The fenestrations of the leaky vasculature allow the 
liposomes to escape into the tumor tissue. Extravasation is successively followed by 
increased retention of the drug-loaded nanocarrier in the tumor tissue (Peer et al. 
2007; Phillips et al. 2010) leading to enhanced drug delivery at the diseased region. 
Maeda and Matsumura (1989) first termed this phenomenon as enhanced perme-
ation and retention (EPR) effect (Figure 3.4).

High interstitial fluid pressure (IFP) in most solid tumors (Jain 1987) reduces 
significantly the anticancer drug delivery (Jain 1987, 1994). Unlike low-molecular-
weight drugs, the movement of high-molecular-weight anticancer drugs/nanoparticles 
takes  place by convection rather than by diffusion from the circulatory system 
through the interstitial space. Convection is inhibited by increased IFP, which in 
turn results in decreased uptake of drugs into tumor. Moreover, in comparison to 
its periphery, IFP at the center of the solid tumor is higher (Danhier et al. 2010). 
High IFP barrier within tumors may be overcome by adopting active targeting strate-
gies (Chang et al. 2009). An important active targeting strategy involves the use of 
ligands with affinity for the receptors expressed on the plasma membrane of cancer 
cells or tumor neovasculature, to increase the accumulation of anticancer drugs even 
with high IFP environment of the tumor tissues and improve the therapeutic efficacy 
(Lee et al. 2007). In conjugation with nanotherapeutics, therapeutic interventions 
designed to reduce IFP could be applied to augment the treatment of cancer (Cairns 
et al. 2006).

The problems associated with passive targeting include increased toxicity in nor-
mal cells, decreased retention of drug-loaded nanocarriers owing to higher IFP, and 
development of drug resistance can be overcome by explicitly directing liposomes 

Normal tissue

Tumor tissue

�erapeutic nanohybrids

Tight endothelial junctions Disorganized and leaky
endothelial junctions

Bloodstream

FIGURE 3.4  Schematic representation of tumor targeting by nanohybrids via the EPR 
effect. (Reproduced with permission from S. Prakash et al., Advanced Drug Delivery 
Reviews, 63, 1340–1351, 2011.)
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to bind to specific target cells (Medina et al. 2004; Sapra and Allen 2003). Major 
active drug delivery strategies involve ligand-mediated or antibody (Ab)-mediated 
targeting of the therapeutics to the cancer cell. Ligand-targeting therapeutics leads 
to increased drug efficacy (therapeutic effect) and reduced drug toxicity (side effects) 
(Juliano and Daoud 1990; Lian and Ho 2001; Malam et al. 2009; Perumal et al. 
2011), resulting in improved therapeutic index of the drug. Recent reports describe 
the use of ligand-targeting agents such as protein (Ab or Ab fragments) (Heath et al. 
1983), peptides (arginine–glycine–aspartic acid or RGD) (Schiffelers et al. 2003), 
vitamin (folic acid) (Rui et al. 1998), nucleic acid (aptamer) (Brody and Gold 2000; 
Floege et al. 1999; White et al. 2000), and glycoprotein (transferrin) (Juliano and 
Stamp 1976). While RGD targets cellular adhesion molecules important in cancer 
progression (Cooper et al. 2002) like integrin αVβ3 (Suri et al. 2007), growth factor 
receptors are specifically targeted by transferrin (Weinzimer et al. 2001) and folate 
ligands (Herbert et al. 1962).

Non-Ab ligand-targeted delivery like folate and transferrin-mediated drug deliv-
ery systems are being reported lately (Figure 3.5). Folate-mediated liposome target-
ing is increasingly gaining importance because of the frequent overexpression of 
folate receptors in a wide variety of tumor cells (Lu and Low 2002). Similarly, tar-
geting tumors with transferrin-modified liposomes also provides a suitable approach 
owing to the increased frequency of transferrin receptors in cancer cells (Gowda 
2013; Hatakeyama et al. 2004). Peptides (RGD) (Schiffelers et al. 2003), glycan (Xie 
et al. 2012), and nucleic acid (aptamer) (Leamon et al. 2003) have also been reported 
as other forms of non-Ab ligand liposome-based targeted drug delivery systems. 
Second-generation liposomes bearing dual ligands enhance targeting selectivity of 
drug-loaded nanocarriers and are designed to target multiple receptors for reduced 
toxicity on nontarget cells (Saul et al. 2006).

The success of the targeted drug delivery is based on the density of the expressed 
targeted receptor/antigen on the cell. The enhanced effectivity of Ab-mediated 
drug delivery in comparison to non–Ab-mediated targeted drug delivery arises 
from its increased specificity. However, the high cost and production time of 

Cellular targeting Particle stealthing Organelle targeting

FIGURE 3.5  Schematic representation of an engineered liposome for long circulation and 
ligand/Ab-mediated targeted delivery. (Reproduced with permission from K. Sen and M. 
Mandal, Int J Pharmaceut, 448, 28–43, 2013.)
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Ab-anchored liposomes significantly limit its application in targeted delivery 
(Allen 2002).

3.2.2 � Liposome-Based Therapeutics

Gregoriadis et al. (1974) first proposed liposomes for delivery of cancer therapeu-
tics. Liposomes have been widely reported to be a therapeutic tool of choice since 
they have numerous advantages as pharmaceutical carriers (Table 3.5). However, the 
major associated limitation of conventional liposomes (Table 3.6) for therapeutic use 
lies in its fast elimination from the blood and recognition by the reticuloendothelial 
system (RES) (Torchilin 2005).

The efficient uptake of liposomes by macrophages and subsequent removal 
from systemic circulation upon intravenous administration are, however, severely 
affected when the target site is beyond the mononuclear phagocyte system (MPS). 
The binding of opsonins (such as immunoglobulins, fibronectin, and C-reactive 
protein) (Falcone 1986; Patel 1992; Volanakis and Narkates 1981) on the surface 
of liposomes results in MPS recognizing these serum proteins rather than the vesi-
cles and translates into removal of the liposomes from the circulation. Complement 
components such as C5b-9 complexes (membrane attack complex [MAC]), which 

TABLE 3.5
Advantages of Liposomes as Pharmaceutical Carriers
Biocompatibility (Mufamadi et al. 2011)

Prevents premature degradation of encapsulated cargo (Goyal et al. 2005; Petros and DeSimone 2010)

Entrapment of both hydrophilic and hydrophobic drugs (Medina et al. 2004; Zhang et al. 2008)

Targeted delivery—Can be functionalized with ligands to deliver therapeutic agents into cells or 
cellular components (Torchilin 2005)

Site avoidance—The entrapped drug is prevented from reaching the healthy tissue (Hofheinz et al. 2005)

Size or lipid component variation helps in regulating biodistribution of liposomes (Iinuma et al. 2002)

Source:	 K. Sen and M. Mandal, Int J Pharmaceut, 448, 28–43, 2013.

TABLE 3.6
Limitations of Liposomes in Drug/Gene Delivery
High production cost—raw material (lipids) cost is high (Barenholz 2001; Peer et al. 2007)

Oxidation of some phospholipids (Peer et al. 2007)

Rapid clearance by the reticuloendothelial system (Mufamadi et al. 2011)

Removal from the circulatory system (Peer et al. 2007)

Nonspecific uptake (Peer et al. 2007)

Physiochemical instability (aggregation, sedimentation, hydrolysis) (Gurley 2011)

Source:	 K. Sen and M. Mandal, Int J Pharmaceut, 448, 28–43, 2013.
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act as an immediate host defense against invading foreign particles, also recog-
nize liposomes (Hamaguchi et al. 2007; Wilson et al. 2008) and initiate membrane 
lysis through pore formation and enhance uptake by neutrophils, monocytes, and 
macrophages (MPS cells) (Immordino et al. 2006). However, the presence of dys-
opsonins such as human serum albumin and IgA on the vesicle surface reduces 
recognition and inhibits phagocytosis of liposomes (Petros et al. 2010). In fact, 
a fine balance between the blood opsonic and suppressive proteins regulates the 
rate of liposome clearance (Wilson et al. 2008). The conventional liposomes were 
also observed to demonstrate profound instability in plasma, which resulted in 
the rapid release of the encapsulated cargo owing to their interactions with both 
high- and low-density lipoproteins (HDL and LDL, respectively) (Immordino 
et al. 2006).

In order to bypass the low-systemic circulation time of conventional liposomes, 
synthesis of long circulating liposomes (Stealth liposomes) has been attempted by 
coating the liposome surface with polymers, such as polyethylene glycol (PEG) 
(Klibanov et al. 1990), poly(vinyl pyrrolidone) (PVP), poly(acryl amide) (PAA) 
(Torchilin et al. 1994), poly[N-(2-hydroxypropyl)methacrylamide], and amphiphi-
lic poly-N-vinylpyrrolidones (Torchilin et al. 2001) (Figure 3.5). This resulted in 
significantly increased liposome stability, which prolonged, by several orders of 
magnitude, their blood circulation times after systemic administration (Immordino 
et al. 2006) and ultimately led to the development of tailor-made liposomal formu-
lations with increased stability both in vitro and in vivo, improved biodistribution, 
and optimized residence time in systemic circulation (Allen et al. 1991; Klibanov 
et al. 1990).

Repeated injections of sterically stabilized liposomes over a short duration leads to 
their rapid elimination from the system. This reduction in half-life of PEG liposomes 
has been termed accelerated blood clearance (ABC) (Ishida et al. 2003b, 2004). The 
ABC effect has been observed in animal models (rat, rabbit, mouse, Rhesus monkey, 
and Beagle dog) and reflects a major change in pharmacokinetics of consecutive 
injections of PEG liposomes (Dams et al. 2000; Ishida et al. 2003a; Zhao et al. 
2012). Repeated injections of PEGylated liposomes elicit immune response and lead 
to production of anti-PEG IgM, which enhances blood clearance of subsequently 
injected PEGylated liposomes via anti-PEG IgM-mediated complement activation 
under certain conditions (Ishida et al. 2005, 2006b). However, it has been recently 
reported that encapsulated Doxorubicin in drug-loaded PEGylated liposomes causes 
selective damage of T cell–independent B cell–mediated ABC phenomenon (Koide 
et al. 2010).

However, these pharmacokinetic changes were most distinct at dosing frequencies 
(1–3 weeks) that are higher than those used in current clinical practice of approved 
formulation (e.g., Doxil 180, 3–6 weeks). PEG liposomal doxorubicin formulation 
has a recommended low injection frequency of 3–6 weeks in order to prevent the 
occurrence of cutaneous toxicity (Muggia et al. 1997); thus, the occurrence of ABC 
effect has not yet been reported in humans (Dams et al. 2000).

The magnitude of the induction of the ABC phenomenon is directly dependent on 
the interval between injections (Dams et al. 2000) and inversely related to the dose 
(Ishida et al. 2005). Thus, it is very important to design optimal dosing schedules in 
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order to enhance the therapeutic efficacy and reduce the induced toxicity or immu-
nological responses (Ishida et al. 2006a).

Recent combinatorial approaches aim to achieve greater circulation time of the 
vesicles (via PEGylation), specific delivery of encapsulated payload, and synergistic 
uptake via dual-ligand targeting (Takara et al. 2010). In vitro and in vivo intracel-
lular delivery of doxorubicin with RGD-modified PEGylated liposomes exhibited 
increased cytotoxicity against melanoma (Xiong et al. 2005). Cationic liposomes 
have been effectively utilized in the treatment of resistant forms of cancer, which 
have been unresponsive to conventional chemotherapy and other forms of treatment 
(Campbell et al. 2009). Combinatorial treatment regimens involving cationic nano-
systems and other cancer therapeutic approaches such as hyperthermia or applica-
tion of magnetic fields are currently assessed (Campbell et al. 2009) for enhanced 
cancer chemotherapy. Cationic liposomes are effective, but they strongly interact 
with the blood components before they can reach the therapeutic target (Nicolazzi 
et al. 2003). Latest second-generation liposomal strategy aiming at conjugating lipo-
plex technology that involves catonic lipid-based vesicles bearing oligonucleotide 
with PEGylation has been reported to have substantial increase in circulation time. 
While this succeeds in enhancing the effectivity of these formulations (Nicolazzi et 
al. 2003), its limitation lies in reduced transfection rates (Xu et al. 2011).

Recent advances report the emergence of a new class of liposomes for cancer-
specific therapy, which successfully overcomes the limitations of conventional lipo-
somes. In contrast to conventional liposomes, stimuli-responsive vesicles undergo 
relatively large and abrupt physical and chemical changes in sharp response to applied 
stimuli. This becomes of particular interest when the stimuli to which these vesicles 
react are disease or systemic-biochemistry specific (such as pH). Solid tumors are 
characterized by poor vasculature, which causes prevalence of anaerobic conditions, 
and the extracellular pH is also significantly acidic (~6–7) than systemic pH (7.4). 
The pH shift of the specific tissues can act as internal stimuli of chemical and bio-
chemical origin that trigger drug release from the stimuli-responsive nanocarriers. 
External physical stimuli triggering release of encapsulated cargo include heat, light, 
and magnetic field (Fleige et al. 2012; Kato 2012; Scheel and Weinberg 2011). With 
primary cancer prevention being the goal of the present-day cancer chemotherapy, 
cancer vaccines have been developed to significantly reduce the incidence of cancer 
caused by microorganisms such as hepatocellular carcinoma (hepatitis B virus) and 
cervical carcinoma (human papilloma viruses) (Goymer 2005; Villa et al. 2005). 
However, the antitumor vaccine studies have been limited to in vivo models, and 
transition to the clinical trials have not been very fulfilling (Lollini et al. 2006). 
Liposomal vaccine formulation bearing antigenic peptide derived from choriomen-
ingitis virus and immune-stimulatory oligonucleotides has been reported to elicit 
antiviral and antitumor immunity (Ludewig et al. 2000). One of the most recent 
additions to the repertoire of liposomes is the multifunctional theranostic liposomes, 
which can be considered as a key advancement in nanomedicine and has opened up 
a plethora of possibilities for simultaneous cancer therapy and diagnosis.

Approved liposomal drug formulations in cancer therapeutics have gone a long 
way and evolved from classical conventional liposomes (Myocet/DaunoXome) 
(Batist et al. 2001; Petre and Dittmer 2007) to PEGylated forms (Doxil and 
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Lipo-Dox) (Barenholz 2012). Second-generation liposomal drug delivery system 
endeavors for clinic use range from dual drug–loaded liposomes (CPX-1/CPX-351) 
(Dicko et al. 2010; Riviere et al. 2011) to stimuli-sensitive liposomes (ThermoDox) 
(Poon and Borys 2011). The current focus of drug delivery research in clinical tri-
als has been on active targeted drug delivery (MM-302/MBP-436) (Drummond et 
al. 2006; McDonagh et al. 2012) or utilization of cationic liposomes for drug deliv-
ery (EndoTAG-1) (Fasol et al. 2012). Liposomal cancer vaccines being tested clini-
cally include the Anti-MUC1 cancer vaccine (Bradbury and Shepherd 2008) and 
L-BLP25 (Butts et al. 2005). Other approaches include RNA interference (RNAi)–
based therapies that involve the delivery of siRNA (ALN-VSP/TKM-PLK1/TKM-
ApoB) (Semple et al. 2010). By tracking the evolution of liposomes as potent 
pharmaceutical carriers for anticancer drugs, one can assimilate that liposomes 
have gone a long way and currently numerous attractive and diversified strategies 
are being successfully applied preclinically or clinically for enhanced and effective 
delivery of drugs.

3.2.3 �R oute of Administration of Liposomes

The parenteral route, in particular intravenous administration, is the preferred route 
of administration for most clinically approved liposomal and lipid-based products 
(Allen and Cullis 2013). The other routes that are being successfully clinically 
applied include the ocular route (for the product Visudyne) (Bochot and Fattal 2012) 
and the transdermal route (Schroeter et al. 2010). The advantages of the intravitreal 
liposomal drug delivery include limited obstruction of vision owing to the small 
size of liposomes, controlled drug release, and improved vitreous half-life (Table 
3.7). Moreover, it eliminates the problem of increased intraocular pressure since the 
volume to be administered is reduced. Poor bioavailability of associated drugs owing 
to gastrointestinal degradation of the carrier poses a major impediment in oral deliv-
ery of liposomal products (Allen and Cullis 2013). Drug delivery to the brain after 
parenteral administration is low, which has been reportedly enhanced by the use of 
convection and retro-convection (Krauze et al. 2007; Motion et al. 2011).

TABLE 3.7
Advantages and Drawbacks of Liposomes for Intravitreal Administration

Advantages Drawbacks

Increase the stability of entrapped drugs Blurring the vision

Increase the drug half-life in the vitreous Cationic surface charge might induce inflammation

Reduce the drug toxicity Possibility of aggregation during storage or in vivo when 
colloidal stability is poor

Possibility of ligands attachment

Reduce the number of administrations

Source:	 A. Bochot and E. Fattal, J Control Release, 161, 628–634, 2013.
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3.2.4 � Liposomes in Clinical Use

Liposomes act as reservoirs encapsulating the drug, protecting it from degradation 
(Goyal et al. 2005) and reducing the unintended side effects such as cardiotoxicity 
(Forssen and Tokes 1981), nephrotoxicity (Smeesters et al. 1988), neurotoxicity (Park 
et al. 2008; Rosentha and Kaufman 1974), or dermal toxicity (Boman et al. 1996). 
Numerous liposomal formulations bearing cancer therapeutics have been approved 
or are currently undergoing clinical trials (Tables 3.8 and 3.9).

Liposomal formulation of doxorubicin, an anthracycline-class drug and topo
isomerase inhibitor with reported irreversible cardiotoxicity (Lipshultz et al. 1995; 
Vonhoff et al. 1979), has been successfully developed to effectively treat cancers 
with much lesser-associated side effects. Other noted examples of conventional 
liposomes in clinical use include Myocet (Sopherion Therapeutics or Cephalon in 
the United States and Europe, respectively) loaded with doxorubicin (Alberts et 
al. 2004), DaunoXome (Galen) encapsulating daunorubicin (Allen et al. 1991), and 
Marqibo (Talon Therapeutics) carrying vincristine sulfate (Boehlke and Winter 
2006; Rodriguez et al. 2009). Liposomal daunorubicin formulation DaunoXome is a 
pure lipid formulation that efficiently bypasses the RES and has reduced cardiotoxic-
ity (Batist et al. 2001).

TABLE 3.8
Approved Liposomal Formulations in the Market

Product Company Drug Disease

AmBisome Gilead Sciences Ltd. Amphotericin B Severe fungal infections

DaunoXome Galen Daunorubicin Advanced Kaposi’s sarcoma

DepoCyt DepoTech Corporation Cytarabine Lymphomatous meningitis

DepoDur Pacira Pharmaceuticals Epidural morphine sulfate Pain management

Doxil/Caelyx Johnson&Johnson Doxorubicin Metastatic ovarian cancer and 
advanced Kaposi’s sarcoma

Epaxal Crucell Company, 
Berna Biotech

Inactivated hepatitis A 
virus (strain RG-SB)

Hepatitis A

Inflexal V Crucell Company, 
Berna Biotech

Inactivated hemagglutinin 
of influenza virus strains 
A and B

Influenza

Lipo-Dox Taiwan Liposome 
Company

Doxorubicin Kaposi’s sarcoma, breast and 
ovarian cancer

Marqibo Talon Therapeutics Vincristine sulfate Philadelphia chromosome 
negative (Ph−) acute 
lymphoblastic leukemia

Myocet Cephalon/Sopherion 
Therapeutics

Doxorubicin Metastatic breast cancer

Visudyne Valeant 
Pharmaceuticals 
International, Inc.

Verteporfin Age-related macular 
degeneration, pathologic 
myopia, ocular histoplasmosis
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TABLE 3.9
Liposome-Based Therapeutics Undergoing Clinical Trials

Product
Company/

Organization Drug Disease

Annamycin Aronex Pharmaceuticals Annamycin Breast cancer

Aroplatin Antigenics Inc. cis-bis-neodeca-noato-
trans-R,R-1,2-
diaminocyclohexane 
platinum(II)

[analog of oxaliplatin]

Advanced solid malignancies, 
B-cell lymphoma

Atragen Aronex Pharmaceuticals All-trans-retinoic acid 
(tretinoin)

Leukemia

CPX-1 Celator Pharmaceuticals Fixed combination of 
irinotecan and floxuridine

Advanced colorectal cancer

CPX-351 Celator Pharmaceuticals Fixed combination of 
cytarabine and 
daunorubicin

Advanced hematologic cancer

IHL-305 Yakult Honsha Co., Ltd. Irinotecan Treat advanced solid tumors

INX-0125 Inex Pharm Vinorelbine Advanced breast cancer

JNS002 Janssen Pharmaceutical 
K.K.

Doxorubicin Epithelial ovarian carcinoma, 
primary carcinoma of 
fallopian tube, peritoneal 
carcinoma

L9NC University of New 
Mexico

9-nitro-20(S)-camptothecin Metastatic or recurrent cancer 
of the endometrium or the 
lung

LEM Insys Therapeutics Inc. Mitoxantrone Advanced cancer

LEP-ETU NeoPharm Paclitaxel Ovarian, breast, and lung 
cancer

LE-SN38 NeoPharm SN-38 active metabolite of 
irinotecan

Advanced colorectal cancer

Lipoplatin Regulon Cisplatin Colon cancer, gastric tumor

Lipoxal Regulon Oxaliplatin Colorectal cancer

Liprostin Endovasc Inc. Prostaglandin E1 Peripheral vascular disease

L-NDDP New York University 
School of Medicine and 
National Cancer 
Institute

Cisplatin analog—aroplatin Malignant mesothelioma

MBP-426 Mebiopharm Co., Ltd. Oxaliplatin Treat advanced or metastatic 
solid tumors

NL CPT-11 University of California, 
San Francisco

CPT-11 Recurrent high-grade gliomas

Nyotran Aronex Pharmaceuticals Nystatin Systemic fungal infections

(Continued)
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TABLE 3.9 (CONTINUED)
Liposome-Based Therapeutics Undergoing Clinical Trials

Product
Company/

Organization Drug Disease

OSI-211 OSI Pharmaceuticals Lurtotecan Ovarian cancer

OSI-7904L OSI Pharmaceuticals (S-2-[-5-[[[1,2-dihydro-3-
methyl-1-oxobenzo[f]-
quinazolin-9-yl]methyl]
amino]-1-oxo-2-isoinso-
linyl] glutaric acid) 
[thymidylate synthase 
inhibitor]

Gastric or gastroesophageal 
cancer

PEP02 PharmaEngine Irinotecan Metastatic pancreatic cancer

PNU-93914 Memorial Sloan-
Kettering Cancer Center 
and National Cancer 
Institute

Paclitaxel Locally advanced or 
metastatic cancer of the 
esophagus

S-CKD602 Johnson&Johnson CKD-602 [semisynthetic 
analog of camptothecin]

Advanced malignancies

SPI-77 New York University 
School of Medicine 
and National Cancer 
Institute

Cisplatin Recurrent ovarian cancer

Stimuvax Oncothyreon BLP25 lipopeptide 
(MUC1-targeted peptide)

Cancer vaccine for multiple 
myeloma developed 
encephalitis

Telcyta Telik, Inc. Canfosfamide HCl Advanced ovarian, non–small 
cell lung, colon and breast 
cancers

ThermoDox Celsion Doxorubicin Hepatocellular carcinoma

TLC ELL-12 The Liposome Company l-O-octadecyl-2-O-methyl-
sn-glycero-3-
phosphocholine 
[L-ET-18-OCH3 (EL)]

Advanced solid tumors, 
including non–small cell 
lung, prostate cancer, and 
melanoma

TLI Talon Therapeutics, Inc. Topotecan Small cell lung cancer, 
ovarian cancer, and other 
advanced solid tumors

T4N5 
liposome 
lotion

AGI Dermatics Bacteriophage T4 
endonuclease 5

Xeroderma pigmentosum

VLI Talon Therapeutics, Inc. Vinorelbine Advanced solid tumors, 
non-Hodgkin’s lymphoma 
or Hodgkin’s disease
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Vincristine sulfate has been successfully used in the treatment of childhood and 
adolescent leukemia (Crom et al. 1994) and lymphoma (Jackson et al. 1984). However, 
the associated toxicity of vincristine sulfate is clinically manifested by mixed senso-
rimotor neuropathy. Other side effects include seizures, mental changes, orthostatic 
hypotension, and inappropriate secretion of antidiuretic hormone (Rosentha and 
Kaufman 1974). Vincristine-induced dermal toxicity is significantly reduced when 
the drug is delivered via liposomes (Boman et al. 1996).

Aroplatin (Antigenics Inc., Lexington, MA, USA), a multilamellar liposomal for-
mulation of saturated phospholipids dimyristoyl phosphatidylcholine (DMPC) and 
dimyristoyl phosphatidylglycerol (DMPG) bearing the oxaliplatin analog, is under-
going clinical trials (Immordino et al. 2006) and has been reported to have reduced 
nephrotoxicity (Farrell 2011), a side effect attributed to the drug, without compro-
mising its tumoricidal activity.

Liposomal annamycin (3′-deamino-4′-epi-3′-hydroxy-2′-iodo-4-demethoxy doxo-
rubicin), composed of DMPC and DMPG (Wasan and Kwong 1997), exhibited 
increased encapsulation of the drug within the vesicles and increased its therapeutic 
potential (Priebe and Perez-Soler 1993).

AmBisome, the liposomal formulation of amphotericin B used for treatment of 
invasive fungal infections, has reduced acute and chronic side effects like fever, 
chills, and renal toxicity with respect to the parent drug (Heinemann et al. 1997).

Extended-release epidural morphine (DepoDur) is an effective postoperative 
analgesia that is administered into the lumbar epidural space for lower abdominal 
and lower extremity surgery–associated moderate-to-severe pain (Hartrick and 
Hartrick 2008).

Virosome-based antigen delivery systems Epaxal and Inflexal V are two vaccines 
currently being utilized to potentiate cell-mediated and humoral immune response 
and generate immunity against hepatitis A and influenza, respectively (Chang and 
Yeh 2012).

One of the sole liposomal formulations with ophthalmic applications includes 
Visudyne, which is utilized for photodynamic treatment of age-related macular 
degeneration. Visudyne is used for intravenous drug delivery of the monomeric form 
Verteporfin, a hydrophobic chlorin-like photosensitizer, which tends to undergo self-
aggregation in aqueous media (Bochot and Fattal 2012; Bressler and Bressler 2000).

3.2.5 � Conventional Liposomes

Conventional drug-bearing liposomes have only been described to be loaded with 
single drugs previously; however, second-generation liposomes have been reported 
to be loaded with two or more different drugs simultaneously for enhanced thera-
peutic effects or cytotoxicity in cancer cells (Agrawal et al. 2005; Cosco et al. 2012). 
This strategy aims at association of two or more compounds for reduced effective 
dosages and associated side effects (Figure 3.6) (Colomer 2005; Theodossiou et al. 
1998). The liposomal multidrug carrier (MDC) can either be loaded with both water-
soluble (in the aqueous core) and lipophilic (entrapped in the bilayers) (Cosco et al. 
2012) drugs or multiple drugs with the same affinity (hydrophilic/hydrophobic) with-
out any interactions between the two compounds (Tardi et al. 2007).
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3.2.6 �S tealth Liposomes: PEG-Coated Liposomes

Liposomal formulations of several key active molecules were developed in order to 
overcome the problems associated with conventional drug therapy such as inefficient 
biodistribution throughout the body and target-specific delivery by encapsulating 
the molecules within the vesicles to prevent degradation and passively targeting tis-
sues and organs that have discontinuous endothelium (e.g., liver, spleen, and bone 
marrow) (Immordino et al. 2006). The capability of the liposomal formulations to 
efficiently deliver antiparasitic and antimicrobial drugs to treat infections localized 
in the mononuclear phagocytic system and the ability to encapsulate immune modu-
lators in activated macrophages in cancer models to produce tumoricidal agents were 

Advantage of combination therapy

(a) Synergistic effect (b) Overcome MDR (c) Reduction of toxicity

Single drug
formulation

Single drug
formulation

Single drug
formulation
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FIGURE 3.6  Schematic representation depicting numerous advantages of combination 
drug delivery for cancer therapy. (a) Single drug acts through a particular pathway, whereas 
multiple drugs can show enhanced anticancer activity by acting through several pathways. 
(b) In the case of single drug treatment, MDR proteins such as P-gp efflux drug out of the 
cell, whereas for dual formulations, the P-gp inhibitor blocks the role of MDR proteins and 
increases the intracellular concentration of other coadministered drugs resulting in higher 
efficacy by overcoming the MDR phenotype. (c) High dose is required for single drug treat-
ment and consequently results in toxicity to normal cells, whereas treatment with different 
drug combinations leads to synergistic action, which can reduce the dose of each single drug 
and thereby decrease the toxicity. (Reproduced with permission from P. Parhi et al., Drug 
Discovery Today, 17, 1044–1052, 2012.)
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attributed to the recognition and subsequent capture and removal of the liposomes 
from the blood circulation by MPS upon intravenous administration of the vesicles 
(Agrawal and Gupta 2000; Alving et al. 1978).

The efficient uptake of liposomes by macrophages and the consequent removal 
from systemic circulation are, however, severely affected when the target site is 
beyond the MPS. The binding of opsonins (such as immunoglobulins, fibronectin, 
and C-reactive protein) (Falcone 1986; Patel 1992; Volanakis and Narkates 1981) 
on the surface of liposomes results in MPS recognizing these serum proteins rather 
than the vesicles and translates into removal of the liposomes from the circulation. 
Complement components such as C5b-9 complexes (MAC), which act as an imme-
diate host defense against invading foreign particles, also recognize liposomes and 
initiate membrane lysis through pore formation and enhance uptake by neutrophils, 
monocytes, and macrophages (MPS cells) (Immordino et al. 2006). However, the 
presence of dysopsonins such as human serum albumin and IgA on the vesicle sur-
face reduces recognition and inhibits phagocytosis of liposomes (Ishida et al. 2002). 
In fact, a fine balance between the blood opsonic and suppressive proteins regu-
lates the rate of liposome clearance. The conventional liposomes were also observed 
to demonstrate profound instability in plasma, which resulted in the rapid release 
of the encapsulated cargo because of their interactions with both HDL and LDL 
(Immordino et al. 2006).

The physicochemical properties of liposomes have been reported to influence the 
stability and type of proteins that bind to the vesicles. Initial attempts to overcome 
the associated problems with conventional liposomes involved manipulation of lipid 
membrane components such as incorporation of cholesterol to modify bilayer fluid-
ity through increased packing of the phospholipid molecules in the lipid bilayers 
to reduce transfer of phospholipids to HDL (Damen et al. 1981). Further attempts 
to bypass these problems included utilization of phosphatidylcholine with saturated 
fatty acyl chains (with a high liquid crystalline transition temperature) rather than 
phosphatidylcholine with unsaturated fatty acyl chains to increase the stability and 
modulate the size and charge of the vesicles to reduce systemic clearance (Senior and 
Gregoriadis 1982). However, the serious associated limitations such as low entrap-
ment volume, toxicity, and incomplete inhibition of binding with serum components 
resulted in the development of novel strategies involving the use of inert molecules 
to coat the surface of the vesicles to form a spatial barrier (Allen et al. 1989; Gabizon 
and Papahadjopoulos 1988).

Liposomes mimicking erythrocyte membranes with the bilayer surface modified 
with gangliosides and sialic acid derivatives such as monosialoganglioside (GM1) 
were developed, which significantly decreased MPS uptake and remained in blood 
circulation for several hours (Liu et al. 1992). This was possibly attributed to the 
ability of these moieties to reduce opsonization and the potential to bind with dys-
opsonins, which reduced recognition by MPS. However, the ganglioside- and sialic 
acid–modified liposomes have only been observed to have prolonged half-life in a 
few animal models (rats and mice) (Immordino et al. 2006). Furthermore, the high 
cost of sialic acid has also prevented its extensive use (Park et al. 1992).

The strategy of using hydrophilic polymers to increase the hydrophilicity 
of liposomal surface was exploited to increase the longevity of the vesicles in 
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circulation. Although various polymers were investigated, PEG has been widely 
used as the polymeric steric stabilizer (Allen et al. 1991, 2002). PEG, a linear 
polyether diol possessing excellent biocompatibility, solubility in both aqueous 
and organic solvents, lack of toxicity, very low immunogenicity and antigenicity, 
and good excretion kinetics, can be easily modulated for specific purposes such 
as molecular weight and chemical structure manipulation and is much easier and 
cheaper to conjugate with lipids (Dreborg and Akerblom 1990; Monfardini and 
Veronese 1998). PEGylated vesicles are characterized by strongly reduced MPS 
uptake, prolonged blood circulation, and improved distribution in perfused tissues 
(Caliceti and Veronese 2003). The presence of PEG chains on the liposome surface 
prevents vesicle aggregation and enhances the stability of the vesicles by provid-
ing strong interbilayer repulsion that overcomes attractive Van der Waals forces 
(Needham et al. 1992).

The presence of PEG molecules on the liposome surface results in the exclusion of 
other macromolecules from the “periliposomal layer” by occupying the space imme-
diately adjacent to the vesicles through its flexible chains. The access and binding of 
the opsonins to the liposome surface become considerably reduced and ultimately 
result in inhibiting interactions with the macrophages (Drummond et al. 1999). The 
reduced MPS uptake causes the long circulating vesicles to passively accumulate 
within tissues and organs, specifically within solid tumors undergoing angiogenesis 
through a process known as the EPR effect, and function as a sustained drug release 
system (Maeda 2001). However, the presence of tight junctions between capillary 
endothelial cells in the normal tissues prevents extravasation of the liposomes from 
the bloodstream. This results in the enhancement of the therapeutic activity of lipo-
somal cancer chemotherapeutic agents with respect to free drugs.

The success of PEGylated vesicles in cancer treatment was achieved with the 
approval of the stealth liposomal formulation of doxorubicin for the treatment of 
Kaposi’s sarcoma (Krown et al. 2004) and recurrent ovarian cancer (Rose 2005) in the 
United States and Europe. Currently, many other formulations are undergoing clini-
cal trials and a few more formulations are expected to be available in the market very 
soon (Hau et al. 2004; Katsaros et al. 2005). Recent research initiatives have yielded 
newer polymers like PVP, PAA (Torchilin et al. 1994), poly[N-(2-hydroxypropyl)
methacrylamide], amphiphilic poly-N-vinylpyrrolidones (Torchilin et al. 2001), 
l-amino acid–based biodegradable polymer–lipid conjugate (Metselaar et al. 2003), 
and polyvinyl alcohol, which achieved even better control over the properties of 
liposomes leading to extended blood circulation time, better passive targeting of 
the encapsulated cargo to the site of action, and reduction in general drug toxicity 
(Immordino et al. 2006).

3.2.7 �S timuli-Responsive Liposomes: The Role of “Smart” Polymers

Liposome-mediated delivery of therapeutic agents has made rapid progress in the 
transition from the laboratory to the clinic. The significant advances in liposome tech-
nology have resulted in increased circulation lifetimes, enhanced drug loading effi-
ciency, more stable drug formulations, and greater efficacy of liposomal drugs. This 
has brightened the prospects for future liposome-based therapies (Torchilin 2005).
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However, the ability to selectively increase the bioavailability of the drugs at the 
target tissue while maintaining stability in the circulation remained an elusive prob-
lem. Specific delivery of bioactive molecules to a target site is essential to increase 
their efficacy and decrease the associated side effects. Extensive studies have been 
performed to develop liposomes that release their contents at specific sites in response 
to external physical or chemical stimuli (Drummond et al. 2000; Kono 2001).

Engineered liposomes that provide therapeutic control of pathological states 
by an enhanced enrichment of therapeutic or diagnostic agents in diseased tis-
sues have currently emerged as workhorses in nanomedicine (Fleige et al. 2012). 
Stimuli-responsive liposomes are active delivery vehicles that evolve with an 
external signal and are equipped with “load-and-release” modalities within their 
constituting units. The central operating principle lies in the fact that a specific 
cellular/extracellular stimulus of chemical, biochemical, or physical origin can 
modify the structural composition or conformation of the liposomes, thereby pro-
moting release of the active species to a specific biological environment (Calderon 
et al. 2010; Kost and Langer 2001). In contrast to conventional liposomes, stimuli-
responsive vesicles undergo relatively large and abrupt physical and chemical 
changes in sharp response to applied stimuli. This becomes of particular interest 
when the stimuli to which these vesicles act are disease or systemic-biochemistry 
specific (as pH). The specificity allows liposomes to release the encapsulated cargo 
in a temporal or spatial pattern in response to particular pathological triggers 
present in the diseased tissues (Ganta et al. 2008) with substantially reduced side 
effects (Drummond et al. 2000). These liposomes mimic numerous feedback con-
trolled biological events prevailing in nature where the enrichment or absence of 
any physical, chemical, or physicochemical factors regulates a series of biochemi-
cal processes (Fleige et al. 2012).

Stimuli-sensitive liposomes, especially temperature-sensitive (Kono 2001) and 
pH-sensitive vesicles (Drummond et al. 2000), have started to attract attention 
since the former is useful for tumor targeting in conjunction with hyperthermia and 
the latter is useful for cytoplasmic delivery of membrane-impermeable molecules. 
Temperature-sensitive liposomes relying on a relatively sharp phase transition in the 
lipid phase at temperatures only a few degrees above body temperature display lipid-
packing defects at the gel-to-liquid crystalline phase transition and result in increased 
permeability to entrapped cargo (Fleige et al. 2012; Henry et al. 2006; Magin et al. 
1979; Weinstein et al. 1979; Yatvin et al. 1978). However, these liposomes require 
the addition of an external heat stimulus in a spatially well-defined region, surround-
ing and including the tumor (Drummond et al. 2000). pH-sensitive liposomes that 
release their contents into the cytoplasm after endocytosis rely on selective desta-
bilization of liposomes after acidification of the surrounding medium (Yatvin et al. 
1980). Although the initial rationale for the design of pH-sensitive liposomes was 
to exploit the acidic environment of tumors to trigger destabilization of liposomal 
membranes, cytoplasmic release provided a more suitable target to achieve (Dellian 
et al. 1996; Huang et al. 1992). Since the sites of greatest acidity in tumors are distant 
from the tumor microvasculature (Drummond et al. 2000) and the pH of the tumor 
interstitium rarely declines below pH 6.5 unlike endosomes and lysosomes where 
pH reaches values below 5.0 (Ohkuma and Poole 1978), development of pH-sensitive 
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vesicles for tumor targeting was technically difficult because of the narrow pH win-
dow available to engineer liposomes (Roux et al. 2003).

While various phospholipids, such as dipalmitoylphosphatidylcholine (Papahad
jopoulos et al. 1973) and unsaturated dioleoylphosphatidylethanolamine (Drummond 
and Daleke 1997; Gerasimov et al. 1997; Litzinger and Huang 1992), have been stud-
ied to prepare temperature-sensitive and pH-sensitive vesicles, respectively, the recent 
initiative of incorporation of stimuli-sensitive molecules to liposomal membranes 
has started to generate interest (Chen et al. 1999; Meyer et al. 1998). Modification 
of vesicles with stimuli-responsive polymers offers an effective method to prepare 
functional liposomes. These polymers change their conformation and physicochemi-
cal properties in response to various stimuli and environmental conditions (Tonge 
and Tighe 2001) and interact with lipid membranes differently in response to these 
stimuli and changes in the environment conditions when conjugated with liposomes.

3.2.7.1 � Thermosensitive Polymer-Based Temperature-Sensitive Liposomes
Temperature sensitization of liposomes has been attempted with many thermo-
sensitive synthetic and natural polymers that exhibit a lower critical solution tem-
perature (LCST) in aqueous solutions (Schild and Tirrell 1990; Winnik 1987). The 
chains of these polymers undergo a coil-to-globule transition as the temperature 
increases through the LCST. The polymers that are soluble in water below LCST 
become insoluble in water above LCST since they change their nature from hydro-
philic to hydrophobic around LCST (Urry 1993). The change in nature affects 
the stabilization/destabilization of vesicles that have thermoresponsive polymers 
anchored on the membrane and results in the regulation of content release and fusion 
in a temperature-dependent manner. These polymers that are highly hydrated below 
their LCST cover the entire liposome surface and suppress their interactions with 
proteins and cells. However, they are fully dehydrated and contracted above LCST, 
which leads to an increase in the hydrophobicity of the liposome surface and expo-
sure of the bare lipid membrane surface and allows liposome–cell interactions in a 
temperature-dependent manner (Kono 2001).

Poly(N-isopropylacrylamide) (p-NIPAM), a thermosensitive polymer, has been 
extensively exploited to render vesicles temperature sensitive (Ringsdorf et al. 1991; 
Schild 1992). p-NIPAM exhibits a drastic thermoreversible change in water solubil-
ity in a very narrow temperature window (Schild and Tirrell 1990), which can be 
further modulated by co-polymerization with co-monomers with varying hydrophi-
licity or hydrophobicity (Feil et al. 1993; Shibayama et al. 1996). Recent initiatives 
have shown the importance of hydrophobic groups that strongly anchor the hydrated 
polymer chain on to the liposome surface (Ringsdorf et al. 1991). For effective fixa-
tion of the thermosensitive polymers, two types of anchor-bearing polymers have 
been developed: (i) polymers with anchors at random positions in the polymer back-
bone (Kim et al. 1997) and (ii) polymers having an anchor at the chain end (Kono et 
al. 1999d). While the former class of polymers has been synthesized by free radical 
co-polymerization using monomers having hydrophobic side groups such as octa-
decylacrylate (ODA) (Meyer et al. 1998) and N,N-didodecylacrylamide (Kono et al. 
1999b), the latter class comprises polymers obtained by combining an anchor to the 
polymers that have an amino group at the chain end (Kono et al. 1999a).
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Previous studies on the effect of the position of anchors in the polymer chain on 
the binding to liposomal membranes have reported that polymers with anchors at the 
chain end have a greater binding constant to the liposomes (Polozova et al. 1999). 
However, the prediction of the best type of anchors for fixation is a difficult proposi-
tion since the binding ability of the anchor-bearing polymers would be affected by 
a number of factors ranging from molecular weight, monomer unit/anchor ratio, and 
the number of anchors per chain (Kono et al. 1999d). These differences have been 
found to affect the temperature-induced transition of the thermosensitive polymers. 
Furthermore, the fluidity of the liposomal membranes also plays an important role in 
the determination of the degree of fixation of these polymers (Polozova and Winnik 
1997; Polozova et al. 1999).

Anchorage of thermoresponsive polymers onto liposomal surfaces offers the pos-
sibility of temperature-controlled destabilization of the vesicles and release of encap-
sulated cargo through induction of structural defects (Kitano et al. 1994). In relation 
to drug delivery applications, liposomes are required to exhibit thermoresponsive-
ness at temperatures slightly higher than physiological temperature (Hayashi et al. 
1998). Precise control of LCST has allowed polymer modification of liposomal sur-
faces especially in the case of cationic liposomes, which resulted in the regulation 
of the nature of interactions around LCST (Kono et al. 1999a). The thermosensitive 
polymer-modified liposomes offer an attractive strategy for accurate drug delivery 
within the target site by temperature-induced control of affinity of liposomes to the 
cell surface (Kono et al. 1999c).

3.2.7.2 � pH-Responsive Polymer-Based pH-Sensitive Liposomes
pH-responsive polymers offer a promising alternative to both phosphatidylethanol-
amine (PE)-based formulations and pH-sensitive fusogenic peptides for rendering 
liposomes pH sensitive (Akinc et al. 2005; El-Sayed et al. 2005a,b; Pack et al. 2000). 
Synthetic polymers, which can be conveniently synthesized in large scales at low 
cost, have low immunogenic potential and can easily be used to prepare pH-sensitive 
liposomes of almost any composition because of their structure versatility and easy 
association to the vesicular surface (Drummond et al. 2000).

The ability of certain polymers to hypercoil or associate hydrophobically to 
form extensive compact molecules can be exploited to change the conformation and 
subsequent function of these polymers in response to local stimuli. Polymers with 
weakly charged (positive/negative) groups form extended structures owing to mutual 
repulsion between the charged groups (Tonge and Tighe 2001). The additional pres-
ence of alkyl pendant groups in the polymer would subject the pendant groups to 
hydrophobic interactions, which would tend to restrict the alkyl side chains to mini-
mal volume within an aqueous environment. This would allow maximum hydrogen 
bonding between water molecules. The hydrophobic effect observed in the case of 
hypercoiling polymers is also evident as the driving force in the formation of lipid 
assemblies in biological membranes and in defining the conformation of native pro-
teins (Bienvenue et al. 1977).

Acid-triggered polymer-based liposome destabilization/fusion is usually accom-
panied by a modification of the polymer conformation or association with the lipo-
some bilayer, which results in its destabilization (Oku et al. 1987; Richardson et al. 
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1999). The mechanism of membrane destabilization varies depending on whether 
the polyelectrolyte is a weak base (polycation) or a weak acid (polyanion). Polymers 
with weakly ionizable cationic pendant groups such as pyridine or imidazole are 
substantially charged below their pKb value. The resulting ionic repulsion overcomes 
hydrophobic interactions between alkyl side chains within such polymers and leads 
to uncoiling of the polymer chain. However, as the pH is raised, the proportion of 
charged pendant group decreases and the hydrophobic interactions between the alkyl 
side chains become predominant. This results in the progressive collapse of the poly-
mer chain into distinct hydrophobic microdomains, which ultimately results in the 
formation of compact, insoluble globular molecules that subsequently precipitate 
from the aqueous solution. In the case of polymers bearing weakly acidic pendant 
groups such as carboxylic acids, although the macromer exhibits an extended chain 
form above the pKa value, it progressively collapses as the pH is lowered and finally 
precipitates below its pKa (Tonge and Tighe 2001).

The progressive and nonuniform loss of charge during the hypercoiling process 
transforms the polymer into an amphipathic molecule that possesses surface-active 
properties. This results in switching on or off of the surface activity and related 
functional properties in response to subtle variations in the external pH. The mecha-
nism of response to surrounding pH observed in the case of hypercoiling polymers 
is similar to the behavior of responsive macromolecules found in nature (Fichtner 
and Schonert 1977).

The conformation of hypercoiling polymers that undergo drastic changes in 
solution is governed by solvent–polymer interaction. The conformation of solvated 
molecules depends on the balance between electrostatic repulsion between charged 
subgroups, Van der Waals cohesion of uncharged side groups, hydrogen bonds, and 
interactions with solvent and acts both within the molecule and between the mol-
ecule and surrounding solution. However, charge and hydrophobic effect are the 
principal driving forces behind hydrophobic association of these polymers (Tonge 
and Tighe 2001).

Both polycationic and anionic hypercoiling polymers have been synthesized and 
examined for their pH-responsive properties. Synthetic cationic polypeptides such 
as poly(l-lysine) (Gad et al. 1982; Hong et al. 1983) or poly(l-histidine) (Uster and 
Deamer 1985; Wang and Huang 1984) were examined for their pH-dependent fuso-
genic properties. Poly(4-vinylpyridine) (Tonge and Tighe 2001), poly(tertiary amines) 
such as poly[thio-1-(N,N-diethyl)aminoethylethylene], and poly(vinylimidazole) such 
as poly(styrene-imidazole) (Handel et al. 1987; Sutton et al. 1988) have also been 
reported as cationic hypercoilers that exhibit profound conformational changes in 
response to surrounding pH variations. Recent reports indicated the pH-dependent 
membrane destabilization behavior of poly(amidoamines) (Richardson et al. 1999). 
Furthermore, the utility of these polymers is also restricted because of adverse cyto-
toxicity (Drummond et al. 2000).

Acidic hypercoilers are able to trigger content leakage from both neutral and 
charged vesicles unlike their cationic counterparts. The mechanism of leakage is gov-
erned by the structure of the polymer and does not always involve fusion in the desta-
bilization process. Anionic polymers exhibiting hypercoiling behavior are invariably 
composed of carboxylic acid pendant groups commonly in the form of acrylic acid 
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or maleic acid in both homo-polymers and alternating co-polymers (Drummond et 
al. 2000; Tonge and Tighe 2001). In the case of alternating co-polymers, the hydro-
phobic moieties are generally methyl or ethyl acrylates, alkyl vinyl ethers, styrene 
co-monomers, and alkyl acrylamides. While the hydrophobicity of these polymers 
is regulated by the alkyl chain length (Needham et al. 1998; Schroeder and Tirrell 
1989; Thomas et al. 1995), the charge density variation is controlled by pH. The abil-
ity of these polymers to interact and destabilize lipid bilayers depends on the ioniza-
tion state of the carboxylic acid groups. While homo-polymers of methacrylic and 
ethacrylic acids (Joyce and Kurucsev 1981; Kay et al. 1976), co-polymers of acrylic 
acid and ethyl acrylate (Tan and Gasper 1974), maleic anhydride and alkyl vinyl 
ethers (Dubin and Strauss 1967), and maleic anhydride/acid and styrene (Banerjee 
et al. 2012b; Okuda et al. 1977) have been reported to display hypercoiling behavior, 
the major systems that have been extensively studied to destabilize membranes are 
poly(acrylic acid) derivatives (Seki and Tirrell 1984; Thomas et al. 1996), succinyl-
ated poly(glycidols) (Kono et al. 1994), and copolymers of N-isopropylacrylamide 
(NIPAM) (Chen and Hoffman 1995; Hirotsu et al. 1987).

Poly(2-ethylacrylic acid) (PEAA) was demonstrated to bind to a variety of mul-
tilamellar vesicles including anionic vesicles (Seki and Tirrell 1984) and induce 
destabilization under acidic conditions either through micellization at higher concen-
trations (Tirrell et al. 1985) or through pore formation in the bilayer at lower concen-
trations (Kitano et al. 1994). The pH at which permeabilization occurred was found 
to be modulated by adjusting the molecular weight (Schroeder and Tirrell 1989) 
or by substituting PEAA with a more hydrophilic/hydrophobic acrylic acid deriva-
tive (Needham et al. 1998; Thomas et al. 1995). Poly(acrylic acid) derivatives have 
recently been investigated to trigger endosomal release of drugs and eventual trans-
fer to the cytoplasm (Lackey et al. 1999). However, the strong negative zeta potential 
values of PEAA-anchored liposomes attributed to significant ionization of the car-
boxylic groups of the polymer at physiological pH would seriously compromise their 
blood circulation time (Drummond et al. 2000). Succinylated poly(glycidols) with 
hydroxyl and carboxylic acid groups (succinic acid) on the side chain are structur-
ally related to PEG. Previous studies have reported that the presence of succinylated 
poly(glycidols), with long alkyl chains in egg phosphatidylcholine small unilamellar 
vesicles, induced content leakage and intermembrane mixing at pH <5.5 (Kono et 
al. 1994, 1997).

The LCST of poly(NIPAM) co-polymers, which have earlier been reported 
for their thermosensitivity, can be modified as a function of pH by introducing a 
small proportion of charged groups (Chen and Hoffman 1995). The incorporation 
of carboxylic acid group such as methylacrylic acid and hydrophobic anchor ODA 
into NIPAM could trigger, under physiological acidic conditions (pH 4.9–5.5), the 
release of entrapped cargo from large unilamellar vesicles (Drummond et al. 2000). 
NIPAM copolymers are able to destabilize high-temperature phase transition phos-
pholipid vesicles at physiological temperature and trigger the release of drugs unlike 
poly(acrylic acid) derivatives (Zignani et al. 2000). Although the development of 
pH-sensitive liposomes based on NIPAM co-polymers is being actively pursued, 
the instability of these vesicles in systemic circulation remains a concern, along 
with a partial loss of pH sensitivity after incubation with serum (Roux et al. 2004). 
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Development and evaluation of new pH-responsive polymers are thus required to 
develop clinically viable pH-responsive liposomes.

3.2.8 � Cationic Liposomes

One of the most effective nonviral systems for oligonucleotide or gene delivery is 
the cationic lipid–based liposomes. The resulting complex of cationic lipid–based 
vesicles with oligonucleotides is termed lipoplex. Lipoplexes have been described to 
treat cancer efficiently (Table 3.10) and are reported to encapsulate large amounts of 
nucleotides (Felgner and Ringold 1989). Cationic liposome bearing paclitaxel (MBT-
0206) showed selective uptake by angiogenic tumoral endothelial cells abundant in 
solid tumor and metastases (Immordino et al. 2006). EndoTAG-1 initially devel-
oped by MediGene (MediGene A.G., Martinsried, Germany) is currently undergo-
ing Phase III clinical trial designed and financed by SynCore Biotechnology Co. 
Ltd. (Taipei, Taiwan) (Field et al. 2014). Recent research initiatives have reported 
lipoplexes to effectively transfect cells with DNA (Neves et al. 2009) or microRNAs 
(Malone et al. 1989; Wu et al. 2011). Moreover, the transfection efficiency of cationic 
liposomes has been known to increase when their surface is tagged with a ligand that 
is recognized by a cell surface receptor through the initial binding of the ligand to 
the cell (Pirollo et al. 2000). Cationic liposomes target the anionic functional groups 
that line the tumor vasculature and ultimately help in arresting tumor angiogenesis 
(Figures 3.7 and 3.8). Although RNAi therapeutics is an emerging novel approach 
against cancer, the key challenge lies in effective delivery to target tissues. The pre-
clinical development and toxicological profiling of lipid nanoparticle–formulated 
siRNA chemotherapeutic has thus been a major thrust area of investigation recently 
(Barros and Gollob 2012; Ozpolat et al. 2010).

The combination of stealth and ligand-targeted therapeutics with antisense deliv-
ery has proved to be a promising strategy. Conjugating stealth liposomal technol-
ogy with Tf-mediated delivery of drug has been described for the delivery of a 

TABLE 3.10
Lipoplexes Undergoing Clinical Trials

Product Company Description

SGT-53 SynerGene 
Therapeutics, Inc.

Liposome encapsulates plasmid DNA coding for 
p53 wild-type gene

FANG vaccine Gradalis, Inc. Expresses rhGMCSF, bifunctional RNAi 
effector, and bi-shRNAfurin

Pbi-shRNA STMN1 LP Gradalis, Inc. Encapsulates bifunctional short hairpin RNAs 
(shRNA) against human stathmin 1 (STMN1)

BP-100-1.01 Bio-Path Holdings, Inc. Delivers antisense oligodeoxynucleotide (ODN) 
growth factor receptor-bound protein 2 (Grb2), 
with potential antineoplastic activity

Source:	 K. Sen and M. Mandal, Int J Pharmaceut, 448, 28–43, 2013.
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(a)

(b)

(c)

(d)

FIGURE 3.7  Tumor angiogenesis: a step-by-step approach: An angiogenic stimulus is 
secreted by a developing tumor and a vessel sprouts in the direction of the stimulus (a), 
proteases begin to degrade the basement membrane (b), while endothelial cells migrate in 
the direction of the stimulus formed through the newly formed openings in the basement 
membrane (c), and a new vessel sprout forms (d). (Reproduced with permission from R. B. 
Campbell et al., Journal of Pharmaceutical Sciences, 98, 411–429, 2009.)
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(a)

(b)

(c)

(d)

FIGURE 3.8  Vascular targeting with cationic liposomal therapeutics: The tumor vascu-
lature is lined with an overexpression of anionic functional groups (a), cationic liposomal 
therapeutics interact with tumor vessels (b), injury to the tumor microvasculature results 
in damage to the endothelial cells (c), and eventual loss of tumor vessel function results 
in the death of thousands of cancer cells owing to severe oxygen and nutrient deprivation 
(d). (Reproduced with permission from R. B. Campbell et al., Journal of Pharmaceutical 
Sciences, 98, 411–429, 2009.)
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phosphorothioate antisense oligodeoxyribonucleotide (G3139, oblimersen sodium, 
or Genasense) in leukemia cells in vitro for effective treatment via Bcl-2 regulation 
(Chiu et al. 2006). In vivo combination treatment of PEGylated siBcl-2-lipoplex and 
S-1(5-FU) prodrug has been reported to exhibit enhanced antineoplastic activity in a 
DLD-1 xenograft model (Nakamura et al. 2011).

3.2.9 �I mmunoliposomes

Immunoliposomes are considered to be a promising new candidate for targeted 
delivery of anticancer drugs (Table 3.11). Immunoliposomes have monoclonal Abs 
(mAbs) or Ab fragments conjugated to their surface. Conjugation with whole mAb 
leads to greater binding avidity and higher stability. However, the increased immu-
nogenicity of whole mAb owing to the presence of the fragment crystallizable (Fc) 
domain (Allen 2002) severely limits its application.

Targeted drug delivery utilizing immunoliposomes involves two phases: the 
transport phase, where the immunoliposomes traverse from the site of administra-
tion to the target cells, and the effector phase, which includes specific binding of 
immunoliposomes to the target cells and the subsequent delivery of encapsulated 
cargo (Mastrobattista et al. 1999).

The immunoliposome preparation is based on the following chemical strategies: 
(i) use of free functional groups like amino groups, carboxyl groups, and carbo-
hydrate chains present in the Ab molecule; (ii) modification of existing functional 
groups (disulfide, amine, carboxyl, and carbohydrate groups) in the Abs with appro-
priate cross-linking reagents bearing reactive functional groups; (iii) utilization of 
free functional groups present in phospholipids (like hydroxyl and amine groups); 
(iv) modification of the existing functional groups of the phospholipids using suit-
able cross-linking reagents containing reactive functionalities; and (v) utilization 
of various functionalized PEG derivatives, which act as a linker between Abs and 

TABLE 3.11
Antibody-Mediated Drug Delivery Using Liposomes

Ligand Cancer Reference

Anti-CD74 antibody Malignant B lymphoma Lundberg et al. 2004

Monoclonal nucleosome–specific 2C5 antibody 
(mAb 2C5)

Mammary adenocarcinoma Lukyanov et al. 2004

F(ab’)2 fragment of human monoclonal 
antibody GAH

Metastatic stomach cancer Matsumura 2004

Fab’ fragments of a humanized anti-p185HER2 
monoclonal antibody (rhuMAbHER2)

Breast cancer Park et al. 1995

Anti-transferrin receptor single-chain antibody 
fragment (TfRscFv)

Advanced solid tumors Xu et al. 2002

Source:	 K. Sen and M. Mandal, Int J Pharmaceut, 448, 28–43, 2013.
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liposomes (Manjappa et al. 2011). An interesting example relates to monoclonal 
nucleosome–specific Ab 2C5, which has been modified with poly(ethylene glycol)-
phosphatidylethanolamine conjugate (PEG-PE) with the free PEG terminus acti-
vated by p-nitrophenylcarbonyl group (pNP-PEG-PE) for incorporation onto the 
liposomal surface (Lukyanov et al. 2004).

Long-circulating liposomes coated with hydrophilic polymer PEG conjugated 
with mAbs (mAb N-12A5) directed against erbB-2 oncoprotein, a functional sur-
face antigen in breast cancer, have been reported (Goren et al. 1996). Another 
study reports the production of sterically stabilized immunoliposomal drugs use-
ful in “mix and match” combinatorial applications of a variety of anticancer drugs 
(Ishida et al. 1999). Sterically stabilized liposomes containing doxorubicin (Doxil, 
Johnson&Johnson) modified with monoclonal nucleosome–specific 2C5 Ab (mAb 
2C5) showed improved antitumor efficacy in vitro in comparison to nontargeted con-
ventional doxorubicin-loaded liposomes (Lukyanov et al. 2004).

3.2.10 �V irosomes

Virosomes are reconstituted virus liposomes that contain viral membrane proteins 
or peptide antigens incorporated into the liposomes. Epaxal is a virosomal vaccine 
that prevents hepatitis A infection, utilizing virosomes as adjuvants in place of alu-
minum salts, to elicit cell-mediated and humoral immune responses (Bovier 2008). 
Inflexal V is a novel virosome-based trivalent influenza vaccine that delivers influ-
enza antigens to the endosome and stimulates a strong immune response by immu-
nocompetent cells. The major highlight of Inflexal V is its high immunogenicity 
and tolerance in a wide age group including children, young adults, and the elderly 
(Mischler and Metcalfe 2002).

3.3 � CONCLUSIONS

The evolution of new-generation pharmaceutical liposomes has marked a new era in 
drug delivery systems in cancer therapeutics. Liposomes are versatile drug delivery 
systems that can be designed and modified in order to enhance the effectivity of 
the therapeutic drug. The wide array of liposomal drug formulations approved and 
undergoing clinical trials (Tables 3.6 and 3.7) points to the translation of liposomes 
from an object of research to preferred pharmaceutical carriers for clinical appli-
cations. Other important liposomal formulations approved for use in applications 
other than tumorigenic therapy include AmBisome (fungal infections and leishman-
iasis), Amphotec (invasive aspergillosis), Abelcet (aspergillosis), DepoDur (pain 
after surgery), Diprivan (anesthesia), Estrasorb (menopausal therapy), and Visudyne 
(wet macular degeneration). A better understanding of liposomal drug interaction 
with the biological system will facilitate the emergence of a novel class of anti-
cancer therapeutics with improved efficacy and safety. The vast array of liposome-
based therapeutics in preclinical/clinical trials and marketed formulations provide 
a new paradigm in nanotherapeutics with focus toward diagnosis, treatment, and 
prevention.
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ABSTRACT

Cancer is one of the most lethal diseases, and breast cancer ranks as the second 
leading cause of cancer-related death among women. Every year, more than 1 
million women are diagnosed as having breast cancer worldwide. The mortality 
rate of cancer has been increasing significantly, with a projection of approxi-
mately 12 million deaths in 2030. Although cancer therapy using conventional 
methods such as surgery, radiotherapy, and chemotherapy has saved millions of 
lives around the world, the rate of mortality still drastically increases because 
of the nonspecific actions and side effects attributed to such methods. This can 
be overcome by the recent advancements in nanotechnology, which help trans-
form cancer therapeutics to a new dimension. Nanomedicine is one of the most 
rapidly growing biomedical research fields in the 21st century, which gives rise 
to new possibilities in the detection, diagnosis, and treatment of breast cancer. 
Nanomaterials with increased surface properties and tunable size and shape 
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possess high selectivity to tumor cells, and their microenvironment and their 
greater diffusivity into tumor cells with reduced toxicity help overcome the exist-
ing limitations in conventional therapy. Keeping these points in view, this chapter 
reviews the state of the art of nanocarriers for use in breast cancer therapeutics.

Keywords: Nanocarriers, Microenvironment, Drugs, Tumor Cells, Breast 
Carcer

4.1 � INTRODUCTION

Breast cancer is one of the most common invasive cancers among women around the 
world, and it is the second leading cause of death after lung cancer (DeSantis et al. 
2011). According to the American Cancer Society, it is estimated that 465,000 women 
die from this disease annually and approximately 1.3 million women are being diag-
nosed with breast cancer (Jemal et al. 2007). Particularly in the United States, 178,480 
new cases are estimated to be diagnosed and 40,460 women are expected to die from 
breast cancer (Canadian Cancer Statistics 2013). It was also observed that the 20-year 
relative survival is only around 70% after successful treatment (Canadian Cancer 
Statistics 2013). The breast cancer rate around the world is shown in Figure 4.1. It is 
expected that the breast cancer rate will increase drastically in the next few decades 
because of the increase in the life span of women. Therefore, it is necessary to pay 
much attention to breast cancer research and therapy. The exact cause of breast can-
cer is still largely unknown (Bassiouni and Faddah 2012). The different lifestyles and 
food habits of women along with environmental and genetic factors are the predicted 
causes of breast cancer (Bassiouni and Faddah 2012). Gene mutations (Nelson et al. 
2005; Wooster and Weber 2003), prolonged exposure to estrogen (García-Closas et 
al. 2006), alcohol consumption, use of oral contraceptives, and chest irradiation are 
other factors that influence breast cancer (John et al. 2003).

Breast cancer is a type of cancer in which certain cells in the breast become abnor-
mal and proliferate without control to form a tumor. In breast cancer, 90% of deaths 
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FIGURE 4.1  Chart showing statistical data (in percentage) of global breast cancer scenario. 
(From World Health Organization Globocan 2008, http://globocan.iarc.fr/factsheets/cancers​
/breast.asp.)
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are attributed to malignant tumors that show metastasis (Boyle and Levin 2008; 
Mehlen and Puisieux 2006). Cancer cells have the potential to move from their initial 
site of origin to other tissues in the body, which is termed metastasis. Benign tumors 
are mild and lack malignancy, which affects only the surrounding tissues without 
causing severe damage to them. Women who have certain kinds of benign tumors are 
prone to develop malignant breast cancer (Bleyer et al. 2006). Malignant cancer is dif-
ficult to treat even if it is diagnosed early (Dhaheri et al. 2013). The metastasis of breast 
cancer may start at any time followed by the detection of primary breast cancer. The 
most common sites of breast cancer metastasis are the lungs, liver, bone, and lymph 
nodes (Johnston et al. 2013). The median time to metastatic recurrence in patients var-
ies from 21 to 38 months, depending on the subtype of breast cancer (Noh et al. 2011).

The conventional methods used in breast cancer therapy include surgery, radio-
therapy, and chemotherapy. Chemotherapeutic agents used in breast cancer therapy 
have certain characteristics such as nonspecific targeting and biodistribution, water 
insolubility, and systemic toxicity, which limit chemotherapy from totally curing can-
cer. After the initial treatment, drug resistance may develop, limiting the efficiency 
of therapy (Chen 2010). To overcome the lack of specificity associated with conven-
tional therapies, several ligand-targeted therapeutic strategies such as radioimmuno-
therapeutics, immunotoxins, and drug immunoconjugates have been developed, but 
limitations still exist in their efficiency in delivering drugs (Tanaka et al. 2009). The 
clinical management of breast cancer has made considerable progress over the past 
few decades, resulting in an increase in the life expectancy of patients owing to bet-
ter methods of early detection, screening, and novel therapeutic approaches.

The application of nanotechnology in medicine, also referred to as nanomedicine, 
creates an interdisciplinary field that has the potential to improve the treatment of 
many diseases including cancer (Ferrari 2005). Nanotechnology offers novel mate-
rials with unique properties, which can be utilized as a carrier system to deliver 
anticancer drugs. In addition, it offers new techniques to improve the detection and 
diagnosis of breast cancer at the molecular level (Yezhelyev et al. 2009). It involves 
the use of nanosized materials that will be used to carry the anticancer drugs and 
deliver them specifically at the tumor site, resulting in killing cancerous cells with-
out affecting the normal cells (Chen et al. 2009). Being a nanoengineered material, 
the characteristics of nanocarriers can be tailored. Some of the common characteris-
tics of nanocarriers include ease for control over system size, surface functionaliza-
tion, high stability, feasibility of incorporating both hydrophobic and hydrophilic 
substances, and site specific delivery of drugs (Wang et al. 2009). The development 
of nanocarriers in different forms has resulted in unique magnetic, optic, structural, 
and other properties, which makes them the suitable carrier for delivery of drugs in 
a targeted manner (Nie et al. 2007). For example, the albumin nanocarrier bound to 
paclitaxel was used for the treatment of metastatic breast cancer (Miele et al. 2009). 
The advantages observed using this system are site-specific drug delivery and the 
capability of the nanocarrier to actively bind to cancer cells (Miele et al. 2009). 
To increase the efficiency of the drug and to decrease the requirement of the dos-
age, the site-specific delivery of the drugs is preferred and has always been a field 
of active research in nanomedicine. Keeping the above points in view, this chapter 
reviews the state of the art of the different types of nanocarriers, namely, metallic 
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carrier, polymeric carrier, ceramic carrier, carbon nanotube (CNT)–based carriers, 
nanofiber-based carriers, nanogel-based carriers, quantum dots, and protein carriers 
for the application in breast cancer therapeutics and their impact on cancer cells.

4.2 � BASICS OF BREAST CANCER BIOLOGY

Breast cancer is the most frequent diagnostic disease among women. Approximately 
up to 7% of breast cancers are being diagnosed in women below 40 years and less 
than 4% in women below 35 years (Brinton et al. 2008); young women have a lower 
risk of being diagnosed with the disease (Bleyer et al. 2006). Since breast tissues 
are more prone to divide throughout life, they have a higher risk of mutation than 
any other type of tissue. Breast tissues divide frequently from puberty till first preg-
nancy with an inefficient mutation repairing system, especially during the develop-
ing stages of immature breasts. It is evident that, at puberty, hormones like estrogen 
stimulate breast cell division, which increases the risk of permanent DNA damage 
in breast tissues. Because of these frequently occurring division cycles, cells over-
ride the normal cell growth control mechanisms and gain oncogenic features when-
ever they are exposed to carcinogens. Characteristics commonly attributed to cancer 
cells include the following: extensive vascularization properties (Carmeliet and Jain 
2000), resistance to apoptosis and body immune system (Elnemr et al. 2001; Hannun 
1997; Zhou 2000), increased expression of proteins, neighboring normal cells being 
induced for growth factor synthesis, and sustained renewal, which ultimately causes 
genetic instability and mutations in tumor suppressor genes and proto-oncogenes 
(Cho and Kwon 2012). Carcinogens have more affinity toward immature breast cells 
with an inefficient mutation repair system to cause DNA damage during the rapid 
breast development phase. Breast cancer stem cells possess self-renewal and regen-
eration properties but are not tightly controlled by the factors that control the prolif-
eration of a stem cell and can give rise to heterogeneous cancer cell lineages that can 
assist in the formation of bulk tumor cells. Breast cancer stem cells make up a small 
part of most tumors, whereas in melanoma, they comprise 25% of the total mass 
(Shackleton et al. 2009).

There are four stages in the development of breast cancer tumor as shown in 
Figure 4.2. Stage 0 is classified into three major types of breast carcinoma: (1) ductal 
carcinoma in situ, which is noninvasive, wherein the abnormal cells appear in the 
breast duct lining; (2) lobular carcinoma in situ, which is rarely invasive, wherein 
the abnormal cells appear in the lobules of the breast; and (3) Paget disease of the 
nipple, where the abnormal cells are found in the nipple only. Stage 1 is the initial 
stage where the tumor starts to grow to 2 cm, which may or may not be present in the 
breast (Stage 1a), and the formation of small clusters can be seen in the lymph nodes 
(Stage 1b). In Stage 2, the breast cancer tumor starts to enlarge (larger than 2 cm but 
not more than 5 cm), and cancer may not spread to the lymph nodes (Stage 2a) or 
it may spread to the axillary lymph nodes or to the breast bone lymph nodes (Stage 
2b). This is followed by further growth of the tumor (larger than 5 cm), which occurs 
in Stage 3, and it starts to spread to one to three axillary lymph nodes (Stage 3a) or 
nine axillary lymph nodes (Stage 3b). In certain cases, the tumor may be operable 
or inoperable where the tumor size is larger than 5 cm, which could cause swelling 
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or ulcer, and it starts to spread to the breast skin, chest wall, or internal mammary 
lymph nodes (Stage 3c). The final stage of breast cancer is Stage 4 where metastasis 
occurs and the tumor spreads to different parts of the body such as the lungs, liver, 
and bone (Sharma et al. 2013).

Conventionally, anticancer drugs have been used to induce apoptosis in damaged 
cells to control tumor progression. These anticancer drugs act by targeting the active 
proliferation of cancer cells, but it is evident that they are also targeting other normal 
cells such as blood cells, wherein such drugs exploit and limit normal cells’ functions 
such as folic acid synthesis or growth factor uptake. Chemotherapeutic anticancer 
drugs act systemically and have numerous side effects, thus creating an urgent need 
for improved cancer treatment.

A new approach involves site-specific and controlled delivery of drug on the site 
of action. Nanotechnology has provided the means to achieve high precision and effi-
ciency to destroy cancer cells without affecting the neighboring healthy cells. With 
the use of multiple drug delivery carrier systems, it is now possible to specifically 
target cancer cells in vivo and treat them at a minimal drug dosage, thus avoiding 
systemic drug exposure for the whole body and preventing additional side effects 
from occurring. In this chapter, we have discussed different nanocarrier systems that 
can be used for cancer cell therapy, with special concern for breast cancer.
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FIGURE 4.2  Pictorial representation of different stages involved in the development of 
breast cancer.
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4.3 � NANOCARRIER SYSTEMS

Free drugs (i.e., drugs without any carrier system) show nonspecific targeting, which 
allows them to circulate the whole body and thus invade unwanted organs or sites; 
only a small quantity of the drug manages to reach the actual site of action. Some 
commonly used therapeutic drugs for breast cancer, along with their nanocarrier 
systems, are listed in Table 4.1. To overcome the undesirable characteristics of anti-
cancer drugs, it is important to develop a carrier system that can deliver the drugs 
with no or with minimal side effects. Nanomaterial-based carriers, also called nano-
carriers, have the ability to act as an effective drug delivery system in cancer ther-
apy. Nanocarriers in the form of particulate are widely used in cancer therapy. The 
advantages of nanocarriers over conventional therapy are (Hu et al. 2010; Lee and 
Wong 2011; Peer et al. 2007; Tang et al. 2010) as follows:

•	 The size of the particles (which is in the nanoscale range) is appropriate for 
site-specific delivery of drugs to solid tumors through the leaky vasculature 
by passive targeting, that is, enhanced permeation and retention (EPR).

•	 The smaller size confers higher surface area-to-volume ratio, which in turn 
allows for higher drug-loading efficiencies and a higher amount of drug 
being attached to the surface of the carrier.

•	 It also facilitates easy surface functionalization and modification, such that 
targeting moieties and stealth molecules like polyethylene glycol (PEG) or 
dextran can be incorporated in order to make the system more compatible 
with the in vivo conditions.

•	 Nanocarriers with smaller size and functional groups attached can alter the 
drug pharmacokinetics such as increasing the half-life of a drug and mak-
ing it resistant to the reticuloendothelial system (RES).

In this chapter, nanocarriers are broadly classified into metallic carriers, poly-
meric carriers, ceramic carriers, CNT-based carriers, nanofiber-based carriers, 
nanogel-based carriers, quantum dots, and protein carriers as shown in Figure 4.3. 
Some of these carriers, which are being studied extensively to achieve the above
mentioned goals, are discussed in the following sections with emphasis on breast cancer.

4.3.1 � Metallic Nanocarriers

Metal nanoparticles as nanocarriers are increasingly being used in cancer therapy. 
When the metal particles are in the nanosize range, the surface properties become 
more pronounced and thus they can be utilized for surface functionalization of 
therapeutic biomolecules (Lim et al. 2011). Metallic nanoparticles are inorganic in 
nature and can have a high monodispersity index (Morawski et al. 2005). Among 
the metallic nanocarriers, gold nanoparticles and iron-oxide nanoparticles are 
widely used in breast cancer treatment. It has been observed that gold nanopar-
ticles have unique physicochemical properties such as surface plasmon resonance 
and canal low surface modification through amine-thiol group linkage (Morawski 
et al. 2005).
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TABLE 4.1
List of Anticancer Drugs with Their Nanocarrier Systems for Cancer Therapeutics

Nanocarrier Systems Drug Chemical Structure/Formula
Brand 
Name Clinical Usea

Year of 
Clinical 

Use

PEG-targeted PLGA 
immunocarriers

Docetaxel 1,7β,10β-Trihydroxy-9-oxo-5β,20-epoxytax-11-ene-2α,4,13α-triyl 
4-acetate 2-benzoate 13-{(2R,3S)-3-[(tert-butoxycarbonyl)
amino]-2-hydroxy-3-phenylpropanoate}

Taxotere Non–small cell lung cancer
Gastric cancer
Prostate cancer
Squamous cell carcinoma of the head 

and neck that is locally being 
advanced

2004

Magnetic stealth 
nanoliposomes, 
PLGA: PCL 
nanoparticles

Gemcitabine 
hydrochloride

4-Amino-1-(2-deoxy-2,2-difluoro-β-d-erythro-pentofuranosyl)
pyrimidin-2(1H)-on

Gemzar Ovarian cancer
Pancreatic cancer
Non–small cell lung cancer

2004

PLGA nanoparticles 
and PLGA/MMT 
(montmorillonite) 
nanoparticles

Exemestane 6-Methylideneandrosta-1,4-diene-3,17-dione Aromasin Breast cancer that is advanced and also 
early-stage estrogen receptor positive

2005

PLGA nanoparticle, 
nanoliposomes

Paclitaxel (2α,4α,5β,7β,10β,13α)-4,10-bis(acetyloxy)-13-
{[(2R,3S)-3-(benzoylamino)-2-hydroxy-3-phenylpropanoyl]oxy}-
1,7-dihydroxy-9-oxo-5,20-epoxytax-11-en-2-yl benzoate

Taxol Non–small cell lung cancer
AIDS-related Kaposi’s sarcoma
Ovarian cancer

2006

Citrate-coated gold 
nanoparticles

Trastuzumab – Herceptin Adenocarcinoma of the stomach or 
gastroesophageal junction

Breast cancer that is HER2+

2006

Water-soluble 
polymers, dendrimers

Ixabepilone (1R,5S,6S,7R,10S,14S,16S)-6,10-dihydroxy-1,5,7,9,9-pentamethyl-14-
[(E)-1-(2-methyl-1,3-thiazol-4-yl)prop-1-en-2-yl]-
17-oxa-13-azabicyclo[14.1.0]heptadecane-8,12-dione

Ixempra Only breast cancer 2007

(Continued)
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TABLE 4.1 (CONTINUED)
List of Anticancer Drugs with Their Nanocarrier Systems for Cancer Therapeutics 

Nanocarrier Systems Drug Chemical Structure/Formula
Brand 
Name Clinical Usea

Year of 
Clinical 

Use

Albumin-stabilized 
nanoparticle

Lapatinib 
ditosylate

N-[3-chloro-4-[(3-fluorophenyl)methoxy]phenyl]-6-[5-[(2-
methylsulfonylethylamino)methyl]-2-furyl]quinazolin-4-amine

Tykerb Breast cancer that is advanced or 
metastasized. It is used with:

Capecitabine in women with HER2+ 
breast cancer

Letrozole in postmenopausal women 
with HER2+ and hormone receptor 
positive breast cancer who need 
hormone therapy

2010

Polyethylene 
glycol–attached 
poly(β-l-malic acid)

Doxorubicin 
hydrochloride

(7S,9S)-7-[(2R,4S,5S,6S)-4-amino-5-hydroxy-6-methyloxan-2-yl]
oxy-6,9,11-trihydroxy-9-(2-hydroxyacetyl)-4-methoxy-8,10-dihydro-
7H-tetracene-5,12-dione

Adriamycin 
RDF

Adriamycin 
PFS

Ovarian cancer, non-Hodgkin’s 
lymphoma, ovarian cancer, small cell 
lung cancer, soft tissue and bone 
sarcomas, thyroid cancer, transitional 
cell bladder cancer, Wilms tumor, 
acute lymphoblastic leukemia, acute 
myelogenous leukemia, gastric 
(stomach) cancer, neuroblastoma, 
Hodgkin’s lymphoma

–

PLGA nanoparticle, 
curcumin 
nanoparticles

Anastrozole 2,2′-[5-(1H-1,2,4-triazol-1-ylmethyl)-1,3-phenylene]
bis(2-methylpropanenitrile

Arimidex Only breast cancer in postmenopausal 
women

–

Layered double 
hydroxides

Pamidronate 
disodium

(3-Amino-1-hydroxypropane-1,1-diyl)bis(phosphonic acid) Aredia Multiple myeloma
Hypercalcemia (high blood levels of 

calcium) caused by malignant tumors

–

Quantum dots, solid 
lipid nanoparticles

Capecitabine Pentyl [1-(3,4-dihydroxy-5-methyltetrahydrofuran-2-yl)-5-fluoro-2-
oxo-1H-pyrimidin-4-yl]carbamate

Xeloda Stage III colon cancer –

(Continued)
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TABLE 4.1 (CONTINUED)
List of Anticancer Drugs with Their Nanocarrier Systems for Cancer Therapeutics 

Nanocarrier Systems Drug Chemical Structure/Formula
Brand 
Name Clinical Usea

Year of 
Clinical 

Use

Liposome Cyclophosphamide (RS)-N,N-bis(2-chloroethyl)-1,3,2-oxazaphosphinan-2-amine 2-oxide Clafen, 
Neosar, 
Cytoxan

Acute myeloid leukemia, acute 
lymphoblastic leukemia in children, 
chronic lymphoblastic leukemia, 
chronic myelogenous leukemia, 
Hodgkin’s lymphoma, multiple 
myeloma, mycosis fungoides, 
neuroblastoma, non-Hodgkin’s 
lymphoma, ovarian cancer, 
retinoblastoma

–

Poly(butyl 
cyanoacrylate) 
nanoparticles, 
polyvinyl 
pyrrolidone–loaded 
magnetic 
nanoparticles

Epirubicin 
hydrochloride

(8R,10S)-10-((2S,4S,5R,6S)-4-amino-5-hydroxy-6-methyltetrahydro-
2H-pyran-2-yl)-6,8,11-trihydroxy-8-(2-hydroxyacetyl)-1-methoxy-
7,8,9,10-tetrahydrotetracene-5,12-dione

Ellence Only breast cancer –

Silica xerogel Toremifene 2-{4-[(1Z)-4-chloro-1,2-diphenyl-but-1-en-1-yl]
phenoxy}-N,N-dimethylethanamine

Fareston Breast cancer in postmenopausal 
women whose cancer is estrogen 
receptor positive or when it is not 
known if the cancer is ER+ or ER−

–

(Continued)  
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TABLE 4.1 (CONTINUED)
List of Anticancer Drugs with Their Nanocarrier Systems for Cancer Therapeutics 

Nanocarrier Systems Drug Chemical Structure/Formula
Brand 
Name Clinical Usea

Year of 
Clinical 

Use

Stealth liposomes, 
(G5) polyamidoamine 
dendrimer

Methotrexate (2S)-2-[(4-{[(2,4-diaminopteridin-6-yl)methyl](methyl)amino}
benzoyl)amino]pentanedioic acid

Abitrexate, 
Folex PFS, 

Methotrexate, 
Mexate-AQ, 

Mexate

Acute lymphoblastic leukemia
Gestational trophoblastic disease
Head and neck cancer
Lung cancer
Mycosis fungoides
Non-Hodgkin’s lymphoma
Osteosarcoma that has not spread to 

other parts of the body. It is used after 
surgery to remove the primary tumor

–

Oil-in-water 
nanoemulsions

Tamoxifen citrate (Z)-2-[4-(1,2-diphenylbut-1-enyl)phenoxy]-N,N-dimethylethanamine Nolvadex Breast cancer in women and men
Breast cancer in women who are at 

high risk for the disease

–

Source:	 http://www.cancer.gov/cancertopics/druginfo/breastcancer.
a	 All the drugs listed here are commonly used in breast cancer therapy and the same has also been used in other cancers, which are highlighted in the table.
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In breast cancer, approximately 15%–20% of tumors strongly overexpress HER-2, 
and this is known as HER-2-positive breast cancer. Citrate-coated gold nanoparticles 
ranging from 2 to 100 nm bounded with multiple trastuzumab antibodies were for-
mulated in such a way that it is suitable for the efficient targeting and cross-linking 
of human epidermal growth factor receptor (EGFR) (HER)-2 in human SK-BR-3 
breast cancer cells (Jiang et al. 2008). In this study, it was found that optimally sized 
nanoparticles (40–50 nm) were able to enter the cells, whereas the smaller particles 
tend to be dissociated from the membrane and the larger particles appeared to be 
taken up by the cells through receptor-mediated endocytosis. It has been specifically 
observed that 40-nm gold nanoparticles attached to HER were internalized, leading 
to a twofold increase in cytotoxicity owing to trastuzumab and the reduced expres-
sion of downstream kinases such as protein kinase B (Akt) and mitogen-activated 
protein kinase. It can be concluded that gold nanoparticles not only act as a passive 
drug carrier but also help enhance drug–cell interactions and therapeutic effects 
(Jiang et al. 2008).

The different forms of metallic nanocarriers have different impact over the treat-
ment of breast cancer. Nanorods and nanoshells are the notable examples of differ-
ent forms of metallic nanocarriers. HER-2-targeted silica-gold nanoshells have been 
formulated to discern HER-2-overexpressing breast tissue from normal tissue using 
two-photon microscopy and stereomicroscopy (Bickford et al. 2012). It is reported 

Protein nanocarrier

Micelle

DendrimerLiposome

Iron(III)oxide
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Fe3O4
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FIGURE 4.3  Classification of nanocarriers used in breast cancer therapy.
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that the targeted silica-gold nanoshells could be used to visualize HER-2 receptor 
expression in an effective manner in breast tissue specimens.

The nanorods attached to targeted ligands help in the site-specific delivery of 
drugs. A schematic representation of nanorods conjugated with antibody is shown 
in Figure 4.4. In one study, Herceptin, a monoclonal antibody, is made to attach to 
gold nanorods through PEG, thus creating a carrier system, Herceptin–PEG–gold 
nanorods, for the efficient targeting of breast cancer (Eghtedari et al. 2009). Results 
showed that the carrier system was capable of escaping from RES with increased cir-
culation time and had successfully accumulated in HER-2/neu-overexpressing breast 
tumor cells for application in cancer diagnostics (Eghtedari et al. 2009).

Metal oxide nanoparticles such as nickel oxide, titanium dioxide, and iron oxide 
nanoparticles have been used as metallic nanocarriers for therapeutic intervention 
and biomedical applications. Nickel oxide nanoparticles have been reported to induce 
apoptosis, cytotoxicity, lipid peroxidation, reactive oxygen species (ROS) produc-
tion, and oxidative stress in the MCF-7 breast cancer cell line in a dose-dependent 
format (Siddiqui et al. 2012).

Titanium dioxide nanoparticles have considerable cytotoxic effect in human 
breast cells (Yoo et al. 2012). The nanoparticles of titanium dioxide, which are less 
than 100 nm in size, triggered ROS-dependent upregulation of FAS and Bax activa-
tion; thereby, it induces apoptosis in normal breast epithelial cells (Yoo et al. 2012). 
In a study, a breast tumor–targeted nanodrug has been designed, which consists of 
superparamagnetic iron oxide nanoparticles (SPIONs), Cy5.5 fluorescent dye, and 
siRNA, to target the tumor-specific antiapoptotic gene BIRC5 to shuttle specifically 
between siRNA and breast cancer cells as well as to monitor the siRNA delivery 
process noninvasively (Kumar et al. 2010). Magnetic iron oxide nanoparticles asso-
ciated with optical fluorescence dyes were used as multimodal imaging probes to 

Antibody Antibody

PEG �iol
OH OH OH

Nano
conjugates

S S S S S S S

Nanogold

FIGURE 4.4  Schematic representation of nanorod-based carrier systems conjugated with 
antibody for drug delivery applications.
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take advantage of the merits of optical imaging such as rapid screening and high 
sensitivity.

Another interesting approach is the use of water-soluble iron oxide (WSIO) nano-
crystals in breast cancer treatment as a targeted magnetic resonance imaging (MRI) 
contrast agent for diagnostic application. WSIO nanocrystals with dimercaptosuc-
cinic acid (DMSA) as coating material have been synthesized by cross-linking 
carboxylic chelating bonds and intermolecular disulfide, which is then linked to 
Herceptin through free DMSA thiol groups (Jun et al. 2005).

Commercially available streptavidin-conjugated SPIONs have been used as a tar-
geted MRI contrast agent to determine the expression levels of HER-2/neu, which 
is overexpressed in breast cancer cells (Artemov et al. 2003). Breast cancer cells 
expressing various levels of receptors of HER-2/neu were pretreated with bioti-
nylated Herceptin, which is followed by nanoparticles targeted to receptors. The 
contrast observed in magnetic resonance images was found to be proportional to 
the expression level of HER-2/neu receptors, which was 5 × 104 receptors per cell 
(Artemov et al. 2003). These experimental examples, in addition to others, prove the 
efficacy of metallic nanoparticles for use in breast cancer therapeutics.

4.3.2 � Polymeric Nanocarriers

Polymers are one of the widely used carrier systems for the delivery of cancer drugs 
because of their functional properties that are favorable for loading and release of 
therapeutic molecules. Polymers that are used in drug delivery can be broadly clas-
sified into two groups: natural and synthetic polymers. The choice of polymer for 
use in cancer therapeutics highly depends on the mode of drug loading/delivery and 
site of application. Generally, the drug molecules are either physically entrapped or 
covalently bonded to the polymer backbone (Rawat et al. 2006). The widely used 
natural polymers for the design of cancer drug delivery system are albumin, chito-
san, and heparin. For example, paclitaxel with serum albumin has been conjugated 
to form a drug polymer conjugate as formulation for the eradication of breast cancer 
cells (Gradishar et al. 2005). The widely used synthetic polymers for the design of 
cancer drug delivery system are PEG and poly(lactic-co-glycolic acid) (PLGA). The 
other form of delivery system for cancer treatment includes liposomes, micelles, 
and dendrimers. Figure 4.5 shows a schematic representation of nanocarriers being 
used in cancer therapeutics. Some of the common drug carriers approved by the US 
Food and Drug Administration (FDA) for treatment of metastatic breast cancer are 
Doxil (PEGylated liposomal system for doxorubicin [DOX] delivery) and Abraxane 
(albumin-bound paclitaxel nanoparticles). These drug conjugates have a half-life 
period 100 times greater than that of their free drug counterparts (Allen and Martin 
2004; Desai et al. 2006; Gabizon and Martin 1997; Gabizon et al. 2003).

Polymeric nanoparticles play an important role in reducing the systemic toxicity 
of an anticancer drug, which is delivered to the targeted site for breast cancer treat-
ment (Ashley et al. 2011; Min et al. 2010; Sethuraman et al. 2006). Rapamycin-
loaded PLGA nanoparticles conjugated with antibodies have been used for targeting 
EGFR in breast cancer cells in order to observe the efficient delivery of anticancer 
drugs (Ashley et al. 2011). The long circulation and the ability of nanoparticles to 
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extravasate through “leaky” tumor vasculature result in the localization of rapamy-
cin in tumor tissue, thus promoting its efficiency in eradicating cancer cells (Ashley 
et al. 2011). It has been observed that polymeric nanocarriers associated with the 
drug tamoxifen have greater tissue penetration in breast cancer treatment of mice 
when compared to the liposomal delivery of DOX, which causes cardiological and 
neurological side effects (Yezhelyev et al. 2006). Albumin-bound (nab)-paclitaxel 
(Abraxane) (particle size, 130 nm) exhibited higher efficacy when compared with 
solvent-based paclitaxel (Taxol) and docetaxel (Taxotere) in metastatic breast cancer 
(Desai et al. 2008). It was found that the nab-paclitaxel enhanced tumor targeting 
through gp60 and caveolae-mediated endothelial transcytosis, and it was also associ-
ated with the albumin-binding protein SPARC (secreted protein acidic and rich in 
cysteine) in the tumor microenvironment. The overexpression of HER-2 in breast 
cancer has been shown to correlate with the resistance to paclitaxel. The solvent-free 
formulation of nab-paclitaxel is also approved by the FDA for use in the treatment of 
metastatic breast cancer (Gradishar 2006). Karmali et al. (2009) demonstrated that 
the peptide Lyp-1 that recognizes tumor lymphatics was conjugated to nab-paclitaxel 
(Karmali et al. 2009). When compared to untargeted nab-paclitaxel, the Lyp-1–nab-
paclitaxel conjugate produced a significantly higher inhibition of tumor growth. It 
has also been increasingly understood that the versatility of nab-paclitaxel is limited 
on the basis of drug release kinetics, drug chemotypes that can be loaded, and the 
ability of incorporating surface modifications (Karmali et al. 2009).

Nanoparticle
10−100 nm

Nanobiomaterial
carrier

Cell surface
receptor

Cell m
embrane

Drug released
inside the cell

Receptor-m
ediated

endocytosis

FIGURE 4.5  Schematic illustration of the nanocarrier uptake mechanism by cells.
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The liposome used for the targeted delivery of drug attains the efficient localiza-
tion of drug inside the infected cells when compared to nontargeted drug delivery as 
shown in Figure 4.6. The combinatorial delivery of drugs and genes for breast cancer 
treatment has been attractive in recent years, and it was shown that in vivo studies for 
breast cancer treatment have been carried out by multitherapy carriers using combi-
natorial delivery of daunorubicin and tamoxifen of stealth liposomes (Mastrotto et al. 
2013) and RGD-based co-delivery of siRNA and DOX (Jiang et al. 2010). Wang et al. 
reported that the combinatorial delivery of drugs and genes to MDA-MB-231 breast 
cancer cells is possible with high efficiency of drug delivery and high gene transfec-
tion (Wang et al. 2010a). The authors formulated PLGA/folate-coated PEGylated 

Drug released inside
the infected cell

Liposome attached
with the infected cell

Drug conjugated
with liposome

FIGURE 4.6  Schematic of liposome-based targeted and nontargeted drug delivery systems.
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polymeric liposome core–shell nanoparticles for the delivery of drug and genes. In 
this system, PLGA is the core, which helps entrap hydrophobic drugs such as DOX, 
and DNA binding on the hydrophilic cationic lipid shell has been carried out.

The recent advancement of a lipid-coated targeted nanogel drug delivery platform 
over polymeric nanocarriers helps encapsulate a wide range of drug chemotherapeu-
tics, to display targeting ligands, to enhance drug retention within the nanogel core 
after photo-cross-linking, and to retain therapeutic activity after lyophilization for 
long-term storage (Murphy et al. 2011). This study has been carried out in taxane-
loaded nanogels with human serum albumin (HSA) as the core where 15-fold incre-
ment in antitumor activity was observed by blocking primary tumor growth and 
spontaneous metastasis when compared to nab-paclitaxel (Murphy et al. 2011).

Sustained release efficiency of PLGA nanoparticles containing antisense has been 
demonstrated against osteopontin and bone sialoprotein. This has been evaluated in 
vitro and in a breast cancer bone metastasis animal model of MDA-MB-231 human 
breast cancer cells in nude rats. Antisense-conjugated nanoparticles were observed 
to exhibit higher therapeutic efficiency, resulting in decrease in tumor bone metas-
tasis and in the size of lesions in rats (Elazar et al. 2010). In another study, the same 
group has developed nanoparticle conjugates of PLGA and alendronate for reducing 
osteoclast numbers in a murine model of metastatic breast cancer.

Another type of self-assembling synthetic polymer such as dendrimers has also 
been of considerable interest in breast cancer therapeutics. Dendrimers were used in 
the MRI of lymphatic drainage using G6 as the new nanosize paramagnetic mole-
cule in the mouse model of breast cancer (Kobayashi et al. 2004). Wang et al. (2010b) 
formulated a study that helps in the identification of sentinel lymph node localization 
in breast cancer treatment (Wang et al. 2010b). The poly(amidoamine) (PAMAM) 
dendrimer has been used for the treatment of breast cancer, specifically for targeted 
delivery and efficient killing of breast cancer cells. The formulation of G4 polyami-
doamine dendrimer (G4 PAMAM-D) conjugates with antisense oligodeoxynucleo-
tides (ASODNs) showed less toxicity, more stability, and increased bioavailability. 
In vivo studies have been carried out in a mouse model, which showed that the 
conjugate has more accumulating efficiency in cancer cells to inhibit tumor vascu-
larization of breast tumor than naked ASODNs (Wang et al. 2010b). Samuelson et al. 
(2009) have formulated a translocator protein (TSPO) dendrimer imaging agent with 
significantly enhanced targeting and imaging characteristics. The study revealed 
that TSPO could be used as an imaging agent in brain, breast, and ovarian cancer as 
well as in prostate carcinoma. The important synthesizing material used to produce 
TSPO dendrimers is 1-(2-chlorophenyl)isoquinoline-3-carboxylic acid. Hence, the 
TSPO-targeted dendrimer is a real-time imaging agent for breast cancer (Samuelson 
et al. 2009).

Micelles are another type of polymeric nanocarrier system for cancer drugs. The 
biodegradable diblock amphiphilic copolymer mPEG-b-p(LA-CO-MCG) having a 
carboxylate group for platinum chelation has been used for breast cancer treatment 
(Xue et al. 2011). Zhang et al. (2012) had developed a combination of salinomy-
cin and octreotide-modified paclitaxel-loaded PEG-B-PCL polymer micelles. This 
combination was designed in order to eradicate both breast cancer stem cells and 
breast cancer cells that cannot be eradicated by conventional chemotherapy (Zhang 

  



117Nanocarriers for Breast Cancer Therapeutics

et al. 2012). Curcumin polymeric micelles have good water solubility and potential 
to meet intravenous administration requirements.

4.3.3 �C eramic Nanocarriers

Ceramics are polycrystalline inorganic nonmetallic compounds including silicates, 
carbides, sulfides, and various refractory hydrides. The ceramics that are used for 
biomedical applications are commonly called bioceramics. Bioceramics are subcat-
egorized into three types: (i) nearly bioinert (e.g., alumina and zirconia), (ii) bioac-
tive (e.g., hydroxyapatite [HA] and bioglass), and (iii) bioresorbable (e.g., tricalcium 
phosphate). Among them, calcium phosphate ceramics such as HA are often used in 
breast cancer therapy. Vechasilp et al. investigated the efficacy of HA with a binder 
of either alginate or chitosan impregnated with methotrexate on human mammary 
carcinoma cells (Vechasilp et al. 2007). The experimental results showed that both 
composites (HA–methotrexate–alginate and HA–methotrexate–chitosan) could 
release methotrexate for over a month. The striking finding of the work was that 
the composite using alginate as a binder released a significantly greater amount of 
methotrexate than that using chitosan as a binder (p < 0.05). The elution of both 
composites showed favorable cytotoxicity (to have a cytotoxic effect of >80%) when 
the concentration was greater than 5 μg/ml.

Ciocca et al. (2007) optimized an approach to produce an autologous therapeutic 
antitumor vaccine using HA for vaccinating cancer patients (Ciocca et al. 2007). 
The novel approach involved (i) the purification of part of the self-tumor antigens/
adjuvants using column chromatography with HA, (ii) the use of HA as a medium to 
attract antigen-presenting cells (APCs) to the vaccination site, and (iii) the use of HA 
as a vector to present in vivo the tumor antigens and adjuvants to the patient’s APCs. 
The vaccine was prepared by combining HA particles with at least three heat shock 
proteins and with proteins from the cell membrane system (including Hsp70, Hsp27, 
and membrane proteins). The work concluded that therapeutic vaccines based on 
HA ceramic particles and self-antigens can be safely administered and have shown 
encouraging clinical results in cancer patients.

4.3.4 �C NT-Based Nanocarriers

CNTs have generated great interest in biology, where suitably modified CNTs can 
serve as vaccine delivery systems or protein transporters because CNTs are noted 
ideal materials for several applications, ranging from ultrastrong fibers to field emis-
sion displays (Bianco et al. 2005). A notable characteristic of fluorescent-labeled 
CNTs (f-CNTs) is their high propensity to cross cell membrane. f-CNT was eas-
ily internalized and could be tracked into the cytoplasm or the nucleus of fibro-
blasts using epifluorescence and confocal microscopy through the mechanism of 
passive and endocytosis-independent uptake. Organic functionalization has led to 
the advancement in the study of the biological properties of CNTs. In an interesting 
study, Shao et al. (2007) hypothesized that monoclonal antibodies that are specific to 
the IGF1 receptor and HER-2 cell surface antigens could be bound to single-walled 
CNTs (SWCNTs) in order to concentrate SWCNTs on breast cancer cells for specific 
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near-infrared phototherapy (Shao et al. 2007). Human MCF7 ER+ breast cancer cells 
exhibit high expression of IGF1R and thus were concluded to be a relevant surface 
marker for molecular targeting. SWCNTs functionalized with HER-2- and IGF1R-
specific antibodies showed selective attachment to breast cancer cells compared to 
SWCNTs functionalized with nonspecific antibodies.

In vivo SWNT drug delivery has been demonstrated for tumor suppression in 
mice by conjugating paclitaxel (PTX) to branched PEG chains on SWNTs via a 
cleavable ester bond to obtain a water-soluble SWNT–PTX conjugate (Liu et al. 
2008). In cell toxicity assay, the 4T1 murine breast cancer cell line was cultured in 
standard medium and treated with different concentrations of SWNT–PTX, PEG–
PTX, or Taxol for 3 days. It was found that SWNT–PTX exhibited similar toxicity 
to Taxol and PEGylated PTX without any loss of cancer cell destruction ability. A 
significant result was the 10-fold higher tumor uptake of PTX afforded by SWNT 
carriers, which is a key factor for the higher tumor suppression efficacy of SWNT–
PTX than Taxol and PEG–PTX. Prolonged blood circulation and EPR effects are 
responsible for the significantly higher tumor uptake of PTX in the SWNT–PTX 
case (6.4% ID/g at 2 h after injection) than Taxol (0.6% ID/g) and PEG–PTX (1.1% 
ID/g). PTX in Taxol is cleared from the blood and taken up by various organs espe-
cially the kidney and liver for rapid renal and fecal excretion with very low tumor 
uptake. Taken together, the uptake of drug–nanomaterial complexes by RES could 
serve as a scavenger system to eliminate toxic drugs as well as carriers. The one-
dimensional shape and length of nanotubes render easy tagging of targeting ligands, 
drugs, and multiple molecules for synergistic effects.

4.3.5 � Nanofiber-Based Nanocarriers

Nanofibers are widely used in tissue engineering and drug delivery applications because 
of their structure and properties analogous to native extracellular matrix (ECM). Peptide 
amphiphiles (PAs) are a typical example of nanofibers, and they are peptide-based mol-
ecules that self-assemble into high-aspect-ratio nanofibers. PAs have been employed 
in breast cancer therapy for the past few years and have three regions: a hydrophobic 
tail, a region of β-sheet forming amino acids, and a peptide epitope designed to allow 
solubility of the molecule in water, which performs a biological function by interacting 
with living systems. The resultant nanostructures can be designed to display bioactive 
peptide epitopes at high density on their surfaces (Silva et al. 2004). PAs have been 
investigated in vivo as a vital component for therapy in regenerative medicine, includ-
ing central nervous system repair, bone and cartilage regeneration, angiogenesis for 
hind limb ischemia, and myocardial infarction (Tysseling-Mattiace et al. 2008).

The use of PAs to form multifunctional nanostructures with tumoricidal activity 
has also been reported (Toft et al. 2012). The combination of a cationic, membrane-
lytic PA co-assembled with a serum-protective, PEGylated PA was shown to self-
assemble into nanofibers. Degradation of the cytolytic PA by the protease trypsin 
was limited by addition of the PEGylated PA to the nanostructure, which led to an 
eightfold increase in the amount of intact PA observed after digestion.

In contrast to the above study, Soukasene et al. (2011) employed self-assembling 
PA nanofibers to encapsulate camptothecin (CPT), a naturally occurring hydrophobic 
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chemotherapy agent, using a solvent evaporation technique (Soukasene et al. 2011). 
Encapsulation by PA nanofibers improved the aqueous solubility of the CPT mol-
ecule by more than 50-fold. In vitro studies using human breast cancer cells showed 
an enhancement in antitumor activity of the CPT when encapsulated by the PA 
nanofibers. These data highlight the potential of this model system to be adapted 
for delivery of hydrophobic therapies to treat a variety of diseases including cancer.

4.3.6 � Nanogel-Based Nanocarriers

Nanogels are nanoparticles composed of a hydrogel and are most often made of 
synthetic polymers or biopolymers that are chemically or physically cross-linked. 
Nanogels are usually in the range of 10–100 nm in diameter, and they mimic the 
hydrated form of native ECM. Nanogels are recently recognized as a potential car-
rier system for cancer therapeutics. Na et al. (2007) fabricated DOX-loaded self-
organized nanogels composed of hydrophobized pullulan (PUL)-NR-Boc-l-histidine 
(bHis) conjugates (Na et al. 2007). The designed nanogel responses to tumor extra-
cellular pH were determined, and their anticancer efficacy against MCF-7 was evalu-
ated. For pH-dependent releasing kinetics, DOX-loaded nanogels were assessed. The 
release rate of DOX from the PUL-DO/bHis78 nanogels increased significantly with 
reductions in pH. This resulted in increased cytotoxicity (30% cell viability at a dose 
of 10 μg/ml DOX equivalent) against sensitive MCF-7 cells at a pH of 6.8 and low 
cytotoxicity at pH 7.4 (65% cell viability at an identical dose).

Galmarini et al. (2008) designed a strategy of nanoencapsulation of anticancer 
nucleoside analogs (NAs) for efficient delivery to tumors because active NATP 
cannot be directly administered owing to instability and the therapeutic efficiency 
of NAs strongly depends on their intracellular accumulation and conversion  into 
5′-triphosphates (Galmarini et al. 2008). Stable lyophilized formulations  of 
5-triphosphates of cytarabine (araCTP), gemcitabine (dFdCTP), and floxuridine 
(FdUTP) encapsulated in biodegradable PEG-cl-PEI or F127-cl-PEI nanogel net-
works (NGC and NGM, respectively) were prepared by a self-assembly procedure. 
Cellular penetration, in vitro cytotoxicity, and drug-induced cell cycle perturbations 
of these nanoformulations were analyzed in MCF-7. Nanoencapsulated araCTP, 
dFdCTP, and FdUTP showed cytotoxicity and cell cycle perturbations similar to 
those of NAs. Nanogels without drugs showed very low cytotoxicity, although NGM 
was more toxic than NGC.

4.3.7 � Quantum Dots

Quantum dots are semiconducting nanoparticles often used in breast cancer thera-
peutics having optical properties, which can overcome some limitations that exist in 
conventional molecular profiling. They have enhanced photostability and intensi-
fied fluorescence properties with unique fluorescence emission peaks, which mark 
the absence of photo-bleaching and high diagnostic sensitivity, respectively (Gao et 
al. 2004). Different types of quantum dots can be conjugated to various antibodies 
to target the protein biomarkers in breast tumor cells, and spectra obtained from 
this combination can be quantified simultaneously in a single breast tumor section 
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(Haq et al. 2009; Xing et al. 2007; Yezhelyev et al. 2007). Therefore, using quan-
tum dots as nanoparticles offers added advantages over conventional molecular 
profiling, which involves quantification of several proteins simultaneously on small 
tumor specimens.

Weng et al. (2008) have carried out in vitro studies using quantum dot–labeled 
liposomes, which encapsulate DOX and conjugate with anti-HER-2 antibody to tar-
get HER-2-expressing receptor breast cancer cells (Weng et al. 2008). This study 
showed an example of targeted drug delivery systems that can be processed for 
simultaneous imaging and treatment of breast cancer. The results showed that the 
quantum dot–labeled liposome system had efficient antineoplastic activity compared 
to control MCF-7 cells (Weng et al. 2008).

Xiao et al. (2005) have reported that the quantitative detection of estrogen recep-
tor (ER), progesterone receptor (PR), and HER-2 can be done by quantum dot–based 
assay in paraffin-embedded cultured breast cancer cell lines and clinical tissue sec-
tions (Xiao et al. 2005). The expression of the biomarkers has been quantitatively 
correlated to semiquantitative Western blotting conventional immunohistochemical 
analysis, and HER-2 overexpression can be assessed by fluorescence in situ hybrid-
ization (FISH) along with immunohistochemical staining (Jain 2005; Yezhelyev et 
al. 2005b).

Along with quantum dots of different sizes and emission spectra, the Raman 
probes of gold-containing nanoparticles will help in the simultaneous detection and 
quantification of several various proteins such as ER, PR, and HER-2 small tumor 
samples, which leads to the tailoring of specific anticancer treatment to an individual 
patient’s specific tumor protein profile (Jain 2005).

The established method of bioconjugation involves the use of streptavidin and 
biotin as adapter molecules and labeling the sample with a primary and a biotinyl-
ated secondary antibody, followed by incubation with streptavidin-coated quantum 
dots for the treatment of breast cancer (Wu et al. 2003). This method is easy to use 
and highly effective for single staining of cell proteins, but it is not the optimum 
method for multiplex protein detection.

Yezhelyev et al. (2005a) conjugated antibodies to semiconductor, multicolor 
nanoparticles (quantum dots), allowing the quantification of ER, PR, and HER-2/neu 
on single breast cancer sections, which correlated with Western blotting and immu-
nohistochemistry (Yezhelyev et al. 2005a). The use of QD-Abs allowed the detection 
of proteins such as ER, PR, HER-2/neu, mTOR (mammalian target of rapamycin), 
and EGFR simultaneously on a single section of breast cancer cell lines and breast 
tumors.

Quantum dots offer a simple and precise method to trace nodes, which is an 
important factor in breast cancer treatment, that is, without the use of a dye or radio-
active tracer. Owing to the nano size ranges, the quantum dots do not flow past a 
sentinel lymph mode. Song et al. (2009) reported that after injection of semiconduc-
tor nanocrystals of quantum dots into the skin of a breast tumor–bearing animal, 
the lymphatic flow was followed to a sentinel lymph node and its location was easily 
identified (Song et al. 2009). This study enables more precise and sensitive imaging 
using the near-infrared light source of sentinel nodes over longer periods. In vivo 
imaging may in turn improve the precision and safety of sentinel node biopsies.
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4.3.8 � Protein Nanocarriers

Protein nanoparticles as nanocarriers can be used for the targeted delivery of drug 
for breast cancer treatment since the surface of the nanoparticle can be modified to 
impart new functional groups or immobilization of biomolecules, which helps in 
the prolonged circulation of therapeutic molecules to enhance drug localization that 
facilitates an increase in the efficacy of drug and also a decrease in the chance of 
multidrug resistance from occurring (Kommareddy and Amiji 2007). For example, 
thiolated gelatin nanoparticles, which are modified by the stealth molecule PEG, 
enhanced the circulation time of the nanoparticles to reach the targeted tumor site 
primarily because of their hydrophilicity (Kommareddy and Amiji 2007).

The function of protein nanoparticles is limited by the absence of specific chem-
ical conjugation sites. To introduce new functional groups suitable for breast can-
cer treatment, a new strategy was introduced where the organic molecules loaded 
into the cavity of the protein nanoparticle through noncovalent interactions and 
the concept of drug delivery have been tested in MDA-MB-231 breast cancer cells 
(Ren et al. 2012). The authors have designed the biomimetic model with general-
ized binding sites by multiple phenylalanine incorporation and by redesigning the 
caged protein scaffold; the DOX as the antitumor agent was delivered. The addi-
tion of more phenylalanine leads to greater drug-loading capacity. Compared to 
conventional nanoparticle delivery systems, this model shows higher drug-loading 
levels. The DOX-loaded protein nanoparticles can be taken up by the breast cancer 
cells with subsequent intracellular drug release to induce cell death (Ren et al. 
2012).

It has been noticed that the chelating agent linked to protein-based drug carriers 
can induce anticancer activity in breast cancer cells. Michaelis et al. (2004) revealed 
that the chelating agent diethylene triamine penta acetic acid (DTPA) inhibits human 
cytomegalovirus replication along with its potential to inhibit the activity of MCF-7 
(Michaelis et al. 2004). To enhance cellular uptake, DTPA was coupled covalently 
to HSA molecules, HSA nanoparticles (HSA-NP), gelatin type B (GelB) molecules, 
and GelB nanoparticles (GelB-NP). This study showed that compared to the nor-
mal growth of cancer cells, a threefold reduced growth concentration was observed 
because of DTPA. This study concluded that coupling of DTPA to protein-based 
drug carrier systems increases its antiviral and anticancer activity probably by medi-
ating cellular uptake (Michaelis et al. 2004).

Another interesting approach used in breast cancer treatment is the integration of 
nanocarriers with phage display techniques, which is used for targeted breast can-
cer therapy using MCF-7 breast cancer cells. In the landscape phage protein–based 
approach, the phage fusion proteins self-assemble with the liposomal drug carriers to 
create targeted nanoparticles with components coexisting in a compatible and syn-
ergistic form (Wang et al. 2011). The phage protein in the liposome does not affect 
the liposome morphology. It was found that liposomes are modified with MCF-7-
specific phage fusion proteins (MCF-7 binding peptide, DMPGTVLP, fused to the 
phage PVIII coat protein), which offered strong bonding with target MCF-7 cancer 
cells but not with co-cultured, nontarget cells including C166-GFP and NIH3T3. The 
free binding peptide addition, DMPGTVLP, competitively inhibited the interaction 
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of MCF-7-specific phage–liposome with target MCF-7 cells but showed no reduction 
of MCF-7-associated plain liposomes (Wang et al. 2011).

Otis et al. (2013) formulated peptide nanostructures from artificial crown such as 
ether amino acids made from l-3,4-dihydroxyphenylalanine that has been used for 
breast cancer treatment (Otis et al. 2013). Similar to the natural channel proteins, the 
design and development of peptide nanostructures help create ions or channels by 
aligning crown ethers in such a way that it forms alpha helical conformation. It has 
been said that the analogs of channel peptide nanostructures showed cytotoxicity 
against different cancer cells. The appropriate nanoscale length of the crown peptide 
has the ability to span the membrane to cause cytotoxicity in cells (Otis et al. 2013).

4.4 � ALTERNATIVE THERAPEUTIC STRATEGIES

There are a few other techniques that are also being used in the treatment of breast 
cancer apart from the carrier systems discussed earlier. Hyperthermia and photo

dynamic therapy (PDT) are the most notable treatment strategies used for breast 
cancer treatment. Sadeghi-Aliabadi et al. (2013) reported that the minimal heat 
(42°C–45°C) used in hyperthermia is an effective cancer therapy treatment (Sadeghi-
Aliabadi et al. 2013). The authors used magnetite nanoparticles to produce heat, 
which have been prepared via co-precipitation method. The cytotoxicity of nanopar-
ticles has been evaluated by suspending the magnetite nanoparticles in liquid paraf-
fin, DOX, and a mixture of both; they were then added to MDA-MB-468 cells in 
separate 15-ml tubes and were allowed to stand at room temperature or be subjected 
to magnetic field for 30 min. The results showed that at room temperature, magne-
tite nanoparticles alone were not cytotoxic, but when exposed to the magnetic field, 
more than 50% of cells were dead. Along with this, it has been observed that DOX in 
combination with magnetite helps kill more than 80% of the cells (Sadeghi-Aliabadi 
et al. 2013).

The ablation of cancer cells using radiofrequency heating techniques has been 
carried out in the past decades, accompanied by issues such as significant ablation 
of normal cells and inconsistent tumor ablation. This paves the way to develop a 
treatment via constant exposure to electric field using metallic nanoparticles that 
are more sensitive to breast cancer cells. The heating of functionalized antibody 
attached to the metallic nanoparticles induces necrosis in T47D breast cancer 
cells when exposed to nanosecond pulsed electric field. The electric field exposure 
between 60- and 300-ns pulses caused alterations in the cell viability and thermal 
ablation of cells in the range of 80% to 90%. These quantities of ablated cells were 
achieved using a cumulative exposure time 6 orders of magnitude less than most in 
vitro constant electric field studies (Burford et al. 2013).

PDT is used for the treatment of many cancers including breast cancer. 
Photosensitizers are light-sensitive elements, which are taken up by tumor cells more 
actively and are activated by light, and generate ROS, which causes cell death by 
necrosis or apoptosis. The general mechanism of PDT used to kill the tumorous cells 
is shown in Figure 4.7. Abo-Zeid et al. (2013) carried out a study where the efficacy 
of PDT was observed with the photosensitizer indocyanine green (ICG) through 
the investigation of TP53, HER-2, and TOP2A gene signals as breast cancer gene 
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markers in MCF-7 breast cancer cells by interphase fluorescence in situ hybridiza-
tion (nuc-FISH). The results showed that the viability of breast cancer cells was not 
reduced when they were treated with ICG followed by laser irradiation and incu-
bation. The combination of ICG/PDT with laser irradiation exposure for 20 min 
reduced the cell viability after cell incubation in a time-dependent manner (12, 24, 
and 48 h) (Abo-Zeid et al. 2013).

In another study, Aggelidou et al. (2013) reported that the systemic or topical 
administration of 5-aminolevulinic acid (ALA) and its esters led to increased pro-
duction and accumulation of protoporphyrin IX (PpIX) in cancerous lesions, which 
allows for effective application of PDT. In breast cancer treatment, the covalent 
bonding of PpIX with a drug carrier, β-cyclodextrin (βCD), was used to overcome 
the limitations that exist in the adjuvant chemotherapy of using large concentra-
tions of exogenous ALA practically required to bypass the negative feedback control 
exerted by heme on enzymatic ALA synthesis and the strong dimerization propen-
sity of ALA. The product is water soluble, because of which it was localized in 
the mitochondria and it can effectively solubilize the breast cancer drug tamoxi-
fen metabolite N-desmethyl tamoxifen (NDMTAM) in water. The PpIX + βCD/
NDMTAM complex was readily internalized by breast cells (Aggelidou et al. 2013).

Another interesting approach is the use of stimuli-responsive nanocarriers 
(which respond to various external and internal stimuli and act locally) that are 
being developed to improve the efficacy of current treatments. In this study, the 
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FIGURE 4.7  The general mechanism of PDT.
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pH stimuli-responsive nanocarriers have been used, where 11-mercaptoundecanoic 
acid–modified gold nanoparticles (∼7 nm) conjugated with chloroquine were used 
(Joshi et al. 2012). The anticancer activity of chloroquine–gold nanoparticle con-
jugates (GNP–Chl) was observed in MCF-7 breast cancer cells. MCF-7 cells were 
treated with different concentrations of GNP–Chl conjugates, and the cell viability 
was assayed using trypan blue, resulting in an IC (50) value of 30 ± 5 μg/ml. Flow 
cytometry analysis revealed that the mode of the cell death was necrosis, which 
was mediated by autophagy. The drug release kinetics of the GNP–Chl conjugate 
revealed the release of chloroquine at an acidic pH, which was quantitatively esti-
mated using optical absorbance spectroscopy, and the efficient killing of breast can-
cer cells was observed. Thus, the nature of stimuli-responsive drug release and the 
inhibition of cancer cell growth by GNP–Chl conjugates help in the design of com-
binatorial therapeutic agents, particularly nanomedicine, for the treatment of breast 
cancer (Joshi et al. 2012).

4.5 � CONCLUSION

Breast cancer is one of the most common invasive cancers in women, and it is the 
second leading cause of death after lung cancer. In recent years, considerable atten-
tion has been paid to cancer therapeutics. As discussed, nanotechnology is a fast 
upcoming research area that could provide a potential solution for efficient delivery 
of drugs to specific targeted tumor cells along with imaging and diagnostics. The 
rapid development of nanocarriers leads to significant advances in cancer research 
and therapy that will help facilitate the noninvasive diagnostics and advancement 
in the analysis of tumor cells. The integration of nanotechnology into breast cancer 
therapy and diagnostics will have a great impact in improving breast cancer treat-
ment in the near future where the ultrasensitive detection of metastasis with the 
help of contrast agents can be developed. The availability of nanocarriers for breast 
cancer treatment needs to be thoroughly analyzed with extensive safety testing such 
as toxicity and other side effects of the nanocarriers. Many nanocarrier-based drug 
formulations have already reached clinical trials. The success of these formulations 
and the materials to be developed keeping the above points in mind will decide the 
future of nanocarrier-based cancer therapy, with great challenges as well as great 
expectations ahead.
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ABSTRACT

Antibiotic resistance developed by bacterial and fungal pathogens is one of 
the current major health problems in the world; hence, the development of 
newer antimicrobial therapies based on novel antimicrobial molecules that 
diminish this resistance is urgently required. Antimicrobial peptides or, in a 
wider concept, host defense peptides (HDPs), a diverse set of peptides that are 
evolutionarily conserved to combat or enhance immunity to infections in all 
forms of life, could be a reassuring and complementary solution to this health 
emergency. Many antimicrobial peptides could combine antimicrobial activity 
with immunomodulatory and anti-inflammatory activities. Although bacteria 
and fungi have resistance mechanisms against these peptides, their multifunc-
tionality can evade such resistance. HDPs exhibit a broad spectrum of activ-
ity against a wide range of microorganisms. Different mechanisms of action 
have been proposed for these molecules, which indicate that many of them 
could have more than one antimicrobial target at the cellular level. Many of 
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them interact with plasma membrane (pore formation, physical and functional 
disorganization, or simply transit to localize intracellular targets). One of the 
main difficulties for the utilization of HDPs for microbial control is peptide 
inactivation by proteinases, which is a real resistance mechanism shared by 
multiple human pathogens. Also, inactivation in the presence of salts, serum, 
or microbial components is an additional cause of no in vivo activity. The pre-
ventive action of HDPs is controversial not only for its effectiveness itself but 
also from a cost–benefit point of view. The potential immunomodulatory effect 
of HDP is promising. The combination of new peptides with novel delivery 
techniques is another approach that could become effective for such peptides. 
Despite the success in preclinical models, the clinical results of these mole-
cules have not been good enough to approve them for medical use. Alternatives 
to increase the stability, efficacy, and biodistribution of HDPs are required. 
Different nanosystems have been demonstrated to develop medical applica-
tions. Nanoparticles (1–100 nm) of different materials are characterized by 
large surface-to-volume ratio, with a large fraction of their atoms located at 
the surface with unsaturated coordination bonds. Nanoparticles basically are 
obtained by bottom-up procedures and by top-down routes. They can be func-
tionalized by the incorporation, through acid–base reactions or coordination 
interactions, of molecular species to allow their conjugation to biomolecules or 
to provide functional properties. The antimicrobial activity of different types 
of nanoparticles has been demonstrated when metals exhibit antibacterial 
properties in their bulk. The antimicrobial effect of these metals increases at 
nanoscale dimensions. Conjugation of HDPs with nanoparticles could increase 
the antimicrobial activity of the combined parts. Nanoparticles could be a per-
fect carrier for HDPs because of their multifunctional activities.

Keywords: Nanoparticles, Antibiotics, Antimicrobial peptides, Host defense, 
Bacterial infection

5.1 � INTRODUCTION

Nowadays, novel infectious diseases have emerged, many of which are responsible 
for life-threatening disorders (Snell 2003). A lack of new antibiotics for treatment of 
illnesses, combined with the appearance of multi–drug-resistant strains, has gener-
ated the imperative requirement for innovative strategies in the development of newer 
antimicrobial therapies (Arias and Murray 2009). Host defense peptides (HDPs) are 
an essential first line of defense against pathogenic infection, showing strictly cor-
related immunomodulatory and antimicrobial properties. They constitute a novel 
strategy for the development of antimicrobial therapies (Afacan et al. 2012). Since 
they mainly act over microbial membranes or host immune cells, HDPs have shown 
a wide spectrum of activity that included bacteria, virus, and fungi with an ability 
to cause infectious diseases (Mulder et al. 2013; Theberge et al. 2013). Furthermore, 
such compounds have also been the focus of attention because of their low risk of 
triggering microbial resistance owing to their multiple mechanism of action and, 
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therefore, are also investigated as a novel class of antibiotics, additives, and vaccine 
adjuvants (Zhang and Sunkara 2014). Cathelicidins and β-defensins are among the 
most well-known classes of HDPs, which are commonly found in many different 
animal species (Silva et al. 2011).

Unfortunately, the preclinical success achieved with these molecules has not been 
translated to the clinic yet (Eckert 2011). The instability, efficacy, and biodistribution 
of HDPs in clinical trials have been the major drawbacks (Brogden and Brogden 
2011). Development of nanoparticles for entrapment and delivery of HDPs could rep-
resent an alternative to bypass the abovementioned clinic obstacles (Brandelli 2012). 
Here, we provide an overview and discuss the potential application of nanoparticles 
conjugated to HDPs in overcoming infectious diseases.

5.2 � HOST DEFENSE PEPTIDES

HDPs, formerly designed as host defense peptides, are widely spread in nature from 
prokaryotic organisms to vertebrates (Brown and Hancock 2006). These molecules 
are conserved elements of the natural immunity and have a broad-ranging activity 
against infectious agents (Jenssen et al. 2006). They can modulate cell functions such 
as chemoattraction, gene transcription, and cytokine production or release. Also, these 
peptides may be involved in wound healing and angiogenesis (Lai and Gallo 2009).

HDPs are generally small molecules currently containing approximately 12–50 
amino acid residues (molecular weight generally <10 kDa), cationic (net charge of +2 
to +7), and frequently quite hydrophobic (Brown and Hancock 2006; Jenssen et al. 
2006; Yount et al. 2006). Many of these peptides suffer different posttranscriptional 
modifications, with disulfide bond formation and C-terminal amidation as the most 
common ones (Andreu and Rivas 1998). For example, defensins are a widely distrib-
uted family of HDPs characterized by specific rearrangements of disulfide bridges 
(Selsted and Ouellette 2005). The disulfide bridges improve proteolysis resistance 
and, in some cases, seem to be fundamental for microbial killing (Tanabe et al. 2007; 
Wanniarachchi et al. 2011), while in others, they do not appear to be a requirement 
for direct antimicrobial activity (Mandal et al. 2002; Schroeder et al. 2011). On the 
other hand, some antimicrobial peptides such as clavanins (Lee et al. 1997) present 
a C-terminal amidation that confers resistance to proteolysis by carboxypeptidases 
and increases the cationic charge of the molecule (Andreu and Rivas 1998).

Generally, HDPs are genetically encoded molecules included together in mul-
tigenic families such as defensins, cathelicidins, cecropins, and dermaseptins 
(Patrzykat and Douglas 2005). The expression of these molecules could be constitu-
tive or inducible. In prokaryotes, the production of bacteriocins, which are bacteri-
ally produced antimicrobial peptides, is generally regulated by a quorum-sensing 
mechanism of autoinduction when arriving at a certain cell density (Turovskiy et 
al. 2007). On the other hand, in eukaryotes, the expression of several HDP genes is 
regulated in different physiological stages: infection (Diamond and Bevins 1994), 
injury or inflammation (Dorschner et al. 2001), and stress (Aberg et al. 2007). That 
situation depends on the stimulation and the cell type and it is controlled or synchro-
nized with the expression of other elements of natural immunity and inflammation 
(Braff and Gallo 2006; Selsted and Ouellette 2005).
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According to their secondary structure in solution, these molecules can be gener-
ally classified into one of four structural classes: (1) α-helix, (2) β-sheet stabilized by 
two or three disulfide bridges, (3) extended structures with one or more predominant 
residues (like tryptophan and proline rich), and (4) loop owing to the presence of 
a single disulfide bridge (Jenssen et al. 2006; Lai and Gallo 2009). Many of these 
peptides exist in a relatively unstructured conformation in solution and fold into 
their ultimate arrangement when interacting with the unique environment of biologi-
cal membranes (Tossi et al. 2000). The capability to interact with lipid bilayers is 
essential for the diverse antimicrobial activities of HDPs, although complete mem-
brane destabilization is not always required (Zasloff 2002). The enormous potential 
of HDPs to interact with biological membranes might bring some concerns on the 
possible toxicity of HDP-based therapy to host cells, and thus, the selectivity of these 
molecules constitutes an important issue.

5.3 � MECHANISM OF ACTION OF HDPs

Regarding HDPs’ mechanism of action, not only are they antibacterial molecules 
(even against strains resistant to conventional antibiotics) (Miyakawa et al. 1996; 
Saiman et al. 2001), they could also have antimicrobial activity against fungi (Silva 
et al. 2014), enveloped viruses like HIV and influenza (Chang et al. 2005; Salvatore et 
al. 2007), and protozoan parasites as important as Plasmodium falciparum (Gelhaus 
et al. 2008), Trypanosoma cruzi, and Leishmania braziliensis (Lofgren et al. 2007). 
Moreover, their toxicity toward cancerous cells has been documented (Do et al. 
2014; Hsu et al. 2011). This antimicrobial activity could be by direct action against 
microbial cells or by an indirect activation of cells from the innate immune system at 
the site of infection (Alba et al. 2012; López-Abarrategui and Otero-Gonzalez 2013).

HDPs can deal with the lipid bilayer producing cellular death by different mecha-
nisms: (1) changing membrane potential (Westerhoff et al. 1989), (2) transmembrane 
pore formation (Matsuzaki 1998), (3) modifying the current distribution of mem-
brane lipids with destabilization of membrane structure (Matsuzaki et al. 1996), 
(4) triggering lethal processes such as the induction of autolytic enzymes (Bierbaum 
and Sahl 1985), and (5) striking crucial intracellular targets after membrane penetra-
tion (Cudic and Otvos 2002; De Brucker et al. 2011; Scocchi et al. 2011). All these 
different routes underlying the direct antimicrobial activity of HDPs require an ini-
tial interaction with biological bilayers, and therefore, the use of model membranes 
has been widely accepted for learning about this interaction (Hancock and Rozek 
2002). The different models proposed can be divided into transmembrane pore mod-
els, which imply the formation of actual membrane pores or nonpore ones instead 
(Wimley and Hristova 2011).

Furthermore, even when the nonspecificity between the interaction of HDPs and 
membrane lipids has been widely accepted, recent data reveal a more complex sce-
nario. The affinity of some defensins for some specific microbial lipids has been 
demonstrated (Wilmes et al. 2011). In vitro, the inhibition of cell wall synthesis 
combined with binding experiments and nuclear magnetic resonance spectros-
copy demonstrated that Plectasin, a fungal defensin produced by Pseudoplectania 
nigrella, inhibits the growth of Gram-positive bacteria through the binding to 
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the cell wall precursor Lipid II (Schneider et al. 2010). Also, the inhibition of 
Staphylococcus aureus growing by the interaction of the invertebrate defensins 
Cg-Defh1, Cg-Defh2, and Cg-Defm, from the oyster Crassostrea gigas, with Lipid 
II has been demonstrated (Schmitt et al. 2010). On the other hand, the binding of 
the plant defensins DmAMP1 and RsAFP2 to sphingolipids has been demonstrated 
(Aerts et al. 2007; Thevissen et al. 2003). All these data confirmed the existence of 
the specific interaction of HDPs with components of microbial membranes. This 
type of interaction was derived from a novel antimicrobial mechanism that could be 
conserved between different species.

As has been discussed, many of the mechanisms proposed for describing HDP–
membrane interaction are derived from experimental data achieved with model 
membrane, and therefore, the conclusions might be limited. Also, the relevance of 
these considerations is limited in relation to in vivo infection experiments where 
the pharmacokinetic properties of peptides (Brinch et al. 2009), serum inhibition of 
peptide activity (Selsted and Ouellette 2005), and microbial resistance mechanisms 
(Kraus and Peschel 2006) could influence the active doses needed to eliminate the 
infection. For example, according to Selsted and Ouellette (2005), under physiologi-
cal conditions, it is necessary for 1–10 mg/ml of defensin to be fungicidal, conditions 
only found locally in polymorphonuclear leukocytes, in phagolysosomes, and in the 
lumen of the crypts of Lieberkuhn. For this reason, it is not practical to consider 
a peptide-based therapy relying only on its direct antimicrobial activities. Instead, 
features like immunomodulation could complement and enhance the overall action 
of such peptides against infections. This balance could be critical in the success of 
peptide-based therapies.

5.4 � HDP THERAPEUTICS

One of the main pitfalls for the utilization of HDPs for bacterial control is peptide 
inactivation by proteinases. HDP proteolytic inactivation is a real resistance mecha-
nism shared by multiple human pathogens. In an interesting study using group A 
streptococci also known as GAS, the secretion of at least two factors, cysteine pro-
tease SpeB (Schmidtchen et al. 2002) and streptococcal inhibitor of complement 
(Frick et al. 2003), enabled in vitro inactivation of LL-37. Such hypothesis was also 
proven by Johansson et al. (2008) by using GAS in vivo models clearly showing 
SpeB-mediated LL-37 inactivation representing a bacterial resistance mechanism 
at severely infected tissue sites. Furthermore, as mentioned earlier, it is notable that 
HDPs’ biological activities are frequently missing at physiologically significant con-
centrations of glycosaminoglycans, salt, and serum (Afacan et al. 2012). However, 
despite their enormous potential, are those peptides really effective at in vivo mod-
els? This is an important question to ask, since the in vitro activity does not reveal 
too much about the real activities of HDPs.

In this context, several in vivo trials using animal models have been performed 
in the last few years (Hilchie et al. 2013). Interestingly, the addition of HDP pep-
tides before initiating infection in a mouse leads to infection reduction (Nijnik et 
al. 2010; Scott et al. 2007). Moreover, although an extremely weak antimicrobial 
activity, HNP-1 was able to protect mice from S. aureus and Klebsiella pneumoniae 
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infections (Nizet et al. 2001). In principle, anti-infective HDPs’ capability could be 
related to their ability to manipulate immune-cell functions (indirect activation of 
the innate immune system), direct antimicrobial activities, or a combination of both 
functions. Nevertheless, once bactericidal properties are mainly lost under physi-
ological conditions (Afacan et al. 2012; Selsted and Ouellette 2005), it has been 
suggested that such peptides are anti-infective because of their immunomodulatory 
properties. This proposition was reinforced when the innate defense regulator pep-
tide IDR-1, derived from bovine bactenecin, did not show in vitro antibacterial activ-
ities. However, such a peptide was extremely protective in several mouse models of 
bacterial infections (Scott et al. 2007). Surprisingly, such a peptide was protective 
when delivered topically or systemically through subcutaneous, intraperitoneal, and 
intravenous means and also effective when utilized after or before bacterial chal-
lenge. Undeniably, IDR-1 was capable of stimulating bacterial clearance by acting 
directly on the host innate immune response, decreasing tumor necrosis factor, and 
enhancing chemokine production including monocyte chemotactic protein-1.

Additionally, other IDR peptides including IDR-HH2, IDR-1002, and IDR-1018 
were also effective in controlling S. aureus infections (Achtman et al. 2012; Rivas-
Santiago et al. 2013). Moreover, IDR-1002 was also able to protect mice from inva-
sive Escherichia coli infection but was unable to control Mycobacterium tuberculosis 
infections. Otherwise, IDR-HH2 and IDR-1018 were capable of reducing bacterial 
counts in mouse models of drug-sensitive and multidrug-resistant M. tuberculosis 
infections (Rivas-Santiago et al. 2013). Such data clearly suggest that structure and 
activity are clearly related, although it could be impossible to cross the specificity 
information for each bacterium. IDR-1018 was also evaluated in diabetic and nondia-
betic wound-healing models (Steinstraesser et al. 2012). In such reports, IDR-1018 
was compared to LL-37 and HDP-derived wound-healing peptide HB-107. IDR-1018 
was suggestively less cytotoxic when compared to LL-37 or HB-107. Surprisingly, 
although there is complete inefficacy of IDR-1018 to control bacterial colonization, 
a significant improvement in wound healing in S. aureus–infected porcine and non-
diabetic models was observed, improving the potential of IDRs and HDPs as phar-
maceutical drugs.

Moreover, some studies have focused on polyalanine peptides. Among them is the 
multifunctional peptide Pa-MAP derived from the polar fish Pleuronectes america-
nus (Migliolo et al. 2012). Pa-MAP was evaluated in intraperitoneally infected mice 
with a sublethal concentration of E. coli (Teixeira et al. 2013), exhibiting the capabil-
ity to prevent E. coli infection and the upsurge in mice survival, being as effective as 
ampicillin. In addition, mice treated with Pa-MAP have their weight loss reverted. 
Interestingly, despite other peptides having shown their main in vivo bactericidal 
activities related to immune response, no immunomodulatory activity was observed 
in such reports, suggesting that bacterial clearance activity obtained could be related 
to a direct bactericidal effect.

Another option is to discover not only novel peptides but also novel delivery tech-
niques. For example, Ghali et al. (2009) established the viability of protein delivery 
via microvascular free flap gene therapy, challenging such approach for recalcitrant 
infections. In this context, authors investigated the LL37 production delivered by 
ex vivo transduction of the rodent superficial inferior epigastric free flap containing 
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Ad/CMV-LL37. A vascular permeabilizing agent, vascular endothelial growth fac-
tor, was also administered during transduction with adenoviral vectors in an effort 
to enhance transduction efficiency. Moreover, a rodent model of chronic wound 
infection sewn with bioluminescent S. aureus was utilized. Data obtained showed a 
significant reduction in bacterial loads from infected catheters owing to the expres-
sion of LL37 for 14 days, increasing bacterial clearance. Another option consists in 
the utilization of transgenic mice expressing HDPs. In this field, transgenic mice 
expressing human beta defensin 2 on different tissues including the intestine, tra-
chea, lung, and skin were more resistant to S. aureus infection, despite not reaching 
complete protection (Zhang et al. 2006).

The pharmacological potentials are enormous and in vivo trials are just begin-
ning. At the moment, the in vivo peptide activities are completely unpredictable and 
HDPs that show amazing in vitro activities could be extremely pharmacologically 
useless. Otherwise, peptides that show inconsiderable activities at bioassays could be 
amazing anti-infectives when challenged at in vivo models. The future of HDPs, as 
pharmaceutical drugs, is a complete open field and totally under construction.

Despite the success of HDPs in preclinical models, the clinical results of these 
molecules have not been good enough to approve them for medical use. There is no 
doubt that alternatives to augment the stability, efficacy, and biodistribution of HDPs 
are needed. Different nanosystems have emerged to develop biomedical applications 
(Kingsley et al. 2006; Seil and Webster 2012). In fact, some of them have been used 
to potentiate the activity of HDPs (Brandelli 2012; Urban et al. 2012).

5.5 � NANOPARTICLES

Nanoparticles (metals, semiconductors, polymers, and magnets) have a size of 
between 1 and 100 nm and are characterized by large surface-to-volume ratio, and 
from this fact, a large fraction of their atoms are located at the surface with unsatu-
rated coordination environments. These atoms are active species able to catalyze 
redox reactions and to form coordination bonds with surface guest molecules. These 
are probably the most attractive properties of nanoparticles for their application in 
biotechnology. For instance, the presence in transition metal oxide nanoparticles of 
partially naked surface metal sites explains their enzyme-like properties and micro-
bial activity (Biju 2014; Ul-Islam et al. 2014). The coordination chemistry at the 
nanoparticle surface supports the possibility of their functionalization and conjuga-
tion to biomolecules to form programmable molecular engines with unique multi-
functional properties, including molecular recognition, target-oriented biosensing, 
remote-guided nanodevices, and drug and gene transport and delivery, among others. 
The particles’ core properties usually help in their interaction with external agents 
(e.g., they receive energy from an external source and liberate it in the form of heat 
into the biological environment). The hyperthermia treatment of cancer tumors using 
magnetic nanoparticles and a variable external magnetic field and the photodynamic 
therapy are good examples in that sense (Reddy et al. 2012; Vatansever et al. 2013). 
All these potential applications of nanoparticles in biomedical biotechnology will be 
briefly discussed below, with emphasis on the role of nanoparticles as antimicrobial 
agents conjugated or not with HDPs.
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5.6 � NANOPARTICLE PREPARATION, FUNCTIONALIZATION, 
AND BIOCONJUGATION

Nanoparticles, independently of their nature (metals, semiconductors, polymers, and 
magnets; inorganic, organic, and inorganic–organic hybrid), are obtained by two 
preparative routes: (1) bottom-up procedures, commonly using colloidal and coordi-
nation chemistry, molecular beam epitaxy, laser ablation, chemical vapor deposition, 
and so on; and (2) top-down routes, for example, milling or grinding (Faramarzi 
and Sadighi 2012; Sweet et al. 2012). Chemical routes, particularly those involving 
colloidal chemistry, allow appropriate control of particle size and shape, nanocrys-
tal morphology, and surface active sites, which are structural features required for 
their biological applications, both in vitro and in vivo, including functionalization 
and bioconjugation. In this context, functionalization comprises the incorporation, 
through acid–base reactions or coordination interactions, of molecular species to 
the particles’ surface to allow their conjugation to biomolecules or to provide func-
tional properties for molecular recognition and separation, target modification and 
activation/inactivation, drug and gene delivery, bioimaging and sensing, and so forth 
(Schrofel et al. 2014). The chemical routes are also appropriate for tailoring the parti-
cles’ composition, size, and shape, which determine their optical, electrical, thermal, 
and magnetic properties (Akbarzadeh et al. 2012).

The functionalization and bioconjugation of nanoparticles depend on their nature 
and surface composition. In this sense, silica nanoparticles illustrate the importance 
of the surface chemistry having an appropriate interface for the functionalization 
and bioconjugation processes. Silica is a hydrophilic and biocompatible material; it 
is transparent to the optical region of the electromagnetic spectral region and has a 
high physical and chemical stability. In addition, the preparative methods to obtain 
silica nanoparticles and mesoporous silica nanostructures from sol-gel and colloidal 
routes are well established, including the control of the pore size and shape (Trewyn 
et al. 2007). A wide diversity of reactive functional species (including carbonyl, pri-
mary and secondary amine, hydroxyl, azido, and alkyl halogen groups) can be incor-
porated into the silica surface during the preparative process through postsynthesis 
surface modification (Figure 5.1). Such reactive surface species, with both basic and 
acidic features, serve as anchoring sites for organic and biological molecules, includ-
ing fluorescent markers, antibodies, nucleic acids, peptides, and proteins. Biological 
molecules have heteroatomic sites with basic and acidic characteristics able to 
form chemical bonds with the silica surface reactive groups. Practically all the avail-
able bioconjugation protocols are applicable for silica nanostructures (Trewyn et al. 
2007).

The abovementioned features of silica support its incorporation to core@shell 
nanostructures, particularly when the core has limited chemical stability in biologi-
cal environments or liberates toxic species (e.g., CdS luminescent quantum dots) or 
when the availability of an easily functionalizable shell is recommended. Quantum 
dots are semiconductor nanostructures (ZnS, ZnSe, ZnTe; CdS, CdSe, CdTe, ZnO, 
etc.) that absorb light in the UV-vis spectral region, promoting an electron from the 
valence band to the conduction band. Part of the energy of the resulting excited state 
is then transferred to the network solid as heat through the excitation of phonons 
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and that remaining is emitted as fluorescence, from trap states, in the visible and 
NIR spectral region. Both the spectral region where the quantum dot absorbs light 
and the region where it emits can be tuned, controlling its size and shape. The quan-
tum efficiency for the emission process and the line width of the emitted light are 
controllable parameters through particle surface passivation incorporating a shell 
of appropriate molecular species (e.g., trioctylphosphine, trioctylphosphine oxide, 
etc.). The most important property of quantum dots, in the context of biomedical 
applications, is the tunable photoluminescence. This determines their application as 
fluorescent labels in analytical biochemistry, imaging, and sensing (Chinnathambi 
et al. 2014). Compared with organic fluorescent markers, quantum dots show a 
higher luminescence, with narrow emission lines, and are practically free of photo 
bleaching. The synthesis of high-quality quantum dots commonly involves the use 
of organic reagents, and the resulting nanoparticles are obtained with a surface layer 
of organic molecules with hydrophobic character. In consequence, their functional-
ization and bioconjugation must be preceded by an exchange of surface ligands. In 
order to prepare the surface for its further functionalization and bioconjugation, the 
ligand exchange reaction must produce a hydrophilic surface with available reac-
tive species, for example, carboxyl, amine, and hydroxyl groups (Jiang et al. 2014; 
Kuzyniak et al. 2014). The degradation of quantum dots and the heavy metal libera-
tion into the biological environment can be prevented, creating a thin surface coating 
of silica (Figure 5.1) and using the above-discussed benefits of this last material for 
the nanoparticles’ functionalization and conjugation or growing a layer at the surface 
of a less toxic semiconductor, for instance, ZnX (X = O, S, Se, Te). In this last case, 
at the surface, an alloy or solid solution of the two semiconductors is formed, which 
also helps tune the emission spectra (Estévez-Hernández et al. 2012). Quantum dots 
have found applications in photodynamic therapy as well through their conjugation 
to photosensitizers. The energy of the excited state is transferred to the anchored sen-
sitizer molecule and finally used for the singlet oxygen and reactive oxygen species 
(ROS) production (Biju et al. 2010).
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FIGURE 5.1  A nanoparticle (metallic, semiconducting, magnetic) with a surface layer 
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Metallic nanoparticles have attracted considerable attention for biological appli-
cations not only because of their metal bioactivity but also because of their optical 
properties based on light absorption through surface plasmon resonance (Schrofel et 
al. 2014). Nanoparticles of silver and gold show a strong plasmon resonance effect 
in the UV-vis-NIR spectral region, which is tunable by modifying particle size and 
morphology and through the chemical species anchored to their surface. Plasmon 
resonance light absorption leads to a color change for the incident radiation, which is 
utilized for imaging the region where the nanoparticles are located. If the nanopar-
ticles are functionalized with target-oriented groups, for example a monoclonal anti-
body, the optical spectra can be used for sensing purposes. The energy absorbed 
by the particle from the incident radiation is then partially liberated to the particle 
environment in the form of heat. This is exploited in photothermal cancer therapy. 
A fraction of the adsorbed light is reemitted as bright vis-NIR photoluminescence, 
which provides an image of the sites where the nanoparticles have been adsorbed 
(Schrofel et al. 2014). The surface plasmon resonance also supports surface-enhanced 
Raman spectroscopy, a technique with an ultrahigh sensitivity for adsorbed species 
on metallic surface. The adsorption of a molecule on a metal surface leads to an 
increase of approximately 1012 times in the Raman signal intensity. This technique 
allows the sensing of a single molecule when it is adsorbed on a metal nanoparticle, 
for instance, silver or gold. Such ultrahigh sensitivity makes possible the detection of 
quite a small amount of molecular pathological markers in biological fluids or tissues 
and for in vitro and in vivo marker-specific imaging (Schlücker 2010). Metals show 
strong x-ray absorption, and from this fact, the target-oriented biosensing and linking 
of metal nanoparticles to specific biological sites in tissues serve as contrast agent in 
x-ray imaging. Similar to quantum dots, as-synthesized metal nanoparticles usually 
require capping ligand exchange to allow their functionalization and bioconjugation. 
From such ligand exchange, nanoparticles with a wide diversity of reactive surface 
groups can be prepared, including carboxyl acids, amines, azides, maleimides, alco-
hols, amino acids, peptides, and proteins. These molecules have heteroatomic sites 
able to form a chemical bond with the surface metal sites. For instance, the conju-
gation of gold nanoparticles exchanged with thiolated carboxylic acids to peptides, 
proteins, amino acids, and antibodies is relatively simple (Shah et al. 2014).

Related to the large availability of carbon in nature, the wide diversity of car-
bon nanostructures (nanotubes, fullerenes, graphenes, nanodiamonds, and onions), 
and unique physical properties (strong absorption of light in the UV-vis-NIR spec-
tral region, NIR photoluminescence, high photothermal response, tunable electrical 
behavior, etc.), the potential applications of carbon-based materials in biology and 
pharmacy are receiving increasing attention (Moon et al. 2009). Similar to silica, the 
surface of carbon nanostructures is functionalizable with a wide variety of reactive 
groups, among them, carboxylic acids, amides, phenols, alkyl halides, and alcohols. 
The conjugation to biomolecules and the incorporation in the surface of target-oriented 
molecules, for example antibodies, allow the conjugate sorption on specific molecular 
or tissue region for imaging, sensing, drug and gene delivery, or target modification. 
Target modification involves the therapy for cancer and microbial infections, through 
photothermal and oxidative stress effects. Carbon nanostructures show exceptional 
abilities for production of ROS, including singlet oxygen. The photothermal ablation 
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of targeted cancer cells and tumors using NIR light or radiofrequency is an attractive 
research area currently in progress for the application of functionalized and bioconju-
gated carbon nanostructures (Moon et al. 2009).

Magnetic nanoparticles have additional attractive characteristics, compared with 
their metallic, semiconducting, silica- or carbon-based analogs, for biological and 
pharmaceutical applications. Magnetic nanoparticles are susceptible to remote guid-
ing through an external magnetic field, and once they are located on the selected 
target, the application of an oscillating magnetic field permits local heating for tar-
get modification, including cellular death. This last possibility supports their poten-
tial application for cancer treatment. When magnetic nanoparticles are subjected 
to a time-varying magnetic field of low frequency (250 Hz), the particles receive 
energy from the applied magnetic field through orientation of their magnetic dipole 
moments, which is then liberated into the biological environment when they are 
disoriented (Figure 5.2). By this mechanism, the tumor is warmed to a tempera-
ture of 42°C–45°C, where the tumor cells are irreversibly damaged (Reddy et al. 
2012). A heating time of approximately 30 min could be sufficient to destroy a tumor. 
Hyperthermia treatment of cancer is being intensively studied. It supposes that the 
magnetic nanoparticles are directed to and adsorbed by the target sites, by using an 
external magnetic field as well as through their functionalization with highly specific 
target-recognizing molecules, for example, monoclonal antibodies.

Nanoparticles of iron oxides, particularly of magnetite (Fe3O4), are the com-
monly used magnetic nanoparticles for biological and pharmaceutical applications. 
The preparation of this iron oxide is relatively simple; it can be obtained practically 
free of toxic by-products, and its tolerance for biological systems is high. The par-
tially naked iron sites and the OH groups found at magnetite particles’ surface are 
appropriate reactive species for their functionalization or bioconjugation. When a 
higher versatility for the functionalization is required or a higher chemical stability 
is recommended, a core–shell system with silica, Fe3O4@SiO2, could be prepared 
(Figure 5.1). The applications of magnetic nanoparticles in biomedical sciences 
are diverse (Erathodiyil and Ying 2011; Lopez-Abarrategui et al. 2013; Reddy et 
al. 2012): analytical biochemistry for separation and concentration of analytes and 

FIGURE 5.2  Localized drug delivery using magnetic nanoparticles and a magnetic tape.
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molecular markers from biological fluids, drug and biomolecule transport and deliv-
ery in in vivo systems, chemoembolization for tumor vessel blockage in order to 
induce hypoxia, magnetically guided radioimmunotherapy, and as contrast agent for 
magnetic resonance imaging through the tuning of the transverse relaxation time.

5.7 � ANTIMICROBIAL PROPERTIES OF NANOPARTICLES

The antimicrobial activity of different types of nanoparticles has been demonstrated. 
In fact, some metals like zinc, silver, and copper exhibit antibacterial properties in 
their bulk form. The antimicrobial effect of these metals increases at nanoscale 
dimensions (Seil and Webster 2012). The mechanism of action of these nanoparticles 
varies from one nanoparticle to another. Although these antimicrobial mechanisms 
are not fully understood, some are related to the damage caused by the physical 
structure of the nanoparticles, whereas others are associated with the release of 
metal ions from nanoparticle surfaces. For instance, the mode of action of silver 
nanoparticles is reliant on Ag+ ions, which interact with respiratory enzymes, the 
electron transport system, and DNA to inhibit microbial growth (Li et al. 2006).

The antibacterial activity against S. aureus of polysaccharide-reduced silver 
nanoparticles has been confirmed (Kemp et al. 2009). Furthermore, the inhibition 
(in vitro and in vivo) of different viruses by silver nanoparticles has also been estab-
lished (Baram-Pinto et al. 2009; Rai et al. 2014; Xiang et al. 2013). Recently, an 
antimicrobial peptide (G3R6TAT) was conjugated to silver nanoparticles (Liu et al. 
2013). The conjugated peptide showed enhanced antibacterial and antifungal activity 
compared with silver nanoparticles. These results suggest that silver nanoparticles 
have potential in antimicrobial therapeutic applications.

Antibacterial as well as antifungal activity has also been documented for ZnO 
nanoparticles (Jones et al. 2008; Siddique et al. 2013; Wahab et al. 2010). The mecha-
nism of action of many of these ZnO nanoparticles involves the production of ROS 
(Dutta et al. 2012; Raghupathi et al. 2011).

Iron oxide is not antibacterial in its bulk form but may exhibit antibacterial prop-
erties as nanoparticles. For example, magnetite nanoparticles coated with quater-
nary ammonium were bactericidal against E. coli (Dong et al. 2011). Furthermore, 
bacitracin-conjugated iron oxide (Fe3O4) nanoparticles have shown higher antimicro-
bial activity against both Gram-positive and Gram-negative organisms, in compari-
son with the bacitracin peptide (Zhang et al. 2012). Because of this improved activity, 
conjugated magnetic nanoparticles allow lower dosages and collateral effects of the 
antibiotic. Moreover, cell cytotoxicity tests indicate that bacitracin magnetic nanopar-
ticles show very low cytotoxicity to human fibroblast cells, even at relatively high 
concentrations. Because of their antibacterial effect and magnetism, the conjugated 
bacitracin magnetic nanoparticles have potential application in magnetic-targeting 
biomedical applications. On the other hand, the synthesis of multimodal nanopar-
ticles with magnetic core and silver shell showed very significant antibacterial and 
antifungal activities against 10 tested bacterial strains (minimal inhibitory concen-
tration [MIC] from 15.6 to 125 mg/l) and 4 Candida species (MIC from 1.9 to 31.3 
mg/l) (Prucek et al. 2011). In another experiment, the HDP LL37 was conjugated to 
magnetic nickel nanoparticles coated with a nanolayer biofilm of polyacrylic acid. An 
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effective bactericidal activity was demonstrated for the conjugated peptide (Chen et 
al. 2009). Similarly, citric acid–functionalized manganese ferrites were conjugated 
with the antifungal peptide Cmp5. The antimicrobial activity of the conjugated fer-
rites was higher than their bulk counterparts (Lopez-Abarrategui et al. 2013).

These results reinforce the importance of nanochemistry to fight different infec-
tious diseases. On the other hand, the high affinity of gold for amino acids con-
taining molecules can be used for HDP conjugation to magnetic and semiconductor 
nanoparticles, through the postsynthesis incorporation of a thin shell or islands of 
gold on the surface of magnetite or CdS, for instance (Odio et al. 2014). The adsorp-
tion of gold atoms on thiol-capped magnetite nanoparticles produces gold islands at 
their surface. The conjugation of peptides to such gold-containing nanostructures 
leads to the formation of multifunctional conjugates (Figure 5.3).

5.8 � CONCLUSIONS

Despite the broad spectrum activity of HDPs and success in preclinical models, the 
clinical results of these molecules have not been good enough to approve them for 
medical use. Alternatives to reduce the toxicity and increase the stability, efficacy, 
and biodistribution of HDPs are urgently needed. Nanotechnology could provide 
a solution for these problems. Nanoparticles could be a perfect carrier for HDPs 
because of their multifunctional activities. Because the antimicrobial properties of 
both molecules have different mechanisms of action, the conjugated peptides (HDP–
NP) could have an enhanced activity. The preparation and study of these multi-
functional conjugates open unpredictable opportunities and result in biological and 
pharmacological applications to combating infectious diseases.
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ABSTRACT

Dental restorative materials such as composites, glass ionomer cements, and 
adhesive systems are being widely used; however, they still have several 
drawbacks. Tooth restorations often fail and the replacement of failed res-
torations accounts for 50%–70% of all tooth cavity restorations performed. 
Nanotechnology has been applied to develop the next generation of dental 
restorative materials with desirable bioactive proprieties, to not only replace 
the missing tooth volume but also exert therapeutic effects to combat caries. 
Recurrent caries lesions around restorations have been the main reason for 
operative treatment failures. These lesions are related to oral biofilm accumu-
lation and acid production. Nanomaterials with large surface-to-volume ratios 
and unique physical, chemical, and biological properties have demonstrated 
great potential to inhibit the formation of biofilms with improved caries inhi-
bition efficacy. This chapter summarizes the ongoing advancement in studies 
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of emerging functionalized nanoparticles as strategies for addressing dental 
restorative challenges. This includes new nanomaterials with potent antibac-
terial activity as well as remineralization capability, the combination of sev-
eral bioactive agents together in resin for effective caries inhibition, and their 
promising in vitro properties and in vivo performance. Furthermore, research 
trends and future prospects in the area of resin-based dental materials with a 
wide range of applications in dental caries management are discussed. In addi-
tion, this chapter attempts to provide a glance into the potential future of these 
new nanomaterials to researchers in dental materials science, dental practitio-
ners, and investigators in other related fields.

Keywords: Dental materials, Nanotechnology, Nanoparticles, Dental caries

6.1 � INTRODUCTION

The micro-to-nano shift has provided tangible benefits in contemporary materials 
science.1 In recent years, there has been an explosive growth in the application of 
nanotechnology in medicine and dentistry. Strategies based on nanotechnology are 
being developed to treat high-impact human diseases, such cancer and diabetes.2 
Despite much effort, dental caries still remain to be a widespread public health prob-
lem with significant medical and economic consequences.3 The pathogenesis for 
dental caries is based on bacteria in dental plaques (biofilms) that metabolize dietary 
sugars to produce acids that then lead to tooth mineral loss.4 The progressive dis-
solution of enamel and dentin could then lead to cavity formation. Resin composites 
and adhesives are increasingly popular in restorative procedures of cavities because 
of their esthetics and direct-filling capability.5,6 The adoption of nanotechnology has 
improved the composite properties, especially in esthetics, and mechanical proper-
ties such as strength and fracture resistance.7 For example, nanosized silica particles 
of diameters of approximately 40 nm were used in composites as reinforcement 
fillers.8 Dental nanocomposites exhibited outstanding esthetics, had excellent pol-
ishability and surface finishing, and possessed an enhanced wear resistance.9 The 
incorporation of nanoparticles into dental adhesive systems may also improve frac-
ture toughness and adhesion to tooth tissues.

However, recurrent (secondary) caries lesions at the tooth-restoration interfaces 
still remain as the main challenge in restorative dentistry as represented in Figure 
6.1 and are the primary reason for composite restoration failures; replacing the failed 
restorations accounts for 50%–70% of all tooth cavity restorations performed.10,11 

Dental resin composites tend to accumulate more biofilms and plaques in vivo than 
other restoratives.12 The fact that resin composites accumulate more biofilms in 
vivo may also lead to the development of gingival inflammation.13,14 Therefore, new 
restorative materials that are bioactive and can inhibit biofilm attachment and accu-
mulation along with remineralizing tooth lesions need to be developed.

Nanotechnology is a promising approach for the development of the next genera-
tion of dental materials, not only to replace the missing tooth volume as traditional 
restorations but also to inhibit oral biofilms and remineralize tooth caries.15 Recently, 
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nanotechnology was applied in developing functionalized nanoparticles for incorpo-
ration in dental materials.16 This introduces opportunities for developing new strate-
gies to prevent oral biofilm accumulation and repair the damage of mineral loss 
owing to bacterial acid attacks.17 Based on nanotechnology, several agents with anti-
microbial properties, such as silver, zinc oxide, and quaternary ammonium nanopar-
ticles, were introduced into dental resins.18 In addition, remineralizing agents such 
as calcium phosphates, calcium fluoride, and hydroxyapatite nanoparticles were also 
incorporated into dental resins. These agents imparted unique antimicrobial and 
remineralizing capabilities to dental restorations.17 This chapter describes these and 
other new developments in nanostructured bioactive dental materials, as well as their 
antibacterial and caries-inhibiting properties.

6.2 � ANTIBACTERIAL COMPOSITES AND BONDING AGENTS 
WITH SILVER NANOPARTICLES

The main cause of dental composite restoration failure is the occurrence of marginal 
leakage.19 Detachment of the resin–tooth interface allows bacteria invasion into the 
gap with biofilm acid production, which eventually leads to marginal discoloration, 
secondary caries, and restoration failure.20 A biofilm is a heterogeneous structure of 
bacteria consisting of clusters of various types of bacteria embedded in an extracel-
lular matrix.21

Cariogenic bacteria such as Streptococcus mutans and lactobacilli in the dental 
plaque can metabolize carbohydrates to acids, causing demineralization of the tooth 
and the tooth-restoration margins beneath the biofilms.22

Failure in dental composite
due to caries formation

Accumulation of oral biofilm
with increased surface roughness

Restored
tooth

Recurrent
caries lesion

FIGURE 6.1  Schematic representation of a restored tooth showing the dental composite 
failure owing to oral biofilm accumulation and, consequently, formation of recurrent dental 
caries lesion, the primary reason for composite restoration failures.
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Nanoparticles of silver (NAg) were shown to possess effective antibacterial activ-
ity and require only a low concentration to be effective owing to their relatively 
large surface area-to-volume ratio.23 The mechanism of antibacterial activity of Ag 
is based on the inactivation of bacterial enzymes, causing the DNA to lose its replica-
tion ability, which leads to cell death.24 Ag was shown to have good biocompatibility 
and low toxicity to human cells and had long-term antibacterial effects.25 Compared 
to traditional micrometer-sized Ag particles, the high surface area of nanoparticles 
potentially results in higher reactivity and stronger antibacterial activity.26,27 For den-
tal resin applications, a low filler level of NAg in resin is beneficial in order to not 
compromise the resin esthetics and mechanical properties.

The incorporation of NAg in dental resins was shown to be promising to achieve 
a strong antibacterial activity.28,29 NAg could be formed in the resin in situ, without 
the need to mix nanoparticles with resin, thus avoiding the agglomeration issue.30 
A recent study showed that silver 2-ethylhexanoate powder could be dissolved in 
2-(tert-butylamino)ethyl methacrylate (TBAEMA).31 This Ag solution was then 
mixed into a resin at 0.05% mass fraction of silver 2-ethylhexanoate.31 TBAEMA 
was selected since it contains reactive methacrylate groups and therefore can be 
chemically incorporated into a dental resin upon photopolymerization. This method 
produced NAg with a mean particle size of approximately 2.7 nm that were well 
dispersed in the cured resin matrix (Figure 6.2).32

Antibacterial dental nanocomposite was developed also by mixing filler parti-
cles into the resin containing NAg and then photopolymerizing the composite.28,29 
Using a dental plaque biofilm model, colony-forming unit (CFU) counts for total 

20 nm

FIGURE 6.2  Representative transmission electron microscopy (TEM) images of nanopar-
ticles of silver (NAg) in a dental resin. NAg were well dispersed in the resin matrix, without 
noticeable agglomeration. (Adapted from Cheng L et al., J Dental Res 2012; 91: 598–604. 
With permission.)
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microorganisms, total streptococci, and S. mutans for nanocomposite with 0.042% 
mass fraction of NAg were approximately a quarter of those for commercial compos-
ite control (Figure 6.3).31 Lactic acid production by biofilms on nanocomposite with 
0.042% NAg was a third of that on commercial composite control. Metabolic activity 
of biofilms on nanocomposite with NAg was markedly reduced when compared to 
composite without NAg. In another study, different NAg mass fractions of 0.028%, 
0.042%, 0.088%, and 0.175% were investigated and compared to controls (0%) to 
achieve antibacterial activity without reducing composite mechanical properties.32 
The composite containing 0.028% of NAg also showed great reductions in S. mutans 
biofilm CFU counts, metabolic activity, and lactic acid production, compared to two 
commercial control composites.32 Furthermore, antibacterial composites containing 
NAg had strength and elastic modulus that matched those of a commercial compos-
ite control without antibacterial activity (Figure 6.4).32
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FIGURE 6.3  Dental plaque biofilm CFUs formed on the surface of composites containing 
different NAg mass fractions. (a) Total microorganisms, (b) total streptococci, and (c) mutans 
streptococci. Each value is (mean ± SD; n = 6). In each plot, values with dissimilar letters are 
significantly different (p < 0.05). The CFU counts on NACP nanocomposite with NAg were 
much lower than those without NAg and the commercial composite control. (Adapted from 
Cheng L et al., J Biomed Mater Res B 2012; 100: 1378–1386. With permission.)
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Besides composites, NAg were also incorporated into dental bonding agents. 
Bonding agents are needed to adhere the composite restoration to the tooth struc-
ture. Antibacterial bonding agents have great potential to kill residual bacteria 
remaining in the prepared tooth cavity and inhibit subsequent bacteria invasion 
at the tooth-restoration interfaces during service. Dentin primers directly contact 
the tooth structure and could kill residual bacterial if rendered antibacterial.17 
Indeed, primer and adhesive with the addition of NAg achieved great antibacte-
rial effects.18,33 NAg presented additional benefits of inhibiting not only S. mutans 
on the resin surface but also S. mutans in culture medium away from the resin 
surface.34 The incorporation of NAg into primer at a mass fraction of 0.05% indi-
cated that this concentration had no adverse effect on the color of the primer.23 
The primer with 0.05% reduced biofilm CFU by an order of magnitude compared 
to control primer. Lactic acid production and metabolic activity from biofilms 
were also greatly reduced (Figures 6.5 and 6.6).29 Furthermore, the dentin shear 
bond strength for primer containing 0.05% NAg was similar to control without 
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FIGURE 6.4  Mechanical properties of NACP nanocomposites containing NAg: (a) flexural 
strength and (b) elastic modulus. Each value is the mean of six measurements with the error 
bar showing one standard deviation (mean ± SD; n = 6). In each plot, values with dissimilar 
letters are significantly different from each other (p < 0.05). (Adapted from Cheng L et al., 
J Biomed Mater Res B 2012; 100: 1378–1386. With permission.)
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NAg.29 In the adhesive, NAg was added at a mass fraction of 0.10%, yet the dentin 
shear bond strength was comparable to that of control without NAg, ranging from 
approximately 32 to 35 MPa.33 Therefore, strong anti-biofilm activity was achieved 
in dental bonding agents via NAg incorporation without compromising resin color 
and dentin bond strength.
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FIGURE 6.5  Schematic of dental plaque biofilm experiments and MTT metabolic activity of 
2-day biofilms: (a) schematic of biofilm on adhesive surface covering the composite, (b) biofilm 
on the primer covering the adhesive and composite, and (c) MTT metabolic activity. Five adhe-
sive groups were tested following schematic (a): Control, A + 10% QADM, A + 0.05% NAg, 
A + 0.1% NAg, A + 10% QADM + 0.05% NAg (A refers to adhesive). One group was tested 
following schematic (b) with a primer layer: A and P both contained 10% QADM and 0.05% 
NAg (A refers to adhesive, and P refers to primer). Each value is mean ± SD (n = 6). Values with 
dissimilar letters are different from each other (p < 0.05). (Adapted from Zhang K et al., Dent 
Mater 2012; 28: 842–852. With permission.)
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6.3 � REMINERALIZING COMPOSITES AND BONDING AGENTS 
WITH CALCIUM PHOSPHATE NANOPARTICLES

Besides antibacterial restorations, nanostructured restorations with remineral-
ization capability were also developed. Active dental caries occurs when the bio-
film pH on the tooth surface decreases to below the dissolution threshold for the 
hydroxyapatite mineral in the dental tissues. Net mineral loss that characterizes the 
demineralization process is clinically evident as porosity, white-spot lesions, car-
ies lesions, and cavitation.35 A promising approach is to reverse this mineral loss 
through remineralization.36 Previous remineralization strategies for dental hard 
tissues focused on the use of fluoride and calcium phosphates, including bioactive 
glass, fluoride-releasing materials, and amorphous calcium phosphate compounds.36 
A recent strategy, which is becoming the focus of much research in this field, is the 
use of remineralizing agents with nanoscale structures for increased surface area 
and bioactivity. Nanostructured calcium phosphates and fluoride-releasing materials 
could potentially be highly effective in remineralizing tooth lesions.37,38 Calcium 
phosphate nanoparticles were synthesized via a spray-drying technique.39–42 Typical 
nanoparticles of amorphous calcium phosphate (NACP) are shown in Figure 6.7a. To 
synthesize NACP, calcium carbonate (CaCO3) and dicalcium phosphate anhydrous 
(Ca2HPO4) were dissolved into an acetic acid solution to obtain final calcium and 
phosphate ionic concentrations of 8 and 5.333 mmol/L, respectively. This solution 
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of disks. Five adhesive groups were tested following schematic described in Figure 6.5 
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NAg (A refers to adhesive). One group was tested following schematic described in Figure 6.5 
(b) with a primer layer: A and P both contained 10% QADM and 0.05% NAg (A refers to 
adhesive, and P refers to primer). Each value is mean ± SD (n = 6). Values with dissimilar let-
ters are different from each other (p < 0.05). (Adapted from Zhang K et al., Dent Mater 2012; 
28: 842–852. With permission.)
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was sprayed into a heated chamber to remove the liquid and volatile acids. Then, an 
electrostatic precipitator was used to collect the dried NACP powder, which had a 
mean particle size of approximately 116 nm (Figure 6.7a).32,33

In another study, a two-liquid nozzle was employed to allow two solutions to be 
mixed at the time of atomization, namely, a calcium solution and a fluoride solu-
tion.43 This method produced CaF2 nanoparticles that were trapped in the electro-
static precipitator and collected at the end of the process. The CaF2 powder had a 

mean particle size of approximately 53 nm (Figure 6.7b).43 Nanocomposite contain-
ing CaF2 had a flexural strength of 110 MPa, matching the 108 MPa of a stress-
bearing, nonreleasing commercial composite control.43 The initial fluoride release 
rate from the nanocomposite was 2 μg/(h·cm2) and the sustained release rate after 

(a)

(b)

100 nm

250 nm

FIGURE 6.7  TEM images of (a) NACP. (Adapted from Xu et al., Dent Mater 2011; 27: 
762–769. With permission.) (b) Nanoparticles of CaF2 synthesized by using a spray-drying 
technique. (Adapted from Xu et al., J Dent Res 2010 Jan; 89(1): 19–28. With permission.)
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10 weeks of immersion was 0.29 μg/(h·cm2). These values exceeded the reported 
releases of traditional and resin-modified glass ionomer materials.43

The effect of calcium phosphate particle size on calcium and phosphate ion release 
from the composite was evaluated.44 Using three different particle sizes (112 nm, 0.88 μm, 
and 12 μm), it was found that the ion release was inversely proportional to particle size 
and decreasing the particle size greatly increased the ion release.45 Therefore, an advan-
tage of using smaller particles was their higher surface area, which facilitated the release 
of cavity-fighting ions and resulted in higher ionic concentrations to promote remineral-
ization.38 Moreover, the NACP composite could greatly increase the ion release when the 
pH was lowered (e.g., at a cariogenic pH of 4) when these ions were most needed to inhibit 
caries (Figure 6.8).46 In addition, the NACP composite possessed an acid neutralization 
ability and could quickly neutralize acid attacks to avoid enamel demineralization.47

Using extracted human teeth, NACP nanocomposite was shown to effectively rem-
ineralize enamel lesions.41 In this study, a cyclic demineralization/remineralization 
regimen was used to simulate in vivo pH changes, with 1-h immersion in a pH 4 solu-
tion and 23-h immersion in a remineralization solution at pH 7 daily for 30 days.41 The 
NACP nanocomposite achieved remineralization of enamel lesion that was fourfold the 
remineralization by a commercial fluoride-releasing composite control (Figure 6.9).41 
In another study, an NACP composite was tested in an intraoral in situ model in 25 
human participants.41 NACP composite produced much lower enamel mineral loss at 
the enamel-composite margins in vivo, compared to a control composite.42 In addition, 
NACP composite yielded higher calcium and phosphorus ion concentrations in the bio-
film plaque intraorally, compared to the plaque next to the control composite.42

Besides remineralization of enamel lesions and inhibition of secondary caries at 
composite-enamel lesions intraorally, load-bearing properties to resist chewing forces 
are also important for dental restorations. Studies showed that the flexural strengths of 
the nanocomposites were approximately 70–120 MPa, nearly threefold that of resin-
modified glass ionomer, and matched or exceeded that of a commercial composite.48 
Another study investigated the long-term mechanical durability of nanocomposites.49 
In addition to physical resistance, another major requirement for the longevity of load-
bearing restorations is resistance to occlusal wear. The three-body wear, a wear testing 
consisting of measurements of track, width, depth from multiple passes of a diamond tip 
under the abrasiveness of dentifrices/oral fluids, and other mechanical properties like 
flexural strength and elastic modulus after thermal cycling and water aging for 2 years 
of a nanocomposite, has shown comparable values to a commercial control composite.49 
These studies demonstrated that the new nanocomposites, while possessing desirable 
remineralization and caries-inhibiting capabilities, also possessed adequate load-bearing 
capability similar to the commercial control composites.

Besides being used in composites, the novel remineralizing agents can also be 
incorporated into bonding agents to help combat caries. NACP were incorporated 
into adhesives with different formulations to impart a remineralization capability 
without compromising the dentin bond strength.49 Because of the small NACP size, 
NACP were able to flow with the bonding agent into dentinal tubules in the dentin so 
that they could release cavity-fighting ions and remineralize the remnants of lesions 
in the prepared tooth cavity.50
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FIGURE 6.8  Calcium and phosphate ion release from the nanocomposite filled with 10% 
NACP and 65% glass (a and d), 15% NACP and 60% glass (b and e), or 20% NACP and 50% 
glass (c and f). Each value is the mean of three measurement, with the error bar showing one 
standard deviation (mean ± SD; n = 3). Calcium ion release increased with increasing the 
immersion time and the NACP filler level. Calcium ion release increased with decreasing 
the solution pH. The release of phosphate ions significantly increased with longer immer-
sion time and higher NACP filler level, or with decreasing the solution pH. (Adapted from 
Xu et al., Dent Mater 2011; 27: 762–769. With permission.)
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6.4 � COMBINING NAg WITH QUATERNARY AMMONIUM 
AND NACP IN RESTORATIONS

It is beneficial for the restoration process to have the dual benefits of both antibacte-
rial and remineralizing capabilities for caries prevention. Previous studies analyzed 
the mechanical properties of nanocomposite containing NACP, Nag, and antibacte-
rial quaternary ammonium methacrylates (QAMs).31,32 Antibacterial dental resins 
with QAMs were developed and 12-methacryloyloxydodecyl-pyridinium bromide 
(MDPB) was among the first antibacterial monomers.51–53 MDPB has been exten-
sively investigated and shown to possess potent antibacterial activities against vari-
ous oral bacteria including facultative and obligate anaerobe in coronal lesions and 
other oral microorganism species isolated from root caries such as Actinomyces and 
Candida albicans.54 An MDPB-containing primer was applied to cavities in teeth 
of dogs infected with S. mutans and exhibited in vivo antibacterial effects.55 In addi-
tion, a composite restoration material containing MDPB was shown to inhibit the 
progression of artificial secondary root caries lesions using extracted human teeth 
with Class V cavities.55 Other novel antibacterial formulations were also developed, 
including a methacryloxylethyl cetyl dimethyl ammonium chloride–containing 
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FIGURE 6.9  Remineralization of human enamel lesions in a demineralization/remineraliza-
tion cyclic regimen for 30 days (mean ± SD; n = 6). Enamel lesions around NACP nanocom-
posite had the highest remineralization, 21.8% ± 3.7%. The fluoride-releasing commercial 
composite produced 5.7% ± 6.9% of enamel remineralization. Enamel sections without a 
composite had −26.1% ± 16.2%, which means further demineralization during the 30-day 
cyclic demineralization/remineralization treatment. These three values are significantly 
different from each other (p < 0.05). (Adapted from Weir MD et al., J Dent Res 2012; 91: 
979–984. With permission.)
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adhesive,56 antibacterial glass ionomer cements,57 and antibacterial nanocomposites 
and bonding agents using a quaternary ammonium dimethacrylate (QADM).31–33,58

While these studies usually incorporated only one type of bioactive agent into a com-
posite or bonding agent, recent studies sought to combine two or three bioactive agents 
into the same restoration material with the purpose of enhancing anti-caries efficacy. 
QADM and NAg were combined together in the NACP nanocomposite, while maintain-
ing the flexural strength and elastic modulus to be similar to those of commercial com-
posites without antibacterial activity.32 Incorporation of both QADM and NAg together 
in the same composite significantly lowered the biofilm CFU counts, metabolic activity, 
and lactic acid production, compared to separately adding either QADM or NAg alone.31

Greater inhibition of oral biofilms was achieved when the primer and adhesive con-
tained not only NAg but also a QAM. Antibacterial primer and adhesive containing 
both NAg and QAM were developed.49,59 The results indicated that the addition of both 
NAg and QAM into the adhesive and primer did not compromise the dentin shear bond 
strength. With both NAg and QAM in the primer and adhesive, biofilm CFU, metabolic 
activity, and lactic acid production were all substantially reduced. Therefore, the method 
of incorporating dual agents (QAM + NAg) into adhesive and primer has the potential 
to more effectively combat residual bacteria in the tooth cavity and invade bacteria along 
the margins, compared to a single agent.60,61 Furthermore, satisfactory bonding perfor-
mance was achieved for the primer containing NAg or QAM and for the adhesive con-
taining NACP with mass fractions ranging from 0% to 40%.49,62 The antibacterial and 
remineralizing primer and adhesive were able to penetrate dentinal tubules and promote 
the mechanical interlock between dentin and composite (Figure 6.10). The viability of 
human saliva microcosm biofilms was substantially reduced when exposed to the cured 

(a)

Dentin

Resin tag

NACP

NACP
Dentin

500 nm

(b)

NACP

NAg

50 nm

Resin tag

FIGURE 6.10  TEM images showing adhesive resin filling dentinal tubules in human den
tin forming resin tags. (a) NACP successfully flowed with the adhesive into dentinal tubules. 
(b) Higher-magnification TEM revealed NAg as well as NACP in the resin tags in the den-
tinal tubules. The NAg appeared as black dots in TEM images with sizes of less than 10 nm. 
(Adapted from Melo MA et al., J Biomed Mater Res B Appl Biomater 2013; 101: 620–629. 
With permission.)
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primer and adhesive disks containing NAg and QAM.50,62 These novel materials contain-
ing NAg, quaternary ammonium, and NACP had the potential to kill residual bacteria 
in the tooth cavity and inhibit the invading bacteria along tooth-restoration margins with 
NACP to remineralize tooth lesions.

In vivo performance of these new materials was favorable in pilot studies.58 The 
biocompatibility of composite and adhesive containing NACP and a new antibacte-
rial quaternary ammonium dimethylaminododecyl methacrylate (DMADDM) was 
tested in a rat tooth cavity model.58 The restorations containing 30% NACP, or 30% 
NACP plus 5% DMADDM, had significantly milder pulp inflammatory response 
than the control restoration.58 Tertiary dentin formation was greatly enhanced for the 
NACP group and the NACP plus DMADDM group, compared to control.58 Therefore, 
these novel nanocomposites and bonding agents with antibacterial and remineraliz-
ing capabilities are promising for dental clinical applications. Furthermore, NAg, 
QAM, and NACP are expected to have wide applicability to other dental composites, 
adhesives, sealants, and cements to inhibit biofilms and caries.

6.5 � OTHER NANOSTRUCTURED ANTIBACTERIAL 
AND REMINERALIZING RESTORATIVES

For antibacterial activity, nanoparticles of quaternary ammonium polyethyleneimine 
(QA-PEI) were synthesized by cross-linking poly(ethylene imine) (PEI) that was 
n-alkylated with octyl halide, which was followed by quaternization of the amino 
groups with methyl iodide.63 Dental composites containing 1% mass fraction of 
QA-PEI nanoparticles were tested for their antimicrobial activity.63,64 The antibacte-
rial properties of these composites were based on contact-killing mechanisms rather 
than on leaching of antibacterial agents; hence, the antibacterial effect was durable 
and not lost over time.65 Although the detailed mechanism of the antibacterial effect 
of QAMs has not been fully determined, it was suggested that they cause lysis of the 
bacterial cells.63 The QA-PEI composite showed strong antibacterial activity against 
S. mutans.66 Furthermore, the anti-biofilm activity of the QA-PEI composite against 
oral biofilms in vivo was shown to be effective using a human in situ model.64

For remineralization, previous studies reported hydroxyapatite nanoparticle prep-
aration in a solution environment, such as chemical precipitation, sol-gel, micro-
emulsion, electrodeposition, and mechanochemical preparation methods followed 
by hydrothermal treatment.66,67 A recent study68 reported the synthesis of hydroxy-
apatite nanoparticles following a sol-gel technique similar to previous methods.69,70 
Hydroxyapatite nanoparticles of spherical shape and approximately 5 nm in size were 
obtained.71 The remineralizing potential of hydroxyapatite nanoparticles was inves-
tigated.68 Because of their small particle sizes, the hydroxyapatite nanoparticles had 
successful infiltration into the dentin matrix.71 Hydroxyapatite nanoparticles were 
incorporated in dental composites, which increased the mechanical properties of 
these materials.72 These findings support further investigation of the use of hydroxy-
apatite nanoparticles in dental materials for the remineralization of dental tissues.

Another class of materials that benefited from nanotechnology is resin-modified 
glass ionomer cements. This class of materials has the advantage of fluoride release; 
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however, the inferior mechanical properties of ionomer materials have limited their 
use. Recently, an improved glass ionomer material was developed, which contained 
fluoroaluminosilicate glass and nanofiller “clusters.”73 Resin-modified glass iono-
mer containing such nanoparticles showed suitable shear bond strength for clinical 
applications.74 This was achieved without compromising the fluoride release rate.75 
Furthermore, the incorporation of nanohydroxyapatite into glass ionomer materials 
could also improve the mechanical properties.69,76 The nanoparticles were shown to 
occupy the empty spaces between the glass-ionomer particles and acted as a rein-
forcement in the glass ionomer cement.69 Therefore, nanotechnology is promising to 
yield a new generation of dental nanostructured materials with desirable properties 
to improve clinical efficacy and positively affect the field of restorative and preven-
tive dentistry.

6.6 � CONCLUSION

Nanotechnology is a promising approach to develop the next generation of dental 
materials to not only replace the missing tooth volume but also inhibit oral biofilms 
and remineralize tooth caries. These nanostructured and bioactive materials are 
able to provide therapeutic effects in dental tissues by deterring cariogenic bacteria 
adhesion and promoting tooth remineralization. Among them, NAg with a par-
ticle size of 2.7 nm were formed in dental resins, which greatly reduced oral bio-
film CFU counts, metabolic activity, and lactic acid production, without negatively 
affecting the physical properties. NACP incorporation into dental resins yielded 
calcium and phosphate ion release, neutralized cariogenic acid attacks, remineral-
ized tooth lesions, and inhibited secondary caries. Furthermore, the combination 
of two antibacterial agents into the same resin matrix substantially enhanced the 
antibacterial potency, compared to the use of a single agent. In addition, combin-
ing antibacterial and remineralizing agents into the same restoration imparted a 
higher capability of caries inhibition. These new nanostructured materials showed 
highly promising in vivo results in an animal model and in a human in situ model 
intraorally. Nanotechnology is yielding a new class of bioactive dental materials 
with the double benefits of antibacterial and remineralizing capabilities, which are 
promising to greatly enhance caries inhibition and improve future restorative and 
preventive dentistry.
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7 Redox-Triggered, 
Biocompatible, Inorganic 
Nanoplatforms for 
Cancer Theranostics
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ABSTRACT

Traditional chemotherapeutic agents do not discriminate between rapidly divid-
ing normal cells and tumor cells. Here, a general discussion about the design 
of stimulus-responsive drug delivery, with special emphasis on the construction 
of redox-responsive, inorganic nanocarriers, based on the difference in extra- 
and intracellular glutathione levels is provided. The widely employed bio-
compatible inorganic nanomaterials including silica nanoparticle–, iron oxide 
nanoparticle–, and gold nanoparticle–based nanoplatforms have been reviewed.

Keywords: Silica nanoparticles, Gold nanoparticles, Iron oxide nanoparticles, 
Redox-responsive drug delivery, Cancer theranostics
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7.1 � INTRODUCTION

Cancer is a potentially fatal disease particularly when diagnosed in the late stages. 
Abnormal cells proliferate without control and can metastasize to various organs 
through the bloodstream and lymph systems. Traditional strategies for cancer inter-
vention include hyperthermia, radiation therapy, surgery, chemotherapy, targeted 
therapy, and combinations of these strategies.1 For metastasized carcinoma that 
cannot be treated locally, chemotherapy serves as a relatively efficient alternative. 
However, their poor selectivity leads to systemic side effects such as multidrug resis-
tance.2 As a result, therapeutic options can be further limited because of the insensi-
tivity to the treatments, leading to the increase in drug dosage, costs, lengths of stay, 
and high mortality-to-incidence ratio.3,4 This has been one of the critical challenges 
faced in providing effective chemotherapy to cancer patients. This chapter focuses 
on the delivery of drug through nanocarriers in the biological milieu with respect to 
their circulation and clearance from tissues and their uptake in cells. In addition, we 
aim to provide the insight into the rapid progress in developing redox-triggered smart 
nanomaterials for cancer theranostics.

7.1.1 � Nanomaterials in the Biological Milieu

The extremely small feature size is of the same scale as the critical size for physical 
phenomena. Fundamental electronic, magnetic, optical, chemical, and biological 
processes are different at these scales. Proteins (10–1000 nm in size) and cell walls 
(1–100 nm thick) may interact differently with nanomaterials than larger-scale bulk 
materials. To develop effective nanomaterials for biomedical applications, their 
behavior in biological systems must be considered. To enable efficient tumor target-
ing, it is essential to design materials that can escape renal filtration and prolong 
blood circulation time. Unlike conventional molecular drugs that generally diffuse 
throughout the tissue, nanomaterials show unique clearance profiles. Current studies 
suggest that multiple factors control the circulation and organ clearance of nanoma-
terials. The size, shape, surface characteristics, and the aspect ratio of nanomaterials 
play a key role in their biodistribution in vivo.5

7.1.2 � Nanomaterials in Blood Circulation and Organ Clearance

Several modes have been employed to introduce drug carriers into the human body; 
these include oral administration,6 inhalation,7,8 and intravenous9,10 and intraperito-
neal injection.11,12 Most of these in vivo studies have shown that nanomaterials cir-
culating in the bloodstream mainly end up in the reticuloendothelial system (RES). 
Consequently, nanomaterials overaccumulate in organs such as the liver and spleen; 
the main reason for side effects and inefficient delivery to targeted tissue stems from 
nanomaterials that have slow degradation and excretion rates from the body.

In general, particle sizes smaller than 5 nm are removed from the bloodstream 
by rapid renal clearance, whereas 10- to 20-nm particles are mostly filtered by the 
liver. Particles larger than 200 nm are cleared by Kupffer cells or filtered in the sinu-
soidal spleen. In principle, synthesizing nanomaterials within the diameter range of 
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20–200 nm could prevent them from undergoing organ clearance and enhance the 
opportunity for correct targeting.13 Additionally, the intrinsic surface properties of 
nanomaterials influence their biodistribution. Under biological milieu in vivo, pro-
tein adsorption occurs on many synthesized nanomaterials, resulting in their removal 
by macrophages.14 Opsonins, molecules that can bind to foreign particles, enhance 
phagocytosis, thereby making nanomaterials more susceptible to the immune sys-
tem. Optimization of surface chemistry will enable the inhibition of protein adsorp-
tion and prevention of hepatic and spleen filtration. Polyethylene glycol (PEG) is a 
biocompatible polymer that has been widely applied to prolong the circulation time 
of nanocarriers.

7.1.3 �A ccumulation of Nanomaterials in Tumor Tissue

Nanomaterials can either passively accumulate or actively target tumors. Matsumura 
and Maeda first described the enhanced permeability and retention (EPR) effect, 
which is the passive accumulation of nanomaterials.15 The EPR effect is a unique 
phenomenon seen in solid tumors and is related to their anatomical and pathophysi-
ological differences from normal tissues16 (Figure 7.1). Tumor vessels have an irregu-
lar structure and larger endothelial pores compared to normal vessels, which enables 
the passage of small nanomaterials (400–600 nm). The vascular pore size is approxi-
mately 100–2000 nm in tumors and 2–6 nm in healthy tissue.17 The defective vascu-
lature is caused by rapid tumor cell growth, the lack of adequate nutrients, and poor 
waste removal via blood flow. During this process, tumors undergo rapid angiogen-
esis, but there is a lack of tight junctions between endothelial cells and mural cells.18 
Tumor vessels are poorly perfused with blood and are dysfunctional, which limits 
the delivery of blood-borne compounds to tumors.19 Furthermore, tumors have a high 
interstitial pressure that is thought to result from dysfunctional lymphatics, which 
causes tissue fluid to flow out of the tumor, thereby inhibiting the diffusion of drugs 
from the blood vessels into the tumor.20 The lack of functional lymphatic drainage in 
tumor regions extends the retention time of nanomaterials in cancer tissue. Research 
on approaches to exploit this alteration in tumor blood flow, the modulation of tumor 
vascular penetration, or targeting strategies to accumulate drug-loaded nanocarriers 
at tumor sites for a prolonged retention time (days to weeks) is thus of great impor-
tance.21 In certain cases where tumors show no EPR effect, active targeting accumu-
lation by using ligand–receptor interactions could be introduced.22 Nanomaterials 
functionalized with tumor-specific ligands can be recognized by the receptors on the 
surface of the carcinoma, promoting active cellular uptake. By combining the active 
modes with the passive EPR effect, nanomaterials enable effective drug delivery and 
accumulation in targeted tumor tissue.

7.1.4 �U ptake and Trafficking of Nanomaterials in Cells

Once nanomaterials have targeted the tumor lesions, the next barriers to overcome 
are cellular uptake, crossing the cytoplasm membrane, and lysosomal escape. 
Endocytosis is the most common uptake pathway for intracellular trafficking in 
mammalian cells. Several endocytotic mechanisms facilitate the internalization of 

  



174 Biological and Pharmaceutical Applications of Nanomaterials

nanomaterials. Uptake of large particles (0.5–10 μm) can be through phagocytosis of 
specialized cells, such as macrophages and neutrophils, whereas smaller particles can 
be transported by different endocytosis modes, including macropinocytosis, micropi-
nocytosis, clathrin-mediated endocytosis, caveola-mediated endocytosis, and clathrin- 
and caveola-independent endocytosis.23,24 The mode of endocytosis determines the 
trafficking path of nanocarriers to various subcellular compartments. However, in 
most cases, they end up in lysosomes, which contain various digestive enzymes and 
have an acidic environment (pH 5–5.5), leading to the degradation of nanomaterials.25

7.2 � STIMULUS-RESPONSIVE DELIVERY

Nanobiotechnology continues to be a rapidly developing field that offers new pos-
sibilities to improve the diagnosis and treatment of human diseases.26–28 Various syn-
thesized nanomaterials show potential benefits for diagnosing and treating metastatic 
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FIGURE 7.1  The EPR effect. Healthy tissue is characterized by a good flow in blood 
vessel, while in tumor, leaky vasculature and dysfunctional lymphatic network lead to the 
accumulation of nanoparticles in the tissue. (P.P. Adiseshaiah et al.: Nanomaterial standards 
for efficacy and toxicity assessment. Wiley Interdisciplinary Reviews: Nanomedicine and 
Nanobiotechnology. 2010. 2. 99–112. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 
Reproduced with permission.)
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cancer. These benefits include the ability to transport complex molecular cargos to 
the major sites of metastasis, such as the lungs, liver, and lymph nodes, and to target 
specific cell populations within these organs to enhance the EPR effect artificially 
in clinical settings. Nanocapsules and nanodevices may present new possibilities for 
drug delivery, gene therapy, and medical diagnostics. The anticancer nanoparticle 
drug, paclitaxel, which is albumin stabilized and hydrophobic, is one such drug deliv-
ery system (DDS) that has been approved by Food and Drug Administration (FDA).29

An optimal drug carrier typically consists of three key components:

	 1.	Specific ligands to enhance tumor selectivity: Tumor targeting is usually 
achieved by immobilizing the ligands, which recognize the cancer-specific 
receptors to ensure effective cellular uptake.

	 2.	Stimulus-responsive mechanisms for drug release: Drug unloading is usu-
ally designed to be triggered by specific mechanisms such as pH or redox 
potentials, which are known to be distinct between tumor and normal 
tissues.

	 3.	Optical labeling or other detectable tracers: They allow direct visualization 
of the delivery.

Moreover, the biocompatibility and the ability to control the release of the drugs 
in a time- and site-specific manner are desired features for DDSs. With increase in 
interest regarding such targeted DDSs, significant effort30–32 has been devoted during 
the last decade to improving drug efficacies and to minimizing nonspecific cytotox-
icity based on the physical/chemical characteristics of tumors in various stimulus-
responsive mechanisms.

The triggering stimuli could be classified as either internal or external33 
(Figure 7.2). External stimuli such as light,34–40 temperature,41–43 ultrasound,44–46 or 
electromagnetic fields47,48 have been used to specifically deliver drugs. For example, 
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FIGURE 7.2  Stimulus-responsive drug delivery systems.
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focused ultrasound has been applied to microbubbles to facilitate the delivery of 
therapeutic moieties across biologic barriers, including the blood–brain barrier,49–51 
extracranial endothelial layers,52 and cellular membranes,53,54 thereby enhancing 
local drug delivery. Sonoporation facilitates the delivery of standard drugs to target 
cells and shows significant potential for improving the delivery of plasmid DNA and 
small interfering RNAs55,56 to enable genetic interventions.

Alternatively, depending on the cellular homeostasis, internal stimuli such as 
pH,57–59 redox status,60–62 or enzyme activities50,63 can be used for this purpose. 
However, release mechanisms based on specific changes in the surrounding medium 
may cause unpredictable drug release before reaching the targeted sites. A sensitive 
stimuli-responsive drug carrier that is tunable in response to subtle environmental 
variations remains a major challenge.64

7.2.1 �R edox-Responsive Delivery System

Among different stimulus-responsive drug carriers, redox-triggered delivery sys-
tems have been highlighted. The large difference of the redox potential inside and 
outside the cell could provide an advantageous niche for the design of intracellular 
DDSs.65,66 Glutathione (GSH) is probably the most abundant redox-active compound 
in the cell. It is a tripeptide thiol composed of cysteine, glycine, and glutamic acid 
and is often found in the millimolar range in the cytoplasm of living cells. The GSH 
level in the cytosol (approximately 2–10 mM) is approximately two to three orders 
of magnitude higher than the level in extracellular fluids (approximately 2–20 μM).67 
GSH is recognized as an ideal internal stimulus for the destabilization of redox-
responsive nanomaterials to accomplish efficient intracellular release. GSH disulfide 
is maintained at a reduced status by enzymes such as GSH reductase, and the intra-
cellular GSH level has been tightly regulated by NADH/NAD+, NADPH/NADP+, 
and thioredoxinred/thioredoxinox levels.65 A reduced microenvironment is also found 
in the endocytic pathway. The enzyme gamma interferon–inducible lysosomal thiol-
reductase and the excess level of cysteine in a lysosome favor the reduction of disul-
fide bonds. In cancer cells, sustained oxidative stress followed by a high level of 
generated reactive oxygen species often induces redox adaptation leading to the up-
regulation of antioxidant molecules, such as GSH. As a result, the redox potential 
gradient existing between the extracellular and intracellular environments has been 
widely exploited as a physiological stimulus in subcellular therapeutics delivery.68

Sections 7.2.2, 7.2.3, and 7.2.4 provide a summarized overview of silica nanopar-
ticle–, iron oxide nanoparticle–, and gold nanoparticle–based, redox-responsive sys-
tems developed for cancer therapeutics, respectively.

7.2.2 �S ilica Nanoparticle–Based DDSs

During the past decades, solid silica nanoparticles (SiNPs) and mesoporous SiNPs 
(MSNs) have been extensively characterized for use in diverse applications. Although 
the SiNPs have been widely applied in DDS and as optical contrast agents for imag-
ing, their functionalization is often limited by the surface of the SiNPs. MSNs 
exhibit higher surface areas and tunable pore volumes that allow for higher loading 
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capacities of therapeutic drugs. Recently, enzyme immobilization on silica materials 
has been extensively explored. A comparative study of enzyme immobilization on 
SiNPs and hollow SiNPs has demonstrated that the protein-loading capacity of hol-
low silica nanospheres can be more than twice the capacity of SiNPs. Silica materials 
with hollow structures and tunable pore sizes can be adapted with diverse chemical 
conjugations to facilitate the immobilization of therapeutic proteins or drugs. Hence, 
MSNs currently have become prevalent nanoplatforms to design smart DDS for bio-
medical applications.

Various methods have been established to prepare MSNs.69–72 In the late 1960s, 
Stöber and coworkers were the first to report the synthesis of monodispersed and 
spherical SiNPs by introducing a high concentration of surfactants to the tradi-
tional sol-gel method. Mobil Composition of Matter No. 41 (MCM-41), fabricated 
by Mobil’s researchers, is one of the most well-known MSN structures. Although 
the silica wall is amorphous, its interior possesses an extremely ordered framework 
with uniform mesopores. It was proposed that the cationic surfactant molecules 
self-organize into a hexagonal structure and that the silica precursors co-condense 
with the cylindrical micelles to form MSNs with porosities of 2–50 nm.70 Some 
studies have further found that the pore structure of MSNs can be tuned by con-
trolling the relative amounts of silica and surfactant molecules in the reaction73 or 
switching the length of carbon chain of surfactants.74 Synthesis of smaller MSNs 
(<100 nm) can be achieved by diluting the surfactant or using a double surfactant 
system. A significant number of studies have demonstrated successful control of 
particle size, morphology, and surface functionalization of the MSNs for diverse 
applications.

MSN-based stimulus-responsive nanosystems for drug release in cancer theranos-
tics include various triggers such as pH, redox gradient, light irradiation, and mag-
netic field. In recent years, the design of novel redox-responsive drug nanocarriers 
for achieving therapeutic selectivity in cancer theranostics by using the response to 
the redox gradient in the intracellular milieu of carcinomas has received consider-
able attention. Most of the current MSN-based, GSH-mediated controlled release 
systems share a setup similar to that of pH-responsive DDS. Cap or gatekeeper mol-
ecules, such as collagen, PEG, or cyclodextrin, have been functionalized on the sur-
face of MSNs using disulfide bonds to prevent drug leakage during delivery until the 
drugs are released under reduced conditions. For example, the stimulus-responsive 
nanocarrier based on MSNs shown in Figure 7.3 is end capped with collagen and 
uses lactobionic acid as the target ligand. The hydrophobic dye, fluorescein isothio-
cyanate (FITC), serves as both a model drug and an optical probe for intracellular 
tracing of MSNs to demonstrate the cell-specific targeting and redox-responsive con-
trolled drug release.75

Anticancer drugs, such as doxorubicin (DOX) or dye molecules, could also be 
covalently linked to the inner channels of MSNs via disulfide bonds to minimize 
the potential degradation triggered by the chaotic milieu of biological systems. The 
redox-sensitive delivery system functionalized with cysteine-labeled ATTO633 by 
disulfide formation at the inner core of MSNs has been demonstrated.76 This study 
indicated that endosomal escape is a limiting factor for the redox-triggered intracel-
lular release of disulfide-bound cysteine from core–shell functionalized colloidal 
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mesoporous silica. In our recent work (Figure 7.4), we have demonstrated a self-
destructive silica-based nanosystem in which the degradation was induced by the 
concentration gradient of dithiothreitol (DTT). This is attributed to the disulfide-
linked structure in the synthesized silica nanobeads (ReSiN: redox-responsive silica 
nanobeads). An in vitro cytotoxicity assay indicated that ReSiN had insignificant 
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FIGURE 7.3  Scheme of redox-responsive MSNs with a collagen cap for targeted drug deliv-
ery. (Z. Luo et al.: Mesoporous silica nanoparticles end-capped with collagen: Redox-responsive 
nanoreservoirs for targeted drug delivery. Angewandte Chemie International Edition. 2011. 
50. 640–643. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.)
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effects on HeLa cells. Our current results indicate that this novel nanocarrier may 
potentially be responsive to redox stimuli and has great biocompatibility for in vivo 
applications.

7.2.3 �M agnetic Iron Oxide Nanoparticle–Based DDSs

The magnetic iron oxide nanoparticle has been an alternative material widely 
employed in biological applications, including microorganism detection, diagnostic 
magnetic resonance imaging (MRI), and magnetic fluid hyperthermia therapy. Their 
magnetic properties enable the accumulation of drug nanocarriers at a target region by 
switching on a local magnetic field. However, the synthesis of magnetic nanoparticles 
is challenging because of the high reactivity of bare iron oxide nanoparticles, which 
makes them easily oxidizable in air, thus resulting in loss of their magnetism and 
dispersibility. Consequently, surface modifications are often introduced to passivate 
the surface of these particles to avoid aggregation during or after the synthesis pro-
cedures. In order to increase stability and biocompatibility, iron oxide nanoparticles 
have been chemically functionalized with various compounds, including polymers, 
surfactants, biomolecules, and inorganic layers. Moreover, these protecting shells also 
provide functional groups for further ligand conjugation and drug loading via cova-
lent bonding or physical adsorption. Similar to most designs, the development of iron 
oxide-based, redox-responsive nanocarriers has incorporated the disulfide linkage at 
the surface of the nanoparticles to enable thiol-triggered drug delivery. The hydro-
phobic anticancer drugs can be encapsulated in nanoreservoirs via a disulfide linker, 
and the intracellular drug delivery can be monitored by conjugation with imaging 
probes. It has been reported that polyethylenimine (PEI)- and β-cyclodextrin (β-CD)-
functionalized magnetic nanoparticle MNP–S–S–PEI/β-CD@CAMP could deliver 
the anticancer drug camptothecin (CAMP) into  the cells and induce cell apoptosis 
in situ. PEI and β-CD were conjugated to MNP via disulfide bonds, and CAMP was 
encapsulated in the PEI/β-CD nanostructure through hydrophobic interaction.77 The 
results indicated that surface modification with PEI and β-CD improved internaliza-
tion efficiency through physical adsorption and interaction between β-CD, cholester-
ols, and phospholipids. Moreover, PEI provides a relatively high density of positive 
charge and induces endosomal escape (Figure 7.5).

An alternative strategy combined superparamagnetic iron oxide nanoparticles 
(SPIONs) with mesoporous silica nanorods.78 SPIONs served as a gatekeeper here. 
The chemically labile disulfide linkage between SPIONs and MSNs can react with 
cellular antioxidants (e.g., dihydrolipoic acid [DHLA]) or thiols. The release of 
the gatekeeper was regulated by the concentration of reducing agents. The results 
revealed that SPIONs efficiently prevented the fluorescent dyes from leaking out 
of the nanoconjugate and a rapid release could only be observed on treatment with 
reducing agents. Significant fluorescence was found in HeLa cells, indicating the 
cleavage of the disulfide linkers in the nanoconjugates on exposure to redox stimuli 
in cancer cells (Figure 7.6). The feasibility of iron oxide–based DDSs as redox-
responsive anticancer drug carriers has been demonstrated; these DDSs have the 
potential to be manipulated by external magnetic fields for site-specific drug release 
and MRI.78
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7.2.4 �G old Nanoparticle–Based DDSs

Gold nanoparticles have emerged as an attractive nanomaterial for biological and bio-
medical applications because of their reproducible synthesis with atomic-level preci-
sion, unique physical and chemical properties, versatile morphologies, flexibility in 
functionalization, ease of targeting, efficiency in drug delivery, and opportunities 
for multimodal therapy.79,80 The intriguing optical properties of these nanoparticles 
reflected by their characteristic extinction spectra are attributed to their unique inter-
action with incident light. When a metal nanoparticle is exposed to electromagnetic 
radiation with a frequency matching the material’s characteristic resonant frequency, 
all the “free” electrons within the conduction band of the particle will undergo an 
in-phase oscillation with the frequency of radiation. This is generally called surface 
plasmon resonance (SPR).81

The dipolar oscillation is resonant with the incoming light at a specific frequency, 
which is influenced by the particle’s size, shape, structure, dielectric properties, 
and the surrounding medium, resulting in an altered distribution of electron charge 
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density on the particle’s surface. The absorption and scattering properties of gold 
nanoparticles can be tuned by controlling the particle size and the local refractive 
index near the particle surface. The monodispersed nanoparticles with diameters 
ranging from 9 to 99 nm can be synthesized to tune the plasmon resonance band 
over a wide spectral range. The absorption maximum of gold nanoparticle results 
in a red shift with increase in size (Figure 7.7).82,83 The biocompatibility of gold 
nanoparticles and their simple functionalization by thiolated guest molecules allow 
the nanomaterial to serve as excellent drug delivery nanocarriers. Moreover, the geo-
metrically tunable optical characteristics, the surface-enhanced Raman spectra, and 
the high-fluorescence quenching efficiency also indicate their great potential to serve 
as optical tracers and for biosensing applications.84

The characteristic GSH difference led scientists to design diverse disulfide-
linked nanomaterials for smart drug delivery applications. Hong et al. developed a 
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redox-responsive gene delivery system (Figure 7.8) in which the gold nanoparticle surface 
was functionalized with a thiolated, cationic, and fluorogenic ligand-labeled monolayer. 
GSH triggered the drug release from nanocarrier in vitro and in vivo.60 Redox-sensitive 
systems have also been constructed by employing the thiol-cleavable bonds in the drug 
conjugates. For instance, the polyethylene glycosylated (PEGylated) gold nanoparticles 
were grafted with the anticancer drug, DOX, via a cleavable disulfide linkage (Au-PEG-
SS-DOX). Upon endocytotic entry, the disulfide-containing Au-PEG-SS-DOX nano-
conjugates were degraded by thiol-reducing enzymes in the lysosomes. The released 
molecules could escape from lysosomal vesicles and accumulate in the cytoplasm, induc-
ing significant cell death of the multidrug-resistant cells.11

A new gold nanoparticle–based nanocarrier consisting of an extra-thin-layer 
disulfide network for improving the sensitivity of redox-responsive DDSs has been 
recently developed in our laboratory (Figure 7.9). ReSiN, a silica-based, disulfide 
bond–linked structure, is employed as a redox-sensitive material to modify the sur-
face of gold nanoparticles. In addition, the transferrin serves as a cancer-specific 
ligand. The FITC dye is used as a model drug to facilitate the intracellular monitor-
ing of the nanoconjugate. Under high concentrations of GSH in the cell, we expect 
that the rapid destruction of the thin-layer disulfide network can lead to the release of 
encapsulated FITC and the aggregation of the gold nanoparticles. This multimodal-
ity optical detection may also be feasible for further in vivo studies.

Additionally, by taking advantage of the gold nanoparticles that absorb near-infrared 
(NIR) light, intensive investigation of their potential in combination with hyperthe-
mia therapy has been performed. Although the SPR of the conventional spherical 
gold nanoparticles is at the visible wavelength region, the resonance peak can be 
shifted to the NIR range (800–1200 nm) by modulating their shapes, for example, as 
gold nanorods,85 gold nanocages,34,35,44 and many multifunctional nanocomposites.86 
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The photothermal effect of gold nanoparticles leads to the rapid dissipation of heat 
to the surroundings by laser illumination exposure, and thus the cancer cells can be 
killed without damaging normal cells.34,35,86

A promising strategy to construct a stimuli-responsive nanocarrier is to modify 
the nanoparticle solid phase with polymers. The polymer chains change conforma-
tion in response to temperature at a point known as low critical solution tempera-
ture (LCST). By modulating the temperature, the properties of the polymer can be 
altered significantly. A smart copolymer based on poly-(N-isopropylacrylamide) 
(pNIPAAm)-co-poly-(acrylamide) (pAAm) with 39°C LCST was functionalized at 
a gold–silver nanocage to enable controlled drug release via structural changes in 
the polymers owing to absorption of NIR light. Without light exposure, the polymer 
returned to the extended conformation and drug release was terminated.36 Another 
light-responsive drug delivery platform has been fabricated by coating a dense mono-
layer of drug-loading DNA at the gold nanoparticle surface. The light-induced drug 
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release was ascribed to the rapid DNA dehybridization at the gold nanoparticle sur-
face under illumination, thereby triggering the release of encapsulated molecules.38

Chemical functionalization in conjunction with photothermal or photodynamic 
therapy is a new therapeutic strategy for cancer treatment. As the development of 
redox-responsive drug nanocarriers continues to evolve by various disulfide linkage 
incorporation strategies, a lot of effort has been devoted to the mechanisms of disul-
fide cleavage and the time- and spatial-resolved thiol levels in different cells and tis-
sues.76,87,88 The DDSs can be designed to respond to specific internal redox or pH stimuli 
with external light illumination to achieve synergistic efficacy in disease management.

7.3 � FUTURE PERSPECTIVES

As more knowledge is gained regarding disease mechanisms, including ever-evolving 
understanding of the cancer microenvironment and new treatments resulting from 
discoveries of bioactive molecules and gene therapies, researchers can develop more 
effective DDSs for cancer management.89–92 In the past decades, various inorganic 
nanomaterials have been successfully fabricated and applied in DDSs. The dye-
doped SiNPs (called Cornell dots) were the first investigational new drug to receive 
FDA approval for targeted cancer imaging. Drugs based on gold nanoparticles have 
been used in phase I/II clinical trials for solid tumor treatment. Furthermore, stud-
ies of Feridex (iron oxide nanoparticles) have been employed as magnetic resonance 
contrast agents at very low dosages to label human cancer and stem cells. All these 
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FIGURE 7.9  (a) Confocal images of control HeLa cells and (b) cells treated with redox-
responsive silica–Au nanoconjugates. (Courtesy of Luo, Y.-L. et al., unpublished data.)
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nanoconjugates have shown potential for their clinical relevance in transitioning 
their application from bench to bedside. Despite this promising progress, most of the 
other nanomaterials are still under in vitro optimization or withdrawn from the mar-
ket. Mylotarg, a calicheamicin disulfide-linked anti-CD33 antibody commercialized 
by Pfizer, which was approved by FDA for acute myeloid leukemia, failed to confirm 
its benefit to patients and voluntary withdrawal of the drug was announced in 2010.

The current DDSs exhibit several issues that scientists are still attempting to 
address. The improvement in theranostics of malignancies is of great necessity. 
Although the EPR effect permits passive accumulation of nanoparticles in the tumor 
interstitium, only suboptimal delivery is achieved with most nanoparticles because 
of heterogeneities in vascular permeability. Furthermore, slow drug release limits 
bioavailability. Many drug potencies and therapeutic effects are limited or reduced 
because of the partial degradation that occurs before they reach a desired target in 
the body. In most cases, once ingested, the release of medications traditionally has 
been diffusion controlled. Time-dependent drug release delivers treatment continu-
ously rather than providing instant relief from symptoms and protection from adverse 
events. The adoption of formulations that control the rate and period of drug deliv-
ery and target specific areas of the body for treatment has become a well-accepted 
trend. Evidently, to prepare such smart multifunctional pharmaceutical nanocarri-
ers, chemical moieties providing certain required individual properties have to be 
simultaneously assembled either on the surface or within the structure of the same 
nanoconstructs. To achieve maximum therapeutic efficacy at the nano/bio interface, 
extensive pharmacokinetic studies and studies on the biocompatibility of therapeutic 
nanocarriers must be performed. The development of multifunctional nanoscale sys-
tems for combined sensing, imaging, and therapy continues to be an active subject 
of pharmaceutical research.
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8 Surface Characteristics 
Dictate Microbial 
Adhesion Ability

Klemen Bohinc, Mojca Jevšnik, Rok Fink, 
Goran Dražić, and Peter Raspor

ABSTRACT

Bacterial adhesion can be inhibited or promoted by different material sur-
face characteristics. In this review, we give a short overview of bacterial 
and material characteristics as well as conditions for microbial adhesion to 
contact surfaces. Bacterial adhesion is related to food safety and its implica-
tions for human health. One of the surface characteristics is its roughness, 
which we will concentrate on in this review. In our experiment, we prepared 
four different glass surfaces by polishing the glass plates with different gra-
dations. The surface roughness was controlled by profilometery and atomic 
force microscopy. We used three different bacteria (Staphylococcus aureus, 
Pseudomonas aeruginosa, and Escherichia coli). The rate of adhered bacteria 
on glass surfaces was determined spectrophotometrically. The results showed 
that the rate of adhered bacteria increases with increasing surface rough-
ness. The increased adhesion of bacteria on rougher surfaces is the interplay 
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between the increasing effective surface and increasing number of defects on 
the surface.

Keywords: Bacterial adhesion, Material surfaces, Roughness

8.1 � INTRODUCTION

8.1.1 � General

The phenomenon of adherence of microorganisms on different surfaces is wide-
spread in the food industry, medical equipment (prostheses, implants), natural envi-
ronments, and water supply systems. Otto (2008) described how microorganisms can 
live and proliferate as individual cells or they can attach to surfaces, where they grow 
as highly organized multicellular communities that are referred to as biofilms and 
are now regarded as the predominant mode of microbial life in nature and disease.

8.1.2 � Biofilm Formation

Bacteria can be considered as either planktonic cells freely flowing in a solution or as 
biofilms where the bacteria are attached to a material surface. Vickery et al. (2004) 
state that bacteria readily adhere to wet surfaces and form organized colonies of cells 
enclosed in a self-excreted matrix composed principally of polysaccharide (EPS) that 
facilitates adhesion to the surface and each other. This type of bacterial organization 
is termed biofilm and was originally noted in 1936 (Vickery et al. 2004; Zobell and 
Anderson 1936). The adhesion process is governed by physical and chemical interac-
tions between microorganisms and surface and represents the first step, by attach-
ment, followed by survival, and if the nutrients at the surface allow, microbes can 
multiply, colonize the surface, and finally form biofilm, which is an essential source 
of further contamination (Hori and Matsumoto 2010; Zupan et al. 2009). The theory 
of biofilms was first described by J.W. Costerton in 1978 (Costerton et al. 1978). A 
biofilm is defined as a microbial-derived sessile community that is characterized 
by cells that are irreversibly attached to a substratum, to an interface, or to each 
other. The biofilm is irreversibly attached to the surface and rinsing cannot remove 
it. These cells are embedded in an extracellular polymeric matrix. Cells in a biofilm 
exhibit altered growth and gene transcription compared to unattached cells (Agle 
2007; Donlan and Costerton 2002). Biofilms are the preferential mode of growth for 
many types of organisms (Agle 2007). Understanding of bacterial accumulation at 
interfaces is of biological, medical, technological, and sanitary importance.

The extensive and pervasive role of biofilms in the environment, industry, and 
medicine is well established thanks to the pioneering efforts of many important 
authors (Costerton et al. 1987; Fletcher and Loeb 1979; Fletcher and Marshall 1982; 
Geesey et al. 1977; Marshall and Cruickshank 1973; Marshall et al. 1971; Zobell 
1943), among a host of others, yet our understanding of the molecular basis for bio-
film formation remains limited. A number of studies have demonstrated that biofilm 
formation depends on the deposition of a conditioning layer, which adsorbs onto 
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the surface, rather than through a direct interaction with the surface, and that one 
needs to modulate conditioning film formation and/or bacterial binding to adsorbed 
organic material to control biofilm formation (Pringle and Fletcher 1986; Renner and 
Weibel 2011).

Bacteria can adhere to various natural and synthetic surfaces, a phenomenon with 
widely different fields of application ranging from marine fouling, soil remediation, 
and food and drinking water processing to medicine and dentistry (Chen et al. 2011; 
Cunliffe et al. 1999; Stenström 1989). Bacterial adhesion to surfaces can be approached 
by biochemical methods, by which the molecular structures mediating adhesion are 
unraveled, or by physicochemical methods. Adhesion of viable bacteria to material 
surfaces is a necessary condition for biofilm formation in both hygienic and industrial 
contexts. The adhesion process is sufficiently complex that engineered prevention and 
promotion of bacterial adhesion remains an elusive goal (Lichter et al. 2009).

Bacteria seem to initiate biofilm formation in response to specific environmental 
cues, such as nutrient and oxygen availability, pH values, and water activity. These 
external conditions trigger alterations in the expression of a subset of genes required 
for biofilm formation. Strictly aerobic bacteria (i.e., Bacillus subtilis) form rough 
biofilms at the air–liquid interface rather than on the surface of a solid phase in a 
liquid, owing to the aerotaxis of the cells. This observation indicates that the deple-
tion of dissolving oxygen triggers the formation of floating biofilms. It has been 
reported that glucose inhibits biofilm formation by B. subtilis through the catabolite 
control protein. The rapid metabolism of carbon under carbon-rich conditions does 
not seem to induce B. subtilis to undergo biofilm formation but allows cells to grow 
as free-living organisms. It was reported that exopolysaccharide expression and bio-
film elaboration are markedly enhanced in certain bacteria, including Pseudomonas, 
Escherichia coli, Staphylococcus, and Streptococcus, when glucose or another uti-
lizable carbon source is abundant. When nutrient sources are depleted, the bacteria 
detach and become planktonic, suggesting that nutrient deprivation is a trigger to 
move on, in search of a better habitat. The lower number of attached bacterial cells 
was found at lower pH values and higher concentrations of NaCl.

Vickery et al. (2004) pointed out that removal of biofilm poses considerable dif-
ficulties in the hospital environment. Although physical methods such as ultrasoni-
cation and mechanical cleaning or scraping are generally effective if carried out 
efficiently, chemical methods are often ineffective because of the resistance of bio-
films to antibiotics, disinfectants, and biocides. Bacteria within biofilms are up to 
1000 times more resistant to antimicrobials than the same bacteria in suspension 
(Vickery et al. 2004). Chmielewski and Frank (2003) stressed that poor sanitation 
of food contact surfaces, equipment, and processing environments has been a con-
tributing factor in food-borne disease outbreaks, especially those involving Listeria 
monocytogenes and Salmonella. Elhariry (2008) pointed out that evaluating and 
understanding the formation of microbial biofilm are essential components of the 
Hazard Analysis and Critical Control Point system for food and processing industry 
because closed systems (e.g., pipes, valves, pumps) or open systems (e.g., conveyors) 
are regularly found to be contaminated by microorganisms such as Bacillus spp., 
E. coli, or L. monocytogenes. Hamadi and Yousif (2014) warn that Staphylococcus 
aureus are being occasionally found in food processing plants and have the ability to 
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adhere to inert surfaces such as stainless steel commonly used in the food industry 
and consequently form biofilms.

8.1.3 � Contact Materials

The majority of bacteria can adhere to most surfaces and form biofilms (Bos et al. 
1999). Different contact materials (e.g., stainless steel, glass and metal oxide surfaces, 
polymeric materials, surfaces with nanocoating, and many others related to ecology, 
food, and medical areas) are in contact with different types of microorganisms and 
their forms, which can cause harm to consumers’ health because of their patho-
genic properties (Raspor 2008) or great economic losses owing to food spoilage and 
reduced quality of products (Frank 2001). Materials have different characteristics for 
adhering and loading for various contaminants like bacteria, yeasts, fungal and bac-
terial spores, and viruses. Because of their characteristic attachment/adhesion, they 
serve as vehicles to transfer contamination vectors from place to place. If the contact 
materials allow microbes to survive, then the probability of contaminating the next 
recipient is very high, which has a strong impact on the safety and quality of the final 
product or service (Vesterlund et al. 2005). Current contact surfaces in the process 
and service industry are not strictly designed in that direction. For this reason, this 
issue has direct and indirect influence on the economic efficiency of production as 
well as on human health and the environment.

Interactions between microorganisms and contact material surfaces play an 
important role in biology and in different technologies like the food, pharmaceuti-
cal, and service industry (Raspor and Jevšnik 2008).

The adhesion process is governed by physical and chemical interactions between 
microorganisms and surface and represents the first step, by attachment, followed 
by survival, and if the nutrients at the surface allow, microbes can multiply, colo-
nize the surface, and finally form biofilm, which is an essential source of further 
contamination (Hori and Matsumoto 2010; Zupan et al. 2009). Current comprehen-
sion of microbial adhesion and colonization of contact materials is limited to partial 
understanding of various model microbial cells from different genera and their biol-
ogy (i.e., active growing cells, viable but nonculturable [VBNC], spores) (Henriques 
and Moran 2007), microbial morphology (shape, size, biofilm formation), physiology 
and biochemistry (i.e., polysaccharide secretion, acid production), and properties and 
surface chemistry of contact materials (i.e., stainless steel). However, it remains to 
be clarified for many contaminants how strong the influence is of various parameters 
such as properties of microbial cell like surface hydrophobicity (van der Mei et al. 
1989) and charge (Wilson et al. 2001), extracellular appendages (Davey and O’Toole 
2000), extracellular polymeric substances (Christensen 1989), signaling molecules 
and contact fluids in process (polarity, flow velocity, pH, ionic strength, temperature, 
presence of salts, antimicrobials, nutrient availability), and surface chemistry of con-
tact materials (hydrophobicity, electric charge, surface roughness).

During processing, workers with their activities or products can injure material 
surfaces and transfer microbial contaminants to the contact surfaces if they have 
characteristics to adhere to microparticles. Since contact materials are in regular and 
permanent contact with substrates or final foods or drugs in the production process 
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(food, pharmaceutical, and medical industry), there is a high probability of acquiring 
and loading surface contaminants from contact materials into products. Consequently, 
there is an evident need to determine the potential influence of various parameters 
such as properties of microbial cells (cell surface hydrophobicity and charge, extracel-
lular appendages, extracellular polymeric substances, and signaling molecules), fluid 
characteristics (polarity, flow velocity, pH, ionic strength, temperature, presence of 
salts, antimicrobials, and nutrient availability), and the surface chemistry of contact 
materials (hydrophobicity, electric charge, and surface roughness). Understanding all 
these processes and their impact, it would be possible to foresee possible outcomes 
and thus prevent negative impact on food/drug product safety and quality.

Available methods for studying bacterial adhesion have been developed based 
on three vital steps: bacterial contact with surface, removal of unattached bacteria, 
and bacterial counting. One of the major concerns of positioning a sample surface 
in bacteria suspension is the surface’s consistent contact with the suspension, which 
can be static (Murga et al. 2001). Rinsing is a very important part of a bacterial adhe-
sion study. Attention should be paid to the force, direction, and content of the rinsing 
fluid. Liquids commonly used for rinsing include sterile water, normal saline, and 
phosphate buffered saline. A fundamental aspect of the study of bacterial adhesion 
and attachment to surfaces is the need for reliable quantification of the microbio-
logical population that attaches to the surface. Few methods for bacteria counting 
have been introduced including direct counting methods, such as scanning electron 
microscopy (SEM), and indirect counting methods, such as colony-forming units, 
plate count, and staining methods (An and Friedman 1997; Jaryszak et al. 2009).

The results of the Bohinc et al. (2014) study showed that the rate of adhered bacte-
ria increases with increasing surface roughness. The increased adhesion of bacteria 
on rougher surfaces is attributed to the interplay between the increasing effective 
surface and the increasing number of defects on the surface where bacteria preferen-
tially adhere. The effect of surface roughness on bacterial adhesion is still far from 
being fully understood. Besides the polishing of the surface, other mechanisms that 
can change the roughness also exist (Quirynen et al. 1993). Truong et al. (2010) have 
shown that the adhesion of bacterial cells of Pseudomonas aeruginosa and S. aureus 
on titanium surfaces is enhanced by the presence of nanoscale topographical fea-
tures. Similar trends have been reported by Bakker et al. (2004) for polymer surfaces 
with nanometer-scale roughness. Taylor et al. (1998) found that a small increase in 
surface roughness (Ra = 0.04–1.24 μm) resulted in a significant increase in bac-
terial adhesion, while a large increase in surface roughness (Ra = 1.86–7.89 μm) 
did not result in a very significant increase in adhesion, although the adhesion was 
still higher than to the smooth surface. On the other hand, Díaz et al. (2007, 2009) 
have proven that submicroscaled materials decrease microbial adhesion, whereas 
microscaled materials promote microbial adhesion (Whitehead et al. 2005). Xu and 
Siedlecki (2012) have confirmed the results obtained by Díaz et al. (2007, 2009) and, 
in addition, explained their reasons. In submicroscaled materials, the contact surface 
for adhesion is decreased owing to a small gap to fit in. Some research on eye lens 
showed stronger adhesion of bacteria to the materials with higher surface roughness 
(Giraldez et al. 2010; Tang et al. 2008). Results of Singh et al. (2011) on E. coli and 
S. aureus show that the increase in surface pore aspect ratio and volume, related to 
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the increase of surface roughness, improves protein adsorption, which in turn down-
plays bacterial adhesion and biofilm formation. Giraldez et al. (2010) reported that 
greater surface roughness determines a greater specific surface area, thus creating 
more available surface active sites for thermodynamic reactions. Terada et al. (2006) 
estimated that the bacterial adhesion rate constant of E. coli markedly increased at 
a membrane potential higher than −7.8 mV, whereas that of B. subtilis increased at a 
membrane potential higher than −8.3 mV, at which the dominant effect on bacterial 
adhesion is expected to change.

Quirynen et al. (1993) have studied the influence of the surface roughness of 
implants on microbial adhesion. They showed that rough surfaces harbored more 
bacteria. Zhao et al. (2007) evaluated bacterial adhesion to Si-doped DLC films with 
P. aeruginosa, Staphylococcus epidermidis, and S. aureus, which frequently cause 
medical device–associated infections. Their results showed that bacterial adhesion 
decreased with increasing the silicon content in the films. They found out that all the 
Si-doped DLC films performed much better than stainless steel 316L on reducing 
bacterial attachment.

There are also some studies that showed that surface roughness has no effect on 
bacterial adhesion. Li and Logan (2004) reported that there was no significant effect 
of surface roughness (glass and metal oxide) on bacterial (P. aeruginosa and E. coli) 
adhesion. Hahnel et al. (2009) showed that the surface roughness of different ceramic 
materials has no significant influence on bacterial adhesion. Also, Flint et al. (2000) 
showed that bacterial adhesion to stainless steel with a range of surface roughness 
values (Ra = 0.5–3.3 μm) was largely independent on substrate topography.

Bohinc et al. (2014) pointed out that taking into account all available findings 
documented in the literature, this field of microbial adhesion to various material 
surfaces is not yet clear enough to enable prediction of when and how strongly one 
particular strain with defined surface hydrophobicity will adhere.

8.1.4 �M icrobial Adhesion and Microorganism Characteristics

By understanding the relationship between surface conditions and microbial adhe-
sion, strategies can be developed that when realized would greatly inhibit, if not pre-
vent, the attachment of bacteria and spores (Bower et al. 1996; Foschino et al. 2003).

The physicochemical properties of cell surfaces are an important aspect in active 
bacterial adhesion to different material surfaces. All bacterial cells are surrounded 
by a porous, three-dimensional macromolecular network, which is generally known 
as the bacterial cell wall. An important cell wall polymer is peptidoglycan. Gram-
positive cell walls generally contain high peptidoglycan concentrations, whereas 
in the case of the more complex envelopes of Gram-negative cells, it is restricted 
to a thin layer between the cytoplasmic and the outer membrane. Besides peptido-
glycan, many other macromolecules may be present in the cell wall, including tei-
churonic acid, lipoteichoic acid, lipopolysaccharides (LPSs), lipoproteins, enzymes, 
and mycolic acids. Most of these macromolecules are polyelectrolytes, because they 
carry charged groups such as carboxyl, phosphate, or amino groups. The presence 
of anionic and cationic groups gives the bacterial wall amphoteric properties, which 
implies that, depending on the pH, the net charge in the wall can be either positive, 
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negative, or zero (Madigan et al. 2009; Van der Wal et al. 1997). The surfaces of 
most bacterial cells are at physiological pH values, that is, between 5 and 7 negatively 
charged, and the extent of the negative charge varies with growth environments. The 
net negative charge of the cell surface is adverse to bacterial adhesion owing to 
electrostatic repulsive force. This keeps cells a short distance away from the surface. 
However, the bacterial cell surface possesses hydrophobicity owing to fimbriae, fla-
gella, and LPS. Fimbriae are cell appendages that possess hydrophobic amino acid 
residues (Rosenberg and Kjelleberg 1986). The main function of fimbriae is to over-
come the initial electrostatic repulsion barrier that exists between the cell and the 
substratum (Corpe 1980). LPS is a part of the outer membrane of Gram-negative bac-
teria and reduces the cell’s ability to interact with hydrophilic surfaces (Makin and 
Beveridge 1996). Adhesion of bacteria is greatly dependent on surface characteris-
tics. The basic stages of bacterial adhesion are generally described by a two-stage 
kinetic binding model. In the first stage, there is an initial, rapid, and easily reversible 
interaction between the bacteria cell surface and the material surface. The adhesion 
of bacteria onto the interface is mainly governed by electrostatic, van der Waals, 
hydrophobic effects and contact interactions (Boks et al. 2008; Van Loosdrecht et 
al. 1989). Generally, the interaction free energy of the adhesion process shows two 
minima. The first minimum appears at a separation of 10 nm (a few kiloteslas). In 
this minimum, the microorganism is weakly and reversibly bound. The second stage 
includes specific and nonspecific interactions between so-called adhesion proteins 
expressed on bacterial surface structures (fimbriae or pili) and binding molecules on 
the material surfaces. The second minimum in the interaction free energy appears 
at a contact distance of 1 nm. Here, the microorganism is strongly and irreversibly 
adhered. The microorganism has to surpass a large energy barrier of a few kiloteslas 
to move on from the first to the second minimum at contact.

Numerous studies have shown that L. monocytogenes is capable of adhering to 
and forming biofilm on food contact surfaces (Blackman and Frank 1996) such as 
polystyrene, glass, and stainless steel (Mafu et al. 1990). Di Bonaventura et al. (2008) 
determined that by L. monocytogenes, biofilm formation is significantly influenced 
by temperature, which probably modifies cell surface hydrophobicity.

The behavior of the microorganisms used in the study of Foschino et al. (2003) 
turns out to be quite different. Particularly, E. coli, Listeria innocua, and P. aerugi­
nosa do not have the capability to adhere to any surface since the shearing action 
generated by distilled water is sufficient to detach cells from the specimens. In con-
trast, the spores of Aspergillus niger show an evident adhesive ability; as a result, the 
removal from the surface becomes efficient only by means of an alkaline solution. 
S. aureus demonstrates an intermediate behavior with a clear improvement in the 
detachment when the detergent solution is used. Boulané-Petermann (1996) presents 
two physicochemical theories that can be applied to predict simple cases of bacte-
rial adhesion. However, these models are limited in their applicability owing to the 
complexity of bacterial surfaces and the surrounding medium. Various factors that 
can affect the bacterial adhesion process have been listed, all directly linked to the 
solid substratum, the suspension liquid, or the microorganism. For stainless steel 
surfaces, it is important to take into account the grade of steel, the type of finish, 
surface roughness, the cleaning procedures used, and the age of the steel. Regarding 
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the suspension fluid within which adhesion takes place, pH, ionic composition, and 
the presence of macromolecules are important variables. In addition, the adhering 
microorganisms have extremely complex surfaces and many factors must be taken 
into account when conducting adhesion tests, such as the presence of cell append-
ages, the method of culture, the contact time between the microorganism and the 
surface, and exopolymer synthesis. Research on biofilms growing on stainless steel 
has confirmed results obtained with other materials, regarding resistance to disin-
fectants, the role of the extracellular matrix, and the process by which the biofilm 
forms. However, it appears that the bactericidal activity of disinfectants on biofilms 
differs according to the type of surface on which they are growing. The main clean-
ers and disinfectants used in the food industry are alkaline and acid detergents, per-
acetic acid, quaternary ammonium chlorides, and iodophors. The cleanability and 
disinfectability of stainless steel surfaces have been compared with those of other 
materials. According to the published research findings, stainless steel is compa-
rable in its biological cleanability to glass and significantly better than polymers, 
aluminum, or copper. Moreover, microorganisms in a biofilm developing on a stain-
less steel surface can be killed with lower concentrations of disinfectant than those 
on polymer surfaces. Bower et al. (1996) warn that bacteria within a biofilm are 
more resistant to disinfectants, which may assist the survival of Listeria spp. and 
other food-borne pathogens in the food processing environment. Direct evidence 
that pathogen-containing biofilms play a role in the spread of food-borne illness is 
lacking, as identification and characterization of biofilms have not been included in 
food-borne illness investigations (Chmielewski and Frank 2003).

Since contact materials are in regular and permanent contact with substrates or 
final foods or drugs in the production process (food, pharmaceutical, and medical 
industry), there is high probability to acquire and load surface contaminants from 
contact materials into/onto products. Clean surfaces are acquired owing to sanitary 
hygiene conditions. Removal of biofilm poses considerable difficulties in the food 
industry and the hospital environment. Vickery et al. (2004) state that although 
physical methods such as ultrasonication and mechanical cleaning or scraping are 
generally effective if carried out efficiently, chemical methods are often ineffective 
because of the resistance of biofilms to antibiotics, disinfectants, and biocides. They 
also indicate that bacteria within biofilms are up to 1000 times more resistant to anti-
microbials than the same bacteria in suspension (Gilbert and McBain 2001; Ntsama-
Essomba et al. 1997; Vickery et al. 2004). By understanding all these processes and 
their impact, it would be possible to foresee possible outcomes and thus prevent 
negative impact on food/drug product safety and quality (Raspor 2008; Raspor and 
Jevšnik 2008).

8.2 � CONTACT SURFACES AND FOOD SAFETY

Food contact materials have an important impact on bacterial attachment and bio-
film formation. Recent food-borne outbreaks have focused on biofilms in food con-
tact materials, searching the sources of food contamination (Al-Ahmad et al. 2010; 
Janssens et al. 2008; Wang et al. 2013). Commonly used materials in the food 
industry include stainless steel, glass, rubber, polyurethane (Cappitelli et al. 2014; 
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Chia et al. 2009; Faille and Carpentier 2009; Jun et al. 2010), Teflon, nitrile butyl 
rubber (Storgårds et al. 1999), and wood (Filip et al. 2012; Mariani et al. 2011), 
among others.

Adetunji and Isola (2011) analyzed biofilm formation on various materials such 
as wood, stainless steel, and glass and found the highest biofilm formation on 
wood surfaces and the lowest on the glass, while stainless steel can prevent the 
colonization, but it is vulnerable to corrosion. They found that Salmonella spp. 
can be attached to different surfaces, but it seems that more cells are attached 
to the Teflon surface and stainless steel than to polyurethane. This indicates that 
material properties have a large impact on initial adhesion and biofilm formation 
(Chia et al. 2009). As reported by Stepanović et al. (2004), Salmonella spp. and L. 
monocytogenes form biofilms on plastic material. In another study, Bernardes et 
al. (2013) studied adhesion of Bacillus cereus on stainless steel and found tempera-
ture and time to be the most important factors promoting the attachment. In the 
study of Arnold et al. (2004), fewer bacterial cells were attached to the electropo-
lished stainless steel food contact surface than on the untreated one. Meanwhile, 
Guobjörnsdóttir et al. (2005) pointed out that not only the material properties but 
also the hygienic design such as welding, joints, corners, and equipment design 
could have an important impact on bacterial adhesion. One of the critical control 
points in the process of producing fresh products is packing, which should prevent 
cross-contamination. For produce that are generally consumed raw, packing as 
the last step of processing is considered as one of the critical control points. This 
last step should be controlled attentively and regularly to avoid recontamination. 
Carron (2011) reported an outbreak of L. monocytogenes that was connected to 
the unhygienic packing of melons. Keskinen et al. (2008) studied Listeria spp. 
biofilm on stainless steel knives for ready-to-eat food and found a significantly 
higher amount of transfer of strongly adhered biofilm than weakly adhered bio-
film to turkey. In another study, Somers and Lee Wong (2004) found that the L. 
monocytogenes biofilm was the most resistant on brick and conveyor material in 
ready-to-eat production. Silagyi et al. (2009) reported that E. coli is considered to 
be very important in the ready-to-eat industry since it can form biofilms on food 
contact surfaces during food processing. Some of the studies reported coloniza-
tion of bacteria on the conveyor belt, drying area, and floor drain (Filip et al. 
2012; Neuman 2011). Bacteria can adhere to several surfaces. When the cells are 
irreversibly attached to the surface, they form the biofilm that can contaminate the 
whole process line or even the whole production (Sapers 2001). Regular sanitation 
can damage surfaces, causing cracks and scratches. Organic material with micro-
organisms can gather on these sites, forming biofilms that are protected against 
antimicrobial agents. In their study, Latorre et al. (2010) analyzed the sources of L. 
monocytogenes in dairy farms and found biofilms in the scratched surfaces. Boyd 
et al. (2001) studied the different types of stainless steel cleaning methods such as 
spraying and brushing and found that brushing is more efficient than spraying. The 
retention of organic matter was greater on rough samples. Guobjörnsdóttir et al. 
(2005) reported that adhered bacteria cells were found in the fish processing indus-
try even if sanitation and disinfection measures were provided correctly. From 
shrimp processing plant surfaces, bacteria like Pseudomonas spp., Aeromonas spp., 
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and Enterobacteriaceae, as well as yeast, were isolated (Gram and Huss 1996). In 
their study, Guobjörnsdóttir et al. demonstrated that Pseudomonas spp. promote 
the adhesion of L. monocytogenes on stainless steel (Guobjörnsdóttir et al. 2005). 
The research by Chia et al. (2009) has shown that Salmonella typhimurium seem 
to adhere more efficiently to stainless steel than to rubber. Abdallah et al. (2009) 
reported that Salmonella spp. isolated from Tunisian poultry produced moderate 
amounts of biofilm on PVC in more than 50% of samples. Hansson et al. (2012) 
studied adhesion of bacteria to dairy packing materials and found that adhesion is 
dependent on the product’s contact time and surface.

Bacteria can colonize all food contact materials, although the rate of adhesion is 
strongly influenced by food and surface characteristics (Ismaïl et al. 2013; Olszewska 
2013). Nevertheless, proper cleaning and disinfection should prevent bacterial adhe-
sion and biofilm growth. Also, proper equipment, based on good hygiene practice, 
will reduce the risk of food contamination. Above all, the surfaces that are already 
in use can be changed by antifouling coating.

8.2.1 �I mplications for Human Health

Bacterial adhesion has implications for human health and the environment. Namely, 
many infections in hospitals are caused by attachment of bacteria to medical 
devices and implants. Vickery et al. (2004) described that fouling and corrosion 
of plant and pipework by biofilms has been a major problem in the industry. In the 
field of medicine and in the food industry, control of biofilm formation has a major 
impact on infection control. Bacterial adhesion to medical devices is the first step 
in the development of such infection (Zhao et al. 2007). Adhesion is an important 
aspect of many bacterial diseases, including native valve endocarditis, osteomyeli-
tis, dental caries, middle ear infections, and ocular implant infections. Most patho-
gen microorganisms adhere themselves to the host cells of mucous membranes, 
tissues, and fluids of a human organism and cause the cells’ degradation or toxica-
tion. The ability to grow as part of a sessile, exopolymer-enshrouded community 
referred to as biofilm is an important and clinically relevant example of bacterial 
adaptation through systematized gene expression, which is in most cases resulted 
as an adaptation to environments with rapidly changing conditions. The removal 
of infected devices and the additional treatment greatly increase patients’ discom-
fort, treatment costs, and mortality (Weinstein 2001). Flock and Brennan (1999) 
stressed that in the United Kingdom, implant-associated infections are estimated to 
cost 7–11 million pounds per year. Approximately half of the two million cases of 
nosocomial infections per year in the United States are associated with indwelling 
devices (Darouiche 2004).

An effective but costly and stressful procedure in treating biofilm infections 
involves removing the implant, fighting the infection with antibiotics, and replac-
ing the implant (Carmen et al. 2005). An and Friedman (1997) described a pros-
thetic infection and emphasized that the biofilm makes the embedded bacteria 
less accessible to the human defense system and significantly decreases antibiotic 
susceptibility.
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Zhao et al. (2007) analyzed the many surface properties of the implanted sur-
faces. They evaluated, under static and laminar flow conditions, bacterial adhesion 
of P. aeruginosa, S. epidermidis, and S. aureus, which frequently cause medical 
device–associated infections. Their results showed that SiF3

+-implanted stainless 
steel performed much better than N+-implanted steel, O+-implanted steel, and 
untreated steel control in reducing bacterial attachment under identical experimen-
tal conditions.

8.3 � SURFACE CHARACTERIZATION

Characterization of glass surfaces was carried out using atomic force microscopy 
(AFM) and profilometry. The characterization of the surfaces resulted in determin-
ing roughness parameters. Surface hydrophobicity was determined by contact angle 
measurement.

For surface topography imaging and to ascertain the distribution and location of 
preferential adhesion of microorganisms on the surface, SEM was used. The FEI 
Helios Nanolab 650 dual-beam system was used for SEM investigation. The samples 
were coated with carbon film (a few nanometers thick) to prevent charging. On sur-
faces with low roughness, the microbes are preferentially adhered to pits, cavities, 
and other defects, and they grow more or less laterally in one layer. On surfaces with 
higher roughness, the microbes are concentrated in pores and scratches (Figure 8.1) 
and could grow in multilayers. Bacterial surface characterization was determined by 
measuring zeta potential, which is an indirect measure of the net cell surface charge 
on bacteria. Zeta potential was measured using a Zetasizer Nano ZS equipped 
with a universal dip cell. In this study, zeta potential was approximated from the 
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FIGURE 8.1  Roughness measurements (Rq) as a function of abrasion achieved by abrasive 
particles of different sizes measured with AFM and profilometer (gradation). (Reprinted with 
permission from Bohinc, K. et al. 2014. Int J Adhes Adhes 5: 265–272.)
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electrophoretic mobility according to the Helmholtz–von Smoluchowski equation. 
Surface hydrophobicity was determined by contact angle measurement. The hydro-
phobicity of bacteria was determined by the procedure described by Rosenberg et al. 
(1980) and Tahmourespour et al. (2008) with some modifications. In this method, the 
nonpolar liquid xylene is added to the suspension. In this way, the polar and apolar 
phase are produced. The hydrophobicity rate h was calculated as the ratio between 
the absorbance of the initial bacterial suspension Ai and the absorbance of the aque-
ous phase after mixing with xylene.

8.4 � BACTERIAL ADHESION TO GLASS SURFACES

We consider the influence of bacterial adhesion to surfaces with different rough-
ness. The glass surfaces were prepared by abrasion to achieve different gradations. 
Roughness was determined by profilometry and AFM. The electrostatic sur-
face potential and hydrophobicity of glass and bacteria were kept under standard 
conditions.

In this study, we used TEMPAX sheet glass from Schott (borosilicate glass). Two-
millimeter-thick pieces were cut from the 2 cm × 2 cm glass rods, and the surfaces of 
glass pieces were fused using a gas burner. To achieve different surface roughness, 
sets of glass samples were ground to specific gradation using abrasive particles with 
different sizes. Gradation P80, P220, and P500 were used where abrasive particles 
with a size of 201, 68, and 30 μm, respectively, were used.

We made experiments with three different strains of bacteria: E. coli, P. aerugi­
nosa, and S. aureus. They differ in their adhesive and surface properties. E. coli is a 
Gram-negative rod; P. aeruginosa is a Gram-negative, straight or slightly curved rod 
with several polar flagella, whereas S. aureus is spherical and nonmotile and occurs 
in irregular clusters.

To monitor the adhesion level of the strains, we used the method of O’Toole et al. 
(1999) and Kubota et al. (2008) with modifications. The supernatant was poured off 
three times with phosphate buffered saline buffer, and the biofilms were stained with 
crystal violet suspension. The dye in the cells was remobilized in 96% ethanol. The 
absorbance of the solution, OD620, at a wavelength of 620 nm was determined using 
the microplate reader Infinite 200 PRO (Tecan Austria GmbH).

Surface roughness was estimated by AFM and profilometry. Samples with P220 
gradation could be measured using AFM, while samples with P80 gradation were 
too rough to obtain reasonable results using AFM. Consequently, we showed that, at 
low roughness, AFM is a more sensitive tool, while at high roughness, the profilom-
eter is a more suitable tool (Figure 8.1). From AFM images and profilometer profiles, 
the ratio of the true area to the apparent area (Wenzel’s ratio) was calculated. From 
Wenzel’s ratio, we can estimate that the effective area increased up to 30% because 
of grinding.

Using an optical tensiometer, we measured the contact angles of a water drop at 
the glass surface as a function of roughness. Several measurements were performed 
on each sample, and standard deviation was calculated. The lowest contact angle (28°) 
was measured at the untreated sample surface (plane fused glass). After grinding, the 
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contact angles rose to values above 40°. A slight decrease in contact angles with an 
increase in roughness was observed.

The zeta potential of bacterial cells is the negative surface charge of all tested 
bacteria. We found that E. coli has the most negative charge, followed by S. aureus 
and P. aeruginosa. Measurements were provided in phosphate buffer solution at two 
ionic strengths: 1 and 100 mmol/L. The results show that a concentration of 1 mmol/L 
is more suitable for the zeta potential study than 100 mmol/L, owing to larger stan-
dard deviations. The zeta potential increases with increasing ionic strength. Namely, 
the counterions neutralize the cell surface. With the increasing ionic strength, the 
screening of the bacterial surface charge is increased. For very large ionic strengths, 
the zeta potential converges to zero. The results are given in Table 8.1.

Nostro et al. (2004) reported that isolates with h greater than 0.7 are arbitrarily 
classified as highly hydrophobic. Isolates with hydrophobicity rate h between 0.5 
and 0.7 are classified as moderate, and isolates with h lower than 0.5 are classified as 
hydrophilic. Our results show that E. coli cells were hydrophilic (h ≈ 0.23), P. aeru­
ginosa cells were also hydrophilic (h ≈ 0.35), whereas S. aureus cells were highly 
hydrophobic (h ≈ 0.92). The results are given in Table 8.2.

The measured OD620 as a function of adhered cells to glass plate shows that adhe-
sion of bacteria greatly depends on surface characteristics and type of bacteria. The 
measured OD620 shows that the adhesion of P. aeruginosa ATCC 27853, S. aureus 
ATCC 25923, and E. coli ATCC 35218 to untreated glass plates (type N) was the 
poorest, whereas adhesion of cells to most rough glass plates (type 80) was the great-
est. The adhesion of all three bacteria increased with increasing roughness (Figure 
8.2 and Table 8.3).

TABLE 8.1
Zeta Potential for Three Different Bacteria 
and Two Different Concentrations

1 mmol/L σ 100 mmol/L σ
S. aureus −31.87 4.84 −18.56 2.15

E. coli −36.61 1.7 −21.7 6.8

P. aeruginosa −16.92 2.42 −7.85 12.83

Note:	 The experimental error is added.

TABLE 8.2
Hydrophobicity of Investigated Bacteria

Bacteria Hydrophobicity (h)

E. coli 0.23 ± 0.01

S. aureus 0.92 ± 0.10

P. aeruginosa 0.35 ± 0.04
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Optical density OD620 with SD of P. aeruginosa ATCC 27853 shows significantly 
greater adhesion to rough glass plates compared to S. aureus ATCC 25923 and E. 
coli ATCC 35218.

SEM was used to image the surfaces of the samples and to determine where the 
microbes are adhered. A SEM micrograph of the surface (P220) with bacteria at the 
beginning of the experiments showed that most of the bacteria are adhered to some 
defects, like cracks, voids, and gaps. Flat surfaces were more or less clear. After 
8 h, the number of microbes increased substantially and they cover also flat areas 
(Figure 8.3).
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FIGURE 8.2  Available surface as a function of roughness dictates microbial adhesion 
capacity. The adhered cells were stained with crystal violet after 18 h, and the optical density 
at 620 nm (OD620) was measured. (a) P. aeruginosa ATCC 27853, (b) S. aureus ATCC 25923, 
and (c) E. coli ATCC 35218. (Reprinted with permission from Bohinc, K. et al. 2014. Int J 
Adhes Adhes 5: 265–272.)
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8.5 � CONCLUSIONS

Although descriptions of biofilms have varied over the years since 1674, when 
Antonie van Leuwenhoek used his primitive but effective microscope to describe 
aggregates of “animalcules” that he scraped from various surfaces, the fundamental 
characteristics of film formers are maintained, although we tried to explain them 
with different methods and different concepts in the last century when methods 
in biology, chemistry, and physics gradually improved and went from macro- to 
microscale and entered nanoscale levels in the last decades. But despite this meth-
odological development, or because of it, a biofilm attached to a contact surface of 
technological, environmental, or medical importance can be observed and moni-
tored as well as mechanistically explained in positive, negative, or even pathogenic 
functions. Research and development is far from reaching its end because we are 
implementing new materials, new technologies and processes, and new applications 
(from very traditional to very modern) in various industries (e.g., environmental, 

TABLE 8.3
Crystal Violet Optical Density at 620 nm (OD620) after 18-h Bacteria 
Incubation on Different Glass Plates

P. aeruginosa ATCC 27853 S. aureus ATCC 25923 E. coli ATCC 35218

Control 0.051 ± 0.072 0.053 ± 0.019 0.026 ± 0.024

500 0.437 ± 0.023 0.069 ± 0.006 0.086 ± 0.033

220 0.661 ± 0.073 0.156 ± 0.082 0.160 ± 0.074

80 0.941 ± 0.113 0.269 ± 0.068 0.311 ± 0.054

FIGURE 8.3  SEM image of the bacteria S. aureus after 8 h. Besides gaps, flat surfaces are 
also covered with microorganisms. (Reprinted with permission from Bohinc, K. et al. 2014. 
Int J Adhes Adhes 5: 265–272.)
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food, pharmaceutical, automotive, and space), not to mention added industrialized 
approaches in medical care. Consequently, microbes are under selection pressure 
and generate new strains with modified characteristics regarding film forming, on 
one hand, and accumulating a selection of characteristics, on the other, which might 
be beneficial in wastewater processing, such as xenodegradation, or in the food and 
medical industry, such as antibiotic and disinfectant resistance.

The essential requirements for biofilm growth are the microbes themselves, a sub-
strate, and contact surface. When we expose them to new (or at least novel) niches that 
are unique to the microbial community, we expected to solve the problem of biofilm 
forming. Actually, it is just question of when will microbes overcome this obstacle. 
However, many advances in technology and laboratory working practices have allowed 
more accurate descriptions of biofilms to be made, although there is still ambiguity 
today: A biofilm consists of cells immobilized at a substratum and frequently embed-
ded in an organic polymer matrix of microbial origin, which makes research more 
challenging and practice more complex. Biofilms are a biologically active matrix of 
cells and extracellular substances in association with a solid surface, and this can be 
good or bad, depending on point of view and application. Clean surfaces are acquired 
because of sanitary hygiene conditions, and removal of biofilm poses considerable dif-
ficulties in the food industry and the hospital environment. On the other hand, where 
biofilms represent the biologically active part of bioreactors, we need it to be stable 
and persistent. Hence, contact materials and bacterial adhesion potential are and will 
remain a focal point owing to their unique characteristics, which can be inhibited or 
enhanced by different surfaces. One of which is surface roughness, which we focused 
on in our study and can be designed and reproduced identically. Undoubtedly, results 
showed that the rate of adhered bacteria increases with increasing surface roughness. 
The increased adhesion of bacteria to rougher surfaces involves the interplay between 
the increasing effective surface and the increasing number of defects where bacteria 
preferentially adhere to the contact surface. Is this the case with microbial surface 
material or microbial substrate matrix, which already creates slightly different matri-
ces from time to time? Is this the real issue? It is clear that this complexity dictates 
research and development in all areas where biofilms can be a friend or foe.
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9 Antimicrobial Polymers 
Based on Nanostructures
A New Generation of 
Materials with Medical 
Applications
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ABSTRACT

Contamination by microorganisms is a major problem that affects different 
areas such as medicine, health care, or industry. For example, infections asso-
ciated with biofilm formation in medical implants are becoming very common 
in hospitals. Very frequently, biofilms have high resistance to antibacterial 
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drugs and are very difficult to remove. Therefore, the development of new 
materials with antimicrobial properties is highly required. In recent years, 
antimicrobial polymers represent a class of biocides that has become increas-
ingly important as an alternative to existing biocides. In addition, formulating 
these polymers into nanostructures can be very convenient to enhance their 
antibacterial activity. Different structures such as nanoparticles, core–shell 
nanoparticles, one-dimensional polymer nanostructures, and thin films can be 
prepared to inhibit the growth of microorganisms such as bacteria, fungi, or 
protozoa. These structures have unique physicochemical properties that make 
them suited for medical purpose.

The present chapter provides an overview of the latest innovations in anti-
microbial polymers based on nanostructures. It is organized into sections that 
discuss their basic properties, the factors affecting their antimicrobial activity, 
the different natural and synthetic types, their major medical applications, the 
environmental impact, and their possible cytotoxicity in humans.

Keywords: Antimicrobial, Biofilm, Biomaterials, Microorganisms, Nano
structures, Polymers

9.1 � INTRODUCTION

Contamination by microorganisms is a major problem in different areas such as 
medical devices, drugs, health care, water purification systems, hospital and dental 
surgery equipment, textiles, food packaging, and food storage [1]. The use of anti-
biotics entails some problems because sometimes microorganisms have developed 
resistance to these drugs. Some microbes are able to mutate their genes rapidly and 
easily, which makes their elimination difficult. For example, some Staphylococcus 
aureus are resistant to the antibiotic methicillin, methicillin-resistant S. aureus 
(MRSA), and different antibiotic types are often required to treat them [2]. Almost 
70% of present-day infections are suspected to be attributed to drug-resistant bacte-
ria [3]. For this reason, alternatives to treat infections are required.

While new biomaterials have been developed, a growing need for materials with 
antimicrobial properties to prevent infections has emerged. Antimicrobial refers to a 
substance that kills or inhibits the growth of microorganisms. Numerous substances 
are known to possess antimicrobial properties, among them several metals such as 
silver, zinc, and copper. Silver is certainly the most commonly used metal to confer 
anti-infective properties to biomedical devices [4]. The antimicrobial activity of sil-
ver is well known; hence, silver-coated orthopedic implants have become the subject 
of extensive research works [5–7]. Controversially, however, a long-standing debate 
about possible cytotoxicity in living organisms still persists. Other antimicrobial 
agents are bioactive glasses, cationic surfactants, lipids, peptides, and natural or syn-
thetic polymers, which have been intensively investigated as antimicrobial agents 
themselves or in formulations [8,9].

  



217Antimicrobial Polymers Based on Nanostructures

Chen et al. [10] compared the antimicrobial properties of small biocides, den-
drimer biocides, and antimicrobial polymers taking into account the different bacte-
ricidal mechanisms. The authors found that polymer biocides display stronger initial 
adsorption onto the bacteria cell surface than small-molecule biocides but that they 
exhibit less diffusion to the cytoplasmic membrane.

This chapter focuses on antimicrobial polymers, also known as polymeric bio-
cides that can inhibit the growth of microorganisms such as bacteria, fungi, or pro-
tozoa. Anti-infective polymers have progressively become a primary strategy to 
prevent medical device–associated infection [8]. Polymers containing quaternary 
ammonium groups, polycations with phosphonium, tertiary sulfonium, rhodamine 
derivatives, polymeric N-halamines, peptides, and chitosan are some examples of 
this class of polymers. These macromolecular compounds damage microorganism 
membranes and proved to be more effective against antibiotic-resistant bacteria 
than antibiotics. In addition, these compounds are generally not toxic since the vast 
majority of them are not volatile, but chemically stable, and nonpermeable through 
skin [1] as compared to other chemical disinfectants. Although this chapter focuses 
more on the use of antimicrobial polymers in medicine, several other applications 
exist, like water disinfection [11], food packaging [12], health care products [13], and 
textile products [14].

Polymer nanotechnology is a broad interdisciplinary area of research that involves 
the design, manufacture, processing, and application of polymer materials that are 
capable of self-organizing into a variety of periodic or nonperiodic morphologies 
and are filled with particles, and have at least one length scale dimension in the order 
of 100 nm or less [12,15]. Nanosized antimicrobial polymers have been reported to 
be better antimicrobial agents than macromolecular polymers [16]. Therefore, pro-
cessing polymers into nanostructures can be a very convenient way to enhance their 
antibacterial activity. Different structures such as nanoparticles, core–shell nanopar-
ticles, one-dimensional polymer nanostructures, and thin films can be synthesized 
[17]. Nanostructural features of material surfaces have been found to be capable of 
altering the three-dimensional conformation of adsorbed proteins, which can also 
have a potential effect on biofilms [8]. Moreover, nanomaterials are excellent adsor-
bents and catalysts thanks to their large specific surface area and high reactivity [11]. 
This extremely large relative surface area is the cause of the improvement of the 
antibacterial properties of antimicrobial polymers.

Despite several different biocide polymeric material classifications being avail-
able, a classification that basically divides these natural and synthetic polymers is 
shown here. In addition, belonging to synthetic polymers, a classification based on the 
review published by Muñoz-Bonilla and Fernandez-García [2] has been made: poly-
mers that exhibit antimicrobial activity themselves and those whose biocidal activity 
is conferred by incorporating antimicrobial organic and inorganic compounds.

The present chapter provides an overview of the latest innovations in antimi-
crobial polymers based on nanostructures. It is organized into sections that discuss 
their basic properties, the factors affecting their antimicrobial activity, the different 
natural and synthetic types, and their major medical applications.
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9.2 � BACTERIA ADHESION AND BIOCIDE MECHANISM 
OF ANTIMICROBIAL POLYMERS

The earliest step in the pathogenesis of foreign body–related infections is bacte-
rial adhesion. When bacteria attach to a material surface and their cell number 
increases, they start to form a biofilm that consists of cells being attached to a sur-
face. Microbial infection resulting from bacteria adhesion to biomaterial surfaces 
has been observed on almost all medical devices [18]. This process is driven by mass 
transport, electrostatic interactions, van der Waals forces, hydrophobic interactions, 
and hydrogen bonding [8]. After developing on a surface, biofilms are extremely 
difficult to remove, which allows microbial cells to survive, even under severe con-
ditions. Bacterial adhesion and biofilm formation are very important concepts in 
bacterial diseases and control [19]. Not only do they help colonization, but they often 
provide a degree of protection against outside stresses [20]. The formation and struc-
ture of biofilm communities depend on a wide variety of parameters, including spe-
cies, temperature, pH, and presence of salts [21]. In addition, adhesion to material 
surfaces is critically influenced by the pathogen type and the nature of the physi-
ological fluids that come into contact [8].

Biofilm inhibition can be achieved in early bacterial adhesion stages by means of 
two main processes:

	 1.	Killing bacteria before adhesion using low-molecular-weight compounds 
such as antibiotics

	 2.	Modifying surface properties to prevent bacteria adhesion

In the first case, the problem lies in the fact that the pathogen population can 
exhibit resistance properties against these compounds, and bacteria often require 
different types of antibiotics to be treated. Regarding the second case, the polymer-
based antimicrobial design will provide a new versatile strategy to create a diversity 
of antimicrobial agents to fight against resistant bacteria. On the surfaces based on 
positively charged polymers, such as quaternary ammonium compounds, high elec-
trostatic forces are responsible for disrupting bacterial cell membranes by allowing 
the removal of anionic lipids [22].

In general terms, Carmona-Ribeiro and Carrasco [9] summarized the biocide 
mechanism of contact-active polymers by means of specific events:

	 1.	Adsorption and penetration of the agent into the cell wall
	 2.	Reaction with the cytoplasmic membrane  followed  by  membrane  dis

organization
	 3.	Leakage of intracellular low-molecular-weight material
	 4.	Degradation of proteins and nucleic acids
	 5.	Wall lysis caused by autolytic enzymes

All these processes lead to loss of structural organization and the integrity of 
the cytoplasmic membrane in bacteria, and to other damaging effects on bacteria 
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cells [9,23]. Depending on the bacteria type, the mechanism might differ since bac-
teria can be classified into two types: Gram+ and Gram−. Between them, the most 
important difference is that the cell wall can be easily lost in the former, whereas 
the latter has an outer membrane structure that makes it more resistant. Regarding 
nanostructures, different mechanisms have been identified depending on the specific 
chemistry of the nanoparticle.

9.3 � FACTORS AFFECTING ANTIMICROBIAL ACTIVITY 
OF POLYMERS

Before we go on to introduce several examples of nanostructured polymers in the 
bibliography, it is important to be aware of some general concerns about the factors 
affecting antimicrobial activity in polymers. Some of them are molecular weight, 
hydrophobicity, type of counterions, and spacer length of the alkyl chain on the 
bactericide [1]. Bearing in mind that this chapter focuses on nanostructure polymers, 
nanostructure size must also be added to this classification.

9.3.1 � Effect of Molecular Weight

Molecular weight dependence has been studied by several research groups [1]. Some 
years ago, Ikeda and Tazuke [24] investigated the molecular weight dependence of 
poly(trialkylvinylbenzylammonium chloride) against S. aureus and found that up to 
7.7 × 104 Da, the antimicrobial activity was monotonically increasing: however, higher 
Mw were tested. On the contrary, bacteriostatic activities against S. aureus, Bacillus 
subtilis, Escherichia coli, Aerobacter aerogenes, and Pseudomonas aeruginosa had 
have little dependence on the molecular weight of polymeric quaternary ammonium 
salts. In addition, they also evaluated the antimicrobial activity of homopolymers of 
polyacrylates and polymethyl acrylates with side-chain biguanide groups and their 
copolymers with acrylamide [25]. These authors showed that a strong dependence 
existed between the molecular weight of the polymers and their biocidal action against 
S. aureus. They obtained an optimal molecular weight region (5 × 104 and 1.2 × 105 Da) 
for bactericide activity, which they explained on the basis of permeability through 
the cell wall. Similarly, the optimum Mw of poly(tributyl 4-vinylbenzyl)phosphonium 
chloride against S. aureus was in the range 1.6 × 104 to 9.4 × 104 Da [26].

The antibacterial activity of chitosan also depends on molecular weight [27]. They 
used three different molecular weight chitosan samples to prepare water-soluble qua-
ternary ammonium salts and to determine the minimum inhibitory concentration 
and the minimum bactericidal concentration against E. coli. The results showed that 
antibacterial activity was greater using the polymer with a viscosity average molecu-
lar weight (Mv) of 2.14 × 105.

9.3.2 � Nanostructure Size

On occasion, antimicrobial macromolecules are very large; hence, they may not act 
as quickly as small-molecular biocides. This is when polymeric nanoparticles may 
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be an alternative. The bactericide activity of nanoparticles is very closely related to 
their size. The size of antimicrobial agent–based nanostructures has been demon-
strated to be a key factor in biocide efficacy because antimicrobial activity depends 
on the particle’s exposed active area [17].

Riaz et al. [28] studied the antibacterial properties of nanostructured poly(1-naph-
thylamine) (PNA) and its composites and demonstrated that particle size and the 
morphology play a significant role in antimicrobial efficiency. Nanostructures with 
smaller particle size and higher charged surface area-to-volume ratio displayed bet-
ter antimicrobial activity as they prevent the nutrient transport and energy transduc-
tion of the cell wall through interactions of amino groups. Song et al. [29] published 
the synthesis and the bactericide properties of the silica nanoparticles modified on 
the surface by the poly[2-(tert-butylaminoethyl)methacrylate-co-ethyleneglycol 
dimethacrylate] copolymer (Figure 9.1).

These authors discovered that the smaller the size of the core–shell nanoparticles, 
the greater the antimicrobial efficacy shown against Gram− and Gram+ bacteria. 
The same authors later [30] evaluated the relationship between the size of silica/
polyrhodanine core–shell nanoparticles (Figure 9.2) and their bactericidal activity 
using a kinetic bactericidal test. Once again, they found the same dependence.

In conclusion, diminished nanostructure size usually leads to enhanced effective-
ness against pathogens as the active surface is larger. This is a major observation 
because the size of synthesized nanoparticles is controllable on occasion.
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FIGURE 9.1  Schematic diagram of the fabrication of silica-poly(TBAM-co-EGDMA) 
core–shell nanoparticle. (Song J. et al. [2009] Enhanced antibacterial performance of cat-
ionic polymer modified silica nanoparticles. Chemical Communications 36, 5418–5420. 
Reproduced by permission of The Royal Society of Chemistry.)
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9.3.3 �H ydrophobicity

Hydrophobicity is a main consideration in the antimicrobial action of polymers. In 
general, as polymers become more hydrophobic, their incorporation into the lipid 
membrane is enhanced. Thus, the integrity of the bacterial membrane is more effi-
ciently disrupted. Kuroda and DeGrado [31] studied the antimicrobial and hemolytic 
activities of amphiphilic polymethacrylate derivatives by alternating the content of 
hydrophobic groups and molecular weights. However, these authors found that fur-
ther increases in the mole percentages of butyl methacrylate created hydrophobic 
polymers that were more likely to experience collapsed polymer chains in water 
or irreversible aggregation with components of the assay medium, thus preventing 
antimicrobial action. In another publication, the same group found that antimicrobial 
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FIGURE 9.2  Transmission electron microscopy images of E. coli cells without being 
treated (a) and treated with the silica/polyrhodanine core–shell nanoparticles with an average 
size of (b–d) 56 nm, (e and f) 27 nm, and (g and h) 15 nm. (Song J. et al. [2011] Fabrication 
of silica/polyrhodanine core–shell nanoparticles and their antibacterial properties. Journal of 
Materials Chemistry 21, 19317–19323. Reproduced by permission of The Royal Society of 
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activity depended sigmoidally on the mole fraction of the hydrophobic groups [32]. 
The hemolytic activity of random amphiphilic copolymers increased as the hydro-
phobic groups increased to level them off at high hydrophobicity values, especially 
for high-molecular-weight polymers. In addition, a theoretical model was built to 
analyze the hemolytic activity of polymers. It demonstrated that hemolytic activity 
can be described as a balance of polymer membrane binding through the partition-
ing of hydrophobic side chains into lipid layers and the hydrophobic collapsing of 
polymer chains.

9.3.4 �C ounterion Effect

Polymer-associated counterions play a pivotal role in the interaction on the 
bacterial membrane by altering hydrophobicity. Kanazawa et al. [33] showed 
that the antimicrobial properties of counterions varied in this order: chloride > 
tetrafluoride > perchlorate > hexafluorophosphate. However, Chen et al. [10] dem-
onstrated greater antimicrobial activity for bromide than for chloride in poly-
cationic dendrimers. Panarín et al. [34] did not, however, obtain any significant 
differences in the anions chloride, bromide, and iodide. Dutta et al. [35] carried 
out variation in the counterions from chloride to organic carboxylates in amino 
acid–based hydrogelating amphiphiles, and they found out that by changing the 
counterion, the antimicrobial activity can be modulated. Apart from the increased 
hydrophobicity of polymers, it is not clear why counterions should have any effect 
on biocidal activity.

Lienkamp et al. [36] demonstrated that by exchanging the hydrophilic counter-
ions of a ROMP-derived diamine with hydrophobic organic counterions, that poly-
mer had low antimicrobial properties.

9.3.5 � Effect of Spacer Length and Alkyl Chain

Recent reports have indicated that synthetic polymers composed of conformation-
ally rigid polymer backbones coupled with regulated facially amphiphilic structures 
mimic the natural host defense [37]. The antimicrobial activity of these polymers is 
dependent on spacer length owing to the change occurring in the polymer’s confor-
mation and charge density, which vary the interaction with the cytoplasmic mem-
brane [38]. For example, trimethyl-substituted phosphonium salts containing alkyl 
chains of various lengths with the same hydrophobic structure as common quater-
nary ammonium salts in order to compare their antibacterial activities were prepared 
by Kanazawa et al. [39]. For a series of alkyltrimethylphosphonium chlorides used in 
that study, the cation with the longest alkyl chain (octadecyl) exhibited the greatest 
activity. However, the results obtained for the phosphonium salts with two long alkyl 
chains were the opposite of the previous results.

Roy and Das [40] studied five cationic amphiphilic hydrogelators with a quater-
nary ammonium group of varying alkyl chain length, which exhibited remarkable 
antimicrobial activity against both Gram+ and Gram− bacteria, as well as biocom-
patibility with mammalian cells. They found that a minor modification in the alkyl 
chain of the amphiphile had a dramatic effect on antimicrobial activity. Amphiphiles 
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with an alkyl chain of 12–14 carbons proved to be the most effective against bacteria 
and were, in most cases, more efficient than widely used traditional antibiotics.

9.4 � NANOSTRUCTURED ANTIMICROBIAL POLYMERS

Antimicrobial polymeric nanomaterials are currently being extensively studied for 
their excellent bactericidal performance, which arises mainly from their increased 
surface area-to-volume ratio [41]. Nanostructured biomaterials, nanoparticles in 
particular, have unique physicochemical properties, such as an ultrasmall and con-
trollable size, a large surface-area-to-mass ratio, high reactivity, and a functional-
izable structure [42]. Song and Jang [17] published a very interesting review that 
showed some antimicrobial polymeric structures, as well as synthesis methods and 
strategies for controlling the shape and size of antimicrobial polymer nanomaterials. 
Some of the examples offered in that review and other works are provided in this 
chapter and have been divided into two groups: natural and synthetic antimicrobial 
polymers.

9.4.1 � Natural Antimicrobial Polymers

Natural surfaces have been shaped by nature over billions of years of evolution, and 
it is thought that many of these surfaces might have developed the ability to resist 
or prevent bacterial colonization [43]. Many of these surfaces perform multiple inte-
grated functions: some examples found in nature are plant leaves, gecko feet, shark 
skin, insect wings, fish scales, spider silks, and so on [44]. In Sections 9.4.1.1 and 
9.4.1.2, the most widely used polymers deriving from nature are shown. We ought to 
consider that modifications may have been made in order to obtain efficient bacteri-
cide polymers. The polymers herein presented have been processed to obtain nano-
structures. The main nanostructure-based polymers used for antibacterial purposes 
are chitosan and its derivatives, antimicrobial peptides.

9.4.1.1 � Chitosan Nanoparticles
Chitosan is a polysaccharide derived from chitin, which is a natural product in the 
exoskeleton of crustaceans, insects, and the cell wall of fungi [45]. This compound 
is a linear copolymer of (1-4)linked 2-acetamido-2-deoxy-d-glucopyranose and 
2-amino-2-deoxy-d-glycopyranose, and it is obtained by the deacetylation of chitin. 
It is very often used in biomedical applications for its biocompatibility and its low 
toxicity, as well as its gel-forming capability, high adsorption capacity, and biode-
gradability [46]. Besides these properties, chitosan has antibacterial, antifungal, and 
antitumor properties, while its cationic charge is the result of the protonation of 
its amine groups [45]. The antimicrobial activity of chitosan derivatives containing 
quaternary ammonium groups, such as N,N,N-trimethyl chitosan, N-propyl-N,N-
dimethyl chitosan, and N-furfuryl-N,N-dimethyl chitosan (Figure 9.3), is stronger 
than chitosan; furthermore, it increases as pH lowers [27].

Recently, this polymer has been made into nanoparticles [47,48]. Qi et al. [47] dem-
onstrated that chitosan nanoparticles have antibacterial activity against Salmonella 
choleraesuis, probably via membrane disruption and leakage of cellular proteins, 
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and that these nanoparticles offer acceptable biocompatibilities for medical applica-
tions. Antibacterial cotton treated with chitosan-containing core–shell particles was 
prepared by surfactant-free emulsion copolymerization in aqueous chitosan. The 
results show that this material has excellent antibacterial properties with bacterial 
reduction of more than 99% for S. aureus [48]. Other nanostructure-based deriva-
tives are also used for this purpose, such as chitosan tripolyphosphate nanoparticles, 
as reported in previous studies [49–51].

Chitosan nanoparticles offer several advantages, such as the ability to control 
the release of active agents and to avoid the use of hazardous organic solvents while 
fabricating particles since chitosan is soluble in acidic solutions. For this reason, it 
is extensively used in developing drug delivery systems. Dash et al. [46] built a table 
that summarizes different types of chitosan-based drug delivery systems. These 
authors also showed and discussed different chitosan synthesis methods and appli-
cations, such as tissue engineering, gene therapy, bioimaging, and green chemistry.

To confer antimicrobial properties to other polymers, they may be mixed with chi-
tosan; polyurethane [52], polyvinylpyrrolidone [53,54], polyethylene oxide [55], and 
polyethylene terephthalate [56] are examples of such approach where these polymers 
were blended with chitosan, and the bactericidal activity against E. coli, S. aureus, 
and Klebsiella pneumoniae was tested with good results. Li et al. [57] showed that 
the synthesis of quaternized chitosan functionalized with acrylate polyethylene gly-
col (PEG) side chains produces a nanoporous hydrogel with excellent antimicrobial 
efficacy against several bacteria. The proposed antimicrobial activity mechanism of 
the polycationic hydrogel was by the attraction of anionic microbial membrane into 
the internal nanopores of the hydrogel, which led to microbial membrane disruption 
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and then to microbe death. Chitosan nanoparticles and quaternary ammonium chi-
tosan derivative nanoparticles were also introduced into poly(methyl methacrylate) 
bone cement with good antimicrobial activity [58].

9.4.1.2 � Peptides
Cationic natural antimicrobial peptides are emerging as promising antibiotic agents 
given their broad-spectrum activities and their ability to combat multidrug-resistant 
microorganisms [59].

These biomolecules act effectively against highly resistant bacteria such as multi-
drug-resistant P. aeruginosa and MRSA [60]. Some peptides that stand out for their 
antibacterial activity are cecropin [61], magainin [62], protegrin [63], bactenecin 
[60], and PR-39 [64]. In addition, peptides with antiviral [65], antiparasitic [65,66], 
and antifungal characteristics exist [67]; they also exhibit a broad-spectrum antimi-
crobial activity. The activities of various peptides are presented in Table 9.1.

However, natural peptides are vulnerable to rapid in vivo degradation. Some strat-
egies can be employed to solve this problem, such as the synthesis of antimicrobial 
peptide mimics [68] or the encapsulation of the peptides inside nanoparticles [69]. 
In this last case, nanostructures prevent the enzymatic and hydrolytic degradation of 
peptides [70]. Some compounds, such as lipid nanovesicles, phosphatidylcholines, 
nanofibers, and nanotubes, can be used for this purpose [69].

Self-assembled peptides also offer appealing features as nanostructures for appli-
cations in both drug delivery and infection treatment. In some cases, it has been 

TABLE 9.1
Activities of Cationic Antimicrobial Peptides and Some Examples of Peptides 
with Those Activities

Activities of Antimicrobial Peptides Example Peptides

Broad-spectrum antibacterial Protegrin, IB-367, MSI-78, indolicidin, CEMA, 
gramicidin S, polyphemusin

Anti-Gram− bacteria Polymyxin B

Anti-Gram+ bacteria HNP1

Synergy with conventional antibiotics CEMA, magainin II, MSI-78, IB-367

Antifungal Protegrin, CEMA, indolicidin, gramicidin S, 
polyphemusin

Synergy with conventional antifungals Indolicidin

Antiviral (HIV, HSV) Indolicidin, polyphemusin, protegrin

Anticancer CEMA, indolicidin

Synergy with conventional anticancer agents Indolicidin

Antiparasite Magainin II, indolicidin

Antiendotoxin CEMA, polyphemusin variants

Wound healing Magainins, PR39

Chemotactic HNP-1

Source:	 The Lancet Infectious Diseases, 1(3), Hancock R. E., Cationic peptides: Effectors in innate 
immunity and novel antimicrobials, 156–164, Copyright 2001, with permission from Elsevier.
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demonstrated that nanoparticle formation can enhance antimicrobial activity [71]. 
These authors published a novel class of core–shell nanoparticles formed by self-
assembly amphiphilics with a hydrophobic cholesterol core and strong antimicrobial 
properties against a range of bacteria, yeasts, and fungi. The synthesized peptide was 
formed by TAT (which is the minimal amino acid sequence required for membrane 
translocation) and six arginine residues. Arginine was added to introduce cationic 
charges in order to improve membrane translocation [72]. The hybrid nanoparticle 
was improved by adding degradable linkages to render it biocidal and biodegradable 
[68]. Nanoparticles, which are able to cross the blood–brain barrier in mice, showed 
a high therapeutic index against S. aureus infection. Thus, they are promising anti-
microbial agents to treat brain infections and other infectious diseases [71].

Peptide self-immobilization in a bionanocomposite was published by Eby et al. 
[73] who obtained silica and titania antimicrobial peptide nanoparticles capable of 
releasing peptides continuously. Antimicrobial activity against E. coli, S. aureus, 
Staphylococcus epidermidis, and Candida albicans was observed. The system pro-
vides protection against the proteolytic degradation of the peptide and can be inte-
grated into subcutaneous medical devices for reducing implant-related infections.

Carbon-based nanomaterials, such as carbon nanotubes, graphene, and graphene 
oxides, have also been reported to be capable of incurring physical and microchemi-
cal damage to microbial cells [74]. Hybrid nanostructures can be produced by the 
conjugation of the antimicrobial peptides with carbon nanotubes to dramatically 
improve anti-biofilm activity [75]. The multiwalled nanotube (MWNT)–nisin com-
posite showed up to a sevenfold higher antimicrobial property than pristine MWNTs 
against E. coli, P. aeruginosa, S. aureus, and B. subtilis. This composite also has a 
dramatically improved capability of preventing biofilm formation when deposited as 
a film and also in suspension. The above-cited authors concluded that this composite 
can act as an effective economical antimicrobial material. Another example in which 
carbon nanotubes were used as support are the films on single-walled nanotubes 
(SWNTs), based on layer-by-layer assembled polyelectrolytes cationic poly(l-lysine) 
and anionic poly(l-glutamic acid) [76]. In this work, antimicrobial, biodegradable, 
and biocompatible nanofilm materials were obtained for cell-contacting applications.

9.4.2 � Nanostructured Synthetic Polymers

In the last few years, a variety of surface modification or treatment techniques has 
emerged for the fabrication of antibacterial compounds, for which purpose polymer-
ization is one of the most important approaches. Nanostructured synthetic polymers 
can be divided into polymers with own antimicrobial activity and polymers contain-
ing antimicrobial organic or inorganic antimicrobial compounds. In the latter case, 
compounds such as silver, fluoride, or antibiotics can be added to polymers to confer 
them antimicrobial properties. However, they can often become nonuniform and 
mechanically weak and can lack long-term stability since leaching time lowers the 
optimum concentration level and affects antibacterial efficacy [77]. In contrast, anti-
microbial polymers with own antimicrobial activity are biocides given their chemical 
structure and can be long-lasting bactericidal materials. Sections 9.4.2.1 and 9.4.2.2 
provide some examples of antimicrobial synthetic polymers, and the most important 
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characteristics of each one are highlighted. This chapter focuses more on polymers 
with own antimicrobial activity, but it also briefly presents polymers containing low-
molecular-weight compounds.

9.4.2.1 � Polymers with Own Antimicrobial Activity
Polymers whose antibacterial activity is not attributed to the addition of second-
ary compounds kill the bacteria directly in contact with their surface. Polyanilines 
(PANIs), quaternary ammonium compounds, methacrylates, and compounds derived 
from rhodamine are some examples of the polymers belonging to this category. 
These compounds can be transformed into nanostructures with improved biocide 
properties against microorganisms. Surface-modified nanoparticles have received 
considerable attention as promising biocide agents because of their large surface 
area. The design of the contact area that interacts with bacteria is a key factor in 
producing nonleaching antibacterial agents with enhanced bactericidal activity.

Besides, nano-conducting polymers are suitable materials for sensors, and they 
offer other interesting applications because some possess antimicrobial properties. 
For example, it is known that PANI is antibacterial in nature. For this reason, PANI 
can be incorporated into thermoplastics and other materials. However, the use of this 
polymer in bioapplications entails some problems given its insolubility in organic 
solvents [78]. These authors reported other alternatives, such as the use of deriva-
tives like poly(naphthylamine) or the copolymerization aniline with other substituted 
anilines [79,80]. They can be linked to nanoparticles in order to improve their prop-
erties, such as antimicrobial activity and better handling. Riaz et al. [28] reported 
stable PNA nanoparticles and their composites with polyvinyl alcohol (PVA) and 
polyvinylchloride, which proved effective against Gram+ and Gram− bacteria. In 
this case, particle size and morphology were found to play a key role in antimicrobial 
efficiency. The same authors reported that nanostructured PNA with aniline (PNA-
co-PANI) and o-toluidine (PNA-co-POT) displayed antimicrobial activity against 
the bacteria E. coli and S. aureus, and that such activity was much greater than that 
reported for pristine PANI [81]; they also attributed the bactericide mechanism to 
their chemical structure and morphology.

Other structures like polycarbonates also have antibacterial properties. A bio-
degradable and in vivo applicable antimicrobial polymer has been recently synthe-
sized by the metal-free organocatalytic ring-opening polymerization of functional 
cyclic carbonate in the form of nanoparticles [82]. These authors demonstrated 
that nanoparticles disrupt microbial walls/membranes selectively and efficiently by 
inhibiting the growth of Gram+ bacteria, MRSA, and fungi, without inducing sig-
nificant hemolysis over a wide range of concentrations.

Beyth et al. [83–85] described the synthesis of nanoparticles made from qua-
ternary ammonium cross-linked polyethyleneimine, which was incorporated into 
dental resin composites during polymerization to result in an antibacterial effect 
against Streptococcus mutans, the main bacterium causing dental caries. The resin 
composite maintained its full antibacterial properties over 1 month with no mechani-
cal alterations.

Hybrid antimicrobial materials are compounds that contain two or more com-
bined functional fragments. Antimicrobial macromolecules, which are hybrids, can 
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improve properties such as biocompatibility, antimicrobial activity, and applicabil-
ity. Some synthetic hybrid antimicrobial polymers based on nanostructures are pre-
sented in the following paragraphs.

Melo et al. [86] prepared and characterized hybrid nanoparticles composed of 
cationic bilayer fragments and polymers carboxymethylcellulose and polydiallyldi-
methylammonium chloride (PDDA). Bilayer fragments were prepared from the 
ultrasonic dispersion in water of synthetic and cationic lipid dioctadecyl-dimethyl-
ammonium bromide. This composite’s antimicrobial activity was checked against 
P. aeruginosa and S. aureus. The antimicrobial effect was dependent on the amount of 
positive charges on particles and was independent of particle size. High potency for 
PDDA over a range of nanomolar concentrations was also disclosed, with P. aerugi-
nosa more sensitive to all the cationic assemblies than S. aureus.

Microfibers of self-quaternized block copolymers with strong antibacterial 
properties were produced by Fu et al. [87]. Polymers poly[((2-dimethylamino)ethyl 
methacrylate)-co-(glycidyl methacrylate)] and poly(pentachlorophenyl acrylate) were 
used for the synthesis. Quaternary ammonium salts were generated via N-alkylation 
of tertiary amine groups. The obtained copolymer nanofibers displayed bactericide 
activity against E. coli and S. aureus over repeated applications.

Nonleaching material was fabricated by a single-step vapor cross-linking method 
using vapors of dimethylaminomethylstyrene and ethylene glycol diacrylate. The 
stable cross-linked copolymer killed bacteria through the disruption of the cell mem-
brane upon surface contact with a reduction in bacterial growth of 99.99%. The 
strong antibacterial activity of the highly cross-linked coatings indicated that the 
mobility and length of the antibacterial chain are not critical in determining bacteri-
cide activity of the material [88].

To achieve antimicrobial properties, three N-halamine additives were introduced 
into the electrospinning nanofibrous membrane of nylon 6 [89]. The effect of the 
derivatives, these being chlorinated 5,5-dimetylhydantoin, chlorinated 2,2,5,5-tetra
methyl-imidozalidin-4-one, and chlorinated 3-dodecyl-5,5-dimethylhydantoin, was 
analyzed. The total reduction (below detection limit) of E. coli and S. aureus was 
observed in less than 40 min. In this case, chlorine content was also responsible for 
these strong antibacterial properties. The authors confirmed that no significant leach-
ing of N-halamine additives from electrospun nylon 6 was observed.

Inert materials are sometimes used in combination with cationic antimicrobial 
polymers to form core–shell structures. They offer advantages such as tunable 
surface functionality, low toxicity, and controllable size. Core–shell nanoparticles 
combine the properties of a polymer shell with the good colloidal stability of an 
inorganic core [30]. Silica nanoparticles are often used for this purpose. Cationic 
polymer–modified silica nanoparticles have enhanced antibacterial performance if 
compared to bulk polycations [29]. The synthesis of surface-modified silica nanopar-
ticles grafted with acrylate and PEG inhibited the protein adsorption and bacterial 
adhesion of S. epidermidis and P. aeruginosa [90]. These coatings were proposed as 
a new method to mechanically prepare robust films with nonadhesive properties for 
biomedical applications. The antibacterial activity of nanoparticles based on silica 
nanoparticles coated with quaternary ammonium cationic surfactant didodecyldi-
methylammonium bromide was also determined [91]. Particles were highly effective 
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against bacteria, molds, yeast, and the influenza A-H1N1 virus, and they were reused 
several times. These authors highlighted that nanoparticles can be attached to sub-
strates to form an antimicrobial and antiviral coating. In addition, silica nanopar-
ticles were also modified on the surface by the cationic poly(2-(tert-butylaminoethyl)
methacrylate-co-ethylene glycol dimethacrylate) copolymer. The synthesized core–
shell nanoparticles showed better antimicrobial activity than free polymers [29]. 
These silica-polycation core–shell nanoparticles can be used in various applications 
in the bioadhesive, biofilm, and sterilization fields because they reduce bioadhesion 
on glass slides. Later, Song et al. [92] synthesized the thin PDMAEMA shells that 
were formed on the surface of silica nanoparticles via vapor deposition polymer-
ization. The antibacterial performance of these core–shell nanoparticles was effec-
tive against both Gram+ and Gram− bacteria. These nanoparticles were active with 
no further quaternization because of their enlarged surface area. Song and et al. 
[30] also fabricated polyrhodanime core–shell nanoparticles, which showed excel-
lent biocidal activities against Gram− E. coli and Gram+ S. aureus. In that paper, 
nanoparticle size was controlled, and it was found that the smaller the particles, the 
higher the antimicrobial activity in consequence of the surface-to-volume ratio.

Metallic-based micro- and nanostructured materials, such as copper, zinc, and 
titanium and their oxides, have also been used to be assembled onto polymers and 
to construct antibacterial nanoparticles [93,94]. For example, titanium oxide is very 
popular for producing core–shell nanoparticles. Recently, Kong et al. [95] prepared 
novel biocidal polymer-functionalized TiO2 nanoparticles using titania as an initia-
tor. Vinyl monomer mixtures of nontoxic secondary amine-containing biocide-2-
(tert-butylamino)ethyl methacrylate and antifouling ethylene glycol dimethacrylate 
were used for the antimicrobial polymer shell. During UV irradiation, this com-
posite showed improved inhibition of bacterial growth against several bacteria in 
comparison to pristine TiO2 nanoparticles.

Carbon nanotubes can be also combined to synthetic antimicrobial polymers. 
In general terms, SWNTs tend to be more effective than MWNTs. Simmons et al. 
[96] showed that SWNT combined with the polymer poly(vinylpyrrolidone-iodine) 
is antimicrobial and a promising material for wound-healing applications. Several 
other publications using carbon nanotubes can be found in the scientific literature. 
One very interesting paper was published by Aslan et al. [97] where carbon nano-
tubes were combined with commonly used biomaterial poly(lactic-coglycolic acid) 
(PLGA) as a thin film, and they proved very effective against Gram− (E. coli) and 
Gram+ (S. epidermidis) bacteria. The authors attributed mechanical disruption and 
oxidative stress to be the antimicrobial activity mechanism observed.

Magnetic particles are also used in combination with antibacterial polymers. In 
these cases, the main advantage is the possibility of reuse by collecting nanoparticles 
with an external magnetic field. Recently, Dong et al. [98] obtained functionalized mag-
netite nanoparticles with PDMAEMA quaternized with ethyl bromide. On the other 
hand, the same authors published the synthesis of magnetically separable N-halamine 
nanocomposites through the encapsulation of magnetic silica nanoparticles with an 
antibacterial N-halamine polymer to obtain good antibacterial properties [99].

There are more examples available of antimicrobial nanocomposites contain-
ing polymers in an inorganic matrix, for example, based on clays. A nonleaching 
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antimicrobial polyamide nanocomposite based on organoclays and modified with a 
cationic polymer has been published [100]. The obtained nanocomposites displayed 
antimicrobial activity and improved mechanical properties, which were dependent 
on the content of the cationic polymer incorporated into the organoclay. Sodium-
montmorillonite clay nanosheets and a poly(diallymethylammonium chloride) com-
posite were investigated as the potential material to construct bone implants given 
their similar mechanical properties to natural nacre and lamellar bones [101]. This 
composite, in combination with silver nanoparticles, exhibited antibacterial proper-
ties and the almost complete inhibition of E. coli.

9.4.2.2 � Polymers with Antimicrobial Compounds
Several antimicrobial organic agents, for example, triclosan, chlorhexidine, and 
rifampicin, have been introduced into polymer nano- and microstructures to confer 
them antimicrobial activity that they themselves do not have. These compounds can 
be aggregated in polymer-based nanostructures to confer them the biocide proper-
ties. On occasion, the polymer’s main function is to produce the controlled delivery 
of the organic agent.

One of the most widely used antimicrobial agents is triclosan, a potent disinfec-
tant employed in cosmetics and textile applications. This organic compound was 
incorporated into water-dispersible PVA nanoparticles, thus conferring them anti-
bacterial properties [102]. These authors obtained aqueous nanodispersions with 
similar properties to solutions, but with better antimicrobial activity.

Another important agent is chlorhexidine. Microparticles of PLGA contain-
ing chlorhexidine and its derivates have been shown to possess activity against 
Porphyromonas gingivalis and Bacteroides forsythus bacteria [103]. The system 
described in that paper may prove useful for the localized delivery of chlorhexidine 
salts and possibly other antimicrobial agents to treat periodontal disease where pro-
longed controlled delivery is desired.

Rifampicin, an antibiotic for tuberculosis, has also been loaded into PLGA 
microspheres [104] and nanoparticles [105]. This compound was also loaded into the 
nanoparticles composed of commercial copolymers such as ethyl acrylate, methyl 
methacrylate, and a low content of methacrylic acid ester with quaternary ammo-
nium groups [106]. In addition, microparticles containing rifampicin were prepared 
with poly(3-hydroxybutyrate-co-3-hydroxyvalerate), which led to diminished drug 
toxicity while maintaining its antimicrobial activity [107].

Besides the addition of organic molecules to polymers, inorganic compo-
nents can also be added to confer antimicrobial activity to polymers. The most 
popular inorganic compound for this purpose is probably silver, specifically sil-
ver nanoparticles. Silver and its compounds are well known as being antimicrobial 
against bacteria, viruses, and fungi. Several antimicrobial polymer nanocomposites 
have been prepared by mixing silver nanoparticles with polymers [2]. By way of 
example, nanocomposites of polyamide [108] and polypropylene [109] containing 
silver powder have been produced by melt processing. Silver nanocomposites of 
poly(acrylamide-co-acrylic acid) hydrogels have also been synthesized [110]. It has 
been reported that silver frequently act both as a gelation catalyst and as an antimi-
crobial agent [111].
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Copper nanoparticles are also added to polymers to confer them antimicrobial 
activity. Although copper has been studied less than silver nanoparticles, gaining a 
better understanding of its properties is well worthwhile. Several authors have used 
copper nanoparticles in their polymers. Palza et al. [112] synthesized poly(propylene) 
composites, which were prepared by the melt-mixed approach. This method is very 
effective as it reduces bacteria to 99.9% in only 4 h. Biocide behavior was completely 
attributed to the addition of copper nanoparticles. In other cases, encapsulation of 
copper in polystyrene nanocomposite particles has also been achieved and the Cu/
polystyrene nanocomposite particles exhibited antimicrobial activity against a large 
number of bacteria [113]. These authors concluded that this process is a simple, 
cheap, and universal way to prepare a variety of other metal polymer nanocomposite 
material.

Another possibility of using both silver and copper nanoparticles is dual-action 
polymer/metal nanocomposites. In this case, a combination of the microbial prop-
erties of cationic polymers and metal nanoparticles is given synergetically. For 
example, copper and silver were integrated into polymeric poly(4-vinylpyridine) 
that had been chemically modified to obtain positively charged particles [114]. The 
obtained particles displayed dual action against various bacteria, such as S. aureus, 
P. aeruginosa, B. subtilis, and E. coli. These polymeric composite nanoparticles 
with enhanced bactericide properties can be used in the development of antibacterial 
surfaces with biocidal activities for a variety of applications.

9.5 � MEDICAL APPLICATIONS OF ANTIMICROBIAL POLYMERS

Nosocomial infections have been related to the incidence of thousands of deaths 
annually in the United Kingdom [115]. For this reason, the use of antimicrobial poly-
meric nanoparticles in medicine can be very promising. Antimicrobial nanostruc-
tures may be used in wound dressings, photodynamic antimicrobial therapy, tissue 
engineering, artificial organs, dentistry, stem cell scaffoldings, and so on. Medical 
devices coated with materials with antimicrobial properties have been proposed as a 
way to diminish microbe adhesion and biofilm formation and to further reduce risk 
of infection [116].

Major medical implants that can be compromised by infections are of the intravas-
cular, cardiovascular, neurosurgical, orthopedic, ophthalmological, and dental kind 
[117]. Antimicrobial polymers offer vast applications and opportunities in health 
care and biomedical implant coatings, including medical devices such as catheters, 
contact lenses, and stents [118–120].

A large proportion of infections are catheter-related infections. Catheters are med-
ical devices that can be inserted into the body to treat diseases, to perform a surgical 
procedure, to carry out drug administration, and so forth. They are usually made 
of flexible polymeric materials, such as silicone and polyurethane [121]. On a cath-
eter surface, a biofilm can be produced, which results in catheter-associated infection 
[122]. Some papers provide solutions to this problem [123–125], and the addition of 
polymeric antimicrobial nanoparticles to these devices could be a good alternative.

In addition, significant advances have been made in the use of polymeric nano-
materials in the area of bone and dental implants. Bone cement is employed in 
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orthopedic surgery to join fractured bones or to fix devices in place in dentistry and 
arthroplasty. Use of metal (silver) nanoparticles provides antimicrobial activity to 
these materials without impinging on the mechanical and cytotoxic characteristic 
of the nanocomposite bone cement [6,7]. Moreover, the addition of cationic polymer 
nanoparticles has also been described; for example, polyethyleneimine nanoparticles 
incorporated into resin composite cause cell death and trigger biofilm stress in vivo 
[126]. The same authors also added these compounds to bone cement to obtain anti-
microbial properties for orthopedic implants.

Drug delivery systems based on antimicrobial nanostructures improve therapeu-
tic efficacy and the safety of drugs since they are delivered at a controlled rate that 
depends on the requirements of the physiological environment [127]. Drug-loaded 
nanoparticles can enter host cells through endocytosis. Then, the drug is released to 
treat microbe-induced intracellular infection. These systems can also be synthesized 
with controlled composition, shape, size, and morphology. Their surface properties 
can be manipulated to increase solubility, immunocompatibility, and cellular uptake 
[128]. The review written by Zhang et al. [42] summarizes some types of polymeric 
nanoparticles for antimicrobial drug delivery; for example, the antimicrobial activity of 
amphotericin B–loaded poly(ε-caprolactone) nanospheres coated with a nonionic sur-
factant showed good therapeutic efficacy against Leishmania donovani as compared to 
the free drug counterparts [129]. Rifampicin-loaded polybutylcyanoacrylate nanopar-
ticles also exhibited enhanced antibacterial activity both in vitro and in vivo against 
S. aureus and Mycobacterium avium [130]; chitosan is also used in this application.

Besides small-molecule drug delivery, antimicrobial polymers can also be utilized 
to deliver various classes of biomacromolecules, such as peptides, proteins, plasmid 
DNA, and synthetic oligodeoxynucleotides [128]; for instance, cationic polymers are 
being actively investigated for gene therapy applications because they are able to 
form complexes with DNA [131]. Gene therapy is an approach for the treatment or 
prevention of diseases associated with defective gene expression, which involves the 
insertion of a therapeutic gene into cells, followed by the expression and production 
of the required proteins. This approach enables the replacement of damaged genes or 
the expression inhibition of undesirable genes [131]. In order to achieve this purpose, 
Wang et al. [132] synthesized new cationic nanoparticles with different amphiphilic 
cationic copolymers. Another example was published by Saka and Bozkir [133], who 
carried out a preparation of chitosan and polyethylenimine hybrids modified with 
PEG nanocomplexes to be used as a gene therapy candidate.

9.6 � ENVIRONMENTAL IMPACT AND HUMAN HEALTH

As the range of nanoparticle-based technologies increases, sustainability and envi-
ronmental impact issues become more important [102]. Some important concerns to 
be taken into account are the evaluation of long-term chemical risks or benefits, such 
as environmental persistence, bioaccumulation, and nanoparticle toxicity. In general, 
inorganic nanoparticles are more environmentally persistent than organic nanoma-
terials because of their lower degradation. Given their small size, nanoparticles can 
be widely distributed by air, or even in soil. In soil, large active surfaces give rise 
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to binding to pollutants like heavy metals or organic substances. Depending on the 
receiving environment, if nanomaterials are not degraded or dissolved, they will 
tend to aggregate and eventually settle onto the substrate [12].

Many of these polymeric structures also exhibit low toxicity to human cells, a 
major requirement for biomedical applications [9]. The toxicological properties of 
nanoparticles are still not well understood. There are several variables (such as chem-
ical composition, size, shape, concentration, rate of degradation, and surface proper-
ties) that influence the toxicological profile and the level of selective activity against 
prokaryotic cells. Growing scientific evidence has reported that free nanoparticles 
can cross cellular barriers and that exposure to some of these nanoparticles may lead 
to oxidative damage and inflammatory reactions [134]. For in vivo utilization, one 
of the major drawbacks of polymeric disinfectants, especially nanostructures, is lack 
of selectivity for bacterial over human cells, which limits their clinical and medici-
nal utility [31]. The straightforward way of avoiding toxicity when designing novel 
materials is to use natural cationic polymers (chitosan), or combinations of antimi-
crobial polymers and appropriate materials, in order to produce good-performing 
formulations with low toxicity in vivo (e.g., biocompatible synthetic polymers such 
as PMMA with antimicrobial polymers) [9].
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ABSTRACT

Infectious diseases have always been a major obstacle to human development and 
welfare, causing millions of illnesses and deaths in both developing and developed 
countries with a substantial economic loss. In the modern age of globalization, the 
massive increase in world population, international travel, and trade has greatly 
facilitated their spread from one part of the world to other areas. Mankind needs 
to protect itself against the pathogenic microorganisms they come across in daily 
life as well as from the horrifying effects of bioterrorism agents. Prevention strat-
egies against infectious agents require reliable, rapid, and accurate detection and 
identification of causative agents with highest sensitivity, which should be equally 
available in different parts of the globe, regardless of their economic conditions. 
Similarly, rapid and early diagnosis of infectious diseases has always remained 
indispensable for their prompt cure and management, which has stimulated sci-
entists to develop highly sophisticated techniques over centuries and the efforts 
continue unabated. Conventional microbiological diagnostic techniques such as 
microscopy, cultural characteristics, biochemical testing, and serology, although 
reliable, are time consuming, tedious, expensive, less sensitive, and unsuitable for 
field situations. Nanodiagnostic assays have emerged as a better alternative for 
early, sensitive, point-of-care, and cost-effective detection of microbial agents. 
There has been an explosive multidisciplinary research in nanodiagnostics in the 
last two decades yielding highly fascinating results. This chapter discusses some 
of the advancements made in the field of nanotechnology-based assays for micro-
bial detection along with providing the basic understanding.

Keywords: Biosensors, Lab-on-a-chip, Microorganisms, Nanoparticles, Quan
tum dots

10.1 � INTRODUCTION

The history of mankind has witnessed massive devastations by infectious diseases 
(Brachman 2003; Fauci 2001; Syed and Bokhari 2011). The human race has always 
been found battling with infectious diseases, which is evident from archaeological 
remains of Egyptian mummies, Hippocrates’ writings, and history book chapters on 
great epidemics in middle-age Europe as well as other areas of the world (Brachman 
2003; Wolfe et al. 2007). Communicable diseases have been of particular concern in 
the era of globalization where international trade and travel has been highly facili-
tated and practiced. One of the major challenges that contemporary medical science 
faces today is the spread of infectious diseases from one part of the world to other 
areas (Hauck et al. 2010). Although mankind has made many remarkable discoveries 
in the last few decades and has been able to discover cures to numerous diseases such 
as tuberculosis, malaria, and diarrhea, the great battle against many other diseases 
continues unabated (Houpikian and Raoult 2002; Pfaller 2001).

Infectious diseases are caused by pathogenic microorganisms (also called infec-
tious agents) that are capable of transmission from one person to another or even 

  



245Recent Nanodiagnostic Advancements for Infectious Agents

from animals and soil; hence, they are the most significant health burden. Developed 
countries have been successful in reducing the amount of suffering from these dis-
eases; however, they still face the serious challenges of HIV, influenza, food-borne 
illnesses and hospital-acquired infections, and occasional outbreaks. Most of the 
suffering and deaths are reported from developing countries of the world because of 
poor sanitary conditions, substandard health facilities, and malnutrition (Kaittanis 
et al. 2010).

Early diagnosis of infectious diseases is a prerequisite for prompt treatment and 
hence protection from progression to advanced stage, which is not only difficult to 
cure but also communicable to the population. Although massive and dedicated mul-
tidisciplinary research in this arena has produced many breakthroughs such as devel-
opment of highly sophisticated molecular techniques like polymerase chain reaction 
(PCR), ligase chain reaction, DNA sequencing, DNA hybridization assays, DNA 
microarrays (Dutse and Yusof 2011; Mairhofer et al. 2009), or commercially avail-
able dip stick tests, much more needs to be done for rapid, sensitive, cost-effective, 
and point-of-care diagnosis of infectious diseases (Syed and Bokhari 2011). Rapid 
detection of infectious agents from environmental food and water samples is required 
for both public health and security reasons (Coloma and Harris 2009). Moreover, 
underdeveloped and resource-poor countries still remain largely deprived of highly 
sophisticated and valuable molecular techniques in the postgenomics era and demand 
low-cost devices and systems to be used in remote areas (Syed and Bokhari 2011).

Both classical culture media plate and tube based, as well as modern diagnostic 
techniques, have served as valuable tools for the diagnosis of infectious diseases. 
Causative agents of many bacterial diseases may be grown in the microbiology 
laboratory using culture media and identified by specific cultural characteristics, 
biochemical testing, serology, and molecular assays. However, each of the diag-
nostic method has its own advantages and limitations. Test tube–based biochemi-
cal and serological testing for the identification of bacterial agents have been 
in use for almost a century in all parts of the world. However, recent advances 
of modern molecular techniques have greatly revolutionized infectious disease 
diagnosis by increasing the sensitivity and reducing the time taken by the labora-
tory tests (Bissonnette and Bergeron 2012; Muldrew 2009). PCR has successfully 
occupied its place in many diagnostic laboratories and has emerged as a valuable 
tool in modern diagnostic laboratories nowadays. Commercially available diag-
nostic kits manufactured by a number of companies offer rapid and cost-effective 
diagnosis of many infectious diseases with high sensitivity and specificity (Heo 
and Hua 2009; Shinde et al. 2012).

Although both conventional and modern molecular diagnostic techniques have 
been found to be remarkably reliable in the diagnosis of infectious diseases, they are 
tedious, expensive, and less sensitive in some cases and require skilled personnel, 
which is unsuitable or unaffordable for many in the field situations (Gehring and 
Tu 2011; Pfaller 2001; Sanvicens et al. 2009; Syed and Bokhari 2011). In addition, 
cultivation of slow-growing and fastidious bacteria in the laboratory has always been 
a challenge where laboratory test results are awaited to start the prompt treatment. 
Furthermore, a number of bacterial species such as Treponema pallidum cannot 
be grown in the laboratory and hence more sophisticated approaches are required 
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(Centurion-Lara et al. 1997). Serological assays often fail to produce the desired 
results because of unavailability of antisera to a wide range of microbial species, 
poor sensitivity, and higher cost. Moreover, many types of microbial agents may 
undergo dormant phases in the host and hence become undetectable by the conven-
tionally used diagnostic assays (Speers 2006).

Diagnosis of infectious diseases has been revolutionized by molecular diagnos-
tic techniques by offering rapid diagnostic assays as well as means of detecting 
antibiotic resistance genes with higher sensitivity and specificity (Mothershed and 
Whitney 2006; Pfaller 2001; Speers 2006). Real-time PCR (RT-PCR) has been used 
to determine the drug resistance in both viruses and bacteria, total viral load, and 
genotyping as well as strain characterization (Pfaller 2001). These modern tech-
niques, although highly sensitive in many cases, are costly and laborious and do 
not offer an option of point-of-care diagnosis. PCR amplification of microbial gene 
requires DNA extraction from cells, and it may also produce false-negative and false-
positive results (Syed 2014). In addition, many of the aforementioned molecular tech-
niques need trained personnel to operate the sophisticated equipment and hence are 
unaffordable by most laboratories in underdeveloped and resource-poorer countries. 
Therefore, microbiologists are in search of ideal alternative strategies for microbial 
detection and identification bearing highest sensitivity and specificity (Singh et al. 
2006; Syed 2014).

Recent research in nanotechnology-based approaches for microbial detection 
has produced highly fascinating and promising results. Nanomaterials have been 
highly useful in biological applications, and new disciplines such as nanomedicine 
and nanobiotechnology have become one of the massively researched areas of sci-
ence today. High surface-to-volume ratio of these novel materials greatly enhances 
the sensing of biomolecular interactions by optical, electrical, and electrochemical 
biosensors. Diagnostic systems having the potential to be automated and miniatur-
ized offering enormous advantage over their counterparts, since they may be used 
in field situations requiring less complicated protocols (Gabig-Ciminska 2006). 
Furthermore, popular disposable dip stick assays using gold nanoparticles (Au NPs) 
seem to be most promising for point-of-care, rapid, sensitive, and cost-effective 
microbial detection (Syed 2014; Syed and Bokhari 2011).

The newly emerged science of nanotechnology has been merged with another 
promising field, biosensing, aiming at improving the sensitivity and detection limit 
of biological events owing to the higher surface area of the sensing surfaces (Liu 
et al. 2011). Nanostructures such as Au NPs, carbon nanotubes (CNTs), nanowires 
(NWs), graphene, and others have been used in a number of biosensing applications 
for the detection of proteins, nucleic acids, and microbial toxins, as well as bacteria 
and viruses (Doria et al. 2012). Scientists are striving hard to obtain maximum utility 
of these nanostructures, and multidisciplinary approaches to possible manipulation 
of materials at submicroscopic and nanoscales for potential applications in life sci-
ences are on their way toward major breakthroughs.

The multidisciplinary field of nanodiagnostics, although in its infancy and still 
not fully commercialize, will greatly facilitate future microbiologists to develop sen-
sitive and user-friendly devices for microbial detection in their laboratories as well 
field situations. Scientists from various disciplines have been engaged in designing 
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cutting-edge technologies relying upon novel size-dependent properties of matter 
of different kinds. The number of research articles published on the latest advance-
ments and breakthroughs in this arena of science is ever increasing. Microbiologists 
of our time are well aware of the advancements in nanotechnology as well as poten-
tial applications in microbiology.

10.2 � NANODIAGNOSIS OF INFECTIOUS DISEASES

Although a new discipline, the majority of scientists from various disciplines are 
familiar with the word nanotechnology. It deals with the study of creation, manipu-
lation, and use of materials, systems, and devices having a dimension ranging from 
1 to 100 nm (Jianrong et al. 2004; Villaverde 2010). Materials of this size exhibit 
unique physical and chemical properties because of their higher surface-to-volume 
ratio, which is different from the larger-sized one (Kaittanis et al. 2010). The spec-
trum of study of this science is wide, covering both fundamental (such as physics, 
chemistry, and biology) and applied sciences (such as electronics and materials sci-
ence) (Kim et al. 2010; Liu 2006). As stated earlier, potential applications of nano-
technology in medicine and biomedical sciences are broad, using the unique features 
of nanomaterial for the treatment as well as diagnosis of diseases even at the molecu-
lar level (Kim et al. 2010). An example of one of many applications of nanotechnol-
ogy in microbiology is designing nanotechnology-based assay formats for sensitive 
and early detection of microbial agents or their products (Kim et al. 2010; Kumar et 
al. 2011a; Liu et al. 2006; Vashist 2013).

Biologists are well aware of nanometer-sized objects, and the electron microscope 
was in use before nanotechnology became popular. Living systems are composed of 
a number of nanometer-sized structures such as proteins, DNA, RNA lipids, ligands, 
receptors, and cell surface molecules. Moreover, viruses present a unique class of 
nanosized living organisms capable of carrying genetic information and infecting 
hosts ranging from the largest animals and plants to bacterial cells. Therefore, biolo-
gists started their attempts to understand nanometer-sized cellular structures and 
have been dealing with such small systems for a long time using sophisticated tools 
like electron microscopes.

The robust sensitivity offered by these nanotechnology-based techniques offers 
a unique opportunity to understand tiny details of living processes that are difficult 
to achieve using conventional assay formats. The higher surface-to-volume ratio of 
the nanomaterials such as Au NPs and CNTs offers a great opportunity to sense 
biological processes with higher sensitivity. In nanodiagnostic devices, nanomateri-
als are usually conjugated with a biological species such as antibodies, DNA probes, 
or aptamers. Nanomaterials conjugated with biomolecules sense and transmit bio-
logical information at a minimal period, thereby making them promising material 
for biosensing applications (Kim et al. 2010). Results of recent studies report the 
successful use of nanodiagnostic techniques for sensing at a single cell or even at 
single-molecule-level depth. Furthermore, nanotechnology-based assays fascinate 
microbiologists by offering the most desired features of rapid, label-free, highly sen-
sitive microbial testing with the option of their onsite utility (Chen et al. 2007; Jain 
2003, 2007).
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10.3 � BIOSENSORS FOR MICROBIAL DETECTION

Since the first use of biosensors in 1960, there has been an explosion in the amount of 
research carried out in this area of science. Biosensing has emerged as a large scien-
tific field with potential application in diagnostics, environmental monitoring, protein 
and drug research, among many others (Vo-Dinh and Cullum 2000). The word bio-
sensor indicates that the device consists of two parts, that is, a biological and a sensing 
element. The biological element (e.g., enzyme, antibody, receptor molecule, or DNA 
probe) recognizes its target, whereas the sensing element transduces the signal into an 
electronic form so that it can be made interpretable after processing. Biosensors may 
be classified on the basis of the biomolecules or the transducer. On the basis of type 
of transducer, they may be classified as electrochemical, optical, ion-sensitive field 
effect transistors (FETs), thermal detection biosensors, and so forth (Mohanty and 
Kougdianos 2006). The main types of sensing receptor elements used in biosensors 
are protein, antibodies, antigen, DNA, enzymes, and other molecules such as lipopoly-
saccharides, carbohydrates, and glycoproteins (Vo-Dinh and Cullum 2000).

Biosensors are analytical devices used to detect a biological or chemical species 
or study a biological event. Biosensors may be divided into various types on the basis 
of the biological element or the type of transducer used. However, biosensors fall into 
four major categories, namely, electrochemical, optical, acoustic, and calorimetric 
(Mohanty and Berry 2008). Recent studies report a number of successful attempts to 
use different types of biosensors for the early detection of microbial agents and their 
products (Setterington and Alocilja 2012; Syed and Bokhari 2011).

Use of nanomaterials in biosensors introduces many new signal transduction 
mechanisms in their manufacture that enhance their sensitivity to a greater extent. 
Because of the submicron size of nanomaterials, they are revolutionizing the field of 
biosensing, including the one used for the detection and identification of infectious 
agents (Jianrong et al. 2004).

10.4 � MICROFLUIDIC ASSAYS OR LAB-ON-A-CHIP

One of the most fascinating nanodiagnostic techniques for microbiologists is the 
miniaturized microfluidic systems, also called lab-on-a-chip (LOC). The LOC has 
gained enormous popularity in the last two decades and has been found to be prom-
ising for accurate and point-of-care microbial detection (Chen et al. 2007; Mairhofer 
et al. 2009). LOC-based assays possess a wide range of applications in rapid, real-
time, and simultaneous detection of microbial agents by combining submicroscopic 
components such as probes, transducers, and chambers of a microfluidic labora-
tory (Chen et al. 2007; Gabig-Ciminska 2006; Syed 2014). Such systems offer a 
tremendous advantage of analyzing nano- to microliter-sized volume of the analyte 
(sample) by automated systems capable of signal enhancement (Dutse and Yusof 
2011; Jin et al. 2009). These state-of-the-art devices are suitable for use not only in 
diagnostic laboratories but also in remote areas of developing countries where diag-
nostic facilities are scarce or areas such as airports for rapid screening of patients for 
highly infectious diseases or biowarfare agents (Dutse and Yusof 2011; Mairhofer et 
al. 2009; Syed 2014).
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The highly sophisticated and advanced LOC technology involves a highly multi-
disciplinary approach involving a number of scientists from different fields such as 
microbiology, electronics, chemistry, physics, chemical engineering, and material 
sciences. The dedicated research resulted in many interesting results and the number 
of research articles published in this area is ever increasing.

Applications of nanotechnology in the development of LOC have produced amaz-
ing results, which are highly promising for the diagnosis of infectious diseases as 
well as detection of biowarfare agents. A high number of research groups as well 
as companies are carrying out intense research for developing such miniaturized 
devices (Liu et al. 2006; Mairhofer et al. 2009). An example of such developments 
is the work carried out by Liu et al. (2006). They developed an integrated miniatur-
ized portable device capable of simultaneous detection and genotyping of a number 
of pathogenic bacterial species based on a nucleic acid probe hybridization process. 
Several other groups have adopted such strategies and produced interesting results 
by detecting microbial cells up to a single-cell level. In a successful attempt, Ho et al. 
(2012) developed a microfluidic portable device capable of simultaneous detection of 
a number of bacterial species causing nosocomial infections and studying their anti-
biotic resistance patterns in a single assay format. Lee and Yager (2007) developed 
an LOC DNA microarray for microbial detection from water samples. A number of 
research groups are engaged in working on using microelectromechanical systems 
for the simultaneous detection of a number of microbial agents and their metabolic 
products from clinical as well as food and environmental samples (Dutse and Yusof 
2011; Mairhofer et al. 2009).

10.5 � NANOMATERIALS IN NANODIAGNOSTICS

As stated previously, nanomaterials are excellent materials for sensing enhance-
ment of advanced and modern devices. Nanoparticles (NPs), CNTs, graphene, and 
NWs are the best examples of nanomaterials widely used in nanodiagnostic assays 
for microbial detection and identification (Syed 2014). Some of the most popular 
nanomaterials along with examples of their successful use are described in Sections 
10.5.1 through 10.5.5.

10.5.1 � Nanoparticles

NPs are one of the major and widely researched applications of nanotechnology in 
medicine. Apart from their smaller size and higher surface-to-volume ratio, NPs 
possess many other unique optical magnetic and electronic properties. Furthermore, 
like other types of nanomaterials, NPs may be easily conjugated with organic mol-
ecules, inorganic molecules, and biomolecules of different types. These size- and 
shape-dependent properties of different types of NPs have been utilized in a number 
of biosensing strategies for microbial agents. NPs are usually conjugated with a rec-
ognition element such as an antibody, nucleic acid probe, enzyme, aptamer, or some 
other biological species that binds the specific ligand (such as bacteria, virus, toxin, 
etc.), whereas NPs themselves carry out transduction of the biological event into a 
measurable signal or act as an optical reporter (Agarwal et al. 2005; Agasti et al. 
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2010; Liu 2006; Syed 2014; Syed and Bokhari 2011). NPs may be classified on the 
basis of type of material they are made of: metallic, semiconductor, and polymeric, 
organic, inorganic, and polymeric NPs. Gold, magnetic, and fluorescent NPs are most 
commonly used and researched in diagnostic applications and will be described in 
detail in this chapter with examples of their successful applications (Oh et al. 2011).

10.5.1.1 � Gold Nanoparticles
Gold has been an exciting material in nanotechnology because of its excellent opti-
cal, electronic, physical, and chemical properties and ease of bioconjugation (Kumar 
et al. 2011a; Li et al. 2010; Lu et al. 2013; Syed and Bokhari 2011). Au NPs find a 
wide range of applications among NP-based assays for infectious agents. Au NPs 
may be easily synthesized in a number of shapes and sizes using a number of pro-
tocols and easily functionalized and bioconjugated. The unique size-dependent 
optical and electronic properties of Au NPs, their inertness in biological fluids, and 
their stability make them one of the most robust materials used in nanodiagnostics 
(Bakthawathsalam et al. 2012; Ray et al. 2007; Syed 2014; Syed and Bokhari 2011). 
Monoclonal antibodies (mAbs), nucleic acid probes, and enzymes are commonly 
employed bioreceptors, and these molecules may simply be attached to Au NPs 
after little surface functionalization (Syed and Bokhari 2011). In general, Au NPs 
have conventionally been used as optical labels, electrochemical markers, surface 
plasmonic amplifiers, or signal mediators (Halfpenny and Wright 2010; Syed and 
Bokhari 2011).

Disposable immunochromatographic strips (ICSs) have been extremely popu-
lar among microbiologists because of their sensitivity, cost-effectiveness, and rapid 
results. ICSs have been developed for almost all classes of microorganisms (bacte-
ria, viruses, fungi, algae, and protozoans), microbial toxins, antigens, and antibodies 
(Syed 2014). The unique feature of ICSs is the appearance of a red line of Au NPs 
in the case of a positive test soon after applying the sample. This red line appears 
because of aggregation of colloidal Au NPs that may easily be detected with the 
naked eye without the aid of any instrumentation. ICSs are the most exciting applica-
tion of Au NPs in nanodiagnosis for microbial agents that has already reached com-
mercialization (Syed 2014; Syed and Bokhari 2011). Disposable dip stick tests offer 
portable, cost-effective, reliable, and rapid means of detection of biomolecules and 
microbial entities from clinical, environmental, and food samples (Syed 2014; Syed 
and Bokhari 2011; Zarakolu et al. 2002).

ICSs are not new since they have been in use for over a decade and have already 
reached commercialization. ICSs may easily be developed according to the require-
ments of the study using specific antibodies or antigens using commercially available 
membranes and other reagents of analytical grade. The monoclonal IgG antibodies 
are usually used for the detection of the target antigens because of their specific 
binding capability (Ho et al. 2004).

A typical ICS consists of a sample pad, conjugate pad, nitrocellulose membrane, 
and an adsorbent pad (Figure 10.1). Colloidal Au NPs are treated with the mAbs 
against the microbial antigen to be detected in the sample. The sample pad, made of 
cellulose, is used to apply the sample, whereas the conjugate pad possesses antibody-
conjugated Au NPs (Ab–Au NPs). Once the diluted sample is applied to the sample 
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pad, it flows to the conjugation pad where it encounters the Ab–Au NP complex 
resulting in the formation of antibody–antigen–Au NP complex (Ab–Au NP–Agn). 
This complex moves to the test zone made of nitrocellulose membrane, where it is 
captured by second antibodies to the same antigen, giving rise to the red color of 
the test line. The second line in the test zone, called control line, contains anti-IgG 
antibodies that will capture the Ab–Au NP complex appearing red in both positive 
and negative test cases (Matsui et al. 2011; Peng et al. 2008; Syed 2014; Zarakolu et 
al. 2002).

As stated previously, ICSs are easy and economical to prepare in research labora-
tories. A high number of research publications in the last few years reported the suc-
cessful use of ICS for bacterial (Blazkova et al. 2011; Huang 2007; Yan et al. 2011), 
viral (Peng et al. 2008), fungal (Thornton and Clin 2008), parasite antigen (Wang 
et al. 2011a), and toxin (Ching et al. 2012; Engler et al. 2002) detection with high 
sensitivity and specificity. Many groups are attempting to improve the sensitivity and 
the detection limit of these essays. For example, a recent paper by Ching et al. (2012) 
has reported a detection limit of 5 ng/ml of botulism toxin, one of the most potent 
toxin and biowarfare agents known to date. Furthermore, many groups have tried to 
use aptamers as capture molecules instead of antibodies because of their enhanced 
binding affinity for their ligand (Syed and Pervaiz 2010; Xu et al. 2009).

Tube-based colorimetric assays using Au NPs have also shown interesting results 
(Figure 10.2). Enormous research data on the use of Au NPs for microbial detection 
are available. Hybridization probe strategies are among the most popular meth-
ods and have the greatest potential for rapid and point-of-care diagnostic applica-
tions. DNA may be detected by colorimetric aggregation of Au NPs conjugated 
with complementary sequence-specific genes of the target organism (Gill et al. 
2008; Kalidasan et al. 2013; Kumar et al. 2011a; Ray et al. 2007). In such strate-
gies, microbial DNA sequences are detected using Au NPs conjugated with the 
complementary sequences. First, microbial double-stranded DNA is denatured so 
that the complementary sequence may attach to it. Hybridization of DNA conju-
gated with the target DNA sequence of microbes results in aggregation of the Au 

Sample pad Conjugate pad
Test line

Control line Absorbent

Plastic backing

FIGURE 10.1  Diagram of a typical ICS for the detection of microbes or their antigens. The 
sample is applied to the sample pad made of cellulose, which moves forward to the conjuga-
tion pad where antibody-coated colloidal Au NPs are retained. Microbial antigens in the 
sample react with this complex and form an antigen–Au NP–antibody complex that moves 
to the test zone made of nitrocellulose where it is captured by a second antibody against the 
bacterial antigen immobilized in the test zone giving rise to a red line. The control line always 
appears, because of the presence of anti-IgG antibodies.
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NPs visualized with the naked eye (Bakthawathsalam et al. 2012; Gill et al. 2008). 
Covalent binding of the DNA probe with the Au NPs may be achieved by introduc-
ing a thiol group (-SH) to the 3′ or 5′ end of the nucleic acid probe, resulting in 
stable covalent bond between the Au NP and the probe (Syed and Bokhari 2011). 
Au NPs aggregated with the target sequence appear red, whereas Au NPs without 
complementary probes turn purple upon acid-induced aggregation of the Au NPs 
(Bakthawathsalam et al. 2012).

Au NPs have also been used as fluorescent labels in optical imaging and sensing 
of cells and biomolecules such as proteins. Extensive research is being carried out 
on the application of Au NPs for in vivo imaging of cancer cells (Cai et al. 2008). 
Au NPs may overcome many of the limitations of the classical fluorophores owing 
to their higher extinction coefficient and broader absorption spectrum in the visible 
region, which is usually overlapped with the emission wavelength of the Förster or 
fluorescence resonance energy transfer (FRET) donor (Coto-Garcia et al. 2011; Syed 
and Bokhari 2011; Yang et al. 2011).

10.5.1.2 � Magnetic Nanoparticles
Magnetic nanoparticles (MNPs) attract great attention in biomedicine because 
of their unique properties. Controllable size ranging from a few nanometers to 
micrometers, ease of bioconjugation, and their magnetic properties make them ideal 
material for diagnostics and drug delivery (Chen and Zhang 2012; Pankhurst et 
al. 2003). MNPs are becoming increasingly popular in nanomedicine because of 
their higher physical and chemical stability along with magnetic properties and low 
cost of production (Goeransson et al. 2010; Huang et al. 2010; Koh and Josephson 
2009). MNPs have been of importance in microbial detection from clinical samples 

(c)

(a)

(d) (e)

(b)

HS

FIGURE 10.2  Au NPs conjugated with different biomolecules: (a) antibodies, (b) antibody-
conjugated Au NPs capture bacterial cell, (c) thiolated single-stranded DNA, (d) DNA-
conjugated Au NP, (e) DNA-conjugated Au NP hybridizes with the complementary sequence.
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after conjugation with biomolecules such as antibodies, aptamers, or DNA probes 
(Ho et al. 2004; Huang et al. 2010). Furthermore, MNPs may also be used for the 
separation of microbial cells from complex matrices and preparation of bacterial 
pure cultures for analysis (Padmavathy et al. 2012). Use of superparamagnetic 
nanoparticles (SPMNPs) is of advantage, because their magnetic properties increase 
greatly at nanometer size (Cheng et al. 2009; Maalouf et al. 2008; Padmavathy et 
al. 2012). Surface functionalization of MNPs for bioconjugation is usually achieved 
using γ-aminopropylethoxysilane (Padmavathy et al. 2012). Furthermore, MNPs 
may also be coated with silica or a gold shell, whereby the inner magnetic part acts 
like a core and silica or gold surface forms are the shell. These NPs possess the prop-
erties of both magnetic and fluorescent materials (Liu 2006).

An example of the use of MNPs for microbial detection is magnetic relaxation 
nanosensors (MRNSs), which have been proven to be promising materials for 
microbial detection with higher sensitivity and specificity. In recent studies, MRNSs 
employed polymer-coated NPs, which may be conjugated with some biomolecules 
such as antibodies specific for a microbial agent or its product like a toxin (Kaittanis 
et al. 2007, 2008, 2012). In a typical assay, binding of bioconjugated MRNSs with 
their target ligand brings about changes in the sample’s magnetic resonance signal, 
which is directly correlated to the analyte concentration in the sample (Kaittanis et 
al. 2012). A recent study conducted by Kaittanis et al. (2012) they used MRNSs for 
the detection of an intracellular parasite, Mycobacterium avium ssp. paratubercu-
losis (MAP), from crude samples like blood. They used hybridizing magnetic reso-
nance nanosensors (hMRNSs) for the conserved DNA sequences of MAP. Binding 
of hMRNSs with the complementary DNA sequence (i.e., IS900) of mycobacterial 
species resulted in a change in magnetic resonance signal indicating the presence of 
the microbe. The technique does not require highly purified DNA like in the case of 
PCR and the test may be performed with minimally processed samples. The pres-
ence of this slow-growing intracellular bacterial species may be confirmed in 1 h as 
compared to culture, which takes an average of 12 weeks (Kaittanis et al. 2012). The 
same research group also successfully used MRNSs for bacterial antibiotic suscep-
tibility testing in culture media in an attempt to develop a rapid and sensitive assay. 
They used dextran-coated iron oxide NPs along with a protein with high affinity to 
carbohydrates (concanavalin A [ConA]) in a competition assay. As expected, the 
ConA-coated nanosensors responded differently to varying bacterial metabolism of 
the carbohydrates (Kaittanis et al. 2008).

An example of the promising application of MNPs is their use in water purifica-
tion systems. MNPs may be used for the removal of microorganisms from water to 
improve its quality. In such an approach, Huang et al. (2010) used amine-functionalized 
MNPs for bacterial removal from water samples. The surface of most of the bacte-
rial cells is negatively charged. The amine group on the MNPs confers them posi-
tive charge so that they can easily attach the negatively charged bacterial cells. 
Although it involves nonspecific binding, this strategy possesses great potential for 
cell enrichment and bacterial removal from water. A study conducted by Lee et al. 
(2009) used MNPs to detect Bacillus Calmette–Guerin bacteria as a surrogate for 
Mycobacterium tuberculosis (causative agent of tuberculosis) from sputum samples. 
MNPs bind bacterial cell wall, rendering it superparamagnetic. In the following step, 
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bacteria are concentrated in the microfluidic chamber and the spin time of the whole 
sample (T2) was measured with nuclear magnetic resonance. They could success-
fully detect as low as 20 cfu/ml of bacterial cells in 30 minutes.

10.5.1.3 � Magnetoresistive Sensors
Magnetoresistive sensors are based on binding of magnetic particles to the sensors’ 
surface as the magnetic field of the MPs brings about changes in the magnetic field 
of the sensor and therefore changes in electrical current. MPs bind the sensors’ sur-
face by either direct or indirect labeling. Direct labeling involves binding through 
complementary sequences of streptavidin–biotin interaction, whereas indirect label-
ing is a sandwich ELISA (enzyme-linked immunosorbent assay)–like strategy (Koh 
and Josephson 2009).

Use of giant magnetoresistance (GMR) sensors has been a powerful strategy in 
rapid, sensitive, and point-of-care detection of biomolecules. Koets et al. (2009) 
reported rapid and sensitive detection of Escherichia coli DNA using GMR and 
SPMNPs as detection labels. The double-tagged DNA was used for the study of 
detection and binding kinetics. Amplification of the target gene was carried using 
a 5′ biotic forward and 5′ fluorescein reverse primers. DNA was attached to biotin-
coated SPMNPs. Amplicon particle complex is captured by the antifluorescein anti-
bodies on the sensor surface and detected by GMP sensors (Koets et al. 2009).

10.5.1.4 � Fluorescent Silica Nanoparticles
Silica is composed of a honeycomb-like porous structure having hundreds of pores 
inside (Chitra and Annadurai 2013). Silica nanoparticles (SNPs) are among the most 
widely used type of NPs in diagnostic applications. SNPs have emerged as inten-
sively investigated material because of their unique properties such as high surface 
areas, large pore volumes, tunable pore sizes with a narrow distribution, tunable 
particle diameters, and ease of synthesis. SNPs have been used by a high number of 
researchers in their attempts to detect microbial agents with higher sensitivity owing 
to their robust chemical and optical properties (Wang et al. 2007).

Microbiologists are already familiar with fluorescent microscopes and fluorospec-
trometry. As soon as fluorescent NPs (FNPs) became available, several applications 
in the field of diagnostics have been explored (Bau et al. 2011). FNPs, such as silica or 
organic NPs, may easily be bioconjugated with antibodies, nucleic acid probes, and 
aptamers and may be used in detecting microbial presence by fluorescence micro-
scope or spectrofluorometer (Wang et al. 2007). Furthermore, dye-doped SNPs pre
sent excellent potential for bioanalysis for deep understanding of biological processes 
and can detect biomolecules in samples with higher sensitivity as compared to other 
types of FNPs (Bae et al. 2012; Tallury et al. 2010; Wang et al. 2007). Dye-doped 
FNPs offer advantages over fluorescently labeled antibodies since a single fluorescent 
SNP (FSNP) may retain thousands of dye molecules in its matrix. Therefore, using 
these NPs enhances the sensitivity of the assays many hundred-folds. Furthermore, 
compared to other FNPs, dye-doped or organically modified SNPs offer advantages 
of photostability and enhanced luminescence. They have been widely used for the 
imaging of biomolecules such as microbial DNA, antibodies, cell components, and 
bacterial cells (Pham et al. 2012; Qin et al. 2007).
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SNPs offer less aggregation and leakage of the dye as compared to organic NPs. 
Using appropriate synthesis conditions, thousands of inorganic or organic dye mol-
ecules may be incorporated into the matrix of the SNPs (Tallury et al. 2010; Yan 
et al. 2007). The dye may be either attached to the surface of the NPs or contained 
inside the particles. However, for imaging purposes, NPs with embedded dye mol-
ecules exhibit stronger photostability by being protected from the light (Murcia and 
Naumann 2005). Furthermore, SNPs may easily be chemically functionalized owing 
to the versatility of silane chemistry and bioconjugated with antibodies and nucleic 
acids (Yan et al. 2007). Chemical modification of the NP surface to generate amino 
or carboxyl groups enables one to covalently attach antibodies to the FNPs (Zhao 
et al. 2004). Typically, silane surface is coated with alkoxysilane such as carboxy-
ethylsilanetriol for the introduction of a carboxyl group and with 3-aminopropyl-
triethoxysilane for the amino group (Yan et al. 2007).

The affinity and specificity of the antigen antibody interaction have also been 
exploited using FSNPs. Different types of cells and proteins have been detected with 
the help of FSNPs (Yan et al. 2007). Antibody-coated, dye-doped SNPs have shown 
enhanced sensitivity in immune assays and reduced the detection limit to a single 
bacterial cell level (Li and Xu 2009; Syed 2014; Zhao et al. 2004). FSNPs may be 
particularly useful for the detection of fastidious and slow-growing bacteria such 
as M. tuberculosis that require very long incubation periods and special growth 
requirements.

Like other types of nanomaterials, FNPs have also been successfully used in a 
number of attempts for microbial detection. In a study conducted by Qin et al. (2007), 
FSNPs were used for the sensitive detection of M. tuberculosis from bacterial mix-
tures as well as spiked sputum samples. Bacterial cells were first reacted with the 
mAbs, which were detected by protein A–conjugated RuBpy-doped SNPs. In another 
study, Tan’s group at the University of Florida used FSNPs for multiplexed bacterial 
monitoring in a single sample (Zhao et al. 2004). Interestingly, the SNPs contained 
varying concentrations of dye molecules appearing different in color by excitation 
with the same wavelength. By conjugating each type of these NPs with different anti-
bodies for separate bacterial species, they were able to detect three different bacterial 
species in the sample, each appearing in a different color (Wang et al. 2007). In a 
similar study conducted by Ekrami et al. (2011) using mAb against M. tuberculosis 
and protein A–conjugated FNPs, M. tuberculosis could easily be detected from spu-
tum samples with 97.1% sensitivity and 91.35% specificity (Syed 2014).

10.5.1.5 � Quantum Dots
Semiconductor NPs or quantum dots (QDs) have been one of the most highlighted 
materials in the last two decades because of their unique size-dependent optoelec-
tronic properties and potential applications in life science research, largely in the 
field of bioimaging (Bera et al. 2010; Kim et al. 2004; Liandris et al. 2011; Nguyen et 
al. 2012; Syed 2014). QDs, composed of 100–100,000 atoms (Mazumder et al. 2009), 
exhibit unique features such as broad absorption spectra, narrower emission band-
width with size-dependent local maxima (Edgar et al. 2006; Kim and Kim 2012), 
and enhanced biocompatibility as compared to other nanomaterials (Ma et al. 2010). 
Furthermore, the interesting feature of the QDs is that different emissions may be 

  



256 Biological and Pharmaceutical Applications of Nanomaterials

excited with the same wavelength, because the emission wavelength is tunable with 
their size, shape, and composition (Giri et al. 2011). In contrast to QDs, commonly 
used fluorophores show two drawbacks; first, they have low signal-to-noise ratio, and 
second, they are not photostable (Edgar et al. 2006).

QDs may also be bioconjugated with DNA probes, antibodies, or other biomol-
ecules. Bioconjugated QDs may offer an excellent opportunity to detect microbial 
agents because of their unique qualities such as long-term photostability as com-
pared to conventional organic labels (Decho et al. 2008; Edgar et al. 2006). QDs may 
absorb 10–50 times more photons than the conventional organic dyes at the same 
excitation photon flux, providing more brightness to the sensing system for microbial 
detection (Kim and Kim 2012). With minimum interference from autofluorescent 
particles, enhanced photostability, broader absorption spectra, and ease of bioconju-
gation, QDs may easily be used for biomolecular analysis as well as for detection of 
pathogenic agents in complex matrices (Edgar et al. 2006; Liandris et al. 2011; Zhu 
et al. 2004). QDs with a cadmium selenide (CdSe) core and a zinc sulfide (ZnS) shell 
have shown excellent fluorescent properties, and they are among the most commonly 
used and commercially available types of QDs (Valizadeh et al. 2012).

QDs are becoming a popular replacement for dyes in bioanalysis, such as immu-
noassays and DNA hybridization, having strong potential for microbial detection 
and identification (Ma et al. 2010; Wang et al. 2012). Furthermore, multicolor QDs 
may find application in multiplexed assays for simultaneous detection of different 
microbial species in a given clinical, environmental, or food sample (Hahn et al. 
2005). Recent studies on the use of QDs for microbial agents have shown promis-
ing agents (Decho et al. 2008; Giri et al. 2011; Liandris et al. 2011; Stringer et al. 
2008). To mention a few, Tripp et al. (2008) used mAb-conjugated cadmium telluride 
(CdTe) QDs for the detection of respiratory syncytial virus, an important cause of 
lower respiratory tract infection in infants and children as well as elderly and immu-
nocompromised people. In a similar study, Hahn et al. (2005) used CdTe/ZnS core/
shell NPs for the detection of an O157:H7 serotype of E. coli, a bacterial species of 
great medical importance to a single-cell level. Attempts have also been made for the 
simultaneous detection of more than one bacterial species using QDs. For example, 
Zhao et al. (2009) detected three food-borne pathogenic bacterial species, that is, 
Salmonella typhimurium, E. coli O157:H7, and Shigella flexneri, using MNPs for 
cell enrichment and QDs as fluorescent tags.

10.5.2 � FRET-Based Biosensors

FRET has emerged as one of the significant techniques for bioanalysis such as 
microbial detection and their susceptibility to drugs. FRET is a radiation-less energy 
transfer from donor fluorophore to acceptor fluorophore (Kim et al. 2008; Mathur et 
al. 2008; Tsai et al. 2009). FRET biosensors offer quantitative analysis for protein–
protein interactions, protein–DNA interactions, conformational studies, and micro-
bial detection with higher sensitivity and specificity (Kattke et al. 2011; Zadran et al. 
2012). Molecular beacons (MBs) are an excellent example of FRET biosensors (dis-
cussed in Section 10.5.3). Au NPs may also be utilized as fluorescent quencher mol-
ecules leading to subpicomolar detection of bioanalytes, which have been proven by 
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both theoretical calculations and experimental work (Halfpenny and Wright 2010; 
Yang et al. 2011). Furthermore, Au NPs are also considered superquenchers because 
of their ability to quench a number of fluorophores (Yang et al. 2011) over a long 
distance (Mayilo et al. 2009).

One of the applications of QDs is their utility as fluorescent donors in FRET-based 
assays. In a study conducted by Wang et al. (2011b), CdSe/ZnS QDs were used as 
FRET donors and black hole quenchers were used as FRET acceptors for the detec-
tion of the tst gene, which encodes toxic shock syndrome toxin in Staphylococcus 
aureus bacteria. They used single-stranded DNA (ssDNA) strands complementary 
to the tst gene conjugated to CdSe/ZnS QDs. A complementary strand tagged with a 
black hole quencher was used to quench the fluorescence. Detection of the target tst 
DNA sequences was carried out by adding 10 equivalents of bacterial DNA to the 
hybrid resulting in the recovery of emission of QDs (Wang et al. 2011b).

10.5.3 � Molecular Beacons

MBs are commonly used for the detection of DNA or RNA sequences. MBs are 
short, single-stranded nucleotide sequences that fluoresce upon hybridization with 
the target complementary sequences using FRET phenomenon (Chen et al. 2000; 
Larios-Sanz et al. 2007; McKillen et al. 2007). The central region of the single-
stranded nucleic acid forms the loop of MB, and it is complementary to the target 
sequence where flanking regions forming stems are complementary to each other 
(Chen et al. 2000; Tan et al. 2000). A fluorescent moiety is attached to one end of 
the probe, while nonfluorescent quenchers are attached to the other end (McKillen 
et al. 2007; Poddar 1999). No fluorescence occurs when the ends of the probes are 
in proximity, owing to quenching action. The quencher should have its absorption 
spectrum overlapping with the emission spectrum of the fluorophore. The stem loop 
structure of the MB opens and hybridizes with the complementary DNA sequences, 
resulting in the dissociation of the fluorophore from the quencher and hence fluores-
cence (Figure 10.3) (Chen et al. 2000; Kim et al. 2007a; Poddar 1999; Syed 2014). 

(a)

(b)

FIGURE 10.3  A molecular beacon. Single-stranded DNA sequence having a fluorophore 
on one side and a quencher on the other end (a). Single-stranded loop region hybridizes with 
the complementary sequence of the target DNA causing separation of the fluorophore from 
quencher and hence fluorescence (b).
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MBs have also been successfully used for the study of in vivo gene expression in 
both prokaryotic and eukaryotic cells. Nonetheless, the most common application 
of MBs is in RT-PCR. RT-PCR utilizes extension of forward and reverse primers as 
well as MBs complementary to the target sequence to be amplified resulting in the 
fluorescence. During RT-PCR, a number of amplified DNA segments increase with 
each round, and therefore, there is an increase in fluorescence, making the technique 
a quantitative one (Chen et al. 2000; McKillen et al. 2007).

RT-PCR has emerged as a widely used type of PCR in diagnostic and research 
laboratories for the identification of infectious agents of all types (George et al. 2012; 
Kim et al. 2007a; Orru et al. 2006; Varma-Basil et al. 2004).

10.5.4 �O ne-Dimensional and Carbon-Derived Nanomaterials

One-dimensional (1-D) nanostructures such as CNTs, nanorods, NWs, nanobelts, 
and nanosprings have become an area of intense research for biosensing applica-
tions. These materials have been widely used for nanofabrication owing to their 
enhanced sensitivity, biocompatibility, and ease of functionalization and prepara-
tion. In fact, 1-D structures are the smallest dimension that can be used for efficient 
electron transport and hence excellent application in nanoscale devices (Kumar et 
al. 2011b; Wanekaya et al. 2006). Carbon-based nanomaterials, such as 1-D CNTs 
and two-dimensional (2-D) graphene, have been used in a large number of studies as 
sensing elements in biosensors for microbial detection owing to their unique proper-
ties (Yang et al. 2010). CNTs or graphene-modified electrodes have been proven to 
be very useful in immobilizing biomolecules for detection of the target microbial 
species (Qureshi et al. 2009).

10.5.4.1 � Carbon Nanotubes
CNTs are considered as the most commonly used building block of nanotechnology 
(Merkoci 2006). CNTs are the allotropes of carbon having surface-to-volume ratio 
up to 100,000. CNTs are superior to many nanomaterials because of their unique 
chemical, thermal, optical, magnetic, surface, and electronic properties as well as 
unusual strength (Hirlekar et al. 2009; Moon and Kim 2010; Vardharajula et al. 
2012). CNTs are widely investigated nanomaterials because of these unique features 
that may be exploited to develop nanosensors for the study of microbial processes as 
well as for the detection of biological species with higher sensitivity. Furthermore, 
CNTs can bind bacterial cells, and their binding affinity may be exploited by using 
them in bacterial filters (Kim et al. 2007b). CNTs are divided into two main groups, 
namely, single-walled carbon nanotubes (SWCNTs) and multiple-walled carbon 
nanotubes on the basis of their structure (Ji et al. 2010).

The highly sensitive bio-nano integrated systems combining CNTs with recogni-
tion or catalytic molecules have been remarkable tools for developing biosensors 
(He and Dai 2006; Zhang et al. 2007). Besides their unique electronic properties, 
the high surface-to-volume ratio of the CNTs greatly facilitate immobilization of 
biomolecules such as antibodies, aptamers, oligonucleotides, and proteins with-
out diminishing their structure and bioactivity and, therefore, enhance their sens-
ing capability (He and Dai 2006; Huang et al. 2004; Jain et al. 2012). CNTs are 

  



259Recent Nanodiagnostic Advancements for Infectious Agents

novel material having the capability to promote electron transfer with redox species 
in electrochemical biosensors (Jain et al. 2012). Furthermore, CNTs may also be 
functionalized with multiple biomolecules for the simultaneous detection of various 
microbial species. CNTs may easily be functionalized for many reasons, for exam-
ple, because of increased solubility, lower toxicity and bioconjugation, and specific 
binding to the analytes (Vardharajula et al. 2012). Recent studies report their suc-
cessful use in the development of immunosensors for bacterial detection. Jain et al. 
(2012) used antibody-conjugated CNTs for electrochemical detection of Salmonella 
bacteria with higher sensitivity and specificity (Jain et al. 2012; Zhang et al. 2007). 
Moreover, SWCNTs with functionalities such as carboxyl group for covalent binding 
with proteins have also been developed (Zhang et al. 2007).

1-D SWCNTs (Figure 10.4), also called FETs, may be used to electrically detect 
biomolecules with extremely high sensitivity. These sensors are useful not only 
in detecting microbial cells or their products but also in the dynamic detection or 
release of microbial products in their surroundings (Liu and Guo 2012). As the flow 
of current is solely on the surface, conductance of SWCNTs is highly sensitive to the 
electrochemical disturbance imposed by the biomolecular interaction (Huang et al. 
2011a). SWCNT-based biosensors have been successfully used for the detection of 
bacterial cells up to a detection limit of 100 cfu/ml (Huang et al. 2011a; Villamizar et 
al. 2008). Similarly, SWCNTs have also been used for viral detection; Bhattacharya 
et al. (2011) used antibody-functionalized CNTs for the detection of avian meta-
pneumovirus, where binding specific antibodies on the CNTs with the viral antigens 
resulted in a change in conductance.

Bacterial cells possess high binding affinity to carbon nanotube clusters (CNTCs), 
and this ability has been exploited in bacterial filters (Kim et al. 2007b). CNTCs, 
with their high binding affinity for bacteria and paramagnetic susceptibility, were 
explored by Moon and Kim (2010) as universal adsorbents for bacterial cells as well 
as magnetic separation agents. These two unique features of this class of nano
materials are particularly useful in bacterial separation and enrichment protocols. In 
their study, they used CNTCs for binding and capturing bacterial cells of different 
types, whereas the separation of the bacterial cells was carried out with the help of 
an external magnet. Such an approach is also helpful in water purification.

FIGURE 10.4  Single-walled carbon nanotubes (Strock 2006). (Reproduced with permission 
from Wikipedia; http://upload.wikimedia.org/wikipedia/commons/5/53/Types_of_Carbon​
_Nanotubes.png.)
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10.5.4.2 � Graphene
One of the remarkable discoveries in the field of nanotechnology is graphene. 
Graphene has emerged as one of the most widely investigated nanomaterials since its 
discovery in 2004. Graphene, a single-atom planar sheet of carbon atoms perfectly 
arranged in a honeycomb manner (Figure 10.5), possesses a wide range of applica-
tions in biosensing because of its extraordinary physical, electrochemical, and opti-
cal properties (Mannoor et al. 2012; Syed 2014; Vashist and Venkatesh 2013). This 
recently discovered 2-D cousin material of the CNTs is believed to be a better alter-
native to the SWCNTs because of its better electrochemical, electrical, optical, and 
biocompatibility properties (Mohanty and Berry 2008). Uniform functionalization 
and immobilization of biomolecules on the graphene surface is achieved through its 
perfect planar structure. Graphene is an ideal material for biosensing applications 
because of its electric properties such as high charge mobility and tunable conduc-
tance (Huang et al. 2011b).

In the last few years, a number of remarkable efforts have been made to develop 
graphene-based electrochemical, electrical, and optical biosensors for microbial 
detection with enhanced sensitivity (Huang et al. 2011b). For example, the gra-
phene-based immunosensor developed by Huang et al. (2011b) for the detection of 
E. coli showed significant conductance increase after exposure to bacterial cells 
having a detection limit as low as 10 cfu/ml. In another study, Liu et al. (2011) 
used graphene in the development of electrochemical biosensors for the detection 
of rotavirus. The graphene film coated on the working electrode possesses excellent 
electron transfer property. Antibodies to rotavirus were covalently attached to the 
graphene film and the event of antigen–antibody interaction was monitored with 
cyclic voltammetry.

In a recent study conducted by Hernandez et al. (2014), graphene oxide was used 
as a transducer layer whereas aptamers were used as a sensing layer for the construc-
tion of potentiometric biosensors for the detection of S. aureus up to a detection limit 
of 1 cfu/ml.

FIGURE 10.5  Graphene sheet on a planar surface (Alexander AIUS 2010). (Reproduced 
with permission from Wikipedia; http://en.wikipedia.org/wiki/Graphene#mediaviewer/File​
:Graphen.jpg.)
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10.5.5 � Nanowires

Like other types of nanomaterials, NW FETs have also been used for the detection 
of microbial agents and their products in a number of successful studies (Basu et al. 
2004; Patolsky et al. 2004). One direct approach to detect the microbial agents is by 
using semiconductor NW FETs in real time and in a label-free detection manner. For 
example, NW surface immobilized with antibody brings about change in the con-
ductance upon binding of the target antigen. In a similar study conducted by Patolsky 
et al. (2004), NWs conjugated with antibodies against influenza A virus were used 
for conductometric viral detection. Binding and unbinding of the influenza virus 
with the antibody-modified NWs brought about discrete conductance changes but not 
with adenoviruses and paramyxoviruses. A similar study was carried out by Zhang et 
al. (2010) in which a silicon NW-based biosensor was used for the rapid detection of 
the RT-PCR product of dengue fever virus serotype 2. A peptide nucleic acid probe 
was attached to the silicon NW, and the complementary nucleic acid sequence of the 
dengue fever virus amplified using RT-PCR was detected. The results were recorded 
as change in resistance upon binding of the PCR-amplified fragments of the dengue 
virus with the probe immobilized on the NWs.

10.6 � APTAMERS AS CAPTURE PROBES

mAbs have enjoyed great attention since their introduction because of their extra
ordinary affinity to their targets. Antibodies have been massively used in biosensing 
research for the selective binding to their target such as microbial agents or their toxins 
(Syed and Pervaiz 2010). However, antibodies are very expensive, produced in vivo in 
animals and may not be produced for every class of molecules such as toxins that may 
kill the host animals (Lee et al. 2006; Syed and Pervaiz 2010; Tombelli et al. 2005).

Aptamers are ssDNA or RNA sequences synthesized through an in vitro selection 
and amplification technique, possessing a broader range of applications in therapeu-
tics, biosensing, diagnostics, and research because of their ability to bind their tar-
get with higher affinity. Aptamers offer a number of advantages over their antibody 
counterparts, including their ability to undergo chemical derivatization to prolong 
their life in bodily fluids and bioavailability in animals. Although aptamers are a 
recently discovered class of biomolecules, they have become one of the most widely 
investigated molecules, with a huge number of publications in the last decade. A 
number of recent studies have used aptamers instead of antibodies as capture probes 
because of their superior affinity for their target, stability at room temperature, cost-
effectiveness, and ease with synthesis and functionalization. Advances in aptamer 
research have been reviewed elsewhere (Syed and Pervaiz 2010).

10.7 � ATOMIC FORCE MICROSCOPY

Atomic force microscopy (AFM) offers advantages over electron microscopy 
because of its higher resolution, simple protocols of sample preparation, and ease of 
working in native microbial environments. The most interesting feature of AFM is 
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that it has been used for the study of microbial cell surface structures in great detail 
under physiological conditions, that is, in a liquid environment (Dufrene 2002).

One of the main problems of using an electron microscope in observing microbial 
structures is the sample preparation, which not only is a laborious job but also may 
alter the shape of microbial ultrastructures. Both viral particles and bacterial cells as 
well as their ultrastructures have been imaged successfully with AFM. Ultracellular 
structures such as flagella, S layer protein structures, and cell wall, as well as the 
effects of drugs and enzymes on a bacterial surface may be studied using this type 
of microscopy. Furthermore, AFM may also potentially be used for the study of 
cellular growth phases and the effects of drugs on bacterial growth rate in real time 
under physiological wet conditions, hence making it a promising tool for the study of 
a single cell (Dufrene 2002; Syed et al. 2009).

In fact, AFM has emerged as more than an imaging technique based on its appli-
cations in microbiology. Apart from its applications in imaging cells, their ultra-
structures, and single molecules, AFM has also been used for the study of actions of 
certain drugs on bacterial cells, ligand–receptor interactions, and single-cell stud-
ies. An example of the use of AFM in microbiology is the study of Pseudomonas 
aeruginosa and Pseudomonas putida biofilms on stainless steel (Dufrene 2002). 
Touhami et al. (2004) used AFM in combination with thin-section transmission elec-
tron microscopy to study the changes occurring in dividing bacteria cell walls, and 
their results showed a good structural relation using these two techniques (Dufrene 
2004). Studies on the physicochemical properties of microbial subcellular structures 
have usually been difficult because of the very small size of the microorganisms. 
In recent years, AFM spectroscopy has made it possible to explore many molecular 
interactions (i.e., hydrophobic or hydrophilic), stiffness of the cell wall, and sur-
face properties such as hydrophobicity. Furthermore, AFM has successfully been 
used for the study of food quality. AFM measurements provide new insight into the 
structure–function relationship of food samples (Yang and Wang 2006). In recent 
years, AFM has been widely used for the study of action of drugs on bacterial cells. 
Antimicrobial drugs rupturing bacterial cell walls alter cell stiffness and surface 
roughness, which can be studied using AFM (Chen et al. 2006). Li et al. (2006) have 
shown the effect of Sushi peptide on Gram-negative bacterial cells using AFM. This 
is an endotoxin-binding cationic peptide that integrates into the cell by disrupting the 
cell’s outer and inner membranes.

10.8 � NANOSENSORS FOR SINGLE-CELL DETECTION

The ultimate goal of nanodiagnostic techniques may possibly be the ultrasensi-
tive detection of biological species to a single-cell or -molecule level. As stated in 
Section 10.5, different types of nanomaterials have successfully been used for micro-
bial detection at the single-cell level. In situ quantification of pathogenic bacteria or 
potential bioterrorism agents using sophisticated techniques may ensure safety from 
possible terrorist attacks. More importantly, the global spread of infectious diseases 
may be stopped if appropriate and ultrasensitive diagnostic assays are available for 
prompt and onsite testing. Furthermore, food safety is another serious issue that 
requires critical testing in the era of enhanced global trade.
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The number of publications claiming microbial detection to a single-cell level 
detection limit has been ever increasing in the last decade. An example of such 
attempts is the recent publication by Chang et al. (2013) reporting detection of 
S. aureus to a single-cell level using aptamer-conjugated Au NPs and light scatter-
ing system. Another recent study conducted by Chung et al. (2013) reported the use 
of magneto DNA NP system for the rapid simultaneous detection and phenotyping 
of a number of bacterial strains in a single test with a sensitivity down to a single-
cell level. More amazing are papers reporting ultrasensitive detection of nanometer-
sized viruses down to a single particle level. One of many such interesting studies is 
reported by He et al. (2011). They used an ultra-narrow line width whispering gallery 
microlaser, whose lasting line undergoes frequent splitting upon binding with the 
nanosized particles such as viruses. They detected influenza virus to a single-virus 
level detection limit.

10.9 � SMARTPHONE MICROSCOPY

One of the most amazing discoveries made in last couple of years is the advent of 
smartphone microscopes. Highly sophisticated and expensive electron microscopes 
as well most modern microscopes such as scanning probe microscopes seem to be 
soon replaced by light, cheap, and handheld microscopes. The capabilities of the 
world’s most powerful microscopes have been brought to compact form, which is 
one of the biggest breakthroughs of the century (Figure 10.6).

Early or initial attempts were made to combine a piece of magnifying lens with 
smartphone cameras. However, a recent study conducted by Wei et al. (2013) has 
reported field portable fluorescent microscopy platform attached to a smartphone 
capable of imaging 100-nm fluorescent particles as well as fluorescently labeled 
cytomegaloviruses. This field fluorescent microscopy device may be used for the 
study of nanometer-sized objects in field settings. Further studies are directed toward 
an even more simplified form of smartphones capable of imaging viruses and bacte-
rial cells in the environment without requiring complicated protocols. Furthermore, 
simple molecule imaging is also being speculated using such platforms (Khatua and 
Orrit 2013).

Z stage Laser diodeLongpass
filter

Sample tray Power switch Battery holder

FIGURE 10.6  Smartphone microscope for viruses. (From Q. Wei et al., ACS Nano, 7, 
9147–9155, 2013. Reproduced with permission.)
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10.10 � CONCLUSION

Detection and identification of infectious agents have always been a challenging task 
throughout history. Dedicated efforts continue unabated and enter the era of nanotech-
nology in the 21st century. Significant advancements in the fields of molecular biology 
and nanotechnology have made remarkable breakthroughs in the area of microbial 
diagnosis. Micro- and nanoscale transducers, optical imaging systems, integrated 
electronic devices, and microbial probes are about to bring about historical break-
throughs in the near future when these technologies enter the phase of massive com-
mercialization at the end-user level. The scientific community seems to have a form of 
device having features such as miniaturized, automated, portable, cost-effective, and 
point of care, as well as higher sensitivity and specificity. Furthermore, smart mobile 
phone–based microscopes integrated with nanotechnology-based assay formats 
would bring about amazing breakthroughs in life science research. Future microbi-
ologists are expected to be very much familiar with the use of nanotechnology-based 
techniques and equipment in their laboratories, and it is hoped that the average time 
taken by each of these diagnostic tests will be reduced significantly. Further, identi-
fication of slow-growing and fastidious bacteria is also likely to be made quicker and 
more sensitive.
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11 Chromogenic Biosensors 
for Pathogen Detection

Alok P. Das, Bhubaneswari Bal, and 
Pragyan Smita Mahapatra

ABSTRACT

Pathogen detection is of prime importance and concern in various sectors such 
as food, pharmaceutical, health care, and agriculture. Novel biosensing method-
ologies have been developed for rapid detection of pathogens based on the appli-
cation of chromogenic substrates with specific enzyme activities. Chromogenic 
biosensing techniques are fully automated, delivering high selectivity and sensi-
tivity to enhance detection and thus avoiding the need for time-consuming con-
ventional and traditional methods. In addition to rapid detection, the choice of a 
wide variety of synthetic substrates allows microbial pathogen recognition simul-
taneously. This chapter deals principally with recent advancements in pathogen 
detection with particular focus on methods for chromogenic pathogen detection.

Keywords: Biosensors, Nanomaterials, Pathogens, Detection, Commercial 
application

11.1 � INTRODUCTION

Detecting, sensing, and enumerating pathogens are a severe concern, and errors in 
doing so usually indicate a surplus of dangerous symptoms that, if remaining unno-
ticed, can result in lethal consequences [1,2]. Sepsis is a life-threatening situation 
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that results in response to a contagion and injures its own cells and organelles. This 
may result in septic shock, numerous organ failures, and fatality if not detected 
early. Pyrogen infections along with sepsis have a high mortality rate despite proper 
remedial and critical care [3]. Recognition of pyrogens is vital for infection control 
in biological products, biomedical instruments, military operations, environmental 
monitoring, and food and water security [4]. These are the requirements for a quick 
and responsive technology for the detection of pathogens in exceptionally minute 
concentrations [5,6].

Biosensors are condensed diagnostic devices that utilize biomolecules or enzymes 
to identify precise target analytes in the sample through separate or uninterrupted 
electrical signal, or spectrometric or luminous indicators [7]. Regardless of their 
wide range of biomonitoring application, biosensors can be classified into two main 
groups: (i) high-throughput costly devices and (ii) low-cost, moveable, and simple-to-
use devices [8]. Renewed attention brought forth advancement in various approaches 
for endotoxin recognition, for instance, biomonitoring relying on bioluminescence by 
use luciferase enzyme [5], fluorescent dyes [9], frequency amplitude responses [10], 
and pyrogen-specific material such as pyrogen neutralizing proteins [11], pyrogen 
binding proteins [12], peptides [9], and pyrene derivatives [13]. A complete literature 
investigation has been carried out over the last 10 years because of the importance of 
chromogenic biomonitoring-based pyrogen detection (Figure 11.1).

Monitoring of pathogens is vital for infection control in several sectors such as 
health care products, biomedical equipment, military operations, environmental sam-
ples, and food and water safety. A detailed record of pathogenic microorganisms and 
their corresponding toxin, causal diseases, and causes are mentioned in Table 11.1. 
With an annual incidence of approximately 18 million worldwide, sepsis is the primary 
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TABLE 11.1
List of Pathogens with Their Sources, Toxin Produced, Causal Diseases, and Mortality Rate

Pathogenic Organism Source Toxin Disease Annual Deaths (%) Reference

Escherichia coli Contaminated food and water Endotoxin Sepsis, cholecystitis, cholangitis 10 [1]

Pasteurella multocida Animal bite, scratch, or lick Endotoxin Osteomyelitis and septic arthritis 20 [14]

Salmonella paratyphi Contaminated food, poultry Endotoxin Salmonellosis 60 [15]

Staphylococcus aureus Dermal contacts Endotoxin Arthritis, pneumonia 5 [14,16]

Listeria monocytogenes Food contamination Listeriolysin Listeriosis 65 [17,18]

Treponema pallidum Sexual contact Endotoxin Syphilis 23 [19]

Coxiella burnetii Dairy products Endotoxin Pneumonia 20 [20]

Yersinia Dermal contact Endotoxin Yersiniosis 5 [21]

Vibrio cholerae Water contamination Endotoxin Diarrhea 70 [22]

Shigella Contaminated water Verotoxin Shigellosis 33 [23,24]

Clostridium perfringens Contaminated food Enterotoxin Food poisoning 24 [25]

Bacillus anthracis Airborne inhalation Endotoxin Anthrax 20 [26]

Brucella suis Contaminated food Endotoxin Flu-like disease, brucellosis 3 [27]

Haemophilus influenzae Airborne Endotoxin Meningitis 10 [28]

Mycobacterium tuberculosis Contaminated water Tuberculosis 0.4 [29]
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cause of death in intensive care units, which is a growing concern and a considerable 
predicament among high-risk patients, with a 30%–40% mortality rate [30]. Mortality 
rates owing to pyrogenic infection remain elevated and have not changed considerably 
in the last 10 years (Figure 11.2). According to a previous analysis, global food manu-
facturing microbiology testing included 738.3 million investigations in 2008, with a 
market cost of greater than $2 billion. This represents a 17.8% increase in the number 
of investigations over the last 3 years [31]. The global TIC (Testing, Inspection, and 
Certification) industry is huge, with revenues of more than $120 billion in 2010.

Biological warfare involves the intentional manipulation of microorganisms and their 
toxins to bring about infection or death in humans, farm animals, and crops. The appeal 
of bioterrorism in warfare and in terroristic acts is credited to its small manufacturing 
costs, easy access, disease-producing capability, easy concealment, and ease in transport 
[32,33]. Although a huge attempt at developing biosensors is underway, relatively few 
microorganisms and toxic substances can be detected by available devices [34,35].

Communal and ecological health safety necessitates safe water for consumption, 
which should be contamination free [36]. Among the microbes distributed in water 
resources, enteric pathogens are the ones most frequently encountered. As a result, 
causes of fecal contamination in water for human consumption have to be stringently 
identified. Escherichia coli O157:H7 are usually present at extremely low amounts in 
ecological waters containing a wide array of microflora [14]. Different techniques are 
necessary to detect them and these are enormously protracted. Although coliforms 
are also found in diverse natural environments, drinking water is not a natural envi-
ronment for them and their existence in drinking water is measured as a probable 
hazard or symptom of microbiological water quality worsening. Ten to 20 million 
deaths each year are caused by waterborne pathogens in addition to nonfatal infection 
[16]. Millions of dollars worth of current documented foods are recalled because of 
an increase in food poisoning cases, and the need for additional quick, responsive, and 
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accurate methods of detecting these microbial toxins has increased [17,18]. During 
2009–2010, public health departments in the United States reported 1527 food-borne 
disease outbreaks, resulting in 29,444 cases of illness, 1184 hospitalizations, and 23 
deaths. As per Centers for Disease Control and Prevention (CDC) and Food Safety 
data, norovirus was the cause of most infections, accounting for 42% of outbreaks, 
followed by Salmonella, accounting for 30% of outbreaks. In 2013, the CDC’s food 
poisoning reporting system identified 19,000 related infections, 4200 hospitalizations 
and 80 deaths among 48 million inhabitants.

Conventional techniques are extremely lengthy, invasive, and burdensome. Efforts 
are underway to improve the speed and accuracy of biosensors [37]. Development 
of sensors has always been confronted by new challenges, but this does not deter the 
prospect of a new sensor-based innovative world. Various sectors demanding rapid 
pathogen detection and monitoring are presented in Figure 11.3.

11.2 � NANOMATERIALS AS BIOSENSORS

The thrust for novel biosensors has improved enormously, signifying a remarkable 
substitute for the advancement of a competent, rapid, and inexpensive biosensing 
strategy. In this perspective, nanoparticles (NPs) with unique properties have consid-
erable advantages in the areas of scientific examination, laboratory analysis, ecologi-
cal monitoring, and food safety [38], with potential opportunities in numerous other 
fields. Nanotechnology plays a significant role in the development of biosensors with 
improved sensitivity [39,40]. Nanomaterials exhibit exceptional features because of 
their quantum size, surface effect, macro-quantum tunnel effect, and electrochemi-
cal properties, which make them exceptionally helpful in biosensing applications 
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FIGURE 11.3  Diagrammatic representation of application of chromogenic biosensor.
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[41]. The relevance of NPs in biosensing is strongly associated with their properties 
that depend on a specific mode from synthesis and subsequent modifications [42], and 
numerous types of NPs are now available in biosensor-related applications [43–45]. 
These specific properties of NPs tender a variety of signal transduction modes absent 
from other materials [46,47]. The choice of NPs is as huge as the range of potential 
applications in biomonitoring and depends strongly on the use of the biomolecules in 
sensing as well as the nature of the test to be performed. The applications of several 
NPs in biosensing cellular organelles and pathogenic microorganisms using biosens-
ing systems are presented in Table 11.2.

The National Nanotechnology Initiative describes nanotechnology as techno-
logical progress at the atomic or macromolecular level, with the aim of creating 
and using structures and devices at a scale of 1–100 nM [48]. Nanomaterials found 
applications as catalysts, immobilized substrates, or electrochemical labels to extend 
the biosensing activity with superior sensitivity [49]. Nanomaterials, such as gold 
nanostructured materials, carbon nanotubes, silicon nanotubes, metal NPs, nano
wires, TiO2 nanowires, and nanoelectrode array, play an important role in biosensing 
applications such as in food, water, and health care analysis [50]. The sensing ability 
of the biosensors is enhanced by the use of various nanomaterials such as magnetic 
NPs, quantum dots, nanochannels, and nanorods [51–54]. From this perspective, 
the “nanoparticle-based nanobiosensors” are a current and competent group of bio-
sensing systems [55–57]. Recently, vast research has been carried out in alternating 

TABLE 11.2
List of Biosensors and Their Nanomaterials for Detection of Pathogenic 
Bacteria

Biosensor Nanomaterial Used Pathogens Detected Reference

DNA biosensor Carbon nanotubes, 
quantum dots

Bacteriophage, Ganoderma 
boninense

[58–61]

Enzymatic biosensors Gold nanostructured 
materials

Listeria monocytogenes [62,63]

Field-effect transistor–
based biosensors

Carbon nanomaterials, 
silicon nanowire

Dengue virus infection [59,64]

Electrochemical 
biosensor

Gold nanoparticles Salmonella, Escherichia coli [49,53,65,66]

Acoustic wave 
biosensors

Au, Pt, CdS, TiO2, 
polymers

E. coli [67]

Optical biosensors Glyconanoparticles, 
gold nanoparticles

E. coli, Mycobacterium avium [67–69]

Magnetic biosensors Greigite, iron oxide 
nanoparticles

E. coli, M. avium [38,67,70]

Graphene-based 
biosensors

Graphene E. coli [71]

Glutamate biosensor Nanoelectrode array E. coli [72,73]

Impedimetric 
biosensors

TiO2 nanowire L. monocytogenes, E. coli [74,75]
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electrode surfaces with novel NPs so as to obtain a rapid detection system with supe-
rior specificity. This improvement has encouraged research in NP-based biosensors, 
with applications in areas such as food safety, medical analysis, and environmen-
tal monitoring [65,76,77]. The application of nanotechnology in various sectors is 
explained in Figure 11.4.

11.3 � COMMERCIALLY EXISTING CHROMOGENIC SENSORS

Pathogen detection has become a significant requirement because of the large vol-
ume of various industrial products being manufactured. Compliance with parameters 
regarding the levels of pathogen contamination has been made a legal requirement 
because of the possible adverse biological reactions [78]. Hence, pathogen detec-
tion/quantification assumes a notable significance in clinical production, life science, 
and biomedical research [79]. The commercial availability of a variety of pathogen 
detection biosensors in the market clearly denotes the inevitability of rapid detection 
and monitoring of pathogens and their toxins in various sectors [1]. Commercially 
available chromogenic biosensors are listed in detail in Table 11.3, where every 
design offers a unique advantage over the previous one. Because of the attention on 
chromogenic detection, the limulus amebocyte lysate (LAL) assay is considered one 
of the preferred pathogenic detection systems [80]. A schematic diagram explain-
ing the mechanism of the LAL assay for pathogen detection is provided in Figure 
11.5. Alternatives to LAL in the form of kinetic turbidimetric, end point chromo-
genic, and kinetic chromogenic methods, as well as recombinant factor C attached 
to fluorescence are available. Among these, the kinetic turbidimetric type presents 
an inexpensive quantitative method for the detection of pathogen from water and 
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FIGURE 11.4  Application of nanotechnology in various sectors.
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clinical fluids. End point chromogenic LAL provides a smaller amount of product 
intrusion and more essentially is a quantitative investigation [81]. Kinetic chromo-
genic LAL has superior sensitivity coupled with little product intrusion (e.g., vac-
cines and other natural composites). Moving forward, to decrease the dependence 
on horseshoe crabs lysate, recombinant factor C is attached to fluorescence to reduce 
false-positive results with enhanced sensitivity [82].

As quick and perceptive recognition of pathogens is a key necessity for scientific 
works, a colorimetric enzyme–NP conjugate scheme for sensation of microbial con-
tamination has been reported. In this technique, cationic gold NPs featuring quater-
nary amine head groups are electrostatically bound to the enzyme β-galactosidase 
(β-Gal), hindering enzyme activity. Pathogenic bacteria attach to the NP and release 
β-Gal, restoring its activity and providing an enzyme-activated spectrophotomet-
ric reading [83]. A new commercial chromogenic method, the βLACTA assay, was 

TABLE 11.3
List of Commercially Available Biosensors

Company Kit Pathogen
Detection 

Limit (EU/ml)

Lonza BioScience Endotoxin detection Escherichia coli 0.1

Thermo Scientific Pierce LAL chromogenic 
endotoxin quantitation kit

Shigella 0.1

Gene script Toxin Sensor Chromogenic LAL 
endotoxin assay kit

Yersinia 0.005

Bioreliance LAL Endotoxin Testing Brucella suis 0.06

Sigma-Aldrich E-Toxate Kit E. coli 0.05

Thermo Scientific Pierce LAL chromogenic 
endotoxin quantitation kit

Listeria 
monocytogenes

0.1

Associates of Cape Cod Pyrosate kit E. coli 1.0

InvivoGen HEK-Blue LPS detection kit E. coli K 12 0.03

Limulus
lysate

Chromogenic
substrate

Colyophilized
chromogenic

lysate

Released
color

product

Chromogenic
detection

Endotoxin

Binding

FIGURE 11.5  Schematic diagram explaining the mechanism of LAL assay.
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developed to detect nonsusceptibility to ceftazidime in Pseudomonas aeruginosa. 
This swift technique was sensitive (95%) and precise (87%) and offered negative 
and positive prognostic values of 99% and 100%, respectively [84]. A search on the 
term chromogenic biosensors during the period 2003–2013, using the SCI database, 
evidently represents a linear increase in manuscripts available on chromogenic bio-
sensors, with the highest number of papers available for the year 2013 (Figure 11.6).

11.4 � DETECTION OF PATHOGENS

Pathogen detection is of the utmost importance in many fields demanding rapid sens-
ing and quantifying. Hence, a wide variety of miscellaneous chromogenic methods, 
using different techniques, has been tested for detecting pathogens or their toxins. 
Biosensors have been applied for a variety of applications, and chromogenic biosen-
sors have achieved the most significant progress in this area. In this context, chro-
mogenic sensing techniques are based on the change on absorption of UV/visible/
infrared light in response to biochemical reactions.

11.4.1 � Optical Detection

Optical sensors are largely noted for direct or indirect sensing of microbial strains 
and their toxins [85]. Access to a large number of substrates and diverse spectro-
chemical methods has made optical sensors widely available. Optical sensors can 
detect minute changes in spectophotometric parameters, such as refractive index or 
turbidity on a transducer surface, and are further differentiated into fluorescence and 
surface plasmon resonance (SPR) [1].
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FIGURE 11.6  Graph of a search on the term chromogenic biosensors during the period 
2003–2013, using the SCI database. This graph clearly depicts a linear increase in manu-
scripts published on Chromogenic biosensor with the highest number of papers published in 
the year 2013.
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11.4.2 � Fluorescence Detection

Fluorescence is an instance in which a fluorophore absorbs light and releases radi-
ance in a visible sequence. Since there is failure of radiative energy, the fluores-
cent light is always at a longer wavelength than the absorbed light, which is called 
Stokes shift [86,87]. Monitoring of toxins from Listeria species using a fluorescent 
technique has reached a detection limit of 10 ng/ml [88] and can simultaneously 
detect E. coli and Staphylococcus aureus with a lower detection limit of 102 cells 
[89]. Additional instantaneous detection has been achieved using CAT-FISH (cap-
ture antibody targeted fluorescence in situ hybridization) developed to detect both E. 
coli O157:H7 and S. aureus [90]. A chemiluminescence-based pathogen recognition 
was accounted with a monitoring limit of 0.017–1.6 EU/ml [91], and a luminescence-
based sensing technique for endotoxin monitoring has been reported by Hreniak et 
al. [92] for Hafnia alvei PCM 1186 strain. Endotoxin units per milliliter (EU/ml) 
is a measurement of endotoxin concentration as compared to a precise amount of 
reference endotoxin; 1 EU/ml is approximately equal to 0.1 ng/ml. A novel patho-
gen monitoring biosensor using bioluminescence from mutant luciferase enzyme has 
been reported at a detection limit of 0.0005 EU/ml [5]. A completely innovative colo-
rimetric and fluorometric sensor capable of optical recognition of endotoxin with a 
detection limit of 270 pM has been reported by Lan et al. [93].

11.4.3 �S urface Plasmon Resonance

SPR is a responsive technique for detecting quantifiable changes in refractive index 
caused by structural alterations of a thin metal surface [94]. SPR involves the combined 
oscillation of electrons in a solid or liquid stimulated by incident light. SPR occurs when 
polarized light hits an electrically conducting exterior at the edge involving two media. 
This produces electron charge-thickness waves called plasmons, decreasing the intensity 
of reflected light at a precise angle, called the resonance angle, in proportion to the mass 
on a sensor surface. SPR-based biosensors are used in detecting Salmonella [95], while 
the use a gold nanorod–based optical DNA biosensor for the detection of pathogens like 
Chlamydia trachomatis has been reported. SPR using bacteriophage as bioreceptors 
has been successfully used to detect E. coli O157:H7 and methicillin-resistant S. aureus 
[96]. Reports on the necessity of endotoxin to CD14 have surfaced, which can later be 
developed to create a working biosensor [97]. There have also been reports of advanced 
immediate endotoxin detection using the antibiotic peptide polymyxin B to detect endo-
toxins with a sensitivity as low as 0.2–0.8 ng/ml [98]. Original techniques with planar 
interdigital sensors and polymyxin B as bioreceptors are harnessed with a detection limit 
of 0.05 EU/ml [99]. Recent reports suggest that extremely discriminating microbial bio-
sensors can be designed by inducing a desired microbe metabolic pathway and by adapt-
ing them to the substrate of interest, using selected conditions of cell culturing [100].

11.5 � CONCLUSION AND OUTLOOK

Conventional pathogen-detecting techniques are responsive but are slow and usually 
take 24 to 48 h, which makes them unreliable for diagnostic requirements. Hence 
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original methods with novel advances have to be considered to overcome the draw-
backs of the existing protocols. Chromogenic sensors escorting with their range of 
diverse spectrochemical properties, fluorogenic and chromogenic substrates, utiliz-
ing specific enzymatic activities are no doubt strong contenders but their elevated 
price and other intricacy issues fetch them to back foot. Due to its trimness, low 
cost, reusability, easy disposable, rapid sensing and frequent commercial relevance 
chromogenic biosensors are of marked accomplishment.

With the potential brought about by the diverse nature of nanomaterials, recent 
developments in the production and refinement of nanosensors will improve our 
understanding of these materials and will broaden their usefulness in biosensors. 
In conclusion, it is clear that nanotechnology will offer numerous advantages for 
the detection of pathogens, and constant progress of these biosensing technologies 
will be a particular boon to clinical science. Biosensor technology is not only cost-
effective but also lightweight and compact. Certainly, the efficiency and production 
of compact biosensors as diagnostic devices is a flourishing research area and the 
potential applications are countless.
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12 Electrochemical 
Biosensors for Detecting 
DNA Damage and 
Genotoxicity

Ali A. Ensafi and Esmaeil Heydari-Bafrooei

ABSTRACT

Biosensors based on biorecognition events occurring in monolayer or thin-film 
assemblies on electronic transducers represent an important recent advance in 
bioelectronics. DNA biosensors constitute an important class of point-of-care 
diagnostic devices because they are capable of converting the Watson–Crick 
base pair recognition event signal into an interpretable analytical signal in a 
shorter time compared with other methods, thereby producing accurate and 
sensitive results. The emergence of nanotechnology is opening new horizons 
for the application of nanomaterials in bioelectroanalytical chemistry. The 
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use of nanomaterials in DNA biosensors has taken off rapidly and will surely 
continue to expand. The unique properties of nanoparticles, nanotubes, and 
nanowires offer excellent prospects for developing novel nanomaterial-based 
electrochemical DNA biosensors. Because of their high surface area, non-
toxicity, biocompatibility, and charge-sensitive conductance, nanomaterials 
serve as effective transducers in nanoscale DNA biosensing and bioelectronic 
devices. This chapter describes new signal amplification and coding strategies 
for electrochemical DNA damage detection based on the use of nanomaterials.

Keywords: DNA damage, Biosensor, Electrochemical, Genotoxicity, 
Dendrimers, Carbon nanotubes.

12.1 � INTRODUCTION

Electrochemistry is superior in a number of ways to other existing measurement sys-
tems. Moreover, electrochemical measurement protocols are suitable for mass fabri-
cation of miniaturized devices. For example, electrochemical biosensors can provide 
rapid, simple, and low-cost on-field detection. They offer sensitive and selective means 
of detecting selected DNA sequences, DNA damage, or mutated genes associated 
with human diseases. DNA-based electrochemical sensors exploit a range of different 
chemistries, but all take advantage of nanoscale interactions between the target or the 
damaging agent in solution, the recognition layer, and a solid electrode surface.

It is commonly established that nucleic acid bases undergo reduction and oxidation at 
the surface of electrodes. Studies of long-chain DNA and RNA molecules have shown 
that the electrochemical signals of these molecules can be significantly influenced by 
their ordered higher structures. Electrochemical methods can, therefore, be employed 
both to detect minor damage to the DNA double helix and to study structural tran-
sitions in nucleic acids. Various kinds of nucleic acid interactions can be studied by 
electrochemical methods. Binding of electroactive substances to DNA can be mani-
fested by changes in their signals. Both electroactive and electroinactive compounds 
may affect the nucleic acid signals, particularly if their binding results in changes of the 
DNA structure. It was probably in the 1980s that the first DNA-modified electrode was 
used, and a few years later, supercoiled DNA, rather than linear DNA, was immobi-
lized on the electrode surface to create a new tool for sensing DNA damage.

Numerous approaches have been developed for electrochemical detection, 
including direct electrochemistry of DNA, electrochemistry at polymer-modified 
electrodes, electrochemistry of DNA-specific redox reporters, and electrochemical 
devices based on DNA-mediated charge transport chemistry. However, electrochem-
ical amplifications with nanoparticles have been identified as one of the best strate-
gies for the enhancement of biosensor sensitivity. Recent studies have demonstrated 
that nanomaterials not only are capable of enhancing the electrochemical reactivity 
of important biomolecules but also can promote the electron-transfer reactions of 
DNA. In addition to enhanced electrochemical reactivity, nanomaterial-modified 
electrodes have been used to accumulate important biomolecules (e.g., nucleic acids) 
and to alleviate surface fouling effects. The remarkable sensitivity of nanomaterials 
to surface adsorbates enables them to be used as highly sensitive nanoscale sensors. 
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These properties make them extremely attractive for a wide range of applications as 
electrochemical DNA biosensors. It is the aim of this chapter to describe new signal 
amplification and DNA immobilization strategies for electrical DNA damage detec-
tion based on the use of nanomaterials.

12.2 � DNA DAMAGE

DNA is under constant attack from endogenous or exogenous reactive chemical spe-
cies that produce a wide range of chemical lesions. The relationships between cel-
lular DNA damage caused by endogenous and environmental genotoxic agents, the 
cellular response, and the development and prevention of human diseases and aging 
are areas of great current interest in medical, biological, and chemical research [1]. 
It has been estimated that there are tens of thousands of DNA-damaging events per 
day suffered by approximately 1013 cells within the human body [2] and that DNA 
damage associated with endogenous species is more extensive (greater than 75%) 
than that caused by environmental factors [3].

The sources of DNA damage can be divided into three classes. The first class 
of lesions is attributed to spontaneous causes, which include mechanisms such as 
deamination of cytosine to uracile, or 5-methyl cytosine leading to thymine or spon-
taneous depurination or enzyme-mediated base removal that can produce basic sites. 
Another example is provided by mismatches or insertions/deletions erroneously 
introduced by polymerases during DNA replication. The second class of lesions is 
attributed to reactive species endogenously generated by physiological or pathological 
processes (such as mitochondrial respiration, inflammation, or infectious diseases). 
These processes can alter DNA’s primary structure, for instance, through oxidation 
of DNA or formation of basic sites. Reactive oxygen species, reactive nitrogen spe-
cies, or lipid peroxidation products are classic examples of these factors. These reac-
tive intermediates are produced under conditions of oxidative stress, a consequence 
of normal metabolic activity, and the inflammatory response [3,4]. The third class of 
lesions is attributed to exogenous physical or chemical agents that are able to gener-
ate a large variety of lesions including strand breaks (damaging the phosphodiester 
backbone of DNA), DNA bulky adducts, or DNA cross-links. For example, ionizing 
radiation can induce single- and double-strand breaks and exposure to UV light can 
produce pyrimidine dimers, while a variety of bulky adducts are formed upon DNA 
interactions with metabolically activated carcinogens such as aromatic amines or 
polycyclic aromatic hydrocarbons. The principal sources of exogenous alkylating 
agents are industrial processes, tobacco smoke, and dietary components. It is worth 
noting that some of these agents are voluntarily administered to cancer patients in 
order to treat tumors, using strategies such as radiotherapy or alkylating drug-based 
chemotherapies [4]. The occurrence of lesions in DNA produces structural and 
dynamic changes in DNA, which impair its function and initiate a complex series of 
molecular and cellular reactions comprising deleterious events leading to cell death 
or mutagenesis and defensive mechanisms requiring cell cycle arrest, DNA remodel-
ing, and DNA repair. Different lesions are repaired via different pathways. Damaged 
bases or base mismatches are excised by the action of N-glycosylases or nucleases 
(in base excision repair, nucleotide excision repair, or mismatch repair) while highly 
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cytotoxic double-strand breaks are repaired in the course of a mechanism involv-
ing DNA recombination. Extensive DNA damage that would be hardly repairable 
frequently induces programmed cell death (apoptosis). Unrepaired DNA lesions can 
promote genetic alterations (mutations) that may be linked to an altered phenotype, 
and, if growth-controlling genes are involved, these mutations can lead to cell trans-
formation and the development of malignant tumors. Proto-oncogenes and tumor 
suppressor genes may be critical targets for DNA damaging agents.

12.3 � CURRENT METHODS OF DNA DAMAGE DETECTION

Detection and analysis of DNA damage are of critical importance in a variety of 
biological disciplines studying apoptosis, cell cycle and cell division, carcinogenesis, 
tumor growth, embryogenesis and aging, neurodegenerative and heart diseases, anti-
cancer drug development, and environmental and radiobiological research, among 
others. Over a period of a few decades, a number of methods have been invented to 
detect DNA damage in various organisms. To measure DNA damage by most of the 
currently available chromatographic methods, the isolated DNA is hydrolyzed and 
the hydrolysate is subsequently prepared for analysis by high-performance liquid 
chromatography [5–9], gas chromatography [10], or capillary electrophoresis [11] 
combined with different detection techniques. These methods are highly sensitive, 
allowing for detection of one damaged base among 107 normal ones [7] but may 
suffer from false positives arising from additional DNA oxidation during sample 
preparation [5–12]. In some procedures, DNA is exposed to elevated temperatures 
(e.g., in acidic hydrolysis and in derivatization for gas chromatography–mass spec-
trometry [GC-MS]) and prooxidant chemicals such as phenol. Therefore, isolation, 
hydrolysis, and analysis all have the potential to cause further artifactual oxidation 
of DNA (especially of guanine residues), raising the apparent level of base oxidation 
products and invalidating the measurement. For example, levels of 8-oxoguanine 
(8-OHG) (a product of oxidative DNA damage) in acid-hydrolyzed calf thymus DNA 
by GC-MS techniques are often, but not always, higher than those measured (as 
8-OHG) by other methods after enzymic DNA hydrolysis [13,14]. The discrepancy is 
usually attributed to the artifactual oxidation of guanine during preparation of DNA 
for GC-MS analysis.

In the other group of techniques, changes in the features of whole DNA mol-
ecules (i.e., without complete hydrolysis) upon their damage are monitored. For 
example, comet assay also called “single cell gel electrophoresis” is a technique for 
the detection of DNA damage and repair at the level of single cells, which is one of 
the most advanced techniques introduced to the agricultural sciences in recent years. 
Isolated DNA from cells are embedded in a thin agarose gel on a microscope slide 
and unwound in a suitable buffer to be exposed to a weak electric field for attract-
ing broken, negatively charged DNA toward the anode. After electrophoresis, the 
migrated DNA fragments stained with a fluorescent dye would resemble a shape 
of a comet observed by fluorescence microscopy. The extent of comet-like shapes 
would indicate the level of DNA damage in cells. The intensity of comet tail relative 
to the head would also reflect the extent of DNA damage numerically. Polymerase 
chain reaction (PCR), halo, terminal deoxyribonucleotidyl transferase–mediated 
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deoxyuridine triphosphate nick end labeling (TUNEL assay), fluorescence in situ 
hybridization, flow cytometry, Annexin V labeling, immunological assay including 
immunofluorescent and chemiluminescence thymine dimer detection, immunohis-
tochemical assay, enzyme-linked immunosorbent assay, and radio immunoassay are 
other methods available for detecting different kinds of DNA damage but with some 
or other limitations.

12.4 � ELECTROCHEMICAL DETECTION OF DNA DAMAGE

Developing accurate assays for DNA damage has attracted increased attention 
among analytical chemists. The challenge is that any new and fast assay must have 
sufficient sensitivity to detect one damaged nucleotide in 104–107 intact nucleotide 
residues, depending on the type of lesion, in microgram amounts of DNA [15–17].

The development of electrochemical transducer–based devices for determining 
nucleotide sequences and measuring DNA damage began slowly, but recent progress 
is encouraging. The main advantages of these devices are their low cost, simple design, 
small dimensions, and low power requirements. Altered chemical, physicochemical, 
and structural properties of the damaged DNA are reflected in its redox behavior, 
which is utilized in numerous DNA damage detection techniques. Electrochemical 
DNA-based biosensors have been used not only to detect but also to induce and 
control DNA damage at the electrode surface via electrochemical generation of the 
damaging (usually radical) species [18]. These devices have been employed to study 
such chemicals and drugs as niclosamide, adriamycin, benznidazole, thiophene-S-
oxide, and nitroderivatives of polycyclic aromatic compounds [19,20].

The electronic transduction of nucleic acid/DNA complexes on electronic trans-
ducers such as electrodes or semiconductors could provide a device for DNA dam-
age detection. An electrochemical sensor for detecting DNA damage consists of an 
electrode with DNA on its surface (Figure 12.1). These devices enable researchers 
to study the interaction of DNA immobilized on the electrode surface and the ana-
lytes in solution, with DNA acting as a promoter between the electrode and the 
biological molecule under study. Interactions of the surface-confined DNA with a 
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FIGURE 12.1  Schematic diagram showing the main components of a DNA-based electro-
chemical biosensor.
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DNA-damaging agent are converted, via changes in the electrochemical properties 
of the DNA recognition layer, into measurable electrical signals [21]. The interaction 
of a number of substances with DNA has been successfully studied using such bio-
sensors, and the interpretation of the results has contributed to the elucidation of the 
mechanisms by which DNA is damaged by hazardous compounds [22,23].

In using an electrochemical transducer, the analyte must be necessarily electro-
active; that is, it should be capable of undergoing heterogeneous electron transfer 
reactions. The four different bases of DNA (the purines, adenine [A] and guanine 
[G], and pyrimidines, thymine [T] and cytosine [C]) are all electroactive. At most 
types of electrodes, deoxyribose and ribose in nucleosides and nucleotides as well as 
the phosphate groups in the sugar-phosphate backbone are electroinactive unlike the 
bases that are able to undergo electroreduction or electrooxidation.

A critical issue in the development of a DNA electrochemical biosensor is the 
sensor material and the degree of surface coverage that influences directly the sensor 
response. Electrode surface characteristics, therefore, represent an important aspect 
of the construction of sensitive DNA electrochemical biosensors for rapid detection 
of DNA interaction and damage. Nucleic acids, and particularly DNA, have been 
analyzed primarily with liquid mercury and solid carbon electrodes [24–26], includ-
ing the recently applied boron-doped diamond electrodes [27]. Several studies have 
also been conducted with other electrodes such as gold, copper, silver, and platinum. 
More recently, gold, carbon, indium tin oxide (ITO), solid amalgam electrodes, and 
mercury film electrodes are gaining importance in connection with the development 
of DNA sensors. Compared to mercury-containing electrodes, the potential windows 
of most of the solid electrodes are shifted by approximately 1 V to more positive 
values. The latter electrodes are thus better suited for studying nucleic acid oxida-
tion, while mercury-containing electrodes (both liquid and solid) are better suited for 
investigating reduction of nucleic acids and their binders. The atomically smooth and 
highly reproducible surfaces of liquid mercury are particularly suitable for alternat-
ing current (ac) impedance measurements, including the impedance spectroscopy, 
which can provide important information about DNA and RNA interfacial proper-
ties (Reference [28] and references therein).

12.4.1 � DNA-Modified Electrodes

Earlier DNA biosensor applications typically involved a solution phase (DNA solu-
tion) [17,29]. Over the last decade, however, researchers have focused on the ordered 
structure of DNA onto the sensor surface because of its high sensitivity for detecting 
the target DNA. For this reason, scientists prefer synthetic and short DNA fragments 
with known base sequences related to genetic diseases or microorganisms such as 
viruses and bacteria. Typical DNA probes take 15 to 25 base pairs long that are 
able to detect their target sequences. Besides the probe, calf thymus and salmon 
sperm double-stranded or single-stranded DNA (dsDNA and ssDNA, respectively) 
molecules have also been immobilized onto the recognition element of a biosensor. 
Looked at from the viewpoint of DNA damage, dsDNA has been used in numerous 
sensor applications [16] for the detection of DNA damages based on the electro-
chemical signals of nucleic acids, especially guanine.
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DNA immobilization onto the transducer is also a key issue in the construction of 
biosensing devices. The choice of the immobilization method depends mainly on the 
biomolecule to be immobilized, the nature of the solid surface, and the transducing 
mechanism [30]. In addition to the sensitivity of the electrochemical transducer, its 
ability to provide a stable immobilization environment while retaining its bioactiv-
ity must also be considered: a current problem regarding the immobilized biomol-
ecules is the lack of stability and activity in the solid transducer, which is usually 
overwhelmed by mimicking the in vivo-like environment or the use of spacer arms. 
Control of the DNA binding surface in terms of surface orientation and coverage 
is essential for the sensitive monitoring of DNA–DNA and compound–DNA inter-
actions by electrochemistry. The most successful immobilization methods involve 
adsorption and covalent attachment.

The adsorption method at a controlled potential or without applying a potential, 
called “wet adsorption” [31,32], is the easiest way to immobilize DNA onto car-
bon transducers [33,34]. In the adsorption-based immobilization technique, there is 
no need for special reagents, expensive labeled nucleic acids, or long experimental 
steps. However, random immobilization of DNA is achieved with this technique and 
nucleic acids bind weakly onto the surface in parallel layers. Additionally, it is pos-
sible to agglomerate DNA onto the surface and the noncovalently bound DNA can 
be removed from the transducer surface when the electrode is rinsed stringently. Wet 
adsorption initiates a weak binding that causes easy desorption of the biomolecule 
from the surface, to leach eventually into the sample solution during measurements. 
However, dry adsorption also promotes hydrophobic bonds and more stable adsorbed 
layers on solid surfaces. Furthermore, the adsorption properties of DNA on various 
supports (e.g., nylon or nitrocellulose) have been known for a long time [35]. The 
binding forces involving physical adsorption include hydrogen bonds, electrostatic 
interaction, van der Waals forces, and hydrophobic interactions if water molecules 
are excluded by dryness [36].

The other method for the immobilization of DNA onto surfaces is covalent 
attachment. Pividori and Alegret were the first to bind DNA to a pretreated elec-
trode via covalent attachment using carbodiimide molecules [37] followed by bind-
ing DNA to the surface from its guanine bases. This method was later improved 
by adding the N-hydroxysulfosuccinimide reagent in order to activate the carboxyl 
groups on the carbon electrode. Single-stranded amino-linked DNA or label-free 
short DNA sequences are thus bound to these groups by their amino tags [38] and 
deoxyguanosine residues, respectively [37]. On the other hand, covalent agents can 
also be applied to the untreated carbon surface directly before DNA immobilization 
onto activated sites of carbodiimide compounds [38].

12.4.2 � Detection of DNA Cleavage Using DNA-Based Biosensors

Besides electrophoretic techniques [39–41] and methods based on determination of 
the ends of polynucleotide chains (such as the TUNEL test [42–44]), cleavage of DNA 
sugar-phosphate backbone can be detected by electrochemical DNA–based biosen-
sors. These biosensors are based on the strong dependence of accessibility of DNA 
bases to the transducer surface and DNA conformation and include highly sensitive 
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detection of the strand break formation using mercury electrodes [22,39,45–49] and 
other techniques suitable for monitoring deeper DNA degradation employing solid 
(primarily carbon) electrodes [50–54]. These methods are based either on measure-
ments of intrinsic guanine oxidation signal or on application of redox indicators of 
DNA degradation.

Mercury-based DNA biosensors are able to discriminate between DNA mol-
ecules containing and lacking free chain ends when free ends produce specific 
electrochemical responses under certain conditions. Detection of the strand break 
at the hanging mercury drop electrode (HMDE) is highly sensitive. By using ac 
voltammetry, one strand break is detected among more than 2 × 105 nucleotides 
[51]. In undamaged dsDNA, the nucleobases are secreted in the double helix center, 
resulting in weak electroactivity of the undamaged DNA and a notable dependence 
of the intensity of specific DNA signals on the formation of the strand break facili-
tating communication of the base residues with the mercury surface (reviewed in 
References [16,22,39,52–55]).

In addition to measurement of intrinsic DNA oxidation response, the redox 
indicator–based sensor was developed for the detection of DNA strand break using 
solid electrodes. This technique is based on the selective binding of a metalloin-
tercalator [Co(phen)3]3+ to dsDNA at the carbon electrode surface, resulting in 
enhancement of its voltammetric signals. Deep degradation of DNA during the step 
of biosensor incubation for a given time (minutes to hours) in the cleavage medium 
under investigation, after the medium exchange for the follow-up electrochemical 
measurement, results in a decreased voltammetric response of the metal complex 
indicator that binds to DNA (such as [Co(phen)3]3+ [56–59]) or into enhancement of the 
voltammetric response of the negatively charged metal complex like [Fe(CN)6]3−/4−, 
which is repulsed by the negatively charged DNA layer, depending on the degree of 
DNA damage [60,61]. Change in the indicator electrochemical response depends on 
the portion of DNA damaged in the cleavage reaction. Since affinity of the cobalt 
redox marker to the degraded DNA is much lower than that to the intact dsDNA, 
the decrease in its voltammetric peak represents the response to the DNA damage. 
This scheme was applied, for example, in detecting DNA damage by chemical nucle-
ases such as copper, 1,10-phenanthroline complex [50], or in studies of antioxidative 
properties of yeast polysaccharides [62], flavonoids [51,53], or plant extracts [52].

12.4.3 � Detection of Damage to DNA Bases 
Using DNA-Based Biosensors

The most common and perhaps the most important type of DNA damage is base 
damage, which occurs at the rate of several thousand base pairs per cell per day 
in humans [63]. This damage is primarily caused by endogenous metabolic and 
immune processes rather than environmental toxins, with the exception of UV dam-
age to the skin from sunlight and oxidative damage to lung and blood from smoking 
[64,65]. Because of the susceptibility of the guanine base to damage by a broad range 
of genotoxic agents [66–68] and its well-defined electrochemistry at both carbon and 
mercury electrodes, guanine redox peaks have been frequently utilized as transduc-
tion signals in DNA biosensors for the detection of base damage [69–76]. Decrease 
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in the guanine peak current relative to that yielded by intact DNA represents the 
response to damage to the nucleobase or its release from the polynucleotide chains, 
which is an event often following modifications within the guanine imidazole ring. 
Since natural DNA contains many guanine residues, partial decrease in the guanine 
peaks is usually observed, depending on the extent of DNA damage.

Alkylation of guanine results in a decrease of DNA redox peak guanine mea-
sured also by cyclic voltammetry (CV), squarewave voltammetry, or electrochemi-
cal impedance spectroscopy (EIS) at the mercury and carbon electrodes. Using this 
signal, DNA modification by different methylation agents such as dimethyl sulfate 
(DMS) and mitomycin C (MC) was studied both in solution and at the mercury and 
carbon surfaces [77,78]. Decrease in the same signal was observed because of DNA 
modification by thiotepa [76], platinum complexes [79], hydrazine derivatives [70], 
polychlorinated biphenyls, aflatoxins, anthracenes, acridines, phenol compounds 
[71,80–82], ultraviolet light [83], arsenic oxide [76], and so on. Besides the low 
specificity of this type of response, the general problem of relatively low sensitivity 
is connected with the signal-off approach. These types of DNA sensors are rela-
tively simple, do not require mercury electrodes, and can work with relatively poorly 
defined, inexpensive, commercially available DNAs.

Better results (regarding sensitivity and obviously specificity as well) can be 
obtained when a DNA lesion yields products that show characteristic electrochemi-
cal activity possessing a new signal. For example, 8-OHG, one of the most abundant 
products of oxidative DNA damage, is electrochemically oxidized at carbon elec-
trodes at a potential significantly less positive than the parent guanine base [19,20,56]. 
This approach exhibits much better sensitivity and specificity. Electrooxidation of 
8-OHG was recently studied at different solid electrodes, including carbon, gold, 
platinum, and tin oxide [84]. The oxidation signal of 8-OHG appeared because of the 
adriamycin-mediated oxidative damage of DNA deposited at the glassy carbon elec-
trode (GCE) [85]. The complexes of osmium (such as [Os(bipy)3]3+) and ruthenium 
with different redox potentials have been shown as electrocatalysts for 8-OHG and 
guanine, respectively [86,87].

Chemically modified DNA may acquire specific electrochemical features because 
of the substances forming bulky adducts with it. A clinically used antitumor agent, 
MC, covalently binds primarily to G residues, forming interstrand or intrastrand 
cross-links (Refs. [72,73,88] and references therein). The MC moiety involves revers-
ibly electroreducible quinone moiety. Interactions of acid-activated or reductively 
activated MC with DNA were investigated by means of CV and EIS [72], including 
studies of electrochemical MC activation [72,88].

Chemical modification of DNA base residues may be referred to as changes in the 
DNA double helix structure, including its opening break of the Watson–Crick pair-
ing of the damaged or adjacent bases, formation of base mismatches, and so forth 
[67,69,74]. These events may influence the behavior of the damaged DNA at elec-
trode surfaces in DNA-based biosensors. For example, the conformational change of 
DNA arising from its UV-induced damage has been observed to influence the inten-
sity of amperometric signals related to DNA interactions with polypyrrole-modified 
electrodes [89]. Accessibility of guanine residues for their oxidation at solid elec-
trodes may also be improved because of the disturbance in the dsDNA structure. 

  



298 Biological and Pharmaceutical Applications of Nanomaterials

Enhancement of the electrocatalytic current of guanine owing to the ruthenium 
chelate-mediated guanine oxidation or of the electrogenerated chemiluminescence 
signal [90,91] was reportedly observed as responses to the DNA damage.

DNA base damages can be detected enzymatically using electrochemical DNA–
based biosensors. It has been shown that basic sites can be detected by ac voltamme-
try at the HMDE after DNA enzymatic digestion by Escherichia coli exonuclease 
III [92,93], an enzyme introducing ssb next to basic lesions, followed by exonu-
cleolytic degradation of one strand of DNA. This procedure allowed for the detec-
tion of small extents of base changes, not detectable without enzymatic digestion, 
and was successfully applied to probe base lesions induced by DMS or UV light 
in living bacterial cells [93]. Multilayer assemblies of cationic redox-active poly-
mer films, DNA, and hemoproteins at carbon electrodes have also been designed 
for testing the genotoxic activity of various chemicals [94]. In these devices, lay-
ers of enzymatically active hemoproteins mimic metabolic carcinogen activation 
processes (e.g., styrene is enzymatically converted to styrene oxide). The activated 
species diffuse into the DNA layer and attack guanine residues, and the damaged 
DNA double helix is indicated by using guanine oxidation mediated by the aca-
tionic polymeric film.

An electrochemical biosensor using a hairpin DNA with an oxidizable ferrocene 
label has been introduced for the detection of activities of enzymes such as nucleases 
(generating single-strand breaks) and DNA ligases (sealing the break) [95]. At a 
single-strand break in the duplex part of the hairpin structure, the ferrocene-labeled 
segment was removed under conditions of denaturation with diminution of the cur-
rent signal. In the presence of ligase activity, the break was joined, preventing the 
removal of the ferrocene-labeled segment.

12.4.4 � Detection of DNA Association Interactions 
Using DNA-Based Biosensors

A variety of small molecules are known to interact reversibly with dsDNA through 
one of the following three modes: (i) electrostatic interactions with the negatively 
charged nucleic sugar-phosphate structure, (ii) groove binding interactions, or 
(iii) intercalations between the stacked base pairs of dsDNA [96,97]. A quantitative 
understanding of the reasons determining the selection of DNA reaction sites is use-
ful in designing sequence-specific DNA binding molecules for application in chemo-
therapy and in explaining the mechanism involved in the action of neoplastic drugs 
[98]. It is very important to explain the factors that determine affinity and selectivity 
in binding molecules to DNA and research on metal ion–nucleic acid complexes 
advanced when the antitumor activities of platinum (II) compounds were discovered. 
The action of many carcinogens, cytostatics, environmental pollutants, and so forth 
involves reversible binding to DNA. DNA association interactions are of interest 
for chemistry, molecular biology, and medicine, particularly for drug discovery and 
environmental/medical processes [99,100]. They concern association with both inor-
ganic and organic compounds as well as various types of assisted interactions such 
as metal and metal complex–DNA chemistry [22]. DNA-based biosensors serve as 
effective screening tools for in vitro tests of this large group of DNA interactions. 
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Formation of noncovalent DNA complexes with small molecules can be detected 
via changes in the electrochemical behavior of both the binders and the DNA. Upon 
binding to large molecules of DNA, apparent diffusion coefficients of the binder 
decrease, and altered mass transport of these species influences its electrochemi-
cal signals [101–105]. This phenomenon has been used to determine association/
dissociation constants of the binder–DNA complexes. Peak potentials of the bind-
ers may also be changed upon complex formation, depending on the binding mode 
[106]. Voltammetric studies of complexes and the associates of toxic heavy met-
als (lead, cadmium [103,107], copper [108,109], mercury [110], nickel [111]) or their 
complexes ([Co(NH3)6]3+ [112], dimeric rhodium complexes [113]) with DNA and its 
components have been studied electrochemically at mercury as well as solid elec-
trodes. Association interactions (and especially intercalations) may induce remark-
able changes in the dsDNA conformation, including DNA unwinding and increasing 
accessibility of the base residues to the environment. These phenomena are often 
connected with alterations in the intrinsic DNA redox or tensametric signals at car-
bon or mercury electrodes.

Impedimetric measurements also provide the possibility for detecting electro-
chemically inactive analytes, which do not bring about noticeable changes in the 
guanine oxidation current [114,115]. Recently, impedimetry performed in the pres-
ence of intercalators has been reported to specify the type of DNA interactions [116].

Electrodes modified with dsDNA have been used as sensors for various revers-
ibly binding substances. Interactions of intercalators or cationic groove binders with 
the DNA recognition layer result in accumulation of these substances at the DNA-
modified electrode, resulting in enhanced binder electrochemical signals. Aromatic 
amines, important environmental carcinogens, were sensitively detected upon their 
accumulation within dsDNA anchored at the electrode surfaces [69,81,117].

12.5 � NANOMATERIAL-BASED AMPLIFIED ELECTROCHEMICAL 
DETECTION OF DNA DAMAGE

The high-throughput analysis of DNA damage has enormous diagnostic significance 
for the early detection of genetic disorders in embryos or newborns or for the contin-
uous detection of mutations that lead to fatal diseases such as cancer. Recent accom-
plishments in nanotechnology and the discovery of nanoparticles have led to new 
approaches to the electrochemical detection of DNA damage. Nanomaterials have a 
number of features such as high surface area, high reactivity, easy dispersibility, and 
rapid fabrication that make them ideally suited for sensor applications.

12.5.1 � Dendrimers

The biocompatibility of dendrimers along with their enhanced surface area allows for 
increased immobilization of DNA on the dendrimer-modified electrode, which can 
result in a higher sensitivity in the detection of DNA damage [117]. Polyamidoamine 
(PAMAM) and poly(propylimine) dendrimers possessing amine end groups are 
highly suitable for use as DNA biosensors. Very few studies on the exploitation of den-
drimers in electrochemical DNA biosensors for the detection of DNA damage have 
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been reported in the literature. Recently, a DNA biosensor using a fourth-generation 
PAMAM dendrimer has been reported [118]. The biosensor was fabricated by immo-
bilizing dsDNA on a thin layer of dendrimer-encapsulated bimetallic nanoparticles 
(Au-Pd) in a chitosan composite on a GCE (Scheme 1). Using this biosensor as an 
oxidation target and utilizing a Fenton-type reaction as a method of inducing DNA 
damage by generating OH radicals, it was possible both to detect DNA damage and 
to assess the antioxidant capacity of sericin. This was accomplished in two stages. 
First, a dsDNA/PAMAM-Au-Pd/GCE biosensor was immersed in an acetate buffer 
to obtain the guanine oxidation peak that was recorded in the acetate buffer as a 
blank signal (Ipblank). Second, another dsDNA/PAMAM-Au-Pd/GCE biosensor was 
immersed in a reagent solution containing iron/EDTA ions and hydrogen peroxide 
(Fenton reagent for producing OH radical) in the absence and presence of sericin, 
respectively. After a short time, the electrode was washed and then immersed in the 
acetate buffer to obtain the electrochemical response to guanine oxidation. The peak 
currents in the acetate buffer in the absence (Ipa) or presence of an antioxidant (Ipp) 
were recorded. The scavenging percentage of hydroxyl radical (OH) by sericin was 
calculated using the following equation:

	
I I

I I
pp pa

pblank pa

−

−
×100%.	

The prominent feature of the approach is that this linker system is able to enhance 
the immobilized amount of DNA strands, enlarge the electrochemical signal of DNA 
indicator, increase the sensitivity for DNA detection, and increase biosensor stability 
[118].

In another study, the covalent immobilization method was employed to construct a 
DNA biosensor based on a PAMAM-modified gold electrode using differential pulse 
voltammetry (DPV) and daunomycin as the electroactive indicator [119]. Chemical 
modification of the gold electrode was carried out by treatment with mercaptoacetic 
acid for 2 h at room temperature. The electrode was then immersed in a solution 
containing appropriate quantities of dendrimer and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC). The presence of EDC is very essential for 
the firm anchorage of the dendrimer to the electrode surface. In the presence of 
EDC, peptide bond formation takes place between the PAMAM dendrimer mole-
cules and the surface-attached thiol species. Immobilization of DNA was performed 
by immersing the electrode in the oligonucleotide solution containing EDC in the 
acetate buffer at pH 5.2 for 10 h. The DPV measurements were conducted from −0.1 
to +0.5 V versus SCE in a phosphate buffer solution. The peak current at +0.23 V 
corresponding to the oxidation of daunomycin was taken as the electrochemical 
measurement signal. The daunomycin-intercalated DNA duplex electrode gave an 
increased electrochemical response.

Recently, a DNA biosensor using a first-generation PAMAM dendrimer has been 
reported [120]. In this study, instead of the gold electrode, a preoxidized GCE was 
used to form the dendrimer-modified electrode using N-hydroxysuccinimide and 
EDC as the coupling agents.
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The electrochemical impedance technique has been shown to be a useful method 
for a DNA biosensor using a multinuclear nickel(II) salicylaldimine metalloden-
drimer platform [121]. Both the preparation of the dendrimer-modified GCE sur-
face and the immobilization of DNA have been effectively accomplished by simple 
drop-coating procedures. Being electroactive, the metallodendrimer exhibited two 
redox couples in the phosphate buffer solution. Changes in the impedance signal 
were taken as indications of DNA damage.

12.5.2 � Polymeric Nanoparticles

The most widely investigated polymeric nanomaterials used for biomacromol-
ecule immobilization are conducting polymers including polyaniline (PANI), 
poly(phenylenevinylene), polypyrrole, polythiophene, polyacetylene, and polyindole 
[122]. The unique electronic structure of polymeric nanomaterials is responsible 
for their remarkably high electrical conductivity, ease of processing, low ionization 
potential, good environmental stability, and high electron affinity. Their conductivity 
exhibits a strong dependence on solution pH and oxidation state [123]. Conducting 
polymeric materials retain the exclusive properties of nanomaterials like large sur-
face area and size as well as quantum effects, which add further to their merits for 
designing and making novel biosensors [123–126]. Regarding biological applica-
tions, the thickness and shape of the polymeric film, which is its most important fac-
tor in controlling the electrochemical characteristics of transducers, can be readily 
controlled within the nanometer to micrometer range by modifying the deposition 
method. These excellent properties of the polymeric nanomaterials provide better 
signal transduction as well as enhanced sensitivity, selectivity, durability, biocom-
patibility, direct electrochemical synthesis, and flexibility for the immobilization of 
biomolecules including DNA [123]. The versatility of these polymers may be deter-
mined by the following characteristics: biocompatibility, capability to transduce 
energy arising from the interaction of the analyte and the analyte-recognizing site 
into electrical signals that are easily monitored, capability to protect electrodes from 
interfering materials, and ease of electrochemical deposition on the surface of any 
type of electrode. Nowadays, polymeric nanomaterials are becoming major tools in 
nanobiotechnological applications. A thin film of polymeric nanomaterials having 
both high conductivity and fine structure on the nanoscale is a suitable substrate 
used for the immobilization of polynucleotides in the electrochemical DNA damage 
detection.

Ghanbari et al. [127] applied an electrochemically deposited nanostructured 
polypyrrole film onto a Pt electrode for the immobilization of DNA. Scanning elec-
tron microscopy (SEM), CV, and EIS were used to analyze the surface morphology 
and the analytical characteristics of the electropolymerized polypyrrole film depos-
ited on the Pt electrode. In order to evaluate two types of synthesis methods, they 
compared the polymer morphologies of films synthesized by the CV (Figure 12.2a) 
and normal pulse voltammetry (NPV) (Figure 12.2b through h) methods. The SEM 
images revealed that stocky, rod-like structures were created when the CV method 
was used and that much finer filamentous structures were created by the NPV one. 
It was further shown that when DNA was physisorbed onto this PPy nanofiber 
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film–coated Pt electrode, the resulting electrochemical biosensor was able to detect 
DNA–spermidine interactions using the oxidation of guanine in the DNA. The NPV 
method enabled Ppy nanofiber films of higher electroactivity to be prepared owing 
to the higher specific surface area (Figure 12.2b through h). Ramanavicius et al. 
[128] reported the potential pulse technique as the most suitable method for the 
preparation of nanostructured Ppy with entrapped biomolecules. The potentiostatic 
and potentiodynamic method of electropolymerization was also used to prepare Ppy 
nanofibers [129]. Electrodes prepared by the potentiostatic procedure showed higher 

(a) (b)

(c) (d)

(e) (f )

(g) (h)

FIGURE 12.2  SEM images comparing the PPy films prepared by (a) CV and (b) NPV 
(Cpy = 0.1 M, PD = 0.1 s, PI = 6 mV). Synthesis conditions of NPV-prepared PPy films: Cpy 
(c) 0.02 M; (d) 0.15 M (PD = 0.4 s, PI = 4 mV); PI (e) 2 mV; (f) 10 mV (Cpy = 0.1 M, PD = 
0.4 s); PD (g) 0.2 s; (h) 0.4 s (Cpy = 0.1 M, PI = 4 mV). PI, pulse increment; PD, pulse duration; 
Cpy, concentration of pyrrole. (License No. 3375440889869)
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responses to the oxidation of dsDNA than the electrodes prepared by potentio
dynamic methods.

DNA was also covalently attached onto PANI nanotubes synthesized on the 
graphite electrode [130]. The collective effect of PANI nanotubes and the enhanced 
conductivity led to the extremely high sensitivity of the biosensor in detecting DNA 
damage. A DNA biosensor has also been reportedly prepared using the copolymer 
of PANI and chitosan (Figure 12.3) [131]. The biosensor showed enhanced electron 
transfer properties, which was attributed to the combination of PANI’s excellent con-
ductivity and the cationic character of chitosan. PANI nanowires have also been syn-
thesized electrochemically on the surface of GCE [132] and phosphate-ended DNAs 
covalently attached onto the amino groups of PANI nanowires.

12.5.3  Metal and Metal Oxide Nanoparticles

Electrochemical detection of DNA damage using DNA biosensors can be tailored 
to become extremely sensitive devices with a high multiplexing capability. When 
combined with the unique electrical properties of metal nanoparticles, they make 
electrical detection systems that provide excellent prospects for designing DNA 
damage detection devices. Nanoparticles have been extensively used for the immo-
bilization of biomolecules [133]. In addition to their biocompatibility, they can pro-
duce a unique microenvironment that gives rise to improved freedom of orientation 
for affinity binding with advantages over planar substrates, increased surface area 
for higher probe loading capacities, and enhanced diffusion of amplification agents. 
Modification of electrode surfaces with nanoparticles can be carried out by simple 
electrostatic adsorption or by covalent attachments such as chemical cross-linking, 
electron beam or UV light irradiation, and electrodeposition [134–136]. Electrostatic 
adsorption is straightforward and the particle size can be strictly controlled in the 
preceding chemical synthesis of the nanoparticle. These surfaces, however, are 
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FIGURE 12.3  Schematic presentation of the (a) fabrication of CHIT-co-PANI/ITO electrode; 
(b) immobilization of DNA over CHIT-co-PANI/ITO electrode. (License No. 3384730775054)
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unstable and subject to particle desorption. Nanoparticles covalently cross-linking 
to a surface can be quite versatile because of the large range of functional groups 
available for cross-linking. However, the prerequisite to the process is surface 
modification in order to avoid hindering electrochemical signals to the electrode. 
Nanoparticle synthesis from electron beam and UV light irradiation does not suffer 
from the insulating effects of covalent cross-linking; however, these methods can be 
expensive and time consuming. Electrochemical deposition of nanoparticles, on the 
other hand, is a simple and facile method to create nanoparticle-modified surfaces 
while the final nanoparticle size and surface density can be controlled by varying the 
deposition time, potential, and metal ion concentration in solution.

Metal oxide nanoparticles are often applied to immobilize biomolecules, while 
semiconductor nanoparticles are often used as labels or tracers. Among the nano-
materials used as components in biosensors, gold nanoparticles (AuNPs) are much 
explored for developing DNA-based biosensors because of their capability to 
increase electronic signals when a biological component is maintained in contact 
with the nanostructured surface. AuNPs, with a diameter of 1–100 nm, have a high 
surface-to-volume ratio and a high surface energy to allow the stable immobiliza-
tion of a large amount of biomolecules retaining their bioactivity. Moreover, AuNPs 
permit fast and direct electron transfer between a wide range of electroactive species 
and electrode materials [137–141]. In addition to AuNPs that offer new paths for 
DNA biosensor development, other metal nanoparticles extensively explored include 
silver, platinum, palladium, copper, cobalt, zirconia, and titanium [142,143].

Generally, in order to bind to AuNPs, the oligonucleotides need modification 
with special functional groups that can interact strongly with AuNPs. Thiol groups 
are the most widely used for DNA and gold linkages. A few years ago, our team 
developed an amperometric DNA-based sensor for the detection of chronic lympho-
cytic leukemia [144]. We immobilized thiol-modified probe oligonucleotides at the 
5′-phosphate end on the AuNP-modified electrode surface. It was found that the high 
surface-to-volume ratio of AuNPs greatly enhanced the hybridization of the target 
DNA. Some other functional groups have also been investigated. Cai et al. immo-
bilized [145] an oligonucleotide with a mercaptohexyl group at the 5′-phosphate end 
onto AuNPs 16 nm in diameter, which was self-assembled on a cystamine-modified 
gold electrode. The saturated immobilization quantity of DNA on the modified elec-
trode was approximately 10 times greater than that on a bare gold electrode. DNA 
damage induced by perfluorooctane sulfonate (PFOS) was further developed on a 
nanoporous bionic interface [146]. The interface was formed by assembling DNA on 
AuNPs that were embedded in a nanoporous overoxidized polypyrrole film. DNA 
damage owing to PFOS was proved using electrochemistry and x-ray photoelectron 
spectroscopy and was investigated by detecting the DPV response of methylene blue 
(MB), which was used as the electroactive indicator in the system.

It has been shown that the interaction of anticancer drugs with DNA and RNA 
bases in the presence of nanotitanium dioxide is enhanced [147]. The results indicate 
that the presence of TiO2 nanoparticles obviously increased the binding affinity of 
dacarbazine to DNA and specific DNA bases, resulting in significantly enhanced 
detection sensitivity. Liu et al. developed sol-gel-derived TiO2/ITO electrode based 
on photooxidized adsorbed dsDNA. In their study, MB was used to electrochemically 
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monitor structural changes in dsDNA. They used this bioelectrode for the evaluation 
of the antioxidant properties of glutathione and gallic acid [148].

Zirconia is a technologically important material that has recently attracted con-
siderable interest in electrochemical biosensor development since its surface has both 
oxidizing and reducing properties, as well as acidic and basic properties. Liu et al. 
developed a sol-gel-derived ZrO2 DNA-modified GCE to investigate the effect of lan-
thanide concentration on its electron transfer behavior [149]. Chitosan is a biopolymer 
that has been widely used as an effective dispersant of ZrO2 nanoparticles and car-
bon nanotubes (CNTs) because of its adhesive nature. The resulting biocompatible 
nanocomposite of multiwalled CNTs (MWCNTs)/nano-ZrO2/chitosan has been uti-
lized for the covalent immobilization of DNA for DNA hybridization detection [150]. 
The advantage of zirconia (ZrO2) and gold nanoparticle (NG) film-modified GCE in 
the immobilization of DNA has been demonstrated by Zhang et al. for the construc-
tion of DNA biosensors [151]. The NG/GCE was obtained by dipping the pretreated 
GCE in nanogold colloid and then electrodepositing at 1.5 V for 700 s. Zirconia was 
immobilized to the NG/GCE by further cyclic voltammetric scanning in an aqueous 
electrolyte of ZrOCl2 and KCl between −1.1 and +0.7 V at a scan rate of 20 mV/s for 
10 consecutive cycles. The immobilization of ssDNA on the electrode surface was car-
ried out as follows: the ZrO2/NG/GCE was immersed in 2.0 mL Tris–HCl buffer (pH 
7.0) solution containing ssDNA and then electrodeposited at 0.8 V for 400 s. After that, 
the electrode was rinsed three times with Tris–HCl buffer. Thus, the probe-captured 
electrode (ssDNA/ZrO2/NG/GCE) was ready for use. The schematic representation of 
the immobilization of DNA on the ZrO2/NG/GCE is shown in Figure 12.4.

A new approach based on Cu2O hollow microspheres consisting of Cu2O 
nanoparticles was developed by Zhu et al. for the fabrication of an electrochemical 
DNA biosensor of hepatitis B virus. They found that the hollow Cu2O nanoparticles 
greatly enhanced the immobilization of the DNA probe on the electrode surface and 
improved the sensitivity of DNA biosensors [152]. The carbon ionic liquid electrode 
modified with Fe2O3 microspheres and self-doped PANI nanofibers (a copolymer 
of aniline and m-aminobenzene sulfonic acid) was used for the immobilization of 
the probe DNA [153]. The strong adsorption ability of Fe2O3 microspheres and the 
excellent conductivity of the self-doped PANI nanofibers enhanced the sensitivity of 
the DNA biosensor.

ZrO2

ZrOCl2

Immobilization of
DNA probe

0.8 V, 400 sElectrodepositionElectrodeposition

Nanogold

GCE

FIGURE 12.4  Schematic representation of the immobilization of DNA on ZrO2/NG/GCE. 
(License No. 3384730465268)
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12.5.4 �C arbon Nanotubes

Modification of CNTs with nucleic acids constitutes a very promising area for the 
development of devices for DNA damage detection, gene therapy, drug discovery 
and delivery, and so forth. The application of CNTs in electrochemical DNA biosen-
sors is quite promising for many reasons: CNTs constitute novel platforms for DNA 
immobilization with important electrochemical transducing properties and high 
specific surface area which not only can increase the quantity of DNA attached but 
also can concentrate a great number of electroactive nanoparticles to amplify DNA 
damage detection [154,155]. The more basic techniques used for DNA immobiliza-
tion on CNTs are physisorbed multisite attachment and covalent anchoring (single 
point linkage). In the latter case, typical schemes are provided by the conjugation of 
DNA terminal functional groups with functional groups in the CNT surface via the 
carbodiimide chemistry, streptavidin/biotin interactions, and so forth. In general, 
DNA is physisorbed on CNTs by wrapping the tube, with the bases (a polar region 
of the molecule) in close contact with the hydrophobic walls of CNTs whereas the 
phosphate backbone faces the solution [156,157].

CNT functionalization is a prerequisite to the application of such CNT nano-
structures. Functionalization allows the immobilization of biomolecules on CNTs to 
occur. This encourages the use of nanotubes as potentially new types of biosensor 
materials. One of the most common schemes for covalent functionalization is the 
use of carbodiimide chemistry, which consists of generating carboxylic groups at 
the edges of the CNT (electrode) followed by coupling with NH2-containing spe-
cies (biomolecules) through the formation of a covalent amide bond [158]. This 
procedure has been extensively used for the attachment of amine-terminated DNA 
aptamers. Noncovalent functionalization relies on physical adsorption that is based 
on weak interactions (e.g., hydrogen bonding, π–π stacking, electrostatic forces, van 
der Waals forces, and hydrophobic interactions). It is particularly attractive because 
it offers the possibility for attaching chemical handles, which preserves the sp2 nano-
tube structure and, consequently, avoids effects on the electronic network.

CNTs can help strengthen the DNA signal response to be distinguished from 
the background noise owing to surface area effects. In some cases, a decrease in 
oxidation overpotential has also been reported [158–160]. Pacios Pujadó compared 
DNA oxidation on novel upright CNT microelectrodes and GCEs modified by ran-
domly dispersed CNTs [161]. The electrochemical responses of Poly-G physically 
adsorbed on CNT microelectrodes, on CNT-modified glassy carbon, and on glassy 
carbon were traced by DPV. The results showed that the presence of CNTs remark-
ably increased the guanine oxidation current because of the increased adsorption of 
Poly-G provided by the higher surface area of the CNTs. Well-defined DPV profiles 
are also observed in the case of CNT microelectrodes. This indicates that direct elec-
trochemistry of DNA guanine at a CNT-modified electrode provided significantly 
enhanced voltammetric signals as compared to that at the unmodified electrode [161]. 
Wang et al. detected 100 fmol of breast cancer BRCA1 gene using the enhanced 
guanine oxidation signal at a CNT-modified GCE [162]. Pedano et al. have recently 
fabricated a CNT paste electrode using MWNT for the adsorption and electrochemi-
cal oxidation of nucleic acids [163]. Yim et al. [164] designed DNAzyme–MWCNT 
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conjugates with the help of streptavidin modification onto CNT conjugates using car-
bodiimide chemistry for the proper and selective binding of biotinylated DNAzyme 
to streptavidin-coated surfaces.

Recently, we exploited the capability of poly(diallyldimethylammonium chlo-
ride) (PDDA) and chitosan to disperse MWCNTs for the immobilization of DNA 
to MWCNT-modified graphite electrodes [79,165–170]. PDDA is a water-soluble 
and quaternary ammonium, cationic polyelectrolyte that usually acts as a positively 
charged colloid when dissolved in aqueous solutions. In this study, doubly distilled 
water with a pH less than 7.0 was used to dissolve the PDDA. Positively charged 
PDDA and chitosan were easily coated on the negatively charged surface of the 
MWCNTs by electrostatic interaction. PDDA molecules combine considerably well 
with DNA to form DNA films because it is a strong, linear cationic polyelectro-
lyte. The MWCNTs not only display unique electron transfer properties that induce 
the conductivity of PDDA and improve electron transfer characteristics, they also 
increase the amount of PDDA deposited on the electrode. Electrochemical oxida-
tion of codeine and morphine bonded on dsDNA/MWCNTs–PDDA/pencil graph-
ite electrode (PGE) was used to obtain an analytical signal. Both molecules were 
electrochemically oxidized owing to the presence of phenolic and amino groups in 
their structures when DPV was used at a PGE [165]. When DNA was added to the 
solution, the electrochemical signal of codeine and morphine decreased and shifted 
to more negative and positive potentials, respectively. The interaction modes were 
identified as electrostatic for codeine and intercalation for morphine with two anodic 
peaks of codeine merging into them when DNA concentration increased. At high 
DNA concentrations, a sharp anodic wave was observed for codeine with a clear 
distinction between codeine and morphine oxidation peaks.

In another work, {MWCNTs/PDDA/DNA}2 layer-by-layer films were prepared to 
detect DNA damage induced by radicals generated from sulfite autoxidation using CV 
and EIS [167]. The change in the peak potential separation (ΔEp) and the charge trans-
fer resistance (Rp) after incubation of the DNA biosensor in the damaging solution for 
a certain time were used as indicators of DNA damage. It was found that sulfite in the 
presence of Co(II), Cu(II), Cr(VI), Fe(III), and Mn(II) caused damage to DNA while 
neither sulfite alone nor metal ions alone did have the same effect. The results suggest 
that sulfite is rapidly autoxidized in the presence of Co(II), Cu(II), Cr(VI), Fe(III), and 
Mn(II), producing radicals that cause the DNA damage. These radicals can be ranked 
in a descending order of their ability to induce DNA damage with sulfite as follows: 
Fe(III) > Co(II) > Cu(II) > Cr(VI) > Mn(II). DNA damage induced by sulfite plus 
Co(II), Cr(VI), or Fe(III) was inhibited by primary alcohols, but no such effect was 
observed when superoxide dismutase and tert-butyl alcohol were used.

Recently, our team developed a DNA detection method using electrochemical 
DNA biosensor with {MWCNTs/PDDA/dsDNA}2 film on the graphite electrode and 
MB as an indicator (Figure 12.5) [165]. To detect the DNA damage, the modified 
electrode was immersed into MB solution to load MB into the dsDNA present on 
the surface of the electrode. The DPV of the loaded MB on the electrode showed a 
sharp peak at −0.230 V versus Ag/AgCl. In a blank solution, the MB loaded into the 
films was gradually released from the electrode surface, but the complete reloading 
of MB into the films was realized by immersing the electrode into the MB solution 
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again, indicating the good reversibility of MB incorporation. However, after incuba-
tion of the DNA-modified electrode in the solution of a known genotoxic agent (glu-
tathione, chromium(VI) plus hydrogen peroxide), the damaged MWCNTs/PDDA/
dsDNA films did not return to their original form and fully loaded state by reloading 
MB, thereby showing smaller DPV peak currents.

In yet another work, an electrochemical protocol was described for the direct 
monitoring of genotoxicity of catecholics. In this work, catechol was encapsulated 
on MWCNTs (CA@MWCNT) through continuous CV on the surface of PGE [169]. 
Subsequently, a DNA-functionalized biosensor (DNA/CA@MWCNT/PGE) was pre-
pared and characterized for the detection and investigation of DNA damage induced 
by radicals generated from catecholics. Such procedures lead to strong adsorption 
(immobilization) of CA as the damaging agent on carbon surfaces. We used EIS to 
investigate the oxidative DNA damage induced by CA in the presence of metal ions. 
Furthermore, we inspected the role of glutathione and plumbagin in preventing DNA 
damage.

12.6 � CONCLUSION

The use of nanomaterials in electrical DNA damage detection has taken off rap-
idly and will surely continue to expand. Because of their high surface area, non-
toxicity, biocompatibility, and charge-sensitive conductance, nanomaterials serve as 
effective transducers in nanoscale DNA biosensing and bioelectronic devices. Such 
nanomaterial-based DNA assays and devices are expected to have a major impact on 
clinical diagnostics, environmental monitoring, and food safety. They exhibit a num-
ber of key features including high sensitivity, exquisite selectivity, fast response time, 
and rapid recovery (reversibility) as well as the potential for integration of arrays 
on a massive scale, which put them far above other sensor technologies available 
today. The high sensitivity of these nanoparticle-based electrical systems heralds 
the prospects of detecting DNA damage without the need for PCR amplification. It 
is expected that future innovative research will lead to new particle-based electrical 
detection strategies that, when coupled with other major technological advances, 
will result in effective, easy-to-use, handheld portable devices for DNA diagnostics.

(a) (b) (d) (f ) (g)

(h)(e)

(c)

PG
PG PG PG PG

MB Buffer MB
Damage rate
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{MWCNTs/PDDA/dsDNA}2 film

FIGURE 12.5  Schematic diagram of the procedure of loading/releasing/reloading of MB 
in/out of the {MWCNTs/PDDA/dsDNA}2 layer-by-layer films and the corresponding DPV 
detection: (a) assembling of {MWCNTs/PDDA/dsDNA}2 film; (b) loading of MB; (c) DPV 
scan in the buffer solution; (d) releasing of MB in the blank buffer; (e) DPV scan in the buffer; 
(f) incubation in the damaging solution; (g) reloading of MB; and (h) DPV scan in the buffer 
solution. (License No. 3375440409981)
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13 In Vivo Molecular 
Imaging with 
Quantum Dots
Toward Multimodality 
and Theranostics

Sarah P. Yang, Shreya Goel, and Weibo Cai

ABSTRACT

Nanotechnology can profoundly affect cancer diagnosis and patient manage-
ment in the future. Quantum dots (QDs), with their myriad advantages over 
conventional organic fluorescent dyes on the one hand, and potential toxicity 
and instability in biological environment on the other, present a very intriguing 
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field of research. In this chapter, we aim to summarize the progress in the use 
of molecularly targeted QD-based nanoprobes for in vivo imaging applica-
tions. We discuss the current state-of-the-art synthesis, surface modification, 
bioconjugation methodologies, and the recent advances in QD technology. 
We then highlight specific examples of actively targeted QDs including mul-
tifunctional and theranostic nanosystems, concluding the chapter with a brief 
overview of the challenges and future directions for this promising class of 
nanoprobes in molecular imaging.

Keywords: Quantum dots (QDs), Nanotechnology, Cancer, Molecular imag-
ing, Near-infrared fluorescence, Tumor targeting, Multimodality imaging, 
Theranostics

13.1 � INTRODUCTION

Because of their small size, nanomaterials can provide significant advantages for 
molecular imaging and therapeutic applications. As they are typically orders of mag-
nitude smaller than human cells, nanoparticles (NPs) can interact with biomolecules 
both on the surface and inside the cells in unprecedented manners. When conjugated 
with targeting moieties, NPs can be employed to interrogate specific molecular and 
cellular events in living systems. As such, nanotechnology has the ability to revolu-
tionize disease diagnosis and treatment.

Molecular imaging is defined as “the non-invasive visualization, characteriza-
tion and measurement of biological processes at the cellular and molecular level in 
humans and other living systems” (Mankoff 2007). Molecular imaging technologies 
have improved drastically over the last two decades and now include tools such as 
magnetic resonance imaging (MRI), computed tomography (CT), positron emission 
tomography (PET), single-photon emission CT, fluorescence/bioluminescence, and 
ultrasound. In recent years, a variety of NPs, including magnetic NPs (Amstad et 
al. 2009; Chaughule et al. 2012; Yu et al. 2008), quantum dots (QDs) (Cai and Hong 
2012; Cai et al. 2006; Dubertret et al. 2002; Gao et al. 2004, 2010a,b; Sun et al. 2012), 
carbon nanotubes (Robinson et al. 2012; Shi et al. 2007; Tao et al. 2012), gold NPs 
(Kim et al. 2007; Lee et al. 2008; Yigit and Medarova 2012), and graphene-based 
nanomaterials (Gollavelli and Ling 2012; Hong et al. 2012a,b), have been studied for 
molecular imaging applications.

In this chapter, we will summarize the recent progress in the use of molecularly 
targeted QD-based nanoprobes for in vivo imaging applications. We will first briefly 
discuss the properties of the ideal imaging probe and the synthesis and surface modi-
fication approaches for in vivo applications of QDs. We will then give a brief over-
view of passive and active targeting followed by a detailed discussion on the use 
of targeted QDs for in vivo targeted imaging. We will also describe examples of 
QD-based nanoprobes for multifunctional applications. We will conclude the chap-
ter by discussing the challenges and future directions for applications of QDs in the 
biomedical arena.
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13.2 � SYNTHESIS AND SURFACE MODIFICATION 
OF QDs FOR IMAGING APPLICATIONS

13.2.1 � The Ideal Imaging Probe

The ideal probe for in vivo optical imaging has sustained fluorescence, long circula-
tion lifetime, high biocompatibility, low toxicity, and minimal nonspecific uptake 
(Zhu et al. 2013a). Because of their attractive optical and electronic properties, QDs 
have attracted significant attention for optical imaging applications (Resch-Genger 
et al. 2008). Typically, QDs are semiconductor nanocrystals composed of II–IV (e.g., 
CdSe, CdTe) or III–V (e.g., InP, InAs) groups of elements. Often, the core material 
is coated with a semiconductor shell (e.g., CdS, ZnSe, ZnS) to improve the photo-
luminescence properties and reduce the leaching of the heavy metal core (Dif et al. 
2008; Talapin et al. 2004).

Many of the unique properties of QDs arise as a result of quantum confinement. 
When the dimensions of an NP are less than that of the Bohr radius or the approximate 
diameter of the exciton (~5.3 nm), electron confinement occurs. As a result, nanoma-
terials of this size have a number of unique properties (Efros 1982). For instance, the 
band gap energy increases, allowing the NP to absorb light at higher wavelengths (i.e., 
higher energy); as the diameter of CdSe QDs decreases from 20 to 2 nm, the band gap 
energy increases from 1.7 to 2.4 eV (730 to 520 nm) (Alivisatos 1996). Thus, by con-
trolling particle size, QDs with wide absorption range and narrow, symmetric emission 
spectra can easily be developed (Delehanty et al. 2009; Michalet et al. 2005; Murphy et 
al. 2006). Additionally, the high quantum yields (QY >90%), long fluorescence lifetime 
(>10 ns), and large effective Stokes shift (>200 nm) of QDs make them suitable for 
both single-molecule tracking and multiplexed imaging (Resch-Genger et al. 2008). 
Because of their resistance to photobleaching and chemical degradation, QDs have 
also been widely used for long-term imaging studies (Cai et al. 2007b).

A variety of factors (e.g., size, charge, concentration, and stability) can influence 
the toxicity of a nanomaterial. For QDs, toxicity can result from core degradation, 
free radical generation, and interaction with subcellular components and proteins 
(Geszke-Moritz and Moritz 2013). To address the potential for toxicity and improve 
biocompatibility, QDs have been functionalized with or encapsulated within bio-
compatible molecules (e.g., polymers, liposomes, and inorganic silica) (Jayagopal et 
al. 2007; Loginova et al. 2012; Nicolas et al. 2011) and Cd-free QDs (e.g., CuInS2, 
InP, InAs, Si QDs, C-dots) have been developed (Cao et al. 2007; Cassette et al. 2010; 
Deng et al. 2012; Erogbogbo et al. 2011; Gao et al. 2010b, 2012; Li et al. 2009; Sun 
et al. 2006; Zhou et al. 2007a).

13.2.2 � Synthesis

While a variety of methods have been developed for the synthesis of QDs, the major-
ity of the methods can be classified into two categories: organometallic synthesis 
and aqueous synthesis. In the organometallic method, the QDs are synthesized in 
an organic solvent such as trioctylphosphine oxide (TOPO), with a high boiling 
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point and high coordinating capacity for the metal and chalcogen components of 
the QD (Peng and Peng 2001; Qu et al. 2001; Smith et al. 2006; Talapin et al. 2001). 
The advantages of this approach are that the QDs possess nearly perfect crystal 
structures, have high fluorescence QY, and narrow size distributions. However, this 
approach is costly and labor intensive. Furthermore, it poses problems for biological 
applications as the QDs must be transferred from the organic solvent to an aque-
ous matrix before use. Strategies such as ligand exchange and coating with a water-
soluble shell have been developed for this purpose, but they often cause a significant 
loss in fluorescence signal.

The synthesis of QD via the aqueous route generally involves three main steps 
(Lesnyak et al. 2013). First, metal/thiol complexes are formed by dissolving a metal 
salt in water and then adding the thiol of interest. Second, a chalcogen is injected into 
the metal/thiol solution forming the MeX precursor. Finally, heating or microwave 
irradiation is employed to facilitate nucleation and QD growth. While QDs synthe-
sized via this route generally have lower quantum yield and broader size distribution, 
the method is typically simpler, more reproducible, and more biocompatible than the 
organometallic approach (Kalasad et al. 2009; Law et al. 2009; Rogach et al. 1996; 
Zhu et al. 2013b; Zou et al. 2008).

13.2.3 � Surface Modification

For in vivo applications of nanomaterials, surface modification can be used to increase 
suspension stability and to reduce toxicity in biocompatible matrices. Surface modi-
fication can also protect the materials from degradation and, in the case of QDs, 
fluorescence quenching. For QDs with hydrophobic surfaces (i.e., those prepared via 
the organometallic route), the surface must be rendered hydrophilic before use in 
in vivo applications. Approaches to render QDs hydrophilic include surface ligand 
exchange, phospholipid encapsulation, and surface silanization (Wang et al. 2012a). 
In these processes, the surface of the QDs is coated with molecules that contain both 
hydrophilic and hydrophobic regions. The hydrophobic regions bind to the QD sur-
face while the hydrophilic regions provide aqueous stability.

For surface ligand exchange, the hydrophobic surfactant molecules are replaced 
with bifunctional molecules (Li et al. 2009; Park et al. 2011). These molecules typi-
cally contain thiols as the surface anchoring hydrophobic groups and carboxyl or 
hydroxyl moieties as the hydrophilic end groups. Examples include cysteine (Choi 
et al. 2007; Liu et al. 2007; Lowe et al. 2012; Tian et al. 2012), polyethylene glycol 
(PEG) (Al-Jamal et al. 2009; Choi et al. 2009; Schipper et al. 2009), and glutathione 
(Tiwari et al. 2009). Another approach is to encapsulate the QDs within phospholipid 
micelles (Al-Jamal and Kostarelos 2011; Dubertret et al. 2002; Li et al. 2012; Travert-
Branger et al. 2008, 2011). In this process, the phospholipids and amphiphilic di- and 
triblock polymers are dispersed in solution so that they can self-assemble around the 
QDs. This method is advantageous because it does not alter the QD surface, allowing 
the optical properties to be retained. The third strategy employs surface silanization, 
wherein QDs are coated with an inorganic silica shell, a class of highly biocompatible 
material (Bruchez et al. 1998; Szabo and Vollath 1999). In this technique, the surface 

  



323In Vivo Molecular Imaging with Quantum Dots

ligands are exchanged with thiol-derived silanes. The silanes are typically cross-linked 
to increase stability, even over a broad pH range, and reduce toxicity (Zhu et al. 2013b).

In addition, ligands such as PEG, a commercially available polymer, can be coated 
on the QD surface (Lee et al. 2010; Pellegrino et al. 2004). In general, PEGylation 
increases NP biocompatibility by reducing the interactions between the particle and 
serum proteins (Karakoti et al. 2011). PEG is believed to increase the shielding of 
surface charge, particle hydrophilicity, and the repulsion forces between PEG mol-
ecules as well as decrease the interfacial free tension of NPs. Moreover, the high 
surface density of PEG is thought to prevent surface binding by serum proteins. 
Together, these effects can reduce interactions with serum proteins.

Several groups have examined how PEGylation affects the biocompatibility of 
QDs (Al-Jamal et al. 2009; Ballou et al. 2004; Schipper et al. 2009). For instance, 
Ballou et al. (2004) functionalized ZnS/CdSe core/shell QDs with an amphiphilic 
polymer (polyacrylic acid; amp) or the same coating conjugated with methoxy-
terminated PEG of various molecular weights (mPEG-750 QDs, mPEG-5000 QDs). 
They found that the QDs with the largest PEG coating had the longest circulation 
time. In fact, the circulating lifetime of the mPEG-5000 QDs was >50 min while that 
of the amp and mPEG-750 QDs was <12 min (Ballou et al. 2004).

In another study, Schipper et al. examined how surface modification with PEG-
2000 influenced the biodistribution of commercially available CdSe/ZnS QDs, 
which are coated with a proprietary polymer (QDpoly) to make them water solu-
ble (Schipper et al. 2009). Both PEG-conjugated (QDpolyPEG) and unconjugated 
QDpoly showed different biodistribution patterns. For instance, uptake into the liver 
and spleen was slower for the conjugated QDs (QDpolyPEG, 6 min; QDpoly, 1 min). 
Thus, surface modification with PEG was found to increase the circulation half-life 
of QDs as well as reduce their uptake into organs of the RES, making QDs more 
suitable for in vivo imaging applications.

Other studies have used PEG in combination with other polymers for surface 
modification of QDs. For instance, polymer-coated semiconductor QDs have been 
reported for ultrasensitive and multiplexed imaging of molecular targets in vivo (Gao 
et al. 2004). Hydrophobic CdSe/ZnS core/shell QDs were synthesized through the 
organometallic method using TOPO as the coordinating ligand and then coated with 
PEG and an ABC triblock copolymer containing hydrophobic (polybutylacrylate and 
polyethylacrylate) and hydrophilic (polymethacrylic) regions. Reduced aggregation 
and fluorescence loss of QDs were observed during both storage in physiological 
buffer and in vivo imaging applications.

In addition to PEG, other biocompatible coatings have been employed for surface 
modification of QDs (Cao et al. 2012; Kim et al. 2011; Wen et al. 2012). For example, 
CdTe/CdSe core/shell QDs encapsulated within poly(lactic-co-glycolic acid) nano-
spheres were found to be distinguishable from the background autofluorescence in 
as little as 1 h postinjection (p.i.). Furthermore, QDs were detected in vivo for up 
to 48 h p.i. (Kim et al. 2011). In another study, hydrophobic PbS QDs were coated 
with an amphiphilic polymer forming N-succinyl-N′-octyl nanomicelles. These 
QD-containing nanomicelles caused low toxicity and accumulated more specifically 
within tumor tissues (Cao et al. 2012).
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13.2.4 � Strategies for Bioconjugation

Once hydrophilic, a number of strategies can be employed for conjugation of QDs 
with biomolecules (e.g., EDC/NHS coupling, thiol–maleimide reaction, streptavidin–
biotin binding, metal–histidine interactions, etc.). One of the most common methods for 
bioconjugating QDs is through coupling reagents such as ethyl(dimethylaminopropyl) 
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) (Hua et al. 2006). In this 
approach, an amide bond is formed between a carboxyl and an amino group. One draw-
back of this approach is that nonspecific cross-linking can occur because there are sev-
eral carboxyl and amino groups on a single biomolecule. This can reduce the activity 
of the biomolecule because there are fewer groups available for biological processes.

Another strategy for conjugation of QDs with biomolecules is the thiol–maleimide 
reaction. This reaction is more specific than EDC/NHS coupling since it involves only 
the thiol groups on the surface of the biomolecule. This reaction employs a heterobi-
functional cross-linking agent, sulfo-succinimidyl-4-(N-maleimidomethyl) cyclohex-
ane-1-carboxylate, which contains an NHS ester on one end and a maleimide group 
on the other (Hermanson 2008). The ester reacts with amino groups on the surface of 
the QDs while the maleimide can be conjugated with thiolated biomolecules.

The streptavidin–biotin interaction is another strategy commonly used for the 
bioconjugation of QDs (Allen et al. 2010; Chen et al. 2012a; Maldiney et al. 2012). 
Streptavidin is a nonglycosylated protein produced by the bacterium Streptomyces 
avidinii while biotin is a water-soluble vitamin (vitamin B7) and is essential for cell 
growth, fatty acid production, and the metabolism of fats and amino acids. This 
strategy relies on the high affinity of streptavidin for biotin; binding can occur 
directly between streptavidin-functionalized QDs and biotinylated proteins/peptides 
or streptavidin can be used as a bridge between biotinylated QDs and biomolecules.

Another strategy for surface modification is metal–histidine binding (Bae et al. 
2009; Park et al. 2010). In this approach, nickel nitrilotriacetic acid (Ni–NTA), com-
monly used for isolation and purification of proteins, is conjugated to the QD sur-
face through a Ni2+ complexation reaction. The Ni–NTA complex can then bind 
to histidine-tagged proteins. This method increases the aqueous stability of QDs 
because the NTA ligand contains tricarboxylates.

13.3 � IN VIVO ACTIVE TARGETING WITH QDs

13.3.1 � Passive versus Active Targeting

NPs can be designed to target tumors in vivo through either passive or active tar-
geting (Figure 13.1). Passive targeting relies on the convection and diffusion of 
materials through the body (Danhier et al. 2010). Tumor blood vessels often have 
excessive angiogenesis and hypervasculature, a lack of pericytes, defective vascular 
architecture, inconsistent blood flow, and a lack of lymphatic vessels; together, these 
abnormalities lead to enhanced vascular permeability and reduced drainage from 
the tumor. As such, nanomaterials can extravasate from the blood vessels into the 
interstitial space within the tumor and remain there. This phenomenon, known as 
the enhanced permeability and retention (EPR) effect, has been the gold standard 
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for tumor-targeted drug design. As such, it is the guiding principle for the design of 
many NP-based imaging agents and therapeutics (Maeda et al. 2009).

However, there are limitations to EPR-based targeting schematics for NP-based 
therapies. In general, particles need to be between 10 and 100 nm in diameter to 
avoid renal clearance but maintain their ability to extravasate. Particles should be 
uncharged or anionic to avoid renal clearance. Because the degree of tumor angio-
genesis and vasculature varies with tumor type and location, the extent of passive 
targeting will vary between different tissues and tumor types (Danhier et al. 2010).

Because of these drawbacks, active targeting with nanomaterials has been inves-
tigated for molecular imaging and therapeutic applications. Active targeting can be 
achieved by attaching targeting ligands to the surface of the NP, which then bind to 
receptors at the target site (Pirollo and Chang 2008). Receptors are typically overex-
pressed on either the tumor cells or the tumor vasculature, but not on normal cells. 
Thus, NPs are directed to specific locations within the body. While binding to the 
tumor cell can lead to cellular uptake by the NPs, binding to the tumor endothelium 
does not require extravasation of the NP and many of the endothelial markers of 
interest are present on a variety of tumor types.

QD

(a)

(b)

Targeting moiety

Passive tumor targeting Active tumor targeting

= Protein
Antibody
Antibody fragment
Peptide
DNA aptamer
Miscellaneous

Normal blood vessel Normal blood vesselTumor angiogenic vessel Tumor angiogenic vessel

Tumor cells

Endothelial cells

Tumor cells

Endothelial cells

QD-PEG long-
circulating probe

(     PEG)

QD-targeting probe
bioconjugate

(    PEG,     antibody)

FIGURE 13.1  Schematic illustrating (a) the targeting moieties employed for in vivo tar-
geted imaging applications with QDs and (b) passive (via leaky tumor vasculature) and active 
targeting (via high-affinity binding between QD–antibody conjugates and tumor antigens). 
(Adapted from X.H. Gao et al., Nature Biotechnology, 22, 969–976, 2004.)
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13.3.2 � Targeting Moieties for In Vivo Imaging with QDs

To minimize nonspecific uptake during in vivo active tumor-targeting applications, 
QDs have been conjugated with a variety of targeting moieties. Most of the moieties 
fall into two main categories: proteins (including antibodies and antibody fragments) 
and peptides. Other less common moieties include aptamers, folic acid (FA)/folate, 
and polymers (Figure 13.1a).

13.3.2.1 � Proteins
13.3.2.1.1  Antibodies
Antibodies are proteins produced by immune cells to recognize and bind antigens 
on foreign objects. Because of their ability to recognize specific antigens, antibod-
ies are a key component in many targeted imaging agents and therapeutics. To 
date, a variety of human monoclonal antibodies (e.g., anti-mesothelin [Ding et al. 
2011], anti-α-fetoprotein, anti-AVE1642 [Zhang et al. 2009], anti–breast cancer–
associated antigen [BRCAA-1] [Wang et al. 2011], anti–epidermal growth factor 
receptor [EGFR] [Yang et al. 2011], anti–vascular endothelial growth factor recep-
tor [VEGFR-2] [Kwon et al. 2013], anti–human epidermal growth factor receptor 
[HER-2] [Tada et al. 2007]) have been used for active targeting with QDs.

(a)

(b)

QD-COOH QD-PEG Anti-PSMA

Tumor

Injection
site

Tumor Tumor

FIGURE 13.2  (a) Spectrally resolved in vivo fluorescence images of C4-2 human prostate 
tumor–bearing mice using QD probes with three different surface modifications: carboxylic 
acid groups, PEG groups, and PEG–PSMA Ab conjugates. (b) Multicolor capability of QD 
imaging. Images of multicolor QD–encoded microbeads emitting green, yellow, and red light 
(right) and in vivo imaging of subcutaneously injected microbeads on a host mouse (left). 
The scale bar represents 1 μm. (Adapted from X.H. Gao et al., Nature Biotechnology, 22, 
969–976, 2004.)
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One of the first in vivo imaging studies with antibody-conjugated QDs was pub-
lished in 2004 (Figure 13.2). Gao et al. conjugated CdSe/ZnS core/shell QDs with 
the antibody against prostate-specific membrane antigen (PSMA), a membrane 
glycoprotein that is strongly expressed in tumor neovasculature (Gao et al. 2004). 
Enhanced accumulation was achieved within 2 h p.i. when anti-PSMA-conjugated 
QDs were intravenously delivered and retained in C4-2 tumor xenografts. On the 
other hand, only weak tumor signal was detected with QDs modified with carboxylic 
acid and PEG groups, even after 6 and 24 h p.i., respectively (Figure 13.2a). Using 
both subcutaneous injection of QD-tagged cancer cells and systemic injection of 
multifunctional QD probes, sensitive and multicolor fluorescence imaging of cancer 
cells was also made possible under in vivo conditions (Figure 13.2b).

Another antibody of interest for molecular imaging and therapeutic applications 
is directed against EGFR. EGFR is a cell surface receptor for the epidermal growth 
factor (EGF) protein family and is often overexpressed in various types of cancer 
including oral squamous cell carcinoma (OSCC) and head and neck squamous cell 
carcinoma and has been widely used as a targeting moiety (Kalyankrishna and 
Grandis 2006; Rogers et al. 2005). For example, near-infrared (NIR) CdTe/ZnS core/
shell QDs conjugated with anti-EGFR antibody have shown promising prospects in 
in vivo imaging of OSCC and development of personalized surgical therapies (Yang 
et al. 2011). Fluorescence signals were clearly observed from BcaCD885 tumor xeno-
grafts, and maximal signal-to-noise ratio was observed from 15 min to 6 h p.i. On the 
other hand, fluorescence signal did not surpass background with unconjugated QDs 
or after blocking with EGF before QD administration.

13.3.2.1.2  Antibody Fragments
While considered the gold standard for many targeted imaging and therapeutic 
agents, antibodies may not be the ideal targeting moiety for in vivo imaging with 
QDs. Only a handful of antibodies can be conjugated to the surface of each particle 
given their relatively large size, thereby hampering the sensitivity of the probe. Also, 
antibodies may hinder the penetration of QDs into solid tumors. Given these issues, 
antibody fragments have been examined as alternative targeting moieties. Several 
studies have utilized single-chain antibody fragments (ScFv), which consist of anti-
body heavy- and light-chain variable domains connected by a flexible peptide linker, 
for in vivo imaging with QDs. While these fragments are much smaller than intact 
antibodies (25 kDa vs. 150 kDa), they still possess the high binding affinity and 
antigen specificity of intact antibodies (Zhou et al. 2007b).

For instance, when block copolymer-coated CdSe/ZnS core/shell QDs were conju-
gated with ScFv-EGFR, a large number of ScFv-EGFR QDs were found to selectively 
home into orthotopic PaCa-2 pancreatic tumors (Yang et al. 2009). In contrast, very few 
QDs were detected in tumors from mice that received unconjugated QDs. Furthermore, 
compared to unconjugated QDs, markedly lower levels of ScFv-EGFR QDs were detected 
in the lungs and kidneys. Similarly, in another study, commercially available, PEGylated 
CdSe/ZnS core/shell QDs were functionalized with anti-c-Met ScFv; c-Met is a receptor 
tyrosine kinase that is associated with cancer cell proliferation, migration, invasion, and 
tumor angiogenesis (Lu et al. 2011). Significantly higher signal intensity and tumor-to-
normal tissue ratios were obtained in H1993 tumor xenografts anti-c-Met-scFv-coupled 
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QDs than with unconjugated QDs at both 6 and 24 h p.i. Similar results were obtained 
with scFv-GRP78-conjugated CdSe/ZnS core/shell QDs (Xu et al. 2012). GRP78 is a 
member of the heat shock protein family and is crucial for cancer cell proliferation and 
angiogenesis. QD-GRP78 scFv bioconjugates not only aided in multicolor fluorescence 
imaging but also showed breast cancer growth inhibition in MDA-MB-231 xenografts.

13.3.2.1.3  Other Proteins
Antibodies and antibody fragments are not the only type of protein used as targeting 
ligands. For example, natural cell surface ligands, such as EGF, have strong affinity 
for specific targets, making them ideal targeting moieties. EGF is found in many 
tissues and functions by binding to the EGFR on the cell surface. EGF is involved 
in DNA synthesis, cell growth, proliferation, and differentiation, and its overexpres-
sion is associated with a variety of cancers (Cai et al. 2008a). When conjugated with 
EGF, CdSe/ZnS QDs were found to accumulate within HCT116 tumor xenografts 
in 1 to 6 h p.i. (Diagaradjane et al. 2008). On the other hand, unconjugated QDs did 
not accumulate within the tumor, indicating that EGFR-specific binding and not 
increased vascular permeability of tumors, was responsible for the enhanced uptake.

13.3.2.2 � Peptides
Peptides, or short chains of linked amino acids, have been used in a large number of in 
vivo targeted imaging studies for several reasons. Their small size allows a number of 
peptides to be attached to a single molecule. Furthermore, they are easy to synthesize, 
have low immunogenicity, and are tolerant to a variety of reaction conditions. The first 
study to evaluate in vivo tumor targeting with peptide-conjugated QDs did so more 
than a decade ago (Akerman et al. 2002). ZnS-capped CdSe QDs were conjugated with 
three different peptides: GFE, which binds to endothelial cells in lung blood vessels; 
F3, which binds to blood vessels and tumor cells; and LyP-1, which binds to lymphatic 
vessels and tumor cells. F3- and LyP-conjugated QDs accumulated in MDA-MB-435 
tumor xenografts with F3–QDs colocalizing with lectin, a blood vessel marker, and 
LyP-1–QDs colocalizing with the lymphatic vessel marker, podoplanin. Similarly, 
GFE–QDs accumulated in the lungs, confirming the ability of peptide-coated QDs to 
home to their targets in vivo. None of the QDs were detected in the brain, heart, kidney, 
and skin. This was the first study to demonstrate that peptides could be used for in vivo 
tumor imaging and that QDs could be targeted to distinct biological structures.

Since this pioneering study, the majority of peptide-based QD studies have uti-
lized the peptide, arginine–glycine–aspartate (RGD). RGD is a cellular recognition 
and attachment moiety for a variety of extracellular matrix proteins including integ-
rins (Wang et al. 2012a). Applications of RGD range from disease diagnosis to drug 
development and tissue engineering because of its small size, low immunogenicity, 
and simple, inexpensive synthesis. For tumor targeting, RGD peptides are often used 
to target integrin ανβ3, which is overexpressed in the endothelial cells of tumor neo-
vasculature in many cancer types (e.g., bone, brain, skin, lung, and breast) (Cai and 
Chen 2008; Cai et al. 2008b). To date, a number of studies have established the tumor-
targeting ability of QDs when conjugated with RGD (Cai et al. 2006; Gao et al. 2010b; 
Huang et al. 2013; Li et al. 2012; Mukthavaram et al. 2011; Smith et al. 2010; Yong 
2010; Yong et al. 2009, 2010). In general, studies employing QDs consisting of II–IV 
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groups of elements saw significantly higher levels of tumor accumulation when con-
jugated with the RGD peptide (i.e., active targeting) than with unconjugated QDs (i.e., 
passive targeting). Nonspecific QD uptake was also observed in the liver and spleen 
owing to accumulation in the reticuloendothelial system but was generally reduced 
with RGD conjugation. Accumulation generally occurred rapidly and reached a maxi-
mum within a couple of hours. Within 24–48 h, background levels were reduced 
through renal and hepatic clearance; hence, targeted QD imaging was improved.

To reduce the potential for toxicity, recent studies have examined the use of 
RGD-conjugated Cd-free QDs for in vivo imaging (Erogbogbo et al. 2011; Gao et al. 
2012). RGD-conjugated, biocompatible silicon (Si) semiconductor-based QDs dem-
onstrated increasing luminescence intensity in Panc-1 tumor xenografts with time 
while nonconjugated SiQDs showed no tumor uptake (Figure 13.3). In fact, the total 
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FIGURE 13.3  (a) Schematic illustrating the synthesis and surface functionalization of sili-
con QDs (SiQDs). (b) Normalized emission spectra from SiQDs (2–8 nm) excited by a single 
source (365 nm). Red shifts from 450 to 900 nm were observed with increasing particle size. 
(c) In vivo luminescence imaging of Panc-1 tumor–bearing mice injected with SiQD–RGD or 
SiQD (40 h p.i.). (d) Sentinel lymph node imaging after localization of SiQDs in an axillary 
position. Autofluorescence is indicated in green and the unmixed SiQD signal is in red. (e) In 
vivo multiplex NIR imaging capability of SiQDs subcutaneously injected in the lower limbs 
of a mouse. Autofluorescence is indicated in green and the unmixed SiQD signal is in red and 
yellow. (Adapted from F. Erogbogbo et al., ACS Nano, 5, 413–423, 2011.)
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luminescence intensity for the conjugated SiQDs was 186 times higher than that for 
the unconjugated SiQDs. The conjugated SiQDs had lower liver and spleen uptake 
than unconjugated particles. Furthermore, these NPs could also be used for sentinel 
lymph node mapping and multicolor NIR imaging in live mice, thereby maintaining 
the key advantages of QD-based imaging methods. In another study, dendron-coated 
InP QDs with RGD dimers were found to drastically enhance the contrast of SKOV-3 
tumor xenografts than the nonconjugated QDs at 24 h p.i. (Gao et al. 2012).

13.3.2.3 � Other Targeting Moieties
13.3.2.3.1  Aptamers
Aptamers are short oligonucleotide acid or peptide sequences that bind to specific 
targets. Aptamers are rapidly cleared from the body, have low immunogenicity, and 
can be easily synthesized via chemical methods in vitro. Because of these advantages, 
this new class of targeting moiety is of interest in molecular imaging and therapeutics 
(Hong et al. 2011). To date, only a couple of studies have conjugated aptamers to QDs 
for in vivo imaging applications (Savla et al. 2011; Zhang et al. 2013). In one report, 
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of aptamer-conjugated QDs with controllable maximum emission wavelengths ranging from 
546 to 646 nm, under UV irradiation. (Adapted from C. Zhang et al., Analytical Chemistry, 
85, 5843–5849, 2013.)
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aptamer-functionalized Zn2+-doped CdTe QDs were synthesized via a facile one-pot 
hydrothermal route and applied for active tumor-targeted imaging in vitro and in vivo 
(Figure 13.4). The aptamers were specific to MUC1, or mucin 1, a glycoprotein that 
lines epithelial cells in the lungs, stomach, intestines, and eyes. Moreover, the over-
expression of MUC1 has been associated with a variety of carcinomas (e.g., colon, 
breast, ovarian, lung, and pancreatic cancers). The QDs showed high quantum yield, 
good photostability, and highly specific tumor targeting in A549 xenografts in mice.

13.3.2.3.2  Folate/Folic Acid
Folate is the naturally occurring form of the water-soluble vitamin B9. FA is a syn-
thetically produced form of the same vitamin. Folate/FA is crucial for DNA syn-
thesis, repair, and methylation and for RNA synthesis. As the alpha form of the 
folate receptor (FR-α) is overexpressed on many epithelial cancers, folate/FA have 
been used as targeting moieties for a variety of molecular imaging and targeting 
applications (Kularatne and Low 2010). In fact, folate/FA ligands have been used 
in a handful of in vivo imaging studies with QDs (Chen et al. 2012b; Deng et al. 
2012; Liu et al. 2012; Wang et al. 2012b; Xue et al. 2012; Yang et al. 2011). In one 
study, CdTe/ZnS core/shell QDs encapsulated within amphiphilic triblock copoly-
mer micelles and conjugated with FA were used to target Panc-1 tumor xenografts in 
mice. The optical and colloidal stability of the QDs were preserved, and the formula-
tion specifically targeted the tumor site. Very low fluorescence was detected in the 
tumors of mice administered with the unconjugated QD micelles. Additionally, ex 
vivo analysis showed high fluorescence within the tumor but not with other tissues 
upon FA-QD micelle administration.

13.3.2.3.3  Polymers
Certain polymers can also act as targeting moieties for in vivo applications. For 
instance, hyaluronic acid (HA) has been used for in vivo imaging with graphene QDs 
(GQDs) (Abdullah Al et al. 2013; Bhang et al. 2009; Ossipov 2010). HA is a glycos-
aminoglycan that is found throughout the connective, epithelial, and neural tissues. It 
is important for cell proliferation and migration and is involved in the progression of 
certain cancers. Abdullah et al. observed significant accumulation of HA-conjugated 
GQDs within A549 tumor xenografts whereas tumor accumulation was much lower 
with unconjugated GQDs (Abdullah Al et al. 2013). Furthermore, uptake in the liver 
and kidney was much lower with HA–GQDs than with unconjugated GQDs.

13.4 � MULTIFUNCTIONAL QDs FOR MOLECULAR 
IMAGING AND THERAPEUTICS

13.4.1 �M ultimodality QDs

While a number of studies have established the excellent abilities of QDs as fluo
rescent probes for in vivo active tumor targeting, single imaging modality often 
is not enough to obtain all the necessary information. For instance, fluorescence 
imaging lacks the ability for quantification and deep tissue penetration. On the other 
hand, MRI has excellent soft tissue contrast and resolution but lacks sensitivity while 
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PET has excellent sensitivity, quantitation, and tissue penetration but relatively low 
resolution. For these reasons, multimodality probes that combine multiple imaging 
techniques into a single probe have been developed (Cai and Chen 2008). In addi-
tion, multimodal agents allow cross-modality verification, which can provide more 
accurate data than possible with a single modality alone. In fact, many QD-based 
nanoprobes have been designed and evaluated for these applications.

In MRI, protons are excited with a strong magnetic field and the relaxation signals 
of the proton spins are detected and converted to images. Superparamagnetic iron 
oxide NPs (SPIONs) are emerging as probes for in vivo MRI because they can cause 
local field inhomogeneities resulting in shortened relaxation times. Recently, a num-
ber of dual-modality probes consisting of SPIONs and QDs have been developed for 
optical imaging and MRI. Fluorescent magnetic NPs (FMNPs) in which CdTe QDs 
and Fe3O4 NPs were encapsulated within a 3-aminopropyltriethoxysilane shell have 
been reported (Wang et al. 2011). This shell was then conjugated with anti-BRCAA1 
antibody. Using noninvasive fluorescence imaging and MRI, the MGC-803 tumor 
xenografts were easily delineated from the surrounding tissue. Ex vivo analysis at 
12 h p.i. revealed significant accumulation of the FMNPs within the tumor while little 
accumulation was observed in other organs (e.g., liver, lung, spleen, and heart). They 
confirmed accumulation of the FMNPs within the tumor with MRI. In fact, signifi-
cant change in T2 signal intensity was observed in some regions of tumors at 12 h p.i.

In another study, a multilayered multimodal, core/shell nanoprobe (MQQ 
probe) was designed in which Fe3O4 MNPs (MRI) and CdSe/ZnS and CdSeTe/
CdS core/shell QDs (visible and NIR fluorescent [NIRF] imaging) were encapsu-
lated within multiple silica layers and then conjugated with anti-HER2 antibody for 
breast cancer–specific targeting (Ma et al. 2012). Intense fluorescence signals were 
observed within the KPL-4 tumor xenografts at 48 h p.i. Using MRI, they confirmed 
the presence of FMNPs within the tumor. In fact, T2-weighted MRI indicated that 
the anti-HER2-conjugated MQQ probes were primarily located in the peripheral 
regions around the tumor blood vessels. This synthetic strategy presents an easy way 
to prepare a variety of the multimodality probes with different NPs and functional 
molecules.

In PET imaging, gamma rays emitted by the positron emitting radiolabeled probe 
are detected and converted to a 3D image (Gambhir 2002). Because this technique is 
highly sensitive and provides excellent tissue penetration, it is widely used in cancer 
diagnosis, staging, and evaluation of therapeutic efficacy (Alauddin 2012; Eary et 
al. 2011; Grassi et al. 2012; Vach et al. 2011). While 18F (t1/2 = 110 min) is the most 
commonly used radioisotope in clinical applications, isotopes with longer half-lives 
(e.g., 64Cu [t1/2 = 12.7 h], 86Y [t1/2 = 14.7 h], 89Zr [t1/2 = 78.1 h]) are often used for in 
vivo animal studies.

The initial targeted dual-modality QD probes for in vivo optical and PET imag-
ing involved labeling of CdTe QDs with cRGD peptide and VEGF165 moieties to 
target tumor angiogenesis (Cai et al. 2007a; Chen et al. 2008). A macrocyclic che-
lating agent, DOTA (1,4,7,10-tetraazacyclododecane-N,N′,N″,N‴-tetraacetic acid), 
was introduced onto amine-functionalized QDs, which in turn complexed with 64Cu 
radioisotope for PET imaging. A dual PET/NIRF probe can overcome the qualita-
tive or semiquantitative nature of optical imaging and can allow for a more accurate 
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assessment of the pharmacokinetics and tumor-targeting efficacy of QDs. DOTA–
QD–VEGF conjugates showed enhanced tumor vasculature targeting (Chen et al. 
2008). VEGFR-specific uptake of targeted QDs was observed in U87MG glioma 
xenografts, confirmed by excellent correlation between ex vivo PET and NIRF 
organ imaging (Figure 13.5b and c). Furthermore, histological examination revealed 
that DOTA–QD–VEGF primarily targeted the tumor vasculature through specific 
VEGF–VEGFR binding and that little extravasation occurred. This bifunctional 
approach renders higher degree of accuracy for the quantitative targeted NIRF imag-
ing in deep tissue. Vasculature-specific targeting of QDs with little extravasation was 
again observed.

More recently, CdSe/ZnS QDs encapsulated in amphiphile polysorbate 60 were 
developed, which also contained the chelator NOTA (1,4,7-triazacyclononane-
N,N′,N″-triacetic acid) (Lee et al. 2012). The QDs were subsequently radiolabeled 
with 68Ga (t1/2 = 68 min) and conjugated with cRGD. Using noninvasive fluores-
cence imaging, they observed higher accumulation of RGD–QDs than unconju-
gated QDs in U87MG tumor xenografts, which was confirmed with PET imaging. 
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FIGURE 13.5  (a) Schematic illustrating the structure of DOTA–QD–VEGF conjugates, 
radiolabeled with 64Cu, which allows for PET imaging. (b) Time-dependent in vivo NIRF 
imaging of U87MG tumor–bearing mice injected with DOTA–QD–VEGF and DOTA–QD. 
(c) Whole-body coronal PET images of U87MG tumor–bearing mice injected with 64Cu–
DOTA–QD and 64Cu–DOTA–QD–VEGF. White arrows indicate tumor. (Adapted from K. 
Chen et al., Eur J Nucl Med Mol Imaging, 35, 2235–2244, 2008.)
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Tumor-to-muscle ratio of RGD–QDs in U87MG tumor xenografts was 3.5:1, indi-
cating specific targeting of the nanoconjugates. To further examine the targeting 
specificity of these materials, they compared the uptake of RGD–QDs in mice 
bearing U87MG and A431 tumor xenografts expressing high and low levels of 
integrin αvβ3, respectively. With optical and PET imaging, they observed higher 
QD accumulation in U87MG tumors than in A431 tumors (U87MG tumor-to-A431 
tumor ratio ~5.5:1).

13.4.2 � Theranostics

Theranostics is an emerging field that combines disease diagnosis with therapy and 
drug delivery. Given their small size, large surface area, and ability to undergo sur-
face modification, nanomaterials are an ideal platform for theranostic applications. 
To date, a handful of studies have examined QDs for theranostic applications (Lu et 
al. 2011; Nurunnabi et al. 2010; Ruan et al. 2012; Xu et al. 2012).

A number of these studies have employed anti-HER2 for in vivo targeting and 
treatment with QDs (Nurunnabi et al. 2010; Ruan et al. 2012). Anti-HER2 is a 
monoclonal antibody that interferes with the HER2, human EGFR 2. Also known 
as Herclon, Herceptin, and trastuzumab, anti-HER2 is used to target and treat breast 
cancer. In breast cancer, the HER2 pathway is often overstimulated, causing rapid 
tumor cell proliferation (Nurunnabi et al. 2010). As a cancer therapeutic, anti-HER2 
functions by binding to the HER2 receptor, causing cell cycle arrest and, thus, reduc-
ing proliferation and suppressing angiogenesis.

In one such study, CdTe/CdSe core/shell QDs encapsulated within polymer 
micelles and conjugated with anti-HER2 antibody (130–150 nm) were tested against 
MDA-MB 231 breast tumors (Figure 13.6) (Nurunnabi et al. 2010). Anti-HER2 QD 
micelles were found to drastically reduce the volume and inhibit the growth of the 
tumor xenografts by 77.3%. In fact, the antitumor effect of anti-HER2 QD micelles 
was higher than that of anti-HER2 alone. This antitumor activity coincided with 
rapid and sustained accumulation of the QDs within the tumor, allowing for simul-
taneous imaging.

In another study, CdTe QDs were conjugated with ribonuclease A (RNase A) and 
anti-HER2 (Ruan et al. 2012). RNase A is an enzyme that degrades the RNA within 
cancer cells, inhibiting mRNA translation and protein synthesis, which leads to 
apoptosis. Using noninvasive optical imaging, subcutaneous MGC-803 gastric can-
cer xenografts could be delineated from the surrounding background tissue within 
3 h p.i. Ex vivo analysis at 24 h p.i. indicated that the QDs primarily accumulated in 
the tumor tissues with much fewer QDs located in spleen, kidney, heart, lung, and 
liver. To evaluate the probe for therapeutic purposes, an in situ gastric cancer model 
was established in SCID mice, by using bioluminescent gastric cancer tissues. In 
anti-HER2 QD–treated animals, bioluminescence signals remained constant while 
signals in the control group increased over time, indicating that anti-HER2 QDs 
reduced tumor growth. Furthermore, mice treated with anti-HER2 QDs had longer 
survival time (>11 weeks) than control-treated mice (8 weeks).

Antibody fragments have also been used as targeting and therapy agents in theranos-
tic applications. For instance, the antibody fragment ScFv GrP79-H19 was conjugated 
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to CdSe QDs (Xu et al. 2012). GRP78 is a stress response chaperone, located within the 
endoplastic reticulum shown to be involved in cancer cell proliferation and angiogene-
sis and is overexpressed in a variety of cancers including breast and prostate (Arap et al. 
2004). The bioconjugates were effectively internalized by the cancer cells and upregu-
lated phophosphate-AKT-ser473. The growth of MDA-MB-231 tumor xenografts in 
mice treated with ScFv-GRP78 QDs was significantly inhibited (~74%) when com-
pared to those treated with unconjugated QDs. Furthermore, QDs were found within 
the tumor cells of mice still showing measurable tumor mass but not in other organs 
(e.g., kidney, heart, liver, spleen, and lung) using multicolor fluorescence imaging.

13.5 � CONCLUSION AND FUTURE PERSPECTIVES

Nanotechnology provides new tools to significantly enhance our understanding and 
management of every phase of disease diagnosis and therapy. Especially, in the field 
of molecular imaging, nanomaterials have touched upon every single modality. QDs 
remain one of the most widely studied probes for both in vitro and in vivo imaging. 
Numerous breakthroughs in synthesis and surface modification strategies have given 
impetus to advances in in vivo targeted imaging and simultaneous therapeutic appli-
cations in small animals. Because of their inherent advantages over conventional 
fluorescent dyes, such as tunable and narrow emission spectrum, greater fluores-
cence intensity, and photostability, QDs promise significant contributions in both 
basic sciences and clinical applications. Moreover, QDs emitting multiple wave-
lengths in the NIR region have extended the horizon of possible clinical applications 
with multiplex imaging.

Despite the intensive research efforts and the remarkable progress made over the 
two decades, QDs have only achieved a fraction of their initially projected potential 
until now. In vivo toxicity and instability of QDs, inefficient delivery, and lack of 
in vivo quantification are few of the major roadblocks in the translation of QDs to 
clinical settings. Reduced optical penetration depth limits their applications to tis-
sues close to the surface, further hindering their direct translation to in vivo imaging. 
Moreover, conflicting results regarding their in vivo pharmacokinetics and biodis-
tribution have compounded the problem. Several surface modification strategies, 
described above, have been adopted to reduce the potential toxicity and increase 
the overall blood circulation time of QDs. Biopolymer coatings have been found to 
protect QDs from in vivo degradation. However, such coatings lead to an increase 
in size and affect the ADME (absorption, distribution, metabolism, and excretion) 
properties of the QD conjugates. Thus, development of robust surface chemistries 
and their careful optimization are equally critical.

In vivo targeted imaging can be instrumental in overcoming inefficient delivery 
and off-target toxicities associated with QDs. As such, the choice of targeting ligand 
is very important. An ideal ligand for QD-based nanoprobes should keep the overall 
size small, should be stable and easy to synthesize, and can be attached to the plat-
form in large numbers (multivalency effect). Moreover, owing to poor extravasation 
of QDs, vasculature (instead of cell-based) targeting could be more effective and 
must be explored thoroughly in the future. All these criteria can be easily fulfilled 
by small peptides, antibody fragments, molecules, and aptamers, which can be easily 
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designed and optimized for such purposes. Multitarget imaging, by incorporating 
different ligands on the QD surface, is another novel area that can further improve 
their clinical translatability.

In addition, as with other nanomaterials, QDs can provide a multifunctional 
nanoplatform for multimodality imaging and theranostics. Dual-modality agents 
such as fluorescence/MRI or fluorescence/PET should be particularly interesting for 
future imaging applications. In fact, combining more than two techniques like in a 
fluorescence/MRI/PET trimodal probe can effectively provide excellent sensitivity 
and quantitative ability (stemming from PET), anatomical information (from MRI), 
and ex vivo validation capabilities (from optical) at the same time. Combining both 
multimodality imaging and therapeutic components into a theranostic agent can 
allow specific delivery of the therapeutic agent in desired dose to the target site and 
its accurate noninvasive measurement. However, challenges remain and multidisci-
plinary efforts will be needed to develop and optimize QD-based nanoplatforms to 
fully realize their potential in defining the future paradigms in cancer prevention, 
diagnosis, therapy, and patient management.
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ABSTRACT

The advancement of microfabrication techniques has led to the development 
of miniaturized and fully integrated solid-phase analytical devices that allow 
one to perform studies of complex cellular processes, high-throughput screen-
ing, and parallel diagnostic detection. They imply a scaling down of the entire 
analytical process while maintaining high sensitivity. Considering their tiny 
dimensions, the surface properties of the microdevices must be carefully tai-
lored to maximize probe immobilization and target binding efficiency and to 
reduce background noise. Polymeric coatings for modifying/functionalizing sub-
strates are one of the most effective ways for tailoring surface characteristics 
and conferring the properties described above. Here, we present a nonexhaus-
tive review of the state-of-art surface derivatization methods for biosensing 
applications by polymeric coatings focusing on applications of such coatings 
in microarray technology, microfluidics, DNA sequence characterization, and 
nanoparticles.

Keywords: Polymer, Coating, Surface Chemistry, Biosensing, Microarrays, 
Microfluidics, Nanoparticles

14.1 � INTRODUCTION

In the fields of medical, environmental, and chemical sciences, there is an increas-
ing need for the selective identification of specific molecules in complex mixtures 
of related substances. The development of techniques based on molecular recogni-
tion events that allow measurements of the concentration of certain compounds in 
complex mixtures is of great interest. Furthermore, in recent years, biosensing of 
changes in conformation of proteins and DNA sequences upon external stimuli or 
interactions with other molecules as gained increasing interest to shed light on bio-
logical mechanisms such as protein synthesis and gene regulation.

Recent progresses in microfabrication techniques have led to the development of 
miniaturized and fully integrated solid-phase analytical devices that allow one to 
perform entire experiments, studies of complex cellular processes, high-throughput 
screening, and parallel diagnostic detection. They imply a scaling down of the entire 
analytical process (time, sample and reagent volumes, costs) while maintaining very 
high sensitivity. Considering their tiny dimensions, the aforementioned surfaces 
must be perfectly designed and controlled in order to maximize probe immobiliza-
tion and target binding efficiency, to reduce background noise, and to prevent non-
specific molecular interaction.

When the modification of a suitable substrate must be performed to promote 
covalent attachment of DNA sequences of proteins at specific locations, the control 
of surface chemical–physical characteristics is of remarkable importance in order to 
maximize probe density immobilization and to maintain their native and functional 
conformation. Besides, in order to obtain accurate analysis and optimization of the 
signal-to-noise ratio, the surface chemistry should minimize hydrophobic interac-
tions, which are the main source of biomolecule-specific binding.
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Therefore, there are several surface requirements that must be taken into account 
in biosensing applications:

•	 The surface must contain functional groups for the easy immobilization of 
molecules of interest.

•	 The binding between the biomolecule and the solid surface must be strong 
enough to retain the molecule on the surface during the entire biosensing 
experiment.

•	 The surface must be inherently inert and resist nonspecific adsorption.
•	 The coupling chemistry should allow the control of biomolecule orientation.
•	 The local chemical environment must allow the immobilized molecules to 

retain the native conformation and its functionality.

The use of polymeric materials for modifying/functionalizing substrates is one 
of the most effective ways for tailoring surface characteristics and conferring the 
properties described above.

What follows is a nonexhaustive review of the state-of-art surface derivatization 
methods for biosensing applications with special emphasis on polymeric coatings.

After an introduction to the different types of polymer-based functionalizations, 
the chapter will focus on applications of such coatings in microarray technology, 
microfluidics, DNA sequence characterization, and nanoparticles.

14.1.1 � Surface Coating: State of the Art

Thin coatings applied to the surface of materials can improve the properties of objects 
dramatically as they allow control of the interaction of a material with its environ-
ment. This has been known to man more or less empirically for several thousand years. 
Lacquer generated from tree sap was used as a protective coating for wooden objects. 
Varnishes, enamels, and coatings from pitch and balsam were used by Egyptians to 
render waterproof ships. Lacquer and varnish coatings were applied to homes and ships 
for decoration and as protective measures against adverse environmental conditions. 
In modern times, the coatings industry is a multibillion dollar business and, especially 
if the value of the protected objects is considered, a very important contribution to the 
world economy. Today, however, the application range of coatings extends much beyond 
the simple decoration and protection aspects, and functional coatings have become an 
enabling technology in a wide variety of different high-tech areas. Fields in which such 
high-tech coatings are applied range from computer chips (Thompson et al. 1994) and 
hard disk manufacturing (Rühe et al. 1996) to the use of special coatings in biomedical 
and aviation applications (Tirrell et al. 2002).

When considering such applications, thin organic coatings are applied to control 
the interactions between the material and its environment. Examples of interface 
properties that can be controlled by deposition of a thin organic film onto a sur-
face include friction adhesion, adsorption of molecules from the surrounding envi-
ronment, or wetting with water or other liquids (Grest 1997; Klein et al. 1994). In 
medical applications, coatings allow control of the interaction of biological cells and 
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biomolecules with artificial materials in order to enhance the biocompatibility of an 
implant or to avoid the nonspecific adsorption of proteins onto the active surfaces of 
an analytical device (Ratner et al. 1996). In addition, the application of functional 
coatings allows the coverage of a surface with groups that interact with other mol-
ecules in their environment through specific molecular recognition processes.

Depending on the type of interaction between the molecules that are constituents 
of the coating and the substrate that is to be modified, two classes of strategies for 
the deposition of thin organic coatings can be distinguished. In one of these, the 
molecules interact with the substrate by physical forces (Fleer et al. 1993; Jones 
and Richards 1999), while the other class consists of molecules that are attached to 
the surfaces through chemical bonds. In the latter case, a monomolecular layer or a 
surface-attached network is strongly (“irreversibly”) attached to the surface.

A number of technologically relevant coating techniques rely on physical inter-
actions between the deposited molecules and the substrate, including (a) painting/
droplet evaporation, (b) spray coating, (c) spin coating, and (d) dip coating.

In contrast to such processes, more sophisticated coating techniques have been 
developed, including the Langmuir–Blodgett technique (Mathauer et al. 1992), the 
adsorption of monomolecular layers of homo- and block copolymers (Halperin et 
al. 1992) from solution, and the layer-by-layer (LBL) (Decher 2002) technique in 
which multilayer stacks of oppositely charged polyelectrolytes are deposited onto a 
(charged) substrate.

The films obtained by physical interactions owing to low stability can be sub-
jected to destruction by (1) desorption during solvent exposure, (2) displacement by 
molecules that have stronger interaction with the surface, (3) dewetting (for films 
above the glass transition temperature, Tg), and (4) delamination (for films below Tg).

An alternative to improve stability of coatings even in very adverse conditions is 
to use coatings covalently attached to the surface. The price that must be paid for an 
enhanced stability of the system is a more complicated coating procedure and the 
requirement to choose the coating conditions more carefully, so that the surface reac-
tion proceeds in high yield and with limited side reactions. A frequently employed 
strategy for the preparation of well-controlled surface layers makes use of small 
molecules with a reactive head group that is amenable to form a covalent bond with a 
corresponding chemical moiety on the surface, which is to be modified. Such layers 
are commonly called self-assembled monolayers (SAMs) (Ulman 1991). Examples 
are silanes anchored on silanol groups of glass surfaces, phosphates or phosphonate 
on metal(oxide)s, and thiols or disulfides on noble metal surfaces (gold surfaces). 
By this approach, stable coatings can be obtained, which may have a strong degree 
of positional and orientational order. If such molecules expose a specific chemical 
moiety or a biochemically active group, it is possible to obtain a more or less strict 
two-dimensional (2D) arrangement of these functionalities (Xia and Whitesides 
1998). Examples are molecules that contain “ligands” as recognition sites in bioaf-
finity assays. In this way, surfaces can be generated (e.g., on top of the transducer 
of a biosensor) that very specifically bind proteins from solution (Kambhampati et 
al. 2001; Knoll et al. 2000). The intrinsic limitations of this strictly 2D arrangement 
of the functional groups are evident: the maximal surface density of the functional 
moieties is limited by the surface area cross section causing a limited accessibility of 
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functionalities. One obvious solution to the above problem is the extension into the 
third dimension, that is, the use of polymers carrying the functional groups along the 
chain, thus generating higher cross-sectional densities of these groups and simulta-
neously guaranteeing good accessibility.

14.1.2 � Polymeric Modification of Surfaces

Most approaches aimed at attaching polymers to a surface use a system where the 
polymer carries an “anchor” group either as an end group or along the side chain. 
This anchor group can react with appropriate sites on the substrate surface, thus 
yielding surface-attached monolayers of polymer molecules (termed grafting to) 
(Figure 14.1) (Tsubokawa et al. 1989a). Another straightforward technique is to 
carry out a polymerization reaction in the presence of a substrate onto which mono-
mers had been attached (Hashimoto et al. 1982). During the polymerization reac-
tion, the surface-anchored monomers are incorporated into growing polymer chains 
(Figure 14.1).

Although grafting to reactions are easy to perform, it should be noted that sev-
eral complications arise from their use for the functionalization of a surface. The 
anchor groups present in the polymer chain and the sites exposed onto the surface 
must not compete or react with the polymer functional groups. Another compli-
cation inherent to grafting to processes is the intrinsic limitation of the coating 
thickness. When the surface coverage increases, the polymer concentration at the 
interface quickly becomes larger than the concentration of the polymer in solution. 
Additional chains, which are to be attached to the surface, must diffuse against this 
concentration gradient. Moreover, in order to accommodate further chains, they 
must change from coil conformation in solution to a stretched (“brush-like”) con-
formation at the surface. Hence, the higher is the graft density of the chains at the 
surface, the stronger the entropy penalty is rapidly precluding the attachment of 
further chains.

The term polymer brush refers to a system in which the polymer chains are 
attached by one end to a surface. Despite the fact that the grafting to method provides 
polymers attached in such a fashion, because of the problems discussed above, it is 
not able to produce dense films with chains stretched away from the surface. When 
polymer molecules are tethered to a surface, three basic cases must be distinguished 

(a) (b) (c)

FIGURE 14.1  Schematic illustration of different processes used for the attachment of poly-
mers to surfaces: (a) “grafting to”; (b) grafting via incorporation of surface-bound monomeric 
units; (c) “grafting from/surface-initiated polymerization.”
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depending on the graft density of the attached chains (Fleer et al. 1993; Jones and 
Richards 1999) (Figure 14.2):

	 a.	 If the distance between two anchoring sites is larger than the size of the 
surface-attached polymers, the segments of the individual chains do not feel 
each other and behave more or less like a single chain in solution assuming 
a “mushroom” conformation (dilute brush).

		  Completely different cases are obtained if the chains are attached to the 
surface at such short distances between the anchor points that the polymer 
molecules overlap. With increasing graft density, graft chains will be obliged 
to stretch away from the surface, forming the so-called polymer brush.

	 b.	Polymer brushes may be categorized into two groups different in graft den-
sity. One is the “semidilute” brush (Figure 14.2), in which polymer chains 
overlap with each other but the free energy of interaction between the 
chains is not so high.

	 c.	The other category is the “concentrated brush” or the high-density brush 
(Figure 14.2), for which the higher-order interactions should be taken into 
account. In this regime, the segments of the chains try to avoid each other as 
much as possible and minimize segment–segment interactions by stretch-
ing away from the surface.

From the stretching of the polymer chains perpendicular to the surface, several 
new physical phenomena arise. Examples are ultralow friction surfaces (Klein et 
al. 1993) in which materials coated with surface-attached polymer chains do not 
become wetted by free polymer, even if the surface-attached and the free chains 
are chemically identical. Another characteristic of concentrated polymer brushes 
is noted to be the size-exclusion effect (Yoshikawa et al. 2006), in which the graft 
chains are highly extended and highly oriented so that large molecules, sufficiently 

Mushroom structure Semidilute brush High-density brush

Graft density

FIGURE 14.2  Development of grafted surfaces from a mushroom structure to a high-
density polymer brush: with increasing graft density, graft chains will be obliged to stretch 
away from the surface, forming the so-called polymer brush.
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large compared with the distance between the nearest neighbor graft points, are 
physically excluded from the entire brush layer. In addition, in the case of functional 
brush polymers, high densities of functional groups can be obtained at the surface 
of the substrate through moving from the strictly 2D arrangement of these groups 
present in typical surfaces to a more three-dimensional (3D) situation. An example 
that illustrates such behavior is the attachment of DNA probe molecules to surface-
attached polymer chains, which can significantly enhance the sensitivity of a DNA 
chip (Pirri et al. 2006).

The abovementioned grafting to method, giving limited graft densities, allows 
obtaining polymer chains in a “mushroom” conformation and, in the best case, semi-
dilute brushes.

An effective method to prepare high-density brushes is the grafting from method, 
that is, the graft polymerization starting with initiating sites fixed on the surface. In 
this technique, the addition of monomer to growing chain ends or to primary radicals 
is not strongly hindered by the already grafted chains in a good solvent condition. 
Therefore, this technique is more promising to produce a polymer film with a larger 
thickness and a higher graft density than the grafting to technique (Prucker and 
Rühe 1998a,b; Tsubokawa et al. 1989b). The polymerization process obtained by the 
grafting from approach is also defined as surface-initiated polymerization, a very 
attractive method for the generation of well-defined polymeric architectures with 
high density of brushes customized with desirable properties.

14.1.3 �A pplication as Novel Biointerface

Attractive application of polymer brushes is directed toward a biointerface to tune 
the interaction of solid surfaces with biologically important materials such as pro-
teins and cells. For example, it is important to prevent surface adsorption of proteins 
through nonspecific interactions, because the adsorbed protein often triggers a bio-
fouling, for example, the deposition of biological cells, bacteria, and so on.

In an effort to understand the process of protein adsorption, the interaction 
between proteins and brush surfaces has been modeled (Figure 14.3a): similarly to 
the interaction with particles, the interaction with proteins is simplified into three 
generic modes. One is the primary adsorption, in which a protein (or modeled par-
ticle) diffuses into the brush and adsorbs on the surface. The secondary adsorption 
is the adsorption of a protein at the outermost (free) surface of swollen brushes. The 
last one is the tertiary adsorption, which is caused by the interaction of proteins with 
the polymer segments within the brush.

For relatively small proteins, primary adsorption induced by a short-range attrac-
tion at the surface is important and will be repressed by an increase in graft density. 
For larger proteins, which hardly diffuse into the brush and cannot approach the 
substrate surface by a steric or osmotic repulsion between the brush and protein, 
the secondary adsorption is predominated by van der Waals attraction with the out-
ermost (free) surface of the brush. This mode can be suppressed by increasing the 
brush thickness. Well-defined high-density polymer brushes achievable by surface-
initiated living radical polymerization (see below) would produce surfaces with (i) a 
size-exclusion limit (Figure 14.3b) set for a very low molecular weight (Yoshikawa 
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et al. 2006), (ii) a strong repulsion force against compression, (iii) effectively tunable 
properties of the outermost (free) surface by introducing functional moieties or short 
block segments at the end of graft chains, (iv) grafting of functional polymers includ-
ing hydrophilic polymers and polyelectrolytes, and (v) precise design of a variety of 
chain architectures such as hyperbranched and cross-linked graft chains.

For many applications of polymer brushes, it is not simply protection against 
mechanical or chemical damage that is important. Rather, where the polymer layer 
acts as a barrier against contact with the environment, a more specific chemical 
response to the surrounding medium is desirable. Examples of this situation include 
layers into which DNA, protein molecules, or complexing agents are chemically 
incorporated (Rühe and Knoll 2002). To this end, polymers with desired functional 
groups can be formed directly from the corresponding monomers (Pirri et al. 2006). 
An alternative would be first to generate a brush from a simple and inexpensive pre-
cursor monomer containing a reactive group, and this can then be transformed into 
the final moiety (Rühe and Knoll 2002).

It is quite evident that, in principle, the direct approach is much simpler as the 
desired brush can be prepared in a one-step reaction. A requirement is that the func-
tional group is compatible with the polymerization process used for brush formation.

The use of “living” polymerization reaction, that is, reaction where the number of 
active or dormant and thus potentially active species remains more or less constant 
on the time scale of the polymerization reaction, allows the generation of brushes that 
carry at the end pointing away from the surface a functional group or brushes that 

(a)

(b) Concentrated brush

Primary
adsorption

Secondary
adsorption

Tertiary
adsorption

FIGURE 14.3  (a) Surface adsorption modes of proteins through nonspecific interactions; 
(b) size-exclusion effect of concentrated brush. (Reprinted with permission from C. Yoshikawa 
et al., Protein repellency of well-defined, concentrated poly(2-hydroxyethyl methacrylate) 
brushes by the size-exclusion effect, Macromolecules, 39, 2284–2290. Copyright 2006 
American Chemical Society.)
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consist of a copolymer. Another interesting system is generated by block copolymer 
in which a first inert polymeric segment is anchored onto the surfaces and a second 
functional polymeric segment is exposed at the environment: this system provides a 
suitable substrate for the arrangement of the biological macromolecules (oligonucle-
otides, proteins, peptides) in order to be recognized by microarray technology.

14.2 � COATINGS FOR MICROARRAY SUPPORTS

One of the most powerful analytical tools for biomolecular recognition is the so-
called microarray technology, which implies an orderly arrangement of probes with 
known identity used to determine complementary targets in solutions. In the microar-
ray technology, it is of the utmost importance to immobilize biomolecules onto the 
surface. Polymeric coatings, usually referred to as 3D chemistries, provide a homo-
geneous surface derivatization with a high concentration of reactive groups and an 
increased capacity of binding molecules of interest. Furthermore, in the field of bio-
sensing, they act as linkers distributing the bound probe molecules also in the axial 
position, thus causing a faster reaction with the target involved in biomolecular recog-
nition. Additionally, 3D scaffold properties can be tailored for specific applications.

Microarray analyses were developed at first for DNA investigation. Building a 
DNA microarray involves the immobilization of thousands of oligonucleotides 
directly on a chip either by photolithographic methods (Lipshutz et al. 1999) or by 
spotting (Lashkari et al. 1997) in order to analyze mRNA transcript levels expressed 
under various conditions. However, it is known that the mRNA expression level and 
the corresponding protein abundances (or activities) do not always correlate because 
of changes in translation rates and protein lifetimes (Anderson and Seilhamer 1997; 
Gygi et al. 1999). Furthermore, the analysis of mRNA transcripts does not take into 
account posttranslational modifications, such as proteolysis, phosphorylation, glyco-
sylation, or acetylation, although many signaling pathways mediate such structural 
alterations. Therefore, the motivation to overcome such difficulties has led to the 
development of promising technology that allows large-scale analysis of proteins in 
a parallel and miniaturized fashion.

Over the past decade, the combination of 2D gel electrophoresis/mass spectrome-
try (MS) has been the major tool in comprehensive proteomic studies; in this process, 
the proteome is resolved and each spot is analyzed by MS or MS/MS. The resolution 
of this method is good enough to separate evenly protein isoforms that are modified 
by posttranslational processes (e.g., phosphorylation [Kaufmann et al. 2001], glyco-
sylation [Taniguchi et al. 2001], and deamination [Sarioglu et al. 2000]). There are, 
however, several limitations, such as (1) automation of the processes involved, (2) the 
detection of scarce proteins, (3) low reproducibility, (4) time-consuming protocols, 
and (5) difficulties in separation of hydrophobic membrane proteins and basic or 
high-molecular-mass proteins (Molloy et al. 2002; Patton 1999; Santoni et al. 2000). 
Another combination for proteome study is the liquid chromatography/MS method, 
in which it is possible to combine ion-exchange, reversed-phase, and affinity-based 
separations to improve the resolution of each protein species. Although these two 
technologies theoretically offer a complete coverage of the proteome, they still 
lack the properties of parallelization and miniaturization that are required for 
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high-throughput screening of proteins. In order to comply with these characteristics, 
an alternative technology, the so-called protein microarray/chip, has emerged (Fung 
2004; Kambhampati 2003). The protein microarray comprises a large number of 
capture agents that selectively bind to the proteins of interest on solid surfaces. As 
in the case of nucleic acid microarrays, both multiplexation and miniaturization are 
achieved relative to traditional methods, thus dramatically increasing the amount of 
data that can be obtained per volume of biological sample. For example, when 100 μl 
of sample is applied to a flat surface with 10,000 spatially and biochemically distinct 
features (e.g., each one being derivatized with a different antibody), then it would be 
possible to obtain up to 10,000 data points in just one experiment. By comparison, a 
conventional 96-well ELISA-type assay would only produce a single data point from 
the same amount of sample.

A general scheme of a typical array experiment is shown in Figure 14.4: a large 
set of capture ligands (DNA, protein, or peptide probes) is arranged on a solid func-
tionalized support using a robot (spotter) able to spot few nanoliters of a probe solu-
tion. After washing and blocking surface unreacted sites, the array is probed with a 
sample containing (among a variety of unrelated molecules) the counterparts (target) 
of the molecular recognition event under study. If an interaction occurs, a signal is 
revealed on the surface by a variety of detection techniques. One of the most impor-
tant is the scanning of fluorescent-labeled target molecules that allows the detection 
of a large number of binding events in parallel.

Functionalization of supports

Probe immobilization

Target hybridization

LIF scanner
Analysis of results

Spotter

FIGURE 14.4  General scheme of a typical microarray experiment. A set of capture ligands 
is arrayed on a functionalized support using a robot able to spot a few nanoliters of each probe 
solution. After blocking surface unreacted sites, the array is probed with a sample contain-
ing the counterparts (target) of the molecular recognition event under study. If an interaction 
occurs, a signal is revealed by fluorescence scanning.
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14.2.1 �DNA  Microarrays

In the early 1990s, the demand for new tools to cope with the enormous quantity of 
genomic information arose (Thube et al. 2009). Such a necessity led to the develop-
ment of microarray technology as it was revealed to be, since its very first application, 
a powerful technique for analyzing thousands of genes of several biological systems.

Briefly, microscopic drops of DNA oligonucleotides, each containing picomoles 
of specific DNA (e.g., short section of a gene, DNA segments), are deposited onto a 
surface to hybridize cDNA or cRNA samples. The actual construction of microarrays 
involves the immobilization or in situ synthesis of DNA probes onto the specific test 
sites of the solid support or substrate material. High-density DNA contains hundreds 
of thousands of oligonucleotides immobilized onto a surface. The system, devel-
oped at Affymetrix, uses photolitographic techniques to carry out parallel synthesis 
of several oligos directly onto the solid support, enabling large-scale production. 
Microelectronic arrays have been developed by Nanogen; they are able to produce 
reconfigurable electric fields allowing transport of charged DNA/RNA, and then, 
upon reversing the electric field, an electronic stringency effect occurs, improving 
hybridization. Several other methods to obtain microarrays are reported in literature, 
such as synthesis in situ, ink-jet printing, and spotting.

Probes have to be carefully designed considering some aspects, such as probe 
length, melting temperature and avoiding repetitive motifs, regions that are likely 
to incur in secondary structure (in the case of mRNA), or cross-hybridization to 
sequences other than the target ones (Stoughton 2005).

DNA microarrays have attracted scientists’ interest because of their potential in 
clinical diagnostics, genotyping, determination of disease-relevant genes, detec-
tion of single nucleotide polymorphisms (SNPs), and posttranslational modifica-
tions. For example, De Saizieu et al. measured the relative transcript levels of 100 
Streptococcus pneumoniae genes during the development of natural competence and 
during stationary phase (De Saizieu et al. 1998).

DNA microarray is now widely used in virology: 25 common genotypes of 
human papillomavirus have been identified (Li et al. 2008). The ability to character-
ize and subclassify tumors has improved thanks to this technology that allows tumor 
gene expression profile, analysis of multiple gene interaction in cancer, detection of 
DNA methylation, alterations, allelic association, cancer predisposition genes, onco-
genes, and tumor suppressor genes. Microarray analysis of microbial pathogens has 
potential use in food safety, for example, Cretich et al. (2009a) developed a genomic 
microarray for the detection of pathogens in milk. Another useful application of 
DNA microarray is the identification of resistant genes in infectious agents that 
cause drug or antibiotic resistance, thus helping in developing new drugs.

14.2.2 � Protein Arrays

Protein-detecting microarrays have gained interest in the last few years; they mainly 
allow performance of two different types of analyses, depending on their purposes 
for protein detection. One is to determine the abundances of proteins of interest in 
complex protein mixtures with highly specific capture agents for each target protein, 

  



358 Biological and Pharmaceutical Applications of Nanomaterials

for example, by antigen–antibody interactions. The other is to find out the functions 
of proteins of interest, including protein–protein interactions, receptor–ligand inter-
actions, enzymatic activities, and so on. Hence, protein arrays generally fall into the 
following categories (Cretich et al. 2014):

	 1.	Function arrays
	 2.	Detection arrays (or analytical arrays)

In protein function arrays (which are generally aimed at discovering protein func-
tion in fundamental research), a large set of purified proteins or peptides or even 
an entire proteome is spotted and immobilized. The array is then used for parallel 
screening of a range of biochemical interactions. Protein function arrays (Blackburn 
and Hart 2005) can be used to study the effect of substrates or inhibitors on enzyme 
activities (Zhu et al. 2003), protein–drug or hormone effector interactions (Kim et al. 
2005), or epitope mapping studies (Chiari et al. 2005). In an another kind of protein 
arrays, usually referred to as reverse-phase microarrays (Zhu and Snyder 2003), tis-
sues, cell lysates, or serum samples are spotted on the surface and probed with one 
antibody per analyte for a multiplex readout. The reverse-phase microarray falls, 
generally, in the category of function microarray.

In protein detection microarrays, an array of affinity reagents (antigens or anti-
bodies), rather than the native proteins themselves, is immobilized on a support and 
used to determine protein abundances in a complex matrix such as serum. Analytical 
arrays can be used to assay antibodies (for diagnosis of allergy or autoimmunity 
diseases) or to monitor protein expression on a large scale.

The microarray assay format is ideally suited to the panel of tests that are emerg-
ing from the proteomic and genomic initiatives because this method of highly paral-
lel testing is more rapid than serial assays. At the forefront of emerging tests that are 
suited to a protein microarray format are tests for autoimmune diseases, detection 
of cytokines, and assessing of allergic responses. A commercially available protein 
microarray for allergy diagnosis, ImmunoCAP ISAC by Phadia (www.phadia.com), 
is, for instance, one of the first examples of a protein microarray that really entered 
into routine clinical analysis.

14.2.3 �M icroarray Supports

The aim of microarrays is the study of molecular interactions occurring between two 
partners: one contained in a liquid sample and one immobilized on a solid support. 
The chemistry used for the immobilization of probe molecules on the substrate plays 
a significant role in the success of any experiment. This is particularly true with pro-
tein arrays. Unlike DNA, proteins tend to bind to surfaces in a nonspecific manner 
and, in doing so, sometimes lose their biological activity (Chiari et al. 2005). The 
surfaces typically used for immobilization of DNA are rarely suitable for proteins 
because of the biophysical differences between the two classes of bioanalytes.

Therefore, the attributes for a substrate used to immobilize proteins are different 
from those for a DNA microarray. The key requirements of the surface hosting a 
protein microarray assay are as follows:
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	 1.	Provision of an optimal binding capacity of capture ligands (probes).
	 2.	Retention of biological activity of capture ligands (proteins tend to unfold 

when immobilized onto a support, in order to allow internal hydrophobic 
side chains to form hydrophobic bonds with the solid surface).

	 3.	Accessibility of the ligand by the interaction partner (protein–surface 
interactions reduce the accessibility of the target, possibly leading to false-
negative results). This issue is particularly important for peptide micro
arrays because of the small molecular mass of capture ligands.

	 4.	Low degree of aspecific interaction (the achievement of a low degree of 
aspecific binding is extremely difficult when the sample is a complex mix-
ture of thousands of molecules such as serum).

This is of outstanding importance because the abundance of some proteins in 
plasma is very low (sometimes lower than 1 pg/ml) and their detection is very prob-
lematic. Therefore, one of the paramount challenges of manufacturing a viable pro-
tein chip is the correct choice of a solid surface and the development of a surface 
chemistry that is compatible with a diverse set of proteins while maintaining their 
integrity, native conformation, and biological function.

14.2.3.1 � Characteristics of the Supports
The final performance of a microarray biochip strongly depends on parameters 
related to the immobilization process itself. These include the following:

•	 The chemical and physical properties of the surface, as they influence both 
specific and nonspecific binding of target and nontarget biomolecules

•	 The distance between the immobilized probes and the chip surface
•	 The orientation of the immobilized proteins, which might impair binding, 

especially to large analytes such as proteins
•	 The density of the probes on the surface, which determines the chip’s sen-

sitivity and limit of detection

The selection of the solid surface employed for generating the protein chip 
depends on the intended application. For example, gold surfaces are often used for 
the development of biosensors with electrochemical and surface plasmon resonance 
(SPR) readout (Lee et al. 2005) because of their outstanding electrical conductivity 
and convenient functionalization by means of thiol chemisorption. In contrast, glass 
and silicon are typically preferred for optical sensors because of their transparency 
(in the case of glass) and low intrinsic fluorescence. In general, these surfaces are 
characterized by their chemical homogeneity and stability, their controllable surface 
properties (such as polarity and wettability), their reactivity toward a wide range of 
chemical functionalities, and the reproducibility of surface modification.

14.2.3.2 � Planar Chip Surfaces
Glass slides are the favored surfaces for microarrays for a number of reasons such 
as availability, cost, flatness, rigidity, transparency, and amenability of the surface 
to chemical modification (Holloway et al. 2002). Methodologies for functionalizing 
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glass slides with chemical groups have been reported for the development of small-
molecule and DNA microarrays (MacBeth et al. 1999; Pirrung 2002). The main 
method for functionalization of glass slides uses reactive silanol groups (Si-OH) 
on the glass surface that can be generated by pretreatment of the surface with, 
for example, piranha solution (H2O2/H2SO4) or NaOH solution or oxygen plasma. 
Organofunctional silanes of the general structure (RO)3Si(CH2)nX or trichlorosilanes 
are then used to introduce new functional groups on the surface (Sagiv 1980). A 
large variety of silane reagents are commercially available, bearing amine, thiol, 
carboxy, epoxide, and other functional groups for subsequent modification steps. 
Various protocols for silanization can be found in the literature, employing deposi-
tion of silanes from organic solutions, from aqueous solutions, from gas phase, or by 
chemical vapor deposition (Benters et al. 2001). Dendrimers are compounds with 
branched chemical structures that carry a range of chemically reactive groups at 
their periphery; they have been applied for surface derivatization to create a larger 
functional surface area. The dendritic structure can either be synthesized in situ by 
derivatization of the surface with multifunctional linkers (Beier and Hoheisel 1999) 
or be generated by direct surface modification with a presynthesized branched struc-
ture, such as polyamidoamine (Ajikumar et al. 2007), phosphine (Le Berre et al. 
2003), or poly(propylene imine) dendrimers (Pathak et al. 2004).

14.2.3.3 � Chips with 3D Matrices
Instead of spotting probes onto a 2D solid surface, molecules can diffuse into a 
porous matrix formed by polymer membranes or hydrogels. These matrices show 
a high capacity for protein immobilization and can provide a more homogeneous 
“natural” aqueous environment than flat surfaces, thus preventing denaturation of 
proteins. However, they suffer from problems related to mass transport effects and 
sometimes high background signals. Traditional membrane materials that have been 
used are nitrocellulose and nylon, the latter providing greater physical strength and 
binding capacity. Protein attachment to nylon is also generally more stable than 
to nitrocellulose: nylon allows for positive or negative electrostatic interactions or 
photocross-linking, while nitrocellulose is believed to bind proteins by means of 
hydrophobic interactions (Del Campo and Bruce 2005). Further improvement of 
mechanical stability is offered by anodically oxidized porous alumina. This mate-
rial offers readily available surface chemistries, in particular silanization methods, 
which can lead to higher densities of biomolecular probes, and thus to higher sensi-
tivity in array applications (Lemeer et al. 2007).

Polymeric hydrogels represent hydrophilic matrices into which proteins can dif-
fuse, leading to 100-fold higher capacity of immobilization than it is found for planar 
surfaces (Timofeev et al. 1996). Covalent attachment of the gels to solid surfaces 
allows for generation of stable microarray chips. For example, agarose and acryl-
amide can be photopolymerized onto a surface functionalized with acrylic groups 
(Guschin et al. 1997). Subsequently, the polymer can be activated with hydra-
zine or ethylenediamine to generate amine groups on the surface (Piletsky et al. 
2003). Other examples of polymeric gel surfaces that can be used for the immobi-
lization of proteins involve polysaccharides, such as chitosan or dextran (Piehler 
et al. 1996). Chitosan is an amine-modified, natural, nontoxic polysaccharide, and 
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it is biodegradable. Because of its pH-responsive properties, it can simultane-
ously be immobilized onto glass supports and bind proteins through electrostatic 
interactions. Dextran is a complex branched polysaccharide consisting of glucose 
molecules joined into chains of varying lengths. Dextran hydroxy groups can be 
oxidized to aldehyde functionalities that can then be covalently immobilized onto 
amine-functionalized supports, and unreacted aldehyde groups can be further used 
for protein immobilization. Supramolecular hydrogels composed of glycosylated 
amino acids have recently been introduced as surface materials for protein arrays 
(Kiyonaka et al. 2004). Biodegradable polyesters, such as poly(l-lactic acid) and 
its various copolymers with lactic acid and glycolic acid, have also been studied as 
surfaces for biological applications (Yoon et al. 2002).

14.2.3.4 � Design Principles for Minimizing Nonspecific Adsorption
In contrast to DNA microarray applications, nonspecific binding represents a major 
obstacle in the development of protein microarray assays. The quality of a microar-
ray assay is determined not only by the desired binding events between biomolecules 
but also, to a large extent, by the suppression of undesired, nonspecific binding of 
analytes and other components within the biological sample. As nucleic acids are 
uniformly negatively charged, spontaneous adsorption to a given surface is much 
easier for proteins, which can adsorb through electrostatic, van der Waals, and Lewis 
acid–base forces as well as through hydrophobic interactions and conformational 
changes (Hlady and Buijs 1996). Such nonspecific binding can give rise to back-
ground signals and thus to low signal-to-noise ratios. Effective reduction of nonspe-
cific adsorption has been achieved by careful selection of the surface material, for 
instance, by using naturally occurring surfaces such as elastin (Nath et al. 2004), sar-
cosine (Ostuni et al. 2001), agarose (Ponten and Stolt 1980), cellulose (Carter 1965), 
and polysaccharides (Luk et al. 2000; Ostuni et al. 2001), or by using synthetic 
polymeric surfaces such as fluorocarbon polymers and molecules (Ko et al. 2005; 
Vargo et al. 1995), polyethylene glycol (PEG) (Groll et al. 2004; Michel et al. 2005), 
poly(vinyl alcohol) (Batra et al. 2005; Sugawara and Matsuda 1995), or polyelectro-
lytes (Mendelsohn et al. 2003; Michel et al. 2005; Yam et al. 2006). One particularly 
versatile approach to suppressing nonspecific adsorption is based on surfaces that 
present oligo(ethylene glycol) derivatives (Dilly et al. 2006; Hoffmann et al. 2006; 
Mrksich et al. 1995). A thorough study by Whitesides and Prime showed that crystal-
line helical and amorphous forms of SAMs of oligo(ethyleneglycol)-functionalized 
alkanethiolates on gold are resistant to protein adsorption (Prime and Whitesides 
1993). It is hypothesized that binding of interfacial water by the ethylene glycol layer 
is important for the ability of the SAM to resist protein adsorption (Chen et al. 2005). 
However, the susceptibility of ethylene glycol chains to autoxidation limits their 
long-term application. Surface phospholipids also minimize nonspecific binding. 
Their strong hydration capacity, achieved by electrostatic interaction, is postulated 
to be responsible for this effect (Chen et al. 2005). The zwitterionic properties of 
monolayers of, for example, oligophosphorylcholine SAMs result in suppression of 
kinetically irreversible nonspecific adsorption of proteins, but unfortunately, phos-
phorylcholine monolayers are not very stable. In an attempt to further rationalize 
the design of surfaces resistant to protein adsorption, Whitesides et al. formulated 
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a hypothesis relating the preferential exclusion of a “solute” to its ability to render 
surfaces resistant to the adsorption of proteins. When elements of known osmolytes 
(organic compounds affecting osmosis) or kosmotropes (organic compounds con-
tributing to the stability and structure of water–water interactions) were incorpo-
rated into alkanethiolates such as betaine, taurine, or hexamethylphosphoramide, 
SAMs of these compounds displayed improved protein repellence (Kane et al. 2003). 
Although these elaborate approaches have proven to be effective for minimizing 
nonspecific adsorption, it must be clearly stated that the old-fashioned blocking of 
reactive surface sites by the addition of blocking agents such as the bovine serum 
albumin protein, skim milk powder, or other reagents and the presence of surfactants 
such as Tween-20 and sodium dodecyl sulfate (SDS) are usually indispensable to the 
suppression of nonspecific protein adsorption (Crowther 1995).

14.2.3.5 � Polymer Coatings
The reactivity of a chip surface is determined by the functional groups it displays. 
The density of the reactive groups is one important factor controlling the amount of 
protein that can be immobilized on a specific surface area and thus consequently 
influences the limit of detection attainable with the particular chip. For example, the 
direct attachment of a protein to a surface without a spacer can cause steric constraint 
of the protein’s reactivity or interaction capability compared to the protein in solu-
tion. Moreover, multiple direct contacts with the surface can induce denaturation or 
partial denaturation and thus a decrease in activity. By introducing a spacer between 
the protein and the reactive group on the surface, these effects can be minimized.

In general, proteins offer many functional groups, mainly in the amino acid side 
chains, that are suitable for immobilization purposes. Such functional groups can be 
used to covalently couple proteins to surfaces by a range of different reactions.

In the case of DNA, sequences can be synthetically modified at one end to expose 
a functional group that easily reacts with the derivatized surface.

In an attempt to obtain a suitable polymer coating with high capacity for probe 
immobilization offering a homogeneous “natural” aqueous environment, a hydro-
philic copolymer made of N,N-dimethylacrylamide, N-(acryloyloxy)succinimide, 
and 3-(trimethoxysilyl)propyl methacrylate (copoly(DMA–NAS–MAPS)), first 
reported for the preparation of low-density DNA microarrays, was developed (Pirri 
et al. 2004). The synthesis of the polymer, as reported in Sola et al. (2012), is schema-
tized in Figure 14.5. The innovative aspect in this approach relies in the fact that the 
polymer self-adsorbs onto the glass surface very quickly, simply by immersing glass 
slides in a diluted aqueous solution of the polymer and without time-consuming 
glass pretreatments. Therefore, the coating procedure provides a fast and inexpen-
sive method for producing hydrophilic functional surfaces bearing active esters, 
able to react with amino groups of modified DNA, proteins, and peptides. The 
copoly(DMA–NAS–MAPS) coating was used on glass in the assessment of rheuma-
toid factor in human serum samples (Cretich et al. 2004), on poly(dimethylsiloxane) 
(PDMS) (Cretich et al. 2008), nitrocellulose (Cretich et al. 2009a), and silicon for 
high-sensitivity protein assays (Cretich et al. 2009b; Gagni et al. 2013). The results 
have demonstrated that the immobilized probes maintain an active conformation 
and are easily accessible; moreover, after the assay, the slides exhibited a very low 
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background. The polymeric surface was also tested as a peptide microarray sup-
port in an epitope mapping study (Chiari et al. 2005). This study suggested that 
although the copoly(DMA–NAS–MAPS) slides bind the capture molecule in a ran-
dom conformation, the aqueous microenvironment created by the polymeric coating 
provided a good accessibility of the ligand.

14.3 � SMART COATING FOR DNA SWITCHING CONTROL

A smart coating is a system able to respond to a stimulus, based on predefined 
functionalities, providing a smart feedback. In other words, it is an active coating, 
sensitive to an external stimulus, that changes its physical or chemical properties, 
preferably in a reversible way, and able to work as a sensor or actuator.

Stimuli-responsive coating is of enormous interest in several fields, such as the 
development of micro- and nanofluidic devices, self-cleaning surfaces, tissue engi-
neering, and sensor devices.

The response of a polymer, as a consequence of the modification of pH, tem-
perature, electric field, ultraviolet (UV) wavelength, or solvent, typically includes 
a variation of its chain dimension, secondary structure, solubility, intramolecular 
association, and hydrophobicity/hydrophilicity. In most cases, the physical/chemical 
phenomenon that provokes the response is the formation or destruction of second-
ary forces (such as hydrogen bonds or hydrophobic and electrostatic interactions) or 
simple chemical reactions (e.g., acid–base reactions). In other cases, the response is 
more dramatic and includes bond brakeage of polymer backbone or cross-linking 
groups (Roy et al. 2010).

These smart surfaces gain tremendous relevance when applied to biosensors 
because the ability to modulate a biomolecule activity on a surface enables the 
development of sensitive, disposable, microfluidic devices for real-time bioanalytical 
analysis and bioseparations (Mendes 2008).

AIBN
THF
65°C

O

O

O

O O
O

O
OMe

OMe
OMe

SiN + O N

O O
O O

O O

Si(OMe)3

O
N

N
n m p

FIGURE 14.5  Synthesis of poly(DMA–co-NAS–co-MAPS) as described in Sola et al. 
(2012).
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The design of smart surfaces is based on the use of materials forming SAMs or 
polymer films or by using them as a foundation to attach stimuli-responsive materi-
als. In particular, this chapter highlights the use of polymer coatings that can change 
their properties by chemical, electrical, thermal, and optical impulse.

One of the most known and widely used switchable polymer is poly(N-
isopropylacrylamide) (pNIPAM), a thermo-responsive polymer that has a low crit-
ical solution temperature (LCST) of 32°C when in aqueous solutions: below this 
temperature, pNIPAM is soluble in an extended and swelled conformation. When 
the temperature increases above the LCST, the polymer collapses, excluding the 
aqueous solvent from its polymer chain. This behavior is attributed to the presence 
of hydrogen bonds between the amide groups and water molecules that are broken at 
high temperature (Mendes 2008) and is schematized in Figure 14.6.

Thanks to its behavior, pNIPAM has been widely exploited as coating for cell 
culture dishes (Kushida et al. 1999). Cells in fact establish strong hydrophobic inter-
actions with the collapsed pNIPAM; therefore, a decrease in the culture tempera-
ture, below the LCST, results in their detachment from the dish. This feature can be 
exploited to remove cells from a culture instead of using mechanical dissociation or 
enzymatic digestion. pNIPAM was also found to be useful to regulate the adhesion 
of other biomolecules such as bacterial protein, peptide, and steroids (Mendes 2008). 
As a consequence of such a regulatory behavior, it has been exploited to develop a 
microfluidic device with the ability to absorb proteins from a solution and to release 
them on demand by changing the temperature of the pNIPAM-coated silicon chip. 
Gold wires have been used as heaters that could be heated separately so that restricted 
areas of the chip could be regulated (Mendes et al. 2007).

A precise control of biomolecule activity onto a surface can be achieved also 
by stimulating a polymer coating by UV light. For example, the azobenzene mol-
ecule undergoes a cis–trans isomerization when illuminated with a wavelength of 
300–400 nm so that the stable trans form isomerizes, reversibly, to the cis state. This 
transition is accompanied by a shape modification as the trans isomer is more lin-
ear with respect to the cis one. Hayashi et al. (2007) have incorporated azobenzene 
moieties into a peptide immobilized on a carboxymethyl dextran–coated gold chip: 
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FIGURE 14.6  Diagram illustrating the temperature-induced switching of a pNIPAM-
modified surface. pNIPAM chains are shown forming intermolecular hydrogen bonds with 
water molecules at temperatures below the LCST (left) and forming intramolecular hydrogen 
bonds between C=O and N–H.
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the binding of the peptide to its RNA aptamer was finely regulated thanks to the 
conformational changes of azobenzene.

Polymer brush coatings can change their conformation because of the combination 
of entropic repulsion between polymer chains: this behavior has offered the possibility 
to generate responsive films on both planar surfaces and nanoparticles. In the case of 
homopolymer brushes, the responsive behavior originates from the properties of the 
polymer chains and their grafted density, while when considering block copolymer 
brushes, the stimuli-responsive behavior is due to the phase segregation of the single 
blocks, specifically when the solvent affinities of the two blocks are different. This 
process is schematized in Figure 14.7. Phase segregation of mixed polymer brushes 
(when two or more different polymers are grafted to the same surface) causes the 
switching of the spatial distribution of the polymer chains, which differently expose 
their functional groups, thus switching between the properties of the two single con-
stituent of the coating (Cohen et al. 2010). For example, a mixed polymer brush coating 
made of poly(styrene) and poly(2-vinylpyridine) varies its surface composition and, as 
a consequence, its wettability when treated with different solvents (Draper et al. 2004).

These combinations of different behaviors broaden the switch range of properties. 
For example, the balance among electrostatic, steric, and hydrophobic forces can be 
achieved exposing to external stimuli a triblock coating made of poly(styrene-block-
2-vinylpyridine-block-ethylene oxide) (Cohen et al. 2010).

Stimuli-responsive polymer coatings facilitate the transduction mechanism in 
biosensors. For example, Tokareva et al. (2004) showed the tuning of plasmon reso-
nance coupling between gold nanoparticles and gold substrates mediated by a brush 
layer of poly(2-vinylpyridine), becoming a highly sensitive pH-responsive sensor.

Hydrogels have become very attractive because of their swelling properties: 
switching between open and closed pores offers the opportunity to regulate the 
transportation or accommodation of chemicals, biomolecules, and nanoparticles. For 
example, poly(2-vinylpyridine) gel films show pH-dependent porosity. At the same 
time, it is sensitive to cholesterol molecules and this response is used to regulate the 
permeability of electrochemically active ions across a gel grafted on the surface 
of an electrode (Cohen et al. 2010). Microlenses with tunable focal lengths, made 
of pNIPAM and poly(acrylic acid), are able to autofocus under external pressure: 
the regulation of the focal length is controlled by the shrunken or swollen material 
refractive index variation, caused by protonation/deprotonation of the acidic groups, 
temperature modification, and cross-linking/decross-linking events. These tunable 
microlenses can be introduced into microfluidic devices.

(a) (b) (c)

FIGURE 14.7  Illustration of various architectures and responsive behavior of polymers: 
(a) single-component homopolymer brushes; (b) block copolymer brushes; (c) mixed brushes.
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One of the major applications of smart surfaces in biosensors concerns DNA-
based analytical platforms and the investigation of protein–DNA interactions. 
Protein–DNA interactions play a crucial role in many biological processes, including 
gene expression. Even though they are not very well understood, these conformation 
changes play a critical role in transcription.

In Section 14.3.1, we highlight the recent achievements made in the development 
of smart surfaces for DNA studies.

14.3.1 �DNA  Switch Biosensors

DNA-based analytical platforms have found their way into the scientific world, 
providing remarkable improvements in bioanalytics, healthcare, biosensing, and 
diagnostics. Despite the versatility they demonstrated in biomolecular recognition, 
DNA-tethered surface potential has not been entirely exploited yet. Nature offered 
the cue to go beyond: biomolecules undergo conformational changes as a conse-
quence of molecular binding and recognition, which is an easily exploited feature. 
Only a little more than a decade ago, it was observed that DNA responds to externally 
applied electrical potentials (Kelley et al. 1998), and since then, the development of 
systems that can manipulate DNA behavior under a certain stimulus has gained a 
lot of interest, giving birth to the so-called DNA switching nanomachines. These 
platforms have great potentialities in several fields, such as biomolecular sensing or 
intelligent drug delivery. The basic mechanisms by which many DNA nanomachines 
induce motion are through conformational changes in DNA that result from environ-
mental changes in pH (Liu et al. 2006; Meng et al. 2009; Yang et al. 2010) and ionic 
strength (He et al. 2005) or through the binding of signaling molecules (Yurke et al. 
2000). Such nanomachines were, for example, previously used to induce bending of 
cantilevers (Shu et al. 2005): DNA conformational changes to a quadruplex shape 
(i-motif) were monitored as a bending of the microcantilevers. Xia et al. (2008), 
taking cue from membrane acid-sensing ion channels, reported their use as gates 
for synthetic nanopores. Conical solid nanopores are synthesized to contain, in their 
inner part, i-motif DNA structures, sensible to pH variations, and as a consequence, 
nanopores can be easily opened and closed by changing buffer (Figure 14.8). DNA 
nanoswitch array finds use in the detection of local pH or metal ion concentration. 
Liu et al. (2006) have developed a sensor on which i-motif, fluorescently labeled 
DNA is tethered to a gold surface, and as a consequence of pH variations, DNA 
loses its quadruplex shape and unfolds vertically, allowing detection of fluorescence, 
which is quenched while in the i-motif configuration as depicted in Figure 14.9.

To date, several platforms utilize orientation changes of surface-immobilized 
DNA induced by the modulation of an electric potential to control the surface charge 
of the sensor (Kaiser and Rant 2010; Yang et al. 2010). The characteristic behav-
ior of the DNA switching, such as the switching amplitude (the difference between 
upright and horizontal orientations) or switching dynamics, is influenced by buffer 
pH, ionic strength, and temperature (Kaiser and Rant 2010; Rant et al. 2004). In 
fact, charged objects in solutions containing salts are completely screened by these 
free ions that create a layer, whose length (Debye length) is inversely proportional to 
ionic strength. In the case of very high ionic strength, electric interactions are almost 
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completely suppressed and double-stranded DNA assumes a standing position while 
single-stranded DNA tends to coil and to assume a compressed state; conversely, at 
low ionic strength, the charges along the DNA sequence are not shielded anymore 
and electrostatic repulsions occur, causing single-stranded DNA to stiff and extend 
vertically upon the surface, representing the only way to manipulate single-stranded 
oligonucleotides (Kaiser and Rant 2010). Additionally, the switching amplitude is 
influenced by conformation changes of the immobilized DNA, making it possible to 
detect DNA hybridization or denaturation (Rant et al. 2007) or to utilize the platform 
for high-throughput characterization of the DNA sequence dependence on confor-
mation changes that are induced by DNA binding proteins such as transcription fac-
tors (Spuhler et al. 2010). DNA conformational investigations mostly require induced 
orientation of the surface-immobilized DNA in a standing position to observe any of 
its possible variation (Spuhler et al. 2010). DNA switching motors represent the most 
attractive system to obtain a controlled orientation of oligonucleotides. However, 
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FIGURE 14.8  Scheme of the nanopores containing i-motif DNA structures that can be eas-
ily opened or closed by varying the pH buffer. (Reprinted with permission from F. Xia et al., 
Gating of single synthetic nanopores by proton-driven DNA molecular motors, J. Am. Chem. 
Soc., 130, 8345–8350. Copyright 2008 American Chemical Society.)
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FIGURE 14.9  Schematic presentation of the reversible actuation of the immobilized motor DNA 
array on a microcontact printing patterned surface. At low pH, the motor DNA adopts its 
closed i-motif structure, which brings the fluorophore close to the gold surface and quenches 
its fluorescence. At high pH, the i-motif unfolds and hybridizes with its complementary 
strand in solution to form a rigid duplex, which lifts up the fluorophore away from the gold 
surface and becomes highly fluorescent. (Reprinted with permission from D. Liu et al., A 
reversible pH-driven DNA nanoswitch array, J. Am. Chem. Soc., 128, 2067–2071. Copyright 
2006 American Chemical Society.)
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despite the fact that dynamic nanostructures are very attractive considering their 
potential use as next-generation biosensors, their design still remains a challenge. 
Up to know, except for a few cases, DNA orientation and switching mainly implicate 
alternating electric field to a gold electrode, on which the thiol-functionalized DNA 
probes were end-grafted. Rant et al. (2007), for example, developed a platform to 
study DNA orientation on a gold surface. The application of an electric potential to 
the gold electrode generates an intense electric field that attracted or repelled fluo-
rescently labeled, thiol-modified oligonucleotides, causing its orientation. It is well 
known that gold causes quenching of fluorescence; thus, by measuring fluorescence 
intensity, it was possible to determine occurring conformational changes (Figure 
14.10). Similarly, Meng et al. introduced a platform that exploited the presence of 
cysteine on the gold surface to orient DNA. Because of the cysteine isoelectric point, 
which changes the pH value of the buffers, interactions between DNA and the sur-
face vary, causing DNA extension or collapse (Meng et al. 2009). To our knowledge, 
independently from the mechanism of DNA switching, all the supports used are 
mainly gold electrodes. This is because attaching thiol-modified oligonucleotides 
is a very easy and fast process. Only few cases report the use of different materials, 
such as poly(ethylene terephthalate) (PET) (Xia et al. 2008), using carboxy-amine 
coupling chemistry. Unfortunately, these systems totally lack surface chemistry con-
trol, which may have some limitations: for example, control of probe density is not 
simple and effortless. Usually, a spacer, such as mercaptoethanol, is required, but 
in other cases, some other expedients can be used, for example, electrical desorp-
tion applying high negative potentials (Kaiser and Rant 2010). An example of poly-
meric coating able to orient correctly DNA strands is reported by Spuhler et al. who 
designed a covalently bound smart coating composed of neutral and ionizable mono-
mers, so that the surface charge density can be perfectly controlled by changing 
buffer pH. As a consequence of net charge variation, DNA was precisely regulated 
and its orientation was quantified with subnanometer precision (Spuhler et al. 2012). 
Additionally, the precise measured height changes can provide further information 
about protein–DNA complexes: if the orientation of surface-bound double-stranded 
DNA probes is known, then the height change gives the position of protein binding 
on the DNA sequence. Conversely, if the orientation and the binding positions are 
known, then the fluorophore height changes allow measurement of the conformation 
changes induced by protein binding (Figure 14.11).
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FIGURE 14.10  Scheme of DNA switching caused by the application of an electric poten-
tial. When a negative potential is applied to the gold electrode, the negative charges repel the 
negatively charged DNA. Conversely, a positively charged electrode attracts DNA.

  



369Surface Modifications by Polymers for Biosensing Applications

14.4 � LAB-ON-A-CHIP MICROFLUIDIC DEVICES

The rapid and accurate determination of chemical or biological parameters repre-
sents one of the major issues in several research and production fields, such as envi-
ronmental analysis, diagnostic chemical synthesis, and biotechnology. Very often, 
the sample or compound of interest constitutes only a minor part of the complex 
mixture taken into account; hence, it has to be perfectly distinguished from the back-
ground. Moreover, sometimes, samples are not available in high concentration; thus, 
very sensitive analytical techniques are required to study them. In the late 1980s, the 
so-called total chemical analysis system (TAS) was proposed to overcome this issue: 
this strategy carries out precisely and automatically a sequence of processes such as 
sampling, sample transportation, separation, and detection.

In the last 20 years, improvements and progress in microfabrication techniques 
have widely attracted the scientific world. The application of these principles to TAS 
has led to a fully integrated analytical system on a micrometer scale. The concept 
was first introduced by Manz et al. in 1990 (Manz et al. 1990) who named it minia-
turized total chemical analysis system (μTAS). Considering their potential and role, 
a second definition of these analytical systems is Lab on a Chip (LoC): they are, 
in fact, hybrid microanalytical devices that collect various processes on a single 
platform. They basically integrate fluidic and electronic constituents, containing, on 
the same chip, microchannels, microvalves, sensing components, microelectrodes, 
thermal elements, optical apparatus, and micromixers, thus allowing performance of 
a series of processes or, in some cases, an entire experiment on the same, miniatur-
ized platform. As a consequence, scientists have evaluated the possibility of applying 
this technology in diagnostics, food quality assessment, cell analysis, genetic map-
ping, protein analysis, and bioassay. They have gained a lot of importance in drug 
discovery, for example, in clinical trial studies, drug syntheses, and pharmaceutical 
formulations and in evaluating the synergic effect of coadministered medicines.

The main advantages of LoC are compactness, portability, process automation, 
low power consumption, minimal use of samples and reagents, and reduced risk 

SiO2 spacer

Silicon substrate

∆h1 ∆h2 ∆h3

FIGURE 14.11  Measurement platform for the high-throughput measurement of protein–
DNA interactions. The mean height of fluorophore tags on immobilized dsDNA probes is 
precisely measured. Protein binding induces conformation changes in the immobilized DNA, 
which permits protein binding without labeling the protein. The known orientation of dsDNA 
probes permits measurement of the protein binding location and of the induced conformation 
changes.
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of contamination. Besides their small dimensions, LoC systems support a variety 
of processes, such as sampling, dispensing, mixing, concentrating, amplification, 
separation, and detection. Moreover, they allow parallel sample processing and high-
throughput screening (Kovarik et al. 2013).

LoC devices have found several fields of application. In general, biomedical 
research has largely benefited from this technique as it allows performance of full 
classical analysis but on a smaller scale. Thanks to the use of electrical and mechani-
cal micropumps, separation of biomolecules, cells, and nanoparticles can be managed 
by exploiting transportation methods based on sample charge and size. LoC devices 
display high efficiency in mixing reagent and samples in a very precise manner owing 
to reduced liquid volumes. Both active mixing (such as electrokinetic or magnetically 
driven mixers) and passive mixing can be used. In particular, passive mixing can be 
achieved in twisted microchannels where fluid turbulence is created. Temperature 
gradients can be easily created in these platforms, inside the microchannels: this 
enables, for example, repeatable temperature cycles and thus DNA amplification by 
means of PCR reactions (Kovarik et al. 2013). Genomic research requires a special-
ized analytical technique, the so-called microarray technology, which can be fully 
integrated into these systems. Furthermore, capillary electrophoresis can also be eas-
ily performed in microchannels: because of the tiny dimensions, surface-to-volume ratio 
increases significantly and electrophoretic forces become more significant, enabling 
fast and efficient separations. The ultimate goal of LoC devices is their evolution 
into point-of-care tests (POCTs). A POCT is defined as any medical test close to the 
patient: in the doctor’s office, by the hospital bed, or at home. The most common ones 
are glucose tests, rapid streptococcal tests, and pregnancy tests.

14.4.1 �D evice Design, Manufacturing, and Materials

Design of a LoC involves, as a first step, a series of numerical simulation to fore-
see the components’ behavior and performance. It is fundamental to investigate the 
functionality of a muticomponent microfluidic platform implemented with compli-
cated sample analysis.

LoC should be modular and should combine elementary fluidic components like 
micropumps, microvalves, reservoirs, and microchannels to allow a straightforward 
process. Its design should allow uncomplicated assembly and easy maintenance. 
Manufacturing procedures are very similar to microelectronic chip fabrication. 
Photolithography remains the main technique to pattern microfluidic and electric 
features. It implies the use of a photomask and UV light, and it enables the produc-
tion of small features maintaining high-quality aspects (Kovarik et al. 2013).

Soft lithography is an alternative based on direct printing or molding of different 
materials. In this case, elastomers (such as PDMS) are used instead of rigid photomasks.

In the early years of μTAS, the dominant materials applicable for microfluidic 
device fabrication were inorganic materials, such as silicon, glass, and quartz. All of 
these materials are widely used in the microelectronics industry and standard micro-
fabrication techniques have already been well developed. Nowadays, among these 
materials, silicon is seldom used for microfluidic devices because it is not transpar-
ent to visible and UV light for optical detection. In comparison, glass has been the 
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major inorganic material used in microfluidic device fabrication because it has good 
optical, mechanical, electrical insulating, and thermal properties. In addition, glass 
surfaces are easy to modify because surface chemistries have been well established. 
Even though quartz, a pure form of silicon dioxide, has superior physical properties 
over other inorganic materials for microfabrication, it is not widely used in microflu-
idic device fabrication because of its high cost and difficult fabrication requirements.

Unfortunately, these materials are very expensive and require cumbersome fabri-
cation techniques. As a consequence, new materials have been recently introduced 
for the fabrication of microfluidic devices. Cyclic olefin copolymer, PET, polycar-
bonate, PDMS, and polytetrafluoroethylene are currently used to fabricate disposable 
microfluidic devices via plastic machining technologies such as injection molding, 
casting, and embossing.

The control of the surface properties of these systems is fundamental to obtain 
optimal analytical performance: the hydrophobicity of the materials reduces their 
wettability and complicates the introduction of aqueous solutions into narrow chan-
nels and, at the same time, makes the material unsuitable for use with biological 
samples. It is known that proteins irreversibly interact with surfaces by means of 
electrostatic and hydrophobic interactions, leading to poor analytical performance. 
As a consequence, it is very important to modify the surface of these polymeric 
materials to decrease their hydrophobicity and obtain better biocompatibility.

Several modification methods have been reported in literature, but the most com-
monly used are divided into three categories: gas-phase methods, wet chemical 
processes, and a combination of the two. The gas-phase methods include plasma oxi-
dation, UV irradiation, and chemical vapor deposition. The first two processes induce 
a chemical modification of the surfaces by introducing new functional groups, while 
the third hides the undesirable characteristic of the materials by the deposition of 
vapors onto the surfaces. Oxygen plasma, for example, reacts with methyl groups on 
the surface, generating silanol groups similar to silicon oxide (Makamba et al. 2003). 
On the contrary, UV irradiation, starting from air oxygen, generates ozone, which 
interacts with the surface resulting in the formation of hydroxy groups (Efimenko et 
al. 2002). Even though these processes are very easy to perform, their main draw-
back is the fast aging of the treated material. For example, plasma degrades a thin 
layer of the material, producing low-molecular-weight polymer chains that are dis-
solved when in contact with liquids. Another issue is the instability of the process: 
PDMS recovers its hydrophobicity after a short time because of the migration of 
uncured monomers from the bulk to the surface (Berdichevsky et al. 2004). The 
chemical vapor deposition process implies the chemical reaction of gas reagents in 
an environment activated by heat, light, and plasma followed by the formation of a 
stable product on the surface as powder or films (Choy 2003).

Wet chemical modification processes include the use of suspensions or solutions, 
which cause the adsorption of the solute through electrostatic interactions or chemi-
cal reaction with the functional groups of the surface. Films obtained by physical 
interactions of molecules with the substrate are usually unstable, because of the 
desorption caused by the exposure to organic solvents or the replacement of other 
molecules that can form a more stable interaction with the surface. Surface modifi-
cation through the LBL technique or the deposition of polyanions and polycations 
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is an emerging simple and efficient method for controlling the coating thickness on 
the nanoscale. The LBL coating consists in the adsorption of polyelectrolyte layers 
(macromolecules bearing charged moieties along their chain) of opposite charge, lead-
ing to a highly reproducible nanostructured multilayer (Kolasinska et al. 2009). The 
process shows a series of advantages as it consists in the spontaneous adsorption of 
solutions onto the surface, but the obtained film is not very stable and the interactions 
between biomolecules and polyelectrolytes are very likely to happen. Furthermore, 
the material that has to be coated needs to be charged as well. This issue has been 
solved by treating PDMS with polycations such as poly(diallyldimethylammonium 
chloride) or chitosan: they interact with PDMS through hydrophobic interactions 
leading to a first charged layer, which is able to adsorb others (Wang et al. 2006).

Another approach implies the dynamic modification of surfaces using surfactants, 
a very fast and simple process that involves the use of amphiphilic molecules added 
to the analysis running buffer. The hydrophobic chain of the surfactant adsorbs onto 
the hydrophobic surface, while the polar chain remains in contact with the solu-
tion. Several surfactants have been taken into consideration, such as SDS, dodecanol 
polyoxyethylene (Brij35), sodium deoxycholate, phosphatidic acid, and polyethylene 
oxide (Dou et al. 2004; Garcia et al. 2005). The success of the treatment depends on 
the surfactant concentration and the adsorption characteristics because the chain can 
adopt different orientations on the surface. In order to increase antifouling proper-
ties, the surfactant concentration must be slightly inferior to the critical micellar con-
centration, because in this way, a dense single layer deposits onto the surface, thus 
preventing the interactions of biomolecules. If the concentration is too high, a double 
layer of molecules adsorbs onto the surfaces but the polar chains are not efficiently 
exposed, or in other cases, micelles and aggregates are formed and adsorbed onto the 
surfaces, reducing the efficacy of the treatment.

Unfortunately, the functionality and stability of coatings obtained using these 
approaches depend on many factors that are difficult to control, such as both the 
polyelectrolyte ionic strength and concentration, type of solvent, temperature, pH, 
and so on (Ariga et al. 2007).

Another approach to improve the surface properties of microfluidic devices is 
silanization, a process based on the condensation of silanol groups via the oxida-
tion of functional alkoxy- or chlorosilanes (Figure 14.12). The silanization process is 
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FIGURE 14.12  Scheme of the silanization process. Aliphatic chains bind to hydroxy groups 
on the surface by means of hydrogen bonds. Removal of water stabilizes the binding by the 
formation of covalent bonds. A number of polymers bearing reactive functionalities have 
been grafted onto silanized PDMS.
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divided into three phases: aliphatic chains are attracted onto the surface through the 
alkoxysilane groups, which act as a polar moiety of an amphiphilic molecule. The 
presence of water hydrolyzes those groups, which can bind to the hydroxy groups 
of the surface by the formation of hydrogen bonds. Finally, removal of water using 
reduced pressure and high temperature stabilizes the binding by the formation of 
covalent bonds (Silberzan et al. 1991).

A number of polymers bearing reactive functionalities have been grafted onto 
silanized PDMS. For instance, O-[(N-succinimidyl)succinyl]-O-mPEG, poly​(dimethyl-
acrylamide co-glycidyl methacrylate) (poly(DMA-GMA)), poly(vinylpyrrolidone)-
g-glycidyl methacrylate (PVP-g-GMA), and poly(vinyl alcohol)-g-glycidyl methacrylate 
(PVA-g-GMA) have been covalently grafted onto APTES-modified PDMS surfaces 
(Zhou et al. 2010). These polymers are attached to the surface owing to the reactivity 
of surface functionalities to the chemically reactive polymer groups. Both these and 
other processes combining UV or plasma treatments with graft polymerization rely 
on the reproducibility of silanization, which is known to be difficult to control even 
on glass, which is the most reactive material for organosilanes (Vansant et al. 1995). 
Zilio et al. (2014) have introduced a simple process that combines gas phase and wet 
chemical modification.

Several plastic materials have been treated with plasma and then immersed into 
a diluted solution of a dimethylacrylamide-based polymer solution. The coating pro-
cedure is easy, fast, and robust and provides hydrophilic functional films covalently 
bound to the surface. In this work, it was found that polymers bearing silane groups 
are effective at forming thin films on different thermoplastics as well as on PDMS. 
The presence of silane groups pending from the polymer backbone is critical for sta-
bilizing the coating on a number of plastics. The coatings reported in this work are 
very stable to harsh conditions such as organic solvents and high temperature, and 
in general, the hydrophobicity of the thermoplastic materials used diminished water 
contact angles from approximately 100° to 80° or 40°.

14.4.2 � Biosensing in Microfluidics Structures

Combination of biosensors and microfluidics chips enhances analytical capability, 
widening the scope of possible applications. The role of microfluidics in biomedical 
analysis was recently reviewed (Gervais et al. 2011; Sackmann et al. 2014).

Microfluidic methods are being developed to perform a variety of diagnostic tests 
with built-in analysis capabilities. When a microarray is embedded in a microfluidic 
structure, polymers are efficient means to immobilize the capturing probes and sup-
press nonspecific adhesion of proteins. For example, a sensitive flow-through micro-
array immunoassay device was developed (Liu et al. 2011) in which a poly[glycidyl 
methacrylate-co-poly(ethylene glycol) methacrylate] (P(GMA-co-PEGMA)) brush 
is coated on a glass slide through a surface-initiated atom transfer radical poly
merization to immobilize capture proteins. The integrated device was realized by 
laminating the protein-arrayed slide onto a double-sided adhesive tape–attached 
poly(methyl methacrylate) microfluidic structure. The parallel microarray-based 
device was designed to perform immunoassays for simultaneous analysis of samples 
demonstrating reduced total assay time over the static microarray immunoassay. The 
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rapid and sensitive detection can be mainly ascribed to the P(GMA-co-PEGMA)-
brushed substrate, of which both the hydrophilicity from its PEG component and the 
binding capability from its GMA moiety result in higher protein loading capacity, 
lower nonspecific adsorption, and higher antibody–antigen binding efficiency.

In general, each component of a TAS microdevice requires a specific function-
alization depending on its role in the assay, with each modification contributing to 
the success of the analysis. Hydrophilicity/hydrophobicity is needed to direct fluids 
in the microchannels; biosensing areas usually require stable immobilization of the 
probes; microreactors necessitate coatings to prevent nonspecific adhesion of the 
enzymes and other reaction components; cell-based analytical devices need anti-
fouling properties in some of their areas. An example of the flexibility in tailor-
ing surface properties provided by polymer chemistry is illustrated by the work by 
Samuel et al. (2010). In this work, a versatile pathway for the generation of polymer-
based microfluidic devices with tailor-made surface chemistry was described. 
A photochemical process was used to covalently bind polymers onto surfaces of 
hot embossed microchannels. The microfluidics chips have the format of a com-
pact disk (CD) made of polymethylmethacrylate and polyethylene-co-norbornene. 
Thin films of polymers containing photoactive benzophenone units were deposited 
onto the surface of the devices and irradiated with UV light leading to the surface 
attachment of ultrathin polymer networks. In contrast to their unmodified CDs, the 
microfluidic channels coated with hydrophilic, photoattached layers can be filled in 
a straightforward manner with water by capillary forces. Channels coated by thin 
films of poly(ethyloxazoline) demonstrated resistance to nonspecific protein adhe-
sion. Generation of hydrophobic patches inside the modified microfluidic channels 
using benzophenone-containing fluoropolymers allowed the generation of passive 
microfluidic valves to direct fluid motion in the CDs.

14.5 � POLYMER-COATED NANOPARTICLES FOR BIOSENSING

Nowadays, nanoparticles have great importance in basic and applied research in 
different kinds of fields such as optics and electronics. In the last 20 years, the syn-
thesis and the characterization of nanoparticles have experienced a rapid progress 
(Burda et al. 2005; Park et al. 2007; Tenne 2003). Colloidal inorganic nanocrystals 
are promising materials because of their unique size-dependent properties and have 
found broad application in analytical chemistry (Alivisatos et al. 1998; Efros and 
Rosen 2000; Moriarty 2001). Thanks to their chemical and physical properties, they 
can be used to construct novel and improved sensing devices, including electrochem-
ical sensors and biosensors that offer great promise in terms of high performance 
(high sensitivity and selectivity), high speed, miniaturization, and low cost.

Many kinds of nanoparticles, such as metal, oxide, and semiconductor nanocrys-
tals, have been used for different kinds of biosensors where nanoparticles play differ-
ent roles. One of the most important functions provided by nanoparticles in biosensor 
construction includes the immobilization of biomolecules, retaining their bioactivity 
and increasing their stability. In fact, because of their large specific surface area 
and high surface free energy, nanoparticles can adsorb biomolecules strongly or, as 
well described earlier, they can be functionalized, exploiting the functional groups 
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embedded in the polymer shell. Crumbliss et al. (1992) exploited colloidal gold as a 
biocompatible enzyme immobilization matrix suitable for the fabrication of enzyme 
electrodes. Electrochemical immunosensors based on the immobilization of antigen 
or antibody on nanoparticles are extensively studied; for example, an amperometric 
immunosensor for the sensitive detection of hepatitis B surface antigen was designed 
exploiting gold nanoparticles for the bioconjugation (Zhuo et al. 2005). Besides gold 
nanoparticles, other types of nanoparticles such as silver and silica (Cai et al. 2001) 
have also been used for the immobilization of antibodies and antigens. DNA mol-
ecules can be immobilized on nanoparticles for the construction of electrochemical 
DNA sensors. For this purpose, it is necessary to modify the DNA strands with spe-
cial functional groups that can interact strongly with nanoparticles (Cai et al. 2001). 
Important functions that nanoparticles can provide into electrochemical sensors and 
biosensors are based on their excellent catalytic properties and conductivity. In par-
ticular, metal nanoparticles such as gold and platinum nanoparticles exhibit good 
catalytic properties and have been used in electrochemical analysis (Raj et al. 2003; 
You et al. 2003) or on biosensors for enhanced electron transfer properties (Liu et 
al. 2003).

Gold nanoparticles are the most frequently used among all the metal nanoparticle 
labels available (Dequaire et al. 2000), and they represent an excellent nanoplat-
form to develop methods for biosensing. They can be employed for a wide range of 
applications, ranging from chemical to biological samples, as demonstrated by many 
research groups (Burda et al. 2005; Daniel and Astruc 2004; Homola 2008; Njoki et 
al. 2007). A distinctive feature of gold nanoparticles is the SPR absorption, which 
is due to the strong vibrant color of their colloidal solution. This particular property 
provides enhancement of SPR biosensor response (Matsui et al. 2005). In addition 
to their unique SPR effect, surface-enhanced Raman scattering detection represents 
an important application, where gold nanoparticles are used as probes for single 
molecules (Kneipp et al. 1997; Krug et al. 1999; Morasso et al. 1998; Nie and Emery 
1997; Rodriguez et al. 2010).

Luminescent semiconductors or nanocrystals or quantum dots (QDs) are a 
recently developed class of nanomaterial whose unique photophysical properties 
help create a new generation of robust fluorescent biosensors. In fact, they are suit-
able for bioassays thanks to the possibility of being excited at almost any wave-
length below the band edge. This peculiarity, combined with high photobleaching 
resistance and multiplexing capabilities, makes them attractive to biologists for 
use in fluorescence assays, in place of the common organic fluorophores that have 
numerous drawbacks (Resch-Genger et al. 2008). The widespread use of QDs in a 
myriad of biosensing applications including immunoassays, nucleic acid detection, 
resonance energy-transfer studies, clinical/diagnostic assays, and cellular labeling 
was recently summarized (Sapsford et al. 2006). QDs on immunoassay detection 
have been widely studied; for instance, they are used in immunoassays for the rapid 
detection of protein toxins in clinical, environmental, and food/water security-based 
applications. Their size-tunable photoluminescence coupled with the broad absorp-
tion spectra has allowed multiplexed immunoassays (Goldman et al. 2004) for the 
simultaneous detection of four toxins: cholera toxin, ricin, Shiga-like toxin, and 
staphylococcal enterotoxin B. In this assay, the unique photophysical properties of 
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QDs play a fundamental role because specific antibodies for each of the toxins are 
coupled to a different-color QD representing a real, new, and advantageous approach 
for optical biosensing.

QDs were recently used to amplify detection signal in interferometric biosensors 
based on dual-polarization interferometry for immunoglobulin E in serum (Platt et 
al. 2014). Moreover, QDs have become advantageous reporters in microarray tech-
nology (Nichkova et al. 2007; Sapsford et al. 2011). The performance of CdSe/ZnS 
QDs in comparison with the fluorescent dye Alexa 647 as fluorescent tags in a sand-
wich immunoassay microarray was explored to detect ApoE, a potential biomarker 
of Alzheimer’s disease (Morales-Narvaez et al. 2012). The authors obtained up to a 
sevenfold enhancement in the limit of detection when compared with a conventional 
ELISA assay and up to a fivefold enhancement when compared with Alexa 647 as 
reporter in microarray format.

The use of QDs provides benefits in DNA microarray as well. These include gene 
expression monitoring, mutation detection, and SNP typing. In particular, they allow 
the simultaneous comparison of different genomes or genetic markers facilitating 
pathogen identification and cancer diagnosis/evaluation. Gerion et al. in 2002 dem-
onstrated specific hybridization of four different QD–DNA conjugates on surfaces 
containing complementary DNA strands (Gerion et al. 2002) and later the same 
group studied the use of QD–DNA conjugates for the simultaneous detection of hep-
atitis B and C genotypes and SNP detection (Gerion et al. 2003).

The use of QDs in microarray technology improved biosensing performance and 
accelerated incorporation of this technology into real-world bioanalytical scenarios 
for applications in diagnostics, safety, security, and environmental monitoring.

14.5.1 �N anoparticle Coating

The usefulness of nanoparticles in biomedical applications depends on the ability 
to manipulate their surface chemistry while maintaining their properties identical 
to the features that they have in the organic solvents where they are mostly synthe-
sized. Therefore, the development of methods that can provide small, biocompatible, 
monodisperse, and chemically reactive nanoparticles stable in water is a key factor 
for their use in biomedical applications. As a matter of fact, nanocrystals can be 
synthesized either in aqueous solution starting from various materials such as Au 
(Schmid and Lehnert 1989), CdTe and CdSe (Rogach et al. 2004), and Fe3O4 (Berger 
et al. 1999) or in organic solvents starting from Au (Fink et al. 1998), CdTe and CdSe 
(Peng and Peng 2001), and Fe3O4S (Sun and Zeng 2002). However, various synthetic 
approaches in organic solvent at high temperature are widely used to provide control 
over size and shape (Manna et al. 2000) and in order to obtain highly crystalline 
and monodisperse nanocrystals. This involves their surface being coated with dif-
ferent hydrophobic surfactant molecules (e.g., trioctylphosphine oxide [–TOPO–] or 
hexadecylamine [–HDA–]) that provide their hydrophobicity and protect them from 
further growth and from the external environment.

Several methods exist for converting hydrophobic nanocrystals into hydrophilic 
particles, which is a prerequisite for biological applications as mentioned earlier 
(Potapova et al. 2003). Currently, there are three common strategies to transfer 
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nanoparticles from organic solvents into aqueous solutions (Anderson et al. 2008): 
molecular exchange, use of amphiphilic molecules, and polymer coating.

The technique of molecular exchange is probably the simplest method to change 
the solubility of a nanoparticle (Chan and Nie 1998; Freeman et al. 1995; Mattoussi 
et al. 2000). In this method, an external molecule (e.g., mercaptoacetic acid) is added 
to a solution of nanoparticles in a specific solvent (e.g., chloroform), allowing the 
competition for binding sites onto the nanoparticles’ surface with the original sur-
face ligand (e.g., TOPO or HDA). When the surface ligand is displaced by the exter-
nal molecule, the polarity and surface chemistry of the nanoparticles are altered, 
making the nanoparticles hydrophilic and displaying on the surface carboxylic acid 
groups useful for conjugation. However, this method requires adsorption of surface 
ligands that could desorb from the surface leading to nanoparticles’ aggregation.

In an alternative strategy, an amphiphilic molecule (e.g., phospholipids) can be 
exploited. The interaction of its hydrophobic portion with the nanoparticles’ sur-
face causes the exhibition of hydrophilic functionalities on the nanoparticles’ sur-
face (Dubertret et al. 2002; Pellegrino et al. 2004; Wu et al. 2003; Yu et al. 2007). 
Microspheres (e.g., silica nanoparticles), liposomes, or hydrogels can be exploited in 
order to incorporate nanoparticles for the modification of their polarity and function-
ality (Darbandi et al. 2005; Gao and Nie 2003; Han et al. 2001), but these encapsu-
lated structures could be large in comparison to the original size of the nanoparticle.

The inclusion of hydrophobic nanoparticles in an amphiphilic polymeric shell 
(Dubertret et al. 2002; Pellegrino et al. 2004) is advantageous compared to other 
approaches, as the nanoparticles are simply wrapped in a polymeric shell thanks to 
the interactions between the alkyl chains of the surfactant coating and the hydropho-
bic regions of the polymer. The advantage of this method over the ligand exchange 
protocols is that it can be used regardless of the type of surfactant and of the specific 
inorganic material that forms the nanocrystal core. Therefore, this procedure is easily 
extendable to many different types of hydrophobic nanoparticles. Moreover, the phase 
transfer from organic solvents into aqueous solution using amphiphilic polymers con-
fers long-term colloidal stability to nanoparticles, helping them retain their major 
physical properties (such as, for instance, the fluorescence of CdSe/ZnS QDs and the 
magnetic moment of Fe2O3 and CoPt3 nanoparticles). Basically, when an amphiphilic 
polymer is employed, the solubilization mechanism consists of an interdigitation of 
the polymer hydrophobic segments with the surfactants on the nanoparticles’ surface, 
leaving the polar polymer backbone exposed to the environment with the hydrophilic 
groups protruding from the surface. Pellegrino et al. (2004) described a general strat-
egy that allows the phase transfer of the hydrophobically capped nanocrystals from 
organic to aqueous solution by wrapping an amphiphilic polymer around the particles 
(Figure 14.13). In particular, hydrophobic nanocrystals of various materials such as 
CoPt3 (Shevchenko et al. 2002), Au (Fink et al. 1998), CdSe/ZnS (Dabbousi et al. 
1997), and Fe2O3 (Hyeon et al. 2001) have been water solubilized through this strat-
egy. This simple and general protocol exploits the nonspecific hydrophobic interac-
tions between the alkyl chains of poly(maleic anhydride alt-1-tetradecene) and the 
nanocrystal surfactant molecules. The attachment of the polymer onto the particle 
surface is highly stable because of the numerous contact points mediated by hydro-
phobic interaction; moreover, the stability can be further improved by cross-linking 
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of the polymer shell (Jiang et al. 2006; Kang and Taton 2005; Pellegrino et al. 2004). 
In this case, addition of bis(6 aminohexyl)amine results in the cross-linking of the 
polymer chains around each nanoparticle (Figure 14.12). The surface of the polymer 
shell becomes negatively charged, upon hydrolyzation of the unreacted anhydride 
groups stabilizing the particles in water by electrostatic repulsion.

Yu et al. (2007) demonstrated the use of poly(maleic anhydride-alt-1-octadecene) to 
water-solubilized magnetic, semiconductor, and metallic nanoparticles. Disappointingly, 
this particular amphiphilic polymer is no longer commercially available.

Other groups have also demonstrated the synthesis of an amphiphilic polymer and 
studied wrapping and solubilization of nanoparticles in aqueous solvents (Luccardini 
et al. 2006; Wang et al. 2007; Wu et al. 2003). Other types of amphiphilic polymers cur-
rently under investigation include block copolymers (e.g., polystyrene-b-poly(acrylic 
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acid) [Schabas et al. 2008] and poly(methyl methacrylate)–poly(ethyleneoxide) 
[Smith et al. 2006]) and amphiphilic hyperbranched polyethylenimine (Nann 2005). 
These authors not only describe methods for the phase transfer of colloidal nano-
crystals QDs, they also underline the advantages of the use of amphiphilic polymers 
as they provide coatings with considerably higher integrity and stability, reducing 
the QDs’ sensitivity to oxygen and light (Nida et al. 2008). In fact, for semiconductor 
nanoparticles, the extent of passivation is particularly important, significantly affect-
ing the photoluminescent properties, especially quantum yield. This fluorescence 
dependence on surface features is crucial to retain optical properties for biological 
imaging applications. The amphiphilic particle coatings not only enable the phase 
transfer of the nanoparticles from organic solvents to aqueous solution but also serve 
as a versatile platform for chemical modification and bioconjugation (Wu et al. 2003; 
Yu et al. 2007).

Polymers bearing carboxylic acid and amine functional groups facilitate attach-
ment of biomolecules, allowing the use of polymer-coated nanoparticles in a variety 
of applications including protein detection and cell labeling. Although the presence 
of surfactant molecules on nanoparticles’ surface is necessary, they may also ren-
der nanoparticles hydrophobic or prevent the nanoparticles from undergoing further 
chemical functionalization. Furthermore, the surfactant layer may be unstable to 
subsequent processing and conjugation chemistry. Lin et al. (2008) describe a proce-
dure allowing a direct embedding of functional groups (such as PEG, organic fluoro-
phore, sugar, and biotin) in the polymer shell without the need of post-bioconjugation 
chemistry. This strategy is based on coupling functional molecules in organic solvent 
to the polymer before the actual embedding of the particles in the polymer. Following 
this protocol, molecules that are not soluble in aqueous solution can be grafted on the 
particle surface as the coupling is performed in organic solvents. In this way, no addi-
tional reagents are needed for the coupling. In traditional approaches, cross-linkers 
such as EDC (1-ethyl-3-(3-dimethylamino propyl)carbodiimide) have to be used to add 
functionality to the particle surface involving a postmodification of polymer-coated 
nanoparticles in aqueous solution (Sperling et al. 2006).

The importance of a robust approach to obtain colloidally stable, water-soluble, 
small, biocompatible, and monodisperse nanoparticles with flexible surface chem-
istry is also described by Finetti et al. (2014). In this work, a robust approach, 
schematized in Figure 14.14, for phase transfer into water and functionalization of 
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FIGURE 14.14  Schematic representation of one-pot phase transfer of the CdSe–ZnS QDs 
by derivatization with copoly(DMA–NAS–MAPS) and bioconjugation with streptavidin.
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QDs for use as fluorescent tags and multifunctional nanoscaffolds for bioimaging, 
sensing, and therapeutics was developed. Also, in this work, a functional amphi-
philic copolymer, copoly(DMA–NAS–MAPS), is employed (Pirri et al. 2004). The 
method is very straightforward, as functional bioligands, such as proteins, can be 
directly immobilized onto the nanocrystal surface, exploiting the active ester groups 
of the coating polymer by means of a peptide bond formed during QD solubiliza-
tion. Unlike most of the published methods, the proposed functionalization approach 
does not require coupling agents and multistep reactions since a phase-transfer and 
surface derivatization of colloidal nanocrystals by a one-pot procedure is provided. 
The polymer-coated QDs obtained with this method demonstrated that hydropho-
bic nanoparticles embedded in a shell of amphiphilic polymers with incorporated 
functional groups show the same colloidal properties of the previously published 
nanoparticles with no functional groups in their shells.

14.6 � CONCLUSION

The successful application of polymer coatings is a versatile method to fine-tune 
the characteristics of surfaces for molecular recognition. In recent years, a variety 
of innovative methods have been introduced to modify biosensors, LoC devices, 
and nanoparticles. Some methods require sophisticated control of reaction such as 
in the creation of brush polymeric surfaces whereas other coatings are simple and 
straightforward. New routes will be introduced in the near future for the production 
of new surfaces and hybrid materials with a pivotal role in a wide range of areas 
such as interfacial reactions, biomedical devices/implants, and biosensors. Stimuli-
responsive polymers and antifouling coatings are expected to assume a preeminent 
position in future scenarios.
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15 Nanotoxicity
A Mechanistic Approach

Indarchand Gupta, Swapnil Gaikwad, 
Avinash Ingle, Kateryna Kon, 
Nelson Duran, and Mahendra Rai

ABSTRACT

Nanotechnology is developing with fast pace. Many nanotechnology applica-
tions are coming forward with several benefits to humans. This is because 
of the unique characteristics of the nanomaterials. As the number of newer 
applications increases, the toxicity concerns also increase due to exposure of 
nanomaterials to human health. As far as exposure to humans are concerned, 
the nanoparticles enter inside the human body through inhalation, ingestion, 
and dermal exposure. They tend to get accumulated in the exposed tissue and 
thereby disturb their homeostasis.

At the cellular level, nanoparticles have been reported to interact with 
plasma membrane causing disturbance in their normal structure and func-
tion. Later on, after getting entry inside the cell, it disrupts the mitochondrial 
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membrane potential, induces reactive oxygen species, and damages the nuclear 
DNA. Many research groups in the world are trying to explore further these 
aspects. But the data available till date are insufficient and need more atten-
tion. Therefore, toxicity study of nanoparticles is also an important issue to 
focus on. Taking into consideration the importance of this issue and referring 
to the available knowledge the present chapter is an effort to discuss mecha-
nism of nanotoxicity in detail. 

Keywords: Nanotoxicity, ROS, DNA damage, Mitochondrial damage, Plasma 
membrane damage

15.1 � INTRODUCTION

15.1.1 � Nanotechnology

Nanoparticles are a type of particles that have characteristically altered properties as 
compared to their bulk counterpart (Rai et al. 2009). Owing to their electrical, ther-
mal, and mechanical properties, artificially made nanoparticles are highly preferred 
in order to improve the quality and performance of materials where they are being 
used (Donaldson et al. 2010; Maynard et al. 2004).

Current trends in nanotechnology have allowed researchers to explore the possible 
uses of materials at the nanometer level. These materials are increasingly being used 
for various commercial purposes such as fillers, catalysts, cosmetics, and drug car-
riers (Nel et al. 2006). Nanobased drug delivery systems can be used to control drug 
release, reduce drug-related toxicity, and protect drugs from metabolic degradation/
excretion and drug targeting (Das et al. 2010; Mamo et al. 2010; Sharma and Garg 
2010; Sutradhar and Amin 2014; Villalonga-Barber et al. 2008; Vyas et al. 2006).

According to the US National Science Foundation, in 2015, the nanotechnology-
based product market will be worth more than 1 trillion US dollars. Thus, obviously, 
the increased use of nanoparticles through a myriad of nanoproducts will sometimes 
cause unpremeditated exposure to researchers, workers, and consumers (Jiang et al. 
2008). In this perspective, many reports that mainly focus on the concerns regarding 
their potential occupational and public exposure have been published (Gupta et al. 
2012; Melo et al. 2014). However, the data presented through all of these studies are 
unorganized and eventually failed to establish the exact mechanism of all nanopar-
ticles in common. Therefore, through this chapter, we have made an attempt to dis-
cuss the recent updates regarding the hazardous effects of various nanoparticles. 
More importantly, our main focus is to extract and present precise information on the 
mechanism of toxicity at the cellular level, from various published reports.

15.1.2 � Nanotoxicology

Toxicity is the result of interaction between molecules comprising some form of life 
and molecules of exogenous chemicals or physical factors (Rozman et al. 2006). It 
takes account of the effect on whole organisms such as bacteria, animals, or plants, 

  



395Nanotoxicity

and it includes the study of the effects on organs of an organism or cells as well 
(Durán et al. 2014). Donaldson et al. (2004) for the first time proposed the term 
nanotoxicology as a branch of nanotechnology dealing with the study of its adverse 
effects on humans and environment. Despite the recommendations that nanotoxicol-
ogy will deal with the toxic effects of synthetic nanoparticles, it is also suggested 
that it should also include the toxic effects of natural nanoparticles present in the 
atmosphere (Oberdörster 2010; Oberdörster et al. 2005).

As the applications of nanomaterials are increasing in scope and field, reports 
show an increase in their toxicity, and safety of their use with respect to the human 
body and the environment remains unclear. Additionally, to date, very little data 
have been published in this field, and therefore, there is an inadequate understanding 
of the toxicological properties of various nanomaterials. Nevertheless, most of the 
published studies have revealed the toxicological aspect of nanomaterials in ques-
tion, but very few of them discussed the mechanism at the cellular level, underlying 
the nanomaterial-induced toxicity, that is to say, nanotoxicity (Yan et al. 2013). With 
the various applications of nanoparticles, nanotoxicity studies are of utmost impor-
tance as the scientific community now realizes that measuring their toxicity will help 
us in the handling of nanoparticles for any of their applications (Sarkar et al. 2014).

15.1.3 � Need of Nanotoxicity Study

The continuous growth in the production and application of synthetic nanoparticles 
in consumer products such as cosmetics (Kessler 2011; Scheringer 2008), agriculture 
and food (Chen et al. 2014), medicine (Ling and Hyeon 2013), and paints (Al-Kattan 
et al. 2014) is expected to result in the unintended release of nanoparticles in the 
environment. This release can then result in various harmful consequences causing 
threats to humans and the environment. Therefore, as discussed earlier, with the 
application of nanoparticles, studying the hazards associated with their overuse or 
release into the surroundings is also important. Although studying such hazards is 
a great tool to understand the mechanistic aspects of nanotoxicology of new nano-
materials, they are not completely understood (Casals et al. 2012; Fu et al. 2014; 
Pereira et al. 2013, 2014; Seabra et al. 2014). Henceforth, efforts to know whether 
nanoparticle properties might explain its toxicity are current areas of research. For 
that reason, the study of nanotoxicity is of highest importance (Durán et al. 2014; 
Nel et al. 2006; Rai et al. 2014; Scown et al. 2010), and growing interest to studies 
in this field is well illustrated by the number of PubMed publications that increased 
dramatically during the last few years (Figure 15.1).

Nanoparticles are usually categorized on the basis of their sizes, morphology, 
contents, homogeneity/dispersity, and agglomeration (Tyagi et al. 2011). Although, 
for each nanoparticle preparation, all of these are important factors, it is also impera-
tive to identify whether all of the nanoparticles are toxic or whether their toxicity 
depends on any one (or more) of their properties mentioned earlier. Actually, dif-
ferent kinds of nanoparticles such as gold nanoparticles (Connor et al. 2005) and 
quantum dots (QDs) (Derfus et al. 2004) appear to be nontoxic, while others may 
have harmful effects especially to humans. These contradicting results are probably 
a reflection of nanomaterials that are not completely characterized, and now this 
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important aspect in nanotoxicology is extensively discussed (Coluci et al. 2014; Faria 
et al. 2012; Martinez et al. 2014; Paula et al. 2014; Stéfani et al. 2011).

Human skin, lungs, and gastrointestinal tract are more prone to the entry of any 
foreign material and pathogens (Weaver et al. 2013). However, skin is a physical 
barrier that can efficiently resist the entry of any foreign substance. On the contrary, 
the lungs and gastrointestinal tracts are not able to match the resistance of skin and, 
therefore, they are more susceptible. Because of their small sizes, nanoparticles can 
easily translocate from their entry portal into the circulatory and lymphatic systems, 
thus reaching the body tissues and organs (Buzea et al. 2007). Some nanoparticles 
such as multiwalled carbon nanotubes (Glasgow et al. 2014), depending on their 
composition and size, can cause irreversible damages to cells by oxidative stress 
and/or organelle injury, thereby affecting the corresponding organ and ultimately 
the entire body of the exposed organism (Klaper et al. 2014). Despite the fast growth 
of nanoproducts in the market, latest reports/reviews discuss the hazardous effects 
of many nanoparticles, most especially silver nanoparticles. Such reviews identified 
various loopholes concerning toxicokinetics (Christensen et al. 2010; De Lima et al. 
2012; Pronk et al. 2009; Sarkar et al. 2014; Stensberg et al. 2011). Similar knowledge 
gaps were recognized for the probable registration of nanosilver as a material under 
the EU REACH regulation (Wijnhoven et al. 2009).

The present inadequate knowledge regarding the nanotoxicity to aquatic flora and 
fauna is attributed to significant gaps in information available for the underlying 
mechanism. For example, titanium dioxide nanoparticles (TiO2 NPs) are well known 
to have photocatalytic properties. Hence, it is suggested that the formation of reactive 
oxygen species (ROS) (Risom et al. 2005) might involve their toxic action. However, 
the toxicity studies of TiO2 NPs on Daphnia magna do not correlate their photocata-
lytic activity with their toxic potential (Hund-Rinke and Simon 2006). This study 
indicates that a more mechanistic approach is needed to understand the exact mecha-
nism underlying the toxic potential of all types of nanoparticles (Handy et al. 2008a).
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15.2 � WHAT MAKES NANOPARTICLES TOXIC?

It is well known that nanoparticles have enormous applications in various fields includ-
ing medicine and pharmacy (Cheraghipour et al. 2013; Knezevic et al. 2013; Xu and 
Sun 2013). However, there is still little information available about their biocompat-
ibility. It should also be considered that different properties of nanoparticles play an 
important role in deciding their toxicity. Therefore, when studying any nanoparticle, it 
is important to assess their activity, size, surface capping, and composition. These are 
the properties that can contribute a lot to their harmful activity, making them toxic.

15.2.1 �U ltrahigh Activity

The ultrahigh reactivity of a nanoparticle depends on its composition and also on its 
surface coating and charge. According to Meng et al. (2007), the chemical reaction 
between solid phase and liquid phase always initiates at the surface molecules of 
the two phases. Therefore, molecules present on the surface of nanoparticles, also 
called capping agents, can directly affect the chemical reactivity of nanoparticles. 
Furthermore, Meng et al. (2007) also suggested that according to the collision theory, 
a massive surface area necessarily leads to a higher probability of effective collision, 
which governs the ultrahigh reactivity during the process of molecular interaction. 
Therefore, when the particle size decreases to nanolevels, the massive surface area 
will abruptly increase the rate of chemical reaction. This sudden rise in the speed 
of the chemical reaction ultimately leads to the higher activity of the material at the 
nanoscale as compared to the same material at the macroscale. This property will 
show a similar effect on the toxic action of the nanoparticles.

For example, copper nanoparticles with a diameter 23.5 nm have an average surface 
area of 2.95 × 105 cm2/g, whereas copper microparticles with a diameter of 17 μm have 
a surface area of 3.99 × 102 cm2/g, which is approximately three orders of magnitudes 
smaller than the surface area of copper nanoparticles. This ultrahigh activity therefore 
provokes a hazardous effect, such as metabolic alkalosis and copper ion overload in vivo 
(Meng et al. 2007). However, the mechanism of cellular uptake is imperative in view 
of various applications of nanoparticles in medicine, cancer diagnosis, and treatment. 
Still, the precise mechanism of internalization of nanoparticles through endocytosis 
remains unknown. A study demonstrated the internalization of carboxydextran-coated 
iron oxide nanoparticles by human mesenchymal stem cells, and the extent of uptake 
correlated with the amount of carboxyl groups present on the surface of the nanopar-
ticles (Mailander et al. 2008). The cationic d,l-polylactide (PLA)-NPs were reported 
to enter with larger amounts as compared to anionic PLA-NPs (Dausend et al. 2008; 
Harush-Frenkel et al. 2007). The uptake of nanoparticles also depends on the thickness 
of surface coatings (Chang et al. 2006) or the type of cells (Xia et al. 2008).

15.2.2 � Size Matters

In any multiphase chemical reaction, the size of reactants plays a key role. As stated 
in Section 15.2.1, nanoparticle size contributes to their reactivity (Warheit et al. 
2007). Many studies have proposed that the smaller the nanoparticles, the higher 
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their reactivity at similar concentrations (Guzman et al. 2012; Raghupathi et al. 2011; 
Shang et al. 2014; Suttiponparnit et al. 2010). In the same way, it will affect their 
toxicities at similar concentrations (Oberdörster et al. 2007). Nevertheless, negligible 
data are available to date depicting the toxic effect of nanoparticle size on biological 
systems (Handy et al. 2008b).

As for surface coating and charge, the uptake of nanoparticles also depends on their 
size. This is because the smaller the size, the larger will be the specific surface area 
that provides them with high chemical reactivity and also intrinsic toxicity (Ada et al. 
2010). For example, a study was performed comparing the toxicity of TiO2 in variable 
sizes, namely, non-nanosized TiO2 NP 200 nm in size and nanosized TiO2 100 nm in 
size. The study revealed that nanosized TiO2 had significantly higher acute toxicity 
approximately twice as that of its bulk counterpart within 96 h exposure (Dabrunz et 
al. 2011), owing to the fact that 100 nm TiO2 NP has approximately four times higher 
surface as compared to 200 nm TiO2. Likewise, the 25-nm-sized TiO2 NP has been 
found to have higher toxicity in terrestrial isopods as compared to 75 nm TiO2 NP. The 
similar pattern follows if we go to the smaller TiO2 nanoparticles (Drobne et al. 2009). 
Similarly, 1- to 2-nm-sized gold nanoparticles were shown to have elevated toxicity 
to human and mouse cell line than gold particles 15 nm in diameter (Pan et al. 2007).

A report on size- and coating-dependent toxicity of thoroughly characterized Ag NPs 
after exposure of human lung cells using coated Ag NPs of different primary particle 
sizes (10, 40, and 75 nm) as well as 10-nm PVP-coated and 50-nm uncoated Ag NPs 
was recently published (Gliga et al. 2014). The results showed cytotoxicity only of the 
10-nm particles independent of the surface coating. In contrast, all Ag NPs tested caused 
an increase in overall DNA damage after 24 h (comet assay), indicating an independent 
mechanism for cytotoxicity and DNA damage. The authors concluded that small Ag NPs 
(10 nm) are cytotoxic for human lung cells and that the toxicity observed is associated 
with the rate of intracellular Ag release, a “Trojan horse” effect (Gliga et al. 2014).

Therefore, it is imperative that the smaller particles can attach easily and strongly bind 
to cell or organism surface, resulting in higher toxicity than particles with bigger size.

15.2.3 �E xcessive Accumulation

Hitherto, it is a well-established fact that the toxicity of any type of chemical material 
including pesticides is mainly a function of its exposure dose (Rand and Petrocelli 1985). 
The same principle also applies to nanomaterials (Ji et al. 2007). For nanomaterials, par-
ticle size and particle surface characteristics seem to be less important than that of their 
concentration in driving the extent of potential toxic effects (Handy et al. 2008b).

Most of the available reports have suggested that the harmful effects of nanopar-
ticles are due to their excessive accumulation (Ji et al. 2007). A main reason for 
such accumulation includes the excessive usage of nanoparticles and the employ-
ment of nanoparticles at concentrations beyond the level they are deemed to be safe. 
Additionally, the lack of metabolism or degradation of nanoparticles in biological 
systems also contributes a lot to their accumulation (Braydich-Stolle et al. 2005; Cho 
et al. 2010; Sanvicens and Marco 2008).

As discussed earlier, nanoparticles have a very high reactivity; therefore, wher-
ever they will be available, they are going to react with the materials or molecules 
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present in their vicinity. Because of the accumulation or aggregation of nanoparticles 
at certain locations in a biological system, nanoparticles will react with the biomol-
ecules near them. Second, these accumulations will also interfere with the normal 
metabolism of the cell, tissue, or organ of the concerned plant or animal. This will 
lead to the complete or partial malfunctioning of the biological system.

15.3 � MECHANISM OF NANOTOXICITY

15.3.1 �I nteraction with Plasma Membrane

It is a well-known fact that the plasma membrane encloses the entire cell cytoplasm 
and thereby keeps the structure intact. It also plays a role in the selective or nonselec-
tive transport of different types of molecules. This implies that for any compound 
to go inside in the cell, it should first interact with its plasma membrane. Therefore, 
this interaction is of greater importance in keeping the cell under healthy and highly 
metabolic conditions.

Like any other compounds, nanoparticles also interact with the plasma membrane 
of a cell to which they are exposed (Leroueil et al. 2007; Verma et al. 2008). They have 
high reactivity and, therefore, can react with the lipid protein component of the plasma 
membrane. This interaction can then guide the fate of the concerned cell or the entire 
tissue or organ where nanoparticles accumulate. These interactions hence alter the cell 
plasma membrane and will result in the loss of its structure and functions. The loss of its 
structure will most probably result in its loosening or in the formation of pores at many 
locations. This will ultimately lead to the leakage of the cell cytoplasm in the surround-
ing medium (Kim et al. 2009; Napierska et al. 2009), finally resulting in cell death. As 
assessed by enzyme leakage assay, it was revealed that nanoparticles affect membrane 
integrity. In one study involving the mechanism of TiO2 nanoparticles, the ultrathin 
cross section of the plasma membrane shows the presence of those nanoparticles inside 
the head and the plasma membrane of buffalo spermatozoa (Pawar and Kaul 2012). 
Despite direct diffusion though the plasma membrane, nanoparticles can also enter the 
cell via endocytosis. Endocytosis is the conserved process by which materials, pres-
ent extracellularly, can be transferred inside the cell with the help of vesicles formed 
through invagination of the plasma membrane (Conner and Schmid 2003).

The uptake of nanoparticles involves many routes such as phagocytosis, macropi-
nocytosis, clathrin-mediated endocytosis, caveolae-dependent endocytosis, and clath-
rin/caveolae-independent endocytosis through which nanoparticles can be internalized 
by cells (Geiser et al. 2005; Paull et al. 2003). Pinocytosis involves macropinocyto-
sis encompassing uptake of particles bigger than 1 μm. Other methods of uptake, as 
mentioned earlier, are clathrin/caveolae-mediated endocytosis and clathrin/caveolae-
independent endocytosis. Caveolae involves 50- to 80-nm-sized invagination of 
plasma membrane containing cholesterol and sphingolipids, receptors, and caveolins 
(Lajoie and Nabi 2007; Pelkmans et al. 2002). Endocytosis of various membrane 
receptors might also involve lipid rafts (Nichols 2003). They provide a platform for 
the assembly of receptors, adaptors, regulators, and other downstream proteins or sig-
naling complexes and may be joined with caveolae. Clathrin-coated pits (100–200 nm) 
have been found to be associated with the key protein clathrin and other scaffold 

  



400 Biological and Pharmaceutical Applications of Nanomaterials

proteins such as AP-2 and eps15 (Ehrlich et al. 2004). Macropinocytosis, on the other 
hand, is a form of endocytosis associated with cell surface ruffling and offers a route 
for nonselective endocytosis of solute macromolecules. Macropinosomes are between 
0.2 and 5 μm in diameter (Swanson and Watts 1995). It is possible that NPs may be 
taken up by cells via their size selectivity that may match those of endocytic pits.

On a similar pathway, Xu et al. (2009) had made an attempt to find the interaction 
of TiO2 nanoparticles and fullerene with the plasma membrane. The study revealed 
that the lipid raft–disrupting agent Nystatin, which has the property to bind with cho-
lesterol present in cell membranes, disturbs the formation and trafficking of caveolae. 
Through such observation, this study showed that the endocytosis of the plasma mem-
brane modified the mutagenic response to nanoparticle exposure (Stuart and Brown 
2006). Assuming that C60 is lipophilic, it is likely that C60 might interact with lipids 
present in the plasma membrane and causes toxic effects directly in the absence of 
cellular uptake (Oberdörster 2004). It is also possible that C60 could interact with 
cell membrane receptors to trigger or alter intracellular signal transduction pathways. 
Because of the high energetic adhesive forces close to the surface, nanoparticles are 
easily agglomerated to form larger particles. Thus, whether single particles or agglom-
erates are important in the genotoxicity of nanoparticles has not been identified yet.

QDs possess photoemission ability and photostability. Therefore, they have vast 
applications in the field of biological sciences. Like other nanoparticles, they have 
also been shown to have toxic properties attributed to their overuse. A study elabo-
rated the mechanism of toxic action of QDs containing cadmium/selenide core with 
a zinc sulfide shell. The study proposed that lipid rafts of a cell membrane instead of 
clathrin or caveolae recognize carboxylic coatings of QDs. Later, QDs become inter-
nalized into early endosomes and then transferred to late endosomes or lysosomes. 
The endocytosis of QDs is found to be primarily regulated by a G-protein-coupled 
receptor–associated pathway and a low-density lipoprotein receptor/scavenger recep-
tor. It is also expected that endocytosis-interfering agents might also play a role but 
with limited inhibitory effect (Zhang and Monteiro-Riviere 2009).

15.3.2 �I nteraction with Mitochondrial Membrane

Many nanoparticles readily travel throughout the body, are deposited in target 
organs, enter the cell by penetrating the cell membranes, interact with mitochondria, 
and thus generate adverse responses.

During normal cell metabolism, especially in the mitochondrion, ROS are gener-
ated at a lower level. These ROS are certainly neutralized by antioxidant defenses 
such as glutathione (GSH) and other antioxidant enzymes (Halliwell and Gutteridge 
1999). However, in the state of excessive generation of ROS, the natural antioxidant 
defenses may be overwhelmed, resulting in the oxidative stress where GSH remains 
to be depleted and oxidized GSH (GSSG) accumulates. Cells react to this drop in 
GSH/GSSG ratio by increasing the protective or injurious responses (Bell 2003; 
Halliwell and Gutteridge 1999; Nel 2005; Xiao et al. 2003).

Piao et al. (2011), while studying the Ag NP–induced harmful effects on human  
liver cells, found that Ag NPs induced the generation of ROS and suppression of 
GSH. The ROS generated herein were revealed to impair numerous cell components. 
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One of these effects included the induction of mitochondria-dependent apoptotic 
pathway through modulation of Bax and Bcl-2 expressions, causing the disturbance 
in mitochondrial membrane potential. It followed the release of cytochrome c from 
mitochondria, ultimately inducing the caspase 9 and caspase 3 pathways. Therefore, 
any alteration in mitochondrial functioning will definitely affect the normal metabo-
lism of cell and, consequently, affect its viability.

15.3.3 �D amaging the Nuclear DNA

In addition to cell and mitochondrial membrane damage, it is also important to con-
sider that some of the nanomaterials interacting with cells might also result in other 
forms of injury such as DNA damage. As mentioned earlier, nanoparticles have very 
small sizes, less than 100 nm; they can enter the cell (Park et al. 2007) or cellular 
organelle and they certainly can penetrate the cell nucleus. Inside the nucleus, they 
can interact with the DNA and, thereby, they can affect its normal structure and 
functioning (Chen and von Mikecz 2005). Such studies that define the extent and 
type of DNA damage including gene mutation (Driscoll et al. 1997; Wang et al. 
2007; Warheit et al. 2007), chromosomal damage (Gurr et al. 2005; Kang et al. 2008; 
Linnainmaa et al. 1997; Rahman et al. 2002; Wang et al. 2007), and DNA strand 
break (Kang et al. 2008; Wang et al. 2007) are called genotoxicity studies. These 
studies are of great importance in cancer research, especially in the evaluation of the 
risks associated with potential carcinogens (Trouiller et al. 2009).

Nanoparticle-induced DNA damage was revealed by finding the interaction of 
TiO2 nanoparticles with DNA (Gurr et al. 2005). According to this study, TiO2 NPs 
might damage the DNA directly. Another way of inducing damage is via an indirect 
pathway, namely, oxidative stress by the induction of ROS (Federici et al. 2007; Gurr 
et al. 2005; Kang et al. 2008) and/or inflammatory responses (Chen et al. 2006; de 
Haar et al. 2006; Grassian et al. 2007; Li et al. 2008; Oberdörster et al. 1994; Zhu 
et al. 2007), and interaction with DNA phosphate group, but whether TiO2 NPs are 
acting as a mutagen has not been proven (Li et al. 2008; Zhu et al. 2007).

As discussed earlier, exposure to nanoparticles induces oxidative stress in the 
growing cell. During replication, oxidative DNA lesions, namely, 8-OHdG, single-
strand breaks, or stalled replication forks, lead to double-strand break repair after 
replication, resulting in the permanent genome rearrangement by the process of 
DNA recombination (Reliene and Schiestl 2006). Furthermore, oxidative stress 
including the role of ROS may also cause DNA deletions (Brennan et al. 1994), 
whereas a toxicity study of Ag NPs exposed to Jurkat T cells has shown to activate 
p38 mitogen-activated protein kinase through nuclear factor-2 and nuclear factor-
kappaB signaling pathways followed by induction of DNA damage, cell cycle arrest, 
and apoptosis (Eom and Choi 2010). Similar results were also found while studying 
the exposure effect of cerium oxide nanoparticles (CeO2 NPs) on human neuroblas-
toma cells at doses of 100 and 200 μg/ml. The CeO2 NPs were also found to follow 
the same pathway as that of other nanoparticles, that is, causing DNA damage owing 
to their toxicity and thereby resulting in cell death (Kumari et al. 2014). DNA frag-
mentation assays have also shown a dose-dependent increase in DNA fragmentation 
(Pawar and Kaul 2012).
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To date, many studies have aimed to present the genotoxic effects of nanoparti-
cles in in vitro systems. However, to gather more appropriate data, in vivo studies are 
required. Trouiller et al. (2009) performed the genotoxic study of mice exposed to TiO2 
NPs. Their study revealed that TiO2 P25 NP induces (i) 8-OHdG, indicating oxidative 
DNA damage; (ii) formation of γ-H2AX foci, indicating DNA double-strand break; 
(iii) micronuclei formation, indicating chromosomal damage; (iv) DNA deletions in 
offspring; and (v) inflammation. All of these results confirm the in vivo genotoxicity of 
TiO2 NP. Likewise, it is also shown that copper oxide nanoparticles (CuO NPs), zinc 
oxide nanoparticles (ZnO NPs), CuZnFe2O4, and carbon nanotube cause DNA dam-
age, which is claimed to be linked to release of Cu ions in the cell medium (Karlsson 
et al. 2008). As for TiO2 NPs, nanosized silver also induces micronucleus formation, 
appearing to cause stronger chromosomal damage (Kawata et al. 2009).

A study of immunocytochemistry of dermal fibroblast exposed to three different 
nanoparticles such as cerium dioxide, titanium dioxide, and zinc oxide indicated 
that cell death was most significant with ZnO than with the other nanoparticles. 
ZnO-treated cells demonstrated double-strand breaks by a significant increase in the 
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FIGURE 15.2  Schematic to illustrate the interrelations between various cellular responses 
to various nanoparticle-induced toxicity mechanisms. The NPs, after accumulation at the 
plasma membrane, disturb its integrity and thus cause the leakage of cellular components. 
They also damage the cytoskeleton. Furthermore, NPs induce ROS formation, increasing 
the mitochondrial membrane permeability and damaging the nuclear DNA. Their excessive 
accumulation also induces the cell to express stress-responsive genes. All of these mecha-
nisms direct the cell for apoptosis, ultimately causing cell death.
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presence of γ-H2AX foci, besides Western blot and cell cycle by the phosphorylation 
of cyclin-dependent kinase 1 (Ramoser et al. 2014).

All of the major pathways causing the toxicity of nanoparticles are summarized 
in Figure 15.2.

15.4 � FUTURE DIRECTIONS

From all of the past studies, it can be said that nanotechnology will play a pivotal 
role in the present century. The number and type of applications of nanoparticles will 
rise in the near future. With their applications, issues regarding their handling and 
release in the environment will also increase, but to date, there is uncertainty regard-
ing the real-life hazards of nanoparticles. Additionally, there is lack of knowledge 
about the effective protection measures to be taken while handling nanoparticles.

As far as the mechanism of nanotoxicity is concerned, the available data are inad-
equate. Therefore, there is need for rigorous toxicity evaluation for each nanoparticle 
using various cell models and biological systems before their extensive use for any 
type of applications. More studies are required to be performed to gather knowledge 
about the exact mode of nanoparticle toxicity. Furthermore, the data available are 
unorganized. Therefore, there is a need to organize and develop a portfolio show-
ing the advantages of certain nanoparticles with their hazardous effect if overused. 
A detailed investigation of the mechanisms of toxicity will help us design or select 
the appropriate nanomaterial for application at an appropriate period.

However, further investigations on in vivo systems especially in humans are nec-
essary in order to reach a firm conclusion concerning the extent and mechanism of 
toxicity of nanoparticles and to get a clear picture of their toxicokinetics and toler-
ance in the system. It can also be expected that a much more detailed knowledge 
about the chemical basis of nanotoxicity could provide new insights to researchers 
for the sensible design and production of safer and greener nanomaterials.

15.5 � CONCLUSION

As the fabrication and use of nanoparticles are increasing, humans and the environ-
ment are more expected to be exposed to nanomaterials via occupational or consumer 
products. Nevertheless, up to now, toxicity data for most manufactured nanoparticles 
are limited. Moreover, the toxicity of nanomaterials is greatly correlated to their 
ultrahigh activity, excessive accumulation, and size/specific surface area. The high 
reactivity plays a major role in their toxic effect, whereas the size/surface area is also 
equally important considering their similar activity.

It is now well known that the physicochemical characteristics of nanoparticles 
might contribute to a greater understanding of nanotoxicology. It is also important 
to study the potential interactions among nanoparticles’ properties while elucidating 
nanotoxicity. Owing to the significant surface of nanoparticles, they are able to inter-
act with the cell membrane, disturbing its integrity and ultimately causing cell leak-
age. After entering the cell, nanoparticles can also interact with the mitochondrial 
membrane, causing the release of cytochrome c. This and other forms of damage 
to mitochondria are initiated by ROS production, thereby inducing apoptosis in the 
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cell. The nanoparticles can further travel to the cell nucleus where they can damage 
the genomic DNA, again driving the cell to signal for apoptosis. In combination, or 
independently, this mechanism results in a reduction in cell viability.

Most of the investigations published to date have mainly focused on in vitro stud-
ies of the harmful effects of nanoparticles. However, these in vitro data can mislead 
the risk associated with their use. Therefore, for more detailed knowledge, long-term 
in vivo exposures, including humans, are needed in future studies. In conclusion, it 
can be stated that before the commercialization of nanoparticles, setting up the strin-
gent methods is required for assessing their toxic potential. Identifying the cellular 
targets of these nanoparticles will definitely help in the design of safer nanoparticles 
to help protect humans and the environment from the potential hazards they bring.
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A

ABC, see Accelerated blood clearance
Abelcet, 85
Abitrexate, 110
Accelerated blood clearance (ABC), 66
Actinomyces, 162
Active targeting, 26
Adenosine triphosphate (ATP), 25
Adhesion proteins, 199
Adriamycin, 108, 293
Aerobacter aerogenes, 219
Aeromonas spp., 201
AFM, see Atomic force microscopy
ALA, see 5-Aminolevulinic acid
Albumin-binding protein, 114
Alendronate release, 12
AmBisome, 69, 72, 85
Amine compounds, 44
Amino-functionalized mesoporous silica (APS), 12
5-Aminolevulinic acid (ALA), 121
Amphotec, 85
Amphotericin B, 69
Anastrozole, 108
Annamycin, 70
Annexin V labeling, 293
Anthracycline-class drug, 69
Antibody-mediated drug delivery using 

liposomes, 84
Anticancer drugs, list of, 107–110
Antiemetic medication, 7
Antigen-presenting cells (APCs), 117
Anti-HER2, 334
Antimicrobial peptides, 133
Antimicrobial polymers, 215–240

anti-infective polymers, 217
bacteria adhesion and biocide mechanism, 

218–219
biofilm formation, 218
biofilm inhibition, 218
cytoplasmic membrane, 218
events, 218
pathogen population, 218

classification, 217
environmental impact and human health, 

232–233
chitosan, 233
free nanoparticles, 233
inorganic nanoparticles, 232
toxicological profile, 233

factors affecting antimicrobial activity of 
polymers, 219–223

amino acid–based hydrogelating 
amphiphiles, 222

butyl methacrylate, 221
chitosan, antibacterial activity of, 219
counterion effect, 222
effect of molecular weight, 219
effect of spacer length and alkyl chain, 

222–223
Gram-negative and –positive bacteria, 

220, 222
hydrophobicity, 221–222
integrity of bacterial membrane, 221
nanostructure size, 219–221
ROMP-derived diamine, 222

material surfaces, 217
medical applications, 231–232

biofilm stress, 232
catheter-related infections, 231
drug-loaded nanoparticles, 232
gene therapy, 232
major medical implants, 231

nanostructured antimicrobial polymers, 
223–231

anti-biofilm activity, 226
arginine, 226
biomaterials, physicochemical properties 

of, 223
carbon-based nanomaterials, 226
carbon nanotubes, 229
chitosan nanoparticles, 223–225
chlorhexidine, 230
copper nanoparticles, 231
hybrid antimicrobial materials, 227
hydrogel, 224
inert materials, 228
melt processing, 230
multiwalled nanotube, 226
nanostructured synthetic polymers, 

226–231
natural antimicrobial polymers, 223–226
peptides, 225–226
polyethylene glycol side chains, 224
polymers with antimicrobial compounds, 

230–231
polymers with own antimicrobial activity, 

227–230
quaternary ammonium salts, 228
rifampicin, 230
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single-walled nanotubes, 226
triclosan, 230
tuberculosis, 230

Anti-MUC1 cancer vaccine, 68
Antisense oligodeoxynucleotides (ASODNs), 116
APCs, see Antigen-presenting cells
APS, see Amino-functionalized mesoporous silica
Aptamers, 261
Archeosomes, 61
Aredia, 108
Arginine, 226
Arginine–glycine–aspartic acid (RGD), 64, 328
Arimidex, 108
Aromasin, 107
Aroplatin, 70
ASODNs, see Antisense oligodeoxynucleotides
Aspergillus niger, 199
Atomic force microscopy (AFM), 203, 261–262
ATP, see Adenosine triphosphate
Atragen, 70
Au NPs, see Gold nanoparticles, drug delivery 

using
Azobenzene moiety, MSNs modified with, 18

B

Bacillus
anthracis, 275
cereus, 201
subtilis, 195, 198, 219, 226

Bacitracin magnetic nanoparticles, 142
Bacterial cell wall, 198
Bacteriophage T4 endonuclease 5, 71
Bacteroides forsythus, 230
Bax and Bcl-2 expressions, 401
Benznidazole, 293
Bioceramics, 117
Biological warfare, 276
Biomarker expression, Western blotting and, 120
BLP25 lipopeptide, 71
Botulism toxin, 251
Breast cancer therapeutics, nanocarriers for, 

101–130
albumin nanocarrier, 103
alternative therapeutic strategies, 122–124

5-aminolevulinic acid, 123
chloroquine–gold nanoparticle 

conjugates, 124
β-cyclodextrin, 123
hyperthermia, 122
indocyanine green, 122
photodynamic therapy, 122
radiofrequency heating techniques, 122

basics of breast cancer biology, 104–105
axillary lymph nodes, 104
characteristics attributed to cancer cells, 

104

chemotherapy, 105
hormones, 104
site-specific delivery of drug, 105
stages in tumor development, 104
stem cells, 104
tumor cells, formation of, 104

ceramic nanocarriers, 117
antigen-presenting cells, 117
antitumor vaccine, 117
bioceramics, 117
hydroxyapatite, 117
types, 117

chemotherapy, 103
CNT-based nanocarriers, 117–118

EPR effects, 118
fluorescent-labeled CNTs, 117
paclitaxel, 118
single-walled CNTs, 117

conventional methods used, 103
gene mutations, 102
metallic nanocarriers, 106–113

epidermal growth factor receptor, 111
Herceptin–PEG–gold nanorods, 112
HER-2-positive breast cancer, 111
metal oxide nanoparticles, 112
mitogen-activated protein kinase, 111
oxidative stress, 112
protein kinase B, 111
reactive oxygen species production, 112
superparamagnetic iron oxide 

nanoparticles, 112
titanium oxide nanoparticles, 112
water-soluble iron oxide nanocrystals, 113

metastasis, 103
nanocarrier systems, 106–122

anticancer drugs, list of, 107–110
ceramic nanocarriers, 117
CNT-based nanocarriers, 117–118
metallic nanocarriers, 106–113
nanofiber-based nanocarriers, 118–119
nanogel-based nanocarriers, 119
polymeric nanocarriers, 113–117
protein nanocarriers, 121–122
quantum dots, 119–120
reticuloendothelial system, 106
side effects, 106

nanofiber-based nanocarriers, 118–119
camptothecin, 118
extracellular matrix, 118
peptide amphiphiles, 118

nanogel-based nanocarriers, 119
cytarabine, 119
floxuridine, 119
gemcitabine, 119
nucleoside analogs, 119
size, 119

nanomedicine, 103
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polymeric nanocarriers, 113–117
albumin-bound paclitaxel, 114
antisense-conjugated nanoparticles, 116
antisense oligodeoxynucleotides, 116
half-life of drug conjugates, 113
human serum albumin, 116
“leaky” tumor vasculature, 114
liposome-based drug delivery systems, 115
micelles, 116
poly(lactic-co-glycolic acid), 113
rapamycin-loaded PLGA nanoparticles, 113
SPARC (secreted protein acidic and rich 

in cysteine), 114
stealth liposomes, 115
translocator protein dendrimer imaging 

agent, 116
tumor microenvironment, 114

protein nanocarriers, 121–122
biomimetic model, 121
DOX, 121
gelatin type B molecules, 121
MCF-7 breast cancer cells, 121

quantum dots, 119–120
estrogen receptor, 120
fluorescence in situ hybridization, 120
HER-2, 120
progesterone receptor, 120
tracing of nodes, 120
tumor cells, protein biomarkers in, 119
Western blotting, 120

Brucella suis, 275, 280

C

Camptothecin (CPT), 118, 179
Cancer cells, multicolor fluorescence imaging 

of, 327
Cancer theranostics (redox-triggered, 

biocompatible, inorganic 
nanoplatforms), 171–190

accumulation of nanomaterials in tumor 
tissue, 173

defective vasculature, 173
EPR effect, 173
lymphatic drainage, 173
retention time of nanomaterials, 173

future perspectives, 184–185
Cornell dots, 184
Feridex, 184

gold nanoparticle–based DDSs, 180–184
“free” electrons, 180
GSH difference, 181
low critical solution temperature, 183
monodispersed nanoparticles, 181
near-infrared light, 182
redox-sensitive systems, 182
surface plasmon resonance, 180

limitations of therapeutic options, 172
magnetic iron oxide nanoparticle–based 

DDSs, 179–180
camptothecin, 179
dihydrolipoic acid, 179
gatekeeper, 179
magnetic resonance imaging, 179
superparamagnetic iron oxide 

nanoparticles, 179
thiol-triggered drug delivery, 179

mortality-to-incidence ratio, 172
nanomaterials in biological milieu, 172
nanomaterials in blood circulation and organ 

clearance, 172–173
Kupffer cells, 172
opsonins, 173
reticuloendothelial system, 172

redox-responsive delivery system, 176
gamma interferon, 176
glutathione, 176
redox potential gradient, 176
reduced microenvironment, 176

silica nanoparticle–based DDSs, 176–179
cyclodextrin, 177
dithiothreitol, 178
enzyme immobilization, 177
fluorescein isothiocyanate, 177
gatekeeper molecules, 177
solid silica nanoparticles, 176

stimulus-responsive delivery, 174–184
gold nanoparticle–based DDSs, 180–184
key components of drug carrier, 175
magnetic iron oxide nanoparticle–based 

DDSs, 179–180
optical labeling, 175
redox-responsive delivery system, 176
silica nanoparticle–based DDSs, 176–179
triggering stimuli, 175
tumor selectivity, 175

time-dependent drug release, 185
tumor targeting, 172
uptake and trafficking of nanomaterials in 

cells, 173–174
macrophages, 174
mode of endocytosis, 174
neutrophils, 174

Cancer vaccines, liposomal, 68
Candida

albicans, 162, 226
species, 142

Canfosfamide HCl, 71
Capecitabine, 108
Carbon nanotube clusters (CNTCs), 259
Carbon nanotubes (CNTs), 117, 229, 258, 306–308
Cariogenic bacteria, 153
Cathelicidins, 133
Cationic liposomes, 67
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Ceftazidime, 281
Cetyltrimethyl ammonium bromide (CTAB), 43
CFU counts, see Colony-forming unit counts
Chemokine production, 136
Chemotherapy, 7, 45, 103, 291
Chitosan

antibacterial activity of, 219
human health and, 233
immobilization of protein using, 360

Chlorhexidine, 230
Chloroform, 377
Cholestane, 18
Cholesterol molecules, 58
Chromogenic biosensors, see Pathogen detection, 

chromogenic biosensors for
Cisplatin, 70
CKD-602, 71
Clafen, 109
Clathrin, 399
Clavanins, 133
Clinical trials

lipoplexes undergoing, 81
liposome-based therapeutics undergoing, 70–71

Clostridium perfringens, 275
CNTCs, see Carbon nanotube clusters
CNTs, see Carbon nanotubes
Colloidal chemistry, 138
Colloidal templating routes, 8
Colony-forming unit (CFU) counts, 154
Comet assay, 292, 398
Computed tomography (CT), 320
ConA, see Concanavalin A
Concanavalin A (ConA), 253
Concentrated brush, 352
Copper nanoparticles, 231
Cornell dots, 184
Coxiella burnetii, 275
CPT, see Camptothecin
CPT-11, 70
CPX-1, 70
CPX-351, 70
Crassostrea gigas, 135
C-reactive protein, 74
CT, see Computed tomography
CTAB, see Cetyltrimethyl ammonium bromide
Curcumin, 6
Cyclodextrin, 177
β-Cyclodextrin, 123
Cyclophosphamide, 109
Cytarabine, 69, 119
Cytochrome c, release of, 401
Cytoxan, 109

D

Daunomycin, 69, 300
DaunoXome, 69

DDSs, see Drug delivery systems
β-Defensins, 133
Dendrimers, 116
Dendrosomes, 62
Dengue virus infection, 278
Dental applications, bioactive restorative 

materials for, 151–169
agents with antimicrobial properties, 153
combining NAg with quaternary ammonium 

and NACP in restorations, 162–164
antibacterial primer, 163
Class V cavities, 162
oral biofilms, inhibition of, 163
quaternary ammonium methacrylates, 162

dental caries, public health problem of, 152
nanostructured antibacterial and 

remineralizing restoratives (other), 
164–165

dental materials, use of hydroxyapatite 
nanoparticles in, 164

fluoride release rate, 165
fluoroaluminosilicate glass, 165
resin-modified glass ionomer, 165
sol-gel technique, 164

pathogenesis for dental caries, 152
recurrent caries lesions, 152, 153
remineralizing composites and bonding 

agents, 158–162
active dental caries, 158
amorphous calcium phosphate, 158
bonding agents, 160
calcium carbonate, 158
dental restorations, load-bearing 

properties of, 160
fluoride release rate, 159
mechanical durability of nanocomposites, 

160
three-body wear, 160

resin composites, 152
silver nanoparticles, antibacterial composites 

and bonding agents with, 153–158
antibacterial dental nanocomposite, 154
bonding agents, 156
cariogenic bacteria, 153
colony-forming unit counts, 154
dentin primers, 156
detachment of resin–tooth interface, 153
lactic acid production, 155

Deoxyribonuclease I (DNase I), 24
DepoCyt, 69
DepoDur, 69, 72, 85
Dermal toxicity, vincristine-induced, 72
Dextran, 360
DHLA, see Dihydrolipoic acid
Differential pulse voltammetry (DPV), 300
Dihydrolipoic acid (DHLA), 10, 179
Dimercaptosuccinic acid (DMSA), 113
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Dimyristoyl phosphatidylcholine (DMPC), 72
Dimyristoyl phosphatidylglycerol (DMPG), 72
Diprivan, 85
Disulfide-reducing agent, 17
Dithiothreitol (DTT), 10, 178
DMPC, see Dimyristoyl phosphatidylcholine
DMPG, see Dimyristoyl phosphatidylglycerol
DMSA, see Dimercaptosuccinic acid
DNA damage and genotoxicity, electrochemical 

biosensors for detecting, 289–317
current methods of DNA damage detection, 

292–293
Annexin V labeling, 293
artifactual oxidation of DNA, 292
comet assay, 292
gas chromatography–mass spectrometry, 

292
polymerase chain reaction, 292
single cell gel electrophoresis, 292
TUNEL assay, 293

DNA damage, 291–292
exogenous agents, 291
metabolically activated carcinogens, 291
polycyclic aromatic hydrocarbons, 291
reactive oxygen species, 291
spontaneous causes, 291

electroactive substances, binding of to DNA, 
290

electrochemical detection of DNA damage, 
293–299

advantages of devices, 293
changes in DNA double helix structure, 

297
deep degradation of DNA, 296
detection of damage to DNA bases, 

296–298
detection of DNA association interactions, 

298–299
detection of DNA cleavage, 295–296
DNA-modified electrodes, 294–295
electrochemical impedance spectroscopy, 

297
electrochemical transducer, 294
glassy carbon electrode, 297
hanging mercury drop electrode, 296
impedimetric measurements, 299
indium tin oxide, 294
mercury-containing electrodes, 294
TUNEL test, 295
van der Waals forces, 295
voltammetric studies, 299
wet adsorption, 295

nanomaterial-based amplified 
electrochemical detection of DNA 
damage, 299–308

carbon nanotubes, 306–308
codeine, 307

dendrimers, 299–301
differential pulse voltammetry, 300
electrostatic adsorption, 303
ethylcarbodiimide hydrochloride, 300
Fenton-type reaction, 300
gold nanoparticles, 304
guanine oxidation, 300
immobilization of DNA, 300
metal and metal oxide nanoparticles, 

303–305
methylene blue, 304
morphine, 307
normal pulse voltammetry, 301
polyamidoamine, 299
polymeric nanoparticles, 301–303
scanning electron microscopy, 301
thiol groups, 304

nucleic acid interactions, 290
Watson–Crick base pair recognition event 

signal, 289
DNA double helix structure, changes in, 297
DNase I, see Deoxyribonuclease I
DNA switching control, smart coating for, 363–369
Docetaxel, 107, 114
DOX, see Doxorubicin
Doxil/Caelyx, 69
Doxorubicin (DOX), 12, 67, 70, 177
DPV, see Differential pulse voltammetry
Drug delivery systems (DDSs), 4

based on magnetic MSN, 21
controlled, 7
design, 4
desired features for, 175
disadvantage of mesoporous silica as, 12
gold nanoparticle–based, 180–184
local, 6
magnetic iron oxide nanoparticle–based, 

179–180
oral, 14
pH-responsive, 12
redox-responsive, 176
silica nanoparticle–based, 176–179
smart, 177

DTT, see Dithiothreitol

E

ECM, see Extracellular matrix
EDC, see Ethylcarbodiimide hydrochloride
EGFR, see Epidermal growth factor receptor
EIS, see Electrochemical impedance 

spectroscopy
Electrochemical biosensors, see DNA damage 

and genotoxicity, electrochemical 
biosensors for detecting

Electrochemical impedance spectroscopy (EIS), 
297
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ELISA, see Enzyme-linked immunosorbent 
assay

Ellence, 109
Endocytosis, 173, 399
Endotoxin, 274, 282
Enhanced permeability and retention (EPR) 

effect, 26
accumulation of nanomaterials in tumor 

tissue, 173
CNT-based nanocarriers, 118
liposomes, 61, 63
passive versus active QD targeting, 324
silica matrix and, 26
stealth liposomes and, 75
tumor uptake of PTX and, 118

Enterobacteriaceae, 202
Enzyme leakage assay, 399
Enzyme-linked immunosorbent assay (ELISA), 

254, 293, 356, 376
Epaxal, 69, 72, 85
Epidermal growth factor receptor (EGFR), 111
Epidural morphine sulfate, 69
Epirubicin hydrochloride, 109
Epithelial cancers, 331
EPR effect, see Enhanced permeability and 

retention effect
ER, see Estrogen receptor
erbB-2 oncoprotein, 85
Escherichia coli, 136, 142, 193, 204, 219, 254, 

275, 282
Estrasorb, 85
Estrogen receptor (ER), 120
Ethosomes, 61
Ethylcarbodiimide hydrochloride (EDC), 300
Eudragit L100, 14
Exemestane, 107
Exopolysaccharide expression, 195
Extracellular matrix (ECM), 118, 200

F

FANG vaccine, 81
Fareston, 109
FDA, see US Food and Drug Administration
Fenton-type reaction, 300
Feridex, 184
FETs, see Field effect transistors
Fibronectin, 74
Field effect transistors (FETs), 248, 259
First-pass effect, 6
FISH, see Fluorescence in situ hybridization
FITC, see Fluorescein isothiocyanate
Floxuridine, 119
Fluorescein isothiocyanate (FITC), 177
Fluorescence in situ hybridization (FISH), 120
Fluorescence resonance energy transfer (FRET), 

252, 257

Fluorescent labels, 139
Fluorescent magnetic NPs (FMNPs), 332
Fluorescent NPs (FNPs), 254
5-Fluorouracil, 45
FMNPs, see Fluorescent magnetic NPs
FNPs, see Fluorescent NPs
Folex PFS, 110
Food-borne disease outbreaks, 195
Food poisoning, 276
Food safety, see Microbial adhesion ability, 

surface characteristics and
FRET, see Fluorescence resonance energy 

transfer
Fungal defensin, 134

G

Gamma interferon, 176
Ganoderma boninense, 278
GAS, see Group A streptococci
Gas chromatography–mass spectrometry (GC-MS), 

292
Gating, 11, 367
GCE, see Glassy carbon electrode
GC-MS, see Gas chromatography–mass 

spectrometry
Gelatin type B molecules, 121
Gemcitabine, 119
Gemcitabine hydrochloride, 107
Gemzar, 107
Generally Recognized As Safe (GRAS), 25
Genotoxicity, 401; see also DNA damage 

and genotoxicity, electrochemical 
biosensors for detecting

Giant magnetoresistance (GMR) sensors, 254
Glassy carbon electrode (GCE), 297
Glutaraldehyde, 25
Glutathione (GSH), 17, 176
Glycoprotein molecules, 61
GMR sensors, see Giant magnetoresistance 

(GMR) sensors
Gold nanoparticles, 250–252

biosensing using, 375
l-cysteine-modified, 25
DDSs, 180–184

Gold nanoparticles (Au NPs), drug delivery 
using, 39–51

drug delivery, 43–46
amine compounds, 44
bromo-terminated alkanethiols, 44
charge-reversal copolymer, 45
gold nanoshells, 46
hydrophobic drugs, 45
interior ligands, 45
loading by attachment to capping agents, 

44–45
loading as capping agents, 43–44
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loading inside the NPs, 46
loading by layer-by-layer assembly, 45–46
loading by partitioning, 45
near-infrared light, 46
poly-l-lysine, 46
sphere template, 46

gold nanorads, 40
outlook, 46

anti-arthritic medications, 46
primate AIDS models, 46

synthesis of Au NPs, 40–42
classification, 40
common methods of fabrication, 40
different sizes, 41–42
different surface modifications, 42
DNA oligonucleotides, property of, 42
dodecanethiol-protected Au NPs, 41
high-density lipoprotein nanostructures, 42
oligonucleotide-directed immobilization, 

42
thiol-derivatized Au NPs, 41

toxicity of Au NPs, 42–43
capping agent, 43
filtration barriers, 43
reaction oxygen species analysis, 43
routes of clearance, 43

uses, 40
GQDs, see Graphene QDs
Grafting to method, 351
Graphene, 260
Graphene QDs (GQDs), 331
GRAS, see Generally Recognized As Safe
Group A streptococci (GAS), 135
GSH, see Glutathione
Guanine oxidation, 300

H

Haemophilus influenzae, 275
Hafnia alvei, 282
Hanging mercury drop electrode (HMDE), 296
HDL nanostructures, see High-density 

lipoprotein nanostructures
HDP therapeutics, see Host defense peptide 

therapeutics
Helmholtz–von Smoluchowski equation, 204
Hepatitis A infection, prevention of, 85
Herceptin, 107, 112, 332
Herclon, 334
HER-2-positive breast cancer, 111; see also Breast 

cancer therapeutics, nanocarriers for
Hexagonal mesoporous silica (HMS), 10
High-density lipoprotein (HDL) nanostructures, 

42
HMDE, see Hanging mercury drop electrode
HMS, see Hexagonal mesoporous silica
Hospital environment, biofilm removal in, 195

Host defense peptide (HDP) therapeutics, 
131–149

antimicrobial properties of nanoparticles, 
142–143

antifungal activity, 142
bacitracin magnetic nanoparticles, 142
silver nanoparticles, 142
thiol-capped magnetic nanoparticles, 143

cathelicidins, 133
β-defensins, 133
HDP therapeutics, 135–137

bacterial infections, 136
chemokine production, 136
glycosaminoglycans, 135
group A streptococci, 135
novel delivery techniques, 136
polyalanine peptides, 136
recalcitrant infections, 136
tumor necrosis factor, 136
wound-healing models, 136

host defense peptides, 133–134
antimicrobial peptides, 133
bacteriocins, 133
cell functions modulated, 133
clavanins, 133
defensins, 133
eukaryotes, 133
interaction with lipid bilayers, 134
posttranscriptional modifications, 133
prokaryotes, 133
tryptophan, 134

imperative requirement, 132
mechanism of action of HDPs, 134–135

antibiotics, 134
cellular death, 134
crypts of Lieberkuhn, 135
defensins, 134
fungal defensin, 134
Gram-positive bacteria, 134
microbial resistance mechanisms, 135
polymorphonuclear leukocytes, 135
sphingolipids, 135

most well-known classes of HDPs, 133
nanoparticle preparation, functionalization, 

and bioconjugation, 138–142
antibodies, 140
carbon nanostructures, 140
colloidal chemistry, 138
fluorescent labels, 139
iron oxides, nanoparticles of, 141
magnetic nanoparticles, 141
metallic nanoparticles, 140
photothermal cancer therapy, 140
quantum dots, degradation of, 139
reactive surface species, 138
silica, 138

transition metal oxide nanoparticles, 137
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HSA, see Human serum albumin
Human serum albumin (HSA), 116
Hyaluronic acid, 331
Hydrogel, 224, 365
Hydroxyapatite, 117, 164
Hyperthermia, 122

I

Ibuprofen
first encapsulation of, 10
release, 21
use as model drug, 16

ICG, see Indocyanine green
ICSs, see Immunochromatographic strips
IFP, see Interstitial fluid pressure
IHL-305, 70
Imidazole, 79
Immune stimulating complex, 62
Immunochromatographic strips (ICSs), 250
Immunoglobulins, 74
Immunoliposomes, 61
Immunosomes, 61
Inactivated hepatitis A virus (strain RG-SB), 69
Indium tin oxide (ITO), 294
Indocyanine green (ICG), 122
Infectious agents, nanodiagnostic techniques for, 

243–272
aptamers as capture probes, 261
atomic force microscopy, 261–262
biosensors for microbial detection, 248
carbon nanotubes, 246
causative agents of bacterial diseases, 245
field effect transistors, 248
historical background, 244
microfluidic assays or lab-on-a-chip, 248–249

applications, 248
developing countries, 248
nosocomial infections, 249
nucleic acid probe hybridization process, 

249
nanodiagnosis of infectious diseases, 247
nanomaterials in nanodiagnostics, 249–261

botulism toxin, 251
carbon nanotubes, 258–259
common use, 257
competition assay, 253
concanavalin A, 253
field effect transistors, 259
fluorescence resonance energy transfer, 

252
fluorescent silica nanoparticles, 254–255
FRET-based biosensors, 256–257
giant magnetoresistance sensors, 254
gold nanoparticles, 250–252
graphene, 260
immunochromatographic strips, 250

magnetic nanoparticles, 252–254
magnetic relaxation nanosensors, 253
magnetic resonance signal, 253
magnetoresistive sensors, 254
microorganisms, 250
molecular beacons, 257–258
nanoparticles, 249–256
nanowires, 261
one-dimensional and carbon-derived 

nanomaterials, 258–260
quantum dots, 255–256
removal of microorganisms, 253
streptavidin–biotin interaction, 254

polymerase chain reaction, 245
real-time PCR, 246
single-cell detection, nanosensors for, 

262–263
smartphone microscopy, 263
Sushi peptide, 262

Inflexal V, 69, 72, 85
Influenza vaccine, 85
Influenza virus strains A and B, 69
Inorganic nanoparticles, 232
Insulin delivery, 14
Interstitial fluid pressure (IFP), 63
INX-0125, 70
Irinotecan, 70, 71
Iron oxide nanoparticles, 141, 179–180
ITO, see Indium tin oxide
Ixabepilone, 107
Ixempra, 107

J

JNS002, 70
Jurkat T cells, 401

K

Kaposi’s sarcoma, 75
Klebsiella pneumoniae, 135, 224
Kupffer cells, 172

L

Lab-on-a-chip (LOC), 248–249, 369
Lactic acid production, 155, 156
LAL assay, see Limulus amebocyte lysate assay
Langmuir–Blodgett technique, 350
Lapatinib ditosylate, 108
Layer-by-layer (LBL) technique, 350
LBL technique, see Layer-by-layer technique
LCST, see Low critical solution temperature
Leishmania

braziliensis, 134
donovani, 232

LEM, 70
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LEP-ETU, 70
LE-SN38, 70
Limulus amebocyte lysate (LAL) assay, 279
Lipo-Dox, 69
Lipoplatin, 70
Lipoplexes, 62
Lipopolysaccharides (LPSs), 198
Liposomes, drug delivery using, 53–100, 115

classification of liposomes, 59–60
components of liposomes, 56–58

cholesterol molecules, 58
fatty acyl chains, 58
phospholipids, 56–58
polar headgroups, 56, 58
sterols, 58

drug delivery vehicles, liposomes as, 60–85
accelerated blood clearance, 66
acidic hypercoilers, 79
anionic polymers, 79
anthracycline-class drug, 69
antibody-mediated drug delivery, 84
anticancer drugs, “mix and match” 

applications of, 85
Anti-MUC1 cancer vaccine, 68
antitumor vaccine studies, 67
approved liposomal formulations in the 

market, 69
archeosomes, 61
arginine–glycine–aspartic acid, 64
cancer vaccines, 68
cationic liposomes, 67, 81–84
charge density variation, 80
clinical trials, 70–71, 81
combinatorial approaches, 67
conventional liposomes, 72–73
C-reactive protein, 74
dendrosomes, 62
doxorubicin, 67, 69
enhanced permeation and retention effect, 

63, 75
ethosomes, 61
feedback controlled biological events, 76
fibronectin, 74
folate-mediated liposome targeting, 64
glycoprotein molecules, 61
hydrophilic polymers, 74
hypercoiling, 78
imidazole, 79
immune stimulating complex, 62
immunoglobulins, 74
immunoliposomes, 61, 84–85
immunosomes, 61
interstitial fluid pressure, 63
intravitreal liposomal drug delivery, 

advantages of, 68
leaky vasculature, 60
lipoplexes, 62, 81

liposomes in clinical use, 69–72
“load-and-release” modalities, 76
macrophages, 66, 74
membrane attack complex, 65
monoclonal antibodies, 84
monocytes, 66
multidrug carrier, 72
neutrophils, 66
niosomes, 61
octadecylacrylate, 77
opsonins, 75
passive and active targeting, 60–65
periliposomal layer, 75
phosphatidylcholine, 62, 74
pH-responsive polymer-based 

pH-sensitive liposomes, 78–81
polymerized liposomes, 62
proliposomes, 61
proteosomes, 61
pyridine, 79
reticuloendothelial system, 61, 65
RNA interference, 68, 81
route of administration of liposomes, 68
second-generation liposomes, 64
solver–polymer interaction, 79
stealth liposomes, 61, 73–75
stimuli-responsive liposomes, 75–81
succinic acid, 80
temperature-sensitive liposomes, 76
therapeutics, 65–68
thermoresponsive polymers, anchorage 

of, 78
thermosensitive polymer-based 

temperature-sensitive liposomes, 
77–78

topoisomerase inhibitor, 69
transfersomes, 61
tumor angiogenesis, 82
Van der Waals cohesion, 79
vascular targeting, 83
vincristine-induced dermal toxicity, 72
virosomes, 62, 72, 85

history of liposomes, 54–56
artificial membrane systems, 54
cell membranes, mimicking of, 54
electron microscopy, 54
lipid–drug interactions, 56
smectic mesophases, 54
univalent cations, diffusion of, 55
versatility of liposomes, 55

method of preparation, 60
self-assembly of phospholipids, 58–59

bilayer structures, 59
surfactant parameter, 59
water–hydrocarbon interactions, 59

structure, classification based on, 60
Lipoxal, 70
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Liprostin, 70
Listeria, 282, 280

innocua, 199
monocytogenes, 195, 199, 201, 202, 275, 278
spp., 200, 201

“Living” polymerization reaction, 354
L-NDDP, 70
LOC, see Lab-on-a-chip
Local DDSs, 6
Low critical solution temperature (LCST), 16, 77, 

183, 364
LPSs, see Lipopolysaccharides
Luciferase enzyme, 274
Luminescent semiconductors, 375
Lurtotecan, 71
Lymphatic vessel marker, 328

M

mAbs, see Monoclonal antibodies
MAC, see Membrane attack complex
Macrophages, 174
Magnetic relaxation nanosensors (MRNs), 253
Magnetic resonance imaging (MRI), 113, 179, 320
MAP, see Mycobacterium avium ssp. 

paratuberculosis
Marqibo, 69
MBP-426, 70
MDC, see Multidrug carrier
MDPB, see 12-Methacryloyloxydodecyl-

pyridinium bromide
Membrane attack complex (MAC), 65
Mesoporous silica

amino-functionalized, 12
gold-capped, 13
magnetic, 23
temperature-responsive, 16

Mesoporous silica materials (MSNs), 5, 10; see also 
Silica matrix targeting drug delivery 
applications, stimuli-responsive

coating agent, 25
light-responsive, 18–20
magnetic-responsive, 21–24
methods established to prepare, 177
pH stimuli-responsive, 12–15
redox-responsive, 17
surface, internal modification of, 11
temperature-responsive, 16–17

Metal oxide nanoparticles, 112
Metastasis, 103, 124
12-Methacryloyloxydodecyl-pyridinium bromide 

(MDPB), 162
Methicillin-resistant S. aureus (MRSA), 216, 225
Methotrexate, 110, 117
Mexate, 110
Mexate-AQ, 110
Microarray technology, 355, 370

Microbial adhesion ability, surface characteristics 
and, 193–213

bacterial adhesion to glass surfaces, 204–207
contact angle, 204
experiments, 204
hydrophobicity of investigated bacteria, 205
optical density, 206
surface roughness, estimation of, 204
zeta potential, 205

biofilm formation, 194–196
adhesion process, 195
conditioning layer, 194
definition, 194
exopolysaccharide expression, 195
food-borne disease outbreaks, 195
gene transcription, 194
hospital environment, 195
material surface, bacteria attached to, 194, 195
ultrasonication, 195

contact materials, 196–198
characteristics, 196
injury to material surfaces, 196
physical and chemical interactions, 196
rinsing, 197
scanning electron microscopy, 197
submicroscaled materials, 197
surface roughness, effect of on bacterial 

adhesion, 197
contact surfaces and food safety, 200–203

colonization of bacteria, 201
critical control point, 201
cross-contamination, prevention of, 201
fish processing industry, 201
hygienic design, 201
implications for human health, 202–203
indwelling devices, 202
nosocomial infections, 202
pathogen microorganisms, 202
Tunisian poultry, Salmonella spp. isolated 

from, 202
food safety, 193
general, 194
microbial adhesion and microorganism 

characteristics, 198–200
adhesion proteins, 199
bacterial cell wall, 198
extracellular matrix, 200
fimbriae, 199
Gram-negative cells, 198
Gram-positive cells, 198
lipopolysaccharides, 198
peptidoglycan, 198
stages of bacterial adhesion, 199
van der Waals effects, 199

surface characterization, 203–204
atomic force microscopy, 203
electrophoretic mobility, 204
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roughness parameters, 203
zeta potential measurement, 203

Mitogen-activated protein kinase, 111
Mitoxantrone, 70
Molecular beacons, 257–258
Monoclonal antibodies (mAbs), 84, 112
MRI, see Magnetic resonance imaging
MRNs, see Magnetic relaxation nanosensors
MRSA, see Methicillin-resistant S. aureus
MSNs, see Mesoporous silica materials
Multidrug carrier (MDC), 72
Multiwalled nanotube (MWNT), 226, 229
MWNT, see Multiwalled nanotube
Mycobacterium

avium, 232, 278
avium ssp. paratuberculosis (MAP), 253
tuberculosis, 136, 253, 275

Myocet, 69

N

Nanocarrier systems, see Breast cancer 
therapeutics, nanocarriers for

Nanotoxicity, mechanistic approach to, 393–410
future directions, 403
mechanism of nanotoxicity, 399–403

Bax and Bcl-2 expressions, 401
clathrin, 399
cytochrome c, release of, 401
damaging of nuclear DNA, 401–403
dermal fibroblast, immunocytochemistry 

of, 402
endocytosis, 399
enzyme leakage assay, 399
genotoxicity studies, 401
interaction with mitochondrial membrane, 

400–401
interaction with plasma membrane, 399–400
Jurkat T cells, 401
oxidized GSH, 400
pinocytosis, 399
quantum dots, 400
reactive oxygen species, 400, 401

mitochondrial damage, 393–394
nanotechnology, 394
nanotoxicology, 394–395
need of nanotoxicity study, 395–396

categorization of nanoparticles, 395
cosmetics, 395
physical barrier, skin as, 396
reactive oxygen species, formation of, 396
unintended release of nanoparticles, 395

value of nanotechnology-based product 
market, 394

what makes nanoparticles toxic, 397–399
capping agents, 397
comet assay, 398

copper nanoparticles, 397
excessive accumulation, 398–399
size, 397–398
“Trojan horse” effect, 398
ultrahigh activity, 397

NAs, see Nucleoside analogs
Near-infrared light, 46, 182
Neosar, 109
Neutrophils, 174
Niclosamide, 293
Niosomes, 61
NIR light, see Near-infrared (NIR) light
9-Nitro-20(S)-camptothecin, 70
NL CPT-11, 70
Nolvadex, 110
Normal pulse voltammetry (NPV), 301
Nosocomial infections, 202, 249
NPV, see Normal pulse voltammetry
Nucleic acid microarrays, 356
Nucleoside analogs (NAs), 119
Nutraceuticals, 14, 15
Nyotran, 70
Nystatin, 70

O

Octadecylacrylate (ODA), 77
ODA, see Octadecylacrylate
Oligonucleotide immobilization, 42, 355
Ondansetron, 7
One-pot synthesis, 11
Opsonins, 75, 173
Optical labeling, 175
Oral drug delivery technologies, 6
OSI-211, 71
OSI-7904L, 71
Osteoporosis treatment, 12
Ovarian cancer, 75
Oxaliplatin, 70
Oxygen plasma, reaction of, 371

P

Paclitaxel (PTX), 19, 45, 70, 107, 114, 175
PAMAM, see Polyamidoamine
Pamidronate disodium, 108
PAs, see Peptide amphiphiles
Passive targeting, 26
Pasteurella multocida, 275
Pathogen detection, chromogenic biosensors for, 

273–288
biological warfare, 276
commercially existing chromogenic sensors, 

279–281
ceftazidime, 281
colorimetric enzyme–NP conjugate, 280
enzyme activity, 280
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limulus amebocyte lysate assay, 279
recombinant factor C, 280

detection of pathogens, 281–282
chemiluminescence-based pathogen 

recognition, 282
endotoxin monitoring, 282
fluorescence detection, 282
optical detection, 281
Stokes shift, 282
surface plasmon resonance, 282

endotoxin recognition, 274
food poisoning, 276
global food manufacturing microbiology 

testing, 276
infection control, 274
list of pathogens, 275
luciferase enzyme, 274
nanomaterials as biosensors, 277–279

applications, 278
features, 277
list of biosensors, 278

outlook, 282–283
sepsis, 273

PCR, see Polymerase chain reaction
PDT, see Photodynamic therapy
PEG, see Poly(ethylene glycol)
PEI, see Polyethylenimine
PEP02, 71
Peptide amphiphiles (PAs), 118
Peptidoglycan, 198
Perfluorooctane sulfonate (PFOS), 304
PET, see Positron emission tomography
PFOS, see Perfluorooctane sulfonate
Phenanthrene, 18
Phosphatidylcholine, 62, 74
Photodimerization reaction, 18
Photodynamic therapy (PDT), 122
Photolithography, 355, 370
Photothermal cancer therapy, 140
Pinocytosis, 399
Plasmodium falciparum, 134
Plectasin, 134
Pleuronectes americanus, 136
PLGA, see Poly(lactic-co-glycolic acid)
PLL, see Poly-l-lysine
PNU-93914, 71
POCTs, see Point-of-care tests
Podoplanin, 328
Point-of-care tests (POCTs), 370
Polyamidoamine (PAMAM), 299
Polycyclic aromatic compounds, nitroderivatives 

of, 293
Poly(ethylene glycol) (PEG), 322

-coated liposomes, 73–75
coating method, 17
side chains, 224
thiolated, 44

Polyethylenimine (PEI), 179
Poly(lactic-co-glycolic acid) (PLGA), 113
Poly-l-lysine (PLL), 46
Polymerase chain reaction (PCR), 245, 292
Polymerized liposomes, 62
Polymers, see Antimicrobial polymers; Surface 

modifications by polymers (biosensing 
applications)

Polymorphonuclear leukocytes, 135
Pore gating, 11
Porphyromonas gingivalis, 230
Positron emission tomography (PET), 320
PR, see Progesterone receptor
Progesterone, 18
Progesterone receptor (PR), 120
Proliposomes, 61
Propranolol, absorption ability of, 6
Prostaglandin E1, 70
Protein kinase B, 111
Proteosomes, 61
Pseudomonas, 195

aeruginosa, 193, 198, 203, 219, 262
putida, 262
spp., 201, 202

Pseudoplectania nigrella, 134
PTX, see Paclitaxel
Pyrene, 18
Pyridine, 79

Q

QADM, see Quaternary ammonium 
dimethacrylate

QAMs, see Quaternary ammonium 
methacrylates

QDs, see Quantum dots
Quantum dots (QDs), 119–120

breast cancer therapeutics and, 119–120
degradation of, 139
estrogen receptor, 120
fluorescence in situ hybridization, 120
fluorescent biosensors and, 375
HER-2, 120
most important property of, 139
nanodiagnostics, 255–256
nanotoxicity and, 400
progesterone receptor, 120
synthesis of, 139
tracing of nodes, 120
tumor cells, protein biomarkers in, 119
Western blotting, 120

Quantum dots (QDs), in vivo molecular imaging 
with, 319–345

computed tomography, 320
future perspectives, 337–338

choice of targeting ligand, 337
fluorescence intensity, 337
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multimodality imaging, 338
roadblocks, 337

in vivo active targeting with QDs, 324–331
antibodies, 326
antibody fragments, 327
aptamers, 330–331
arginine–glycine–aspartate, 328
drawbacks, 325
enhanced permeability and retention 

effect, 324
epithelial cancers, 331
folate/folic acid, 331
graphene QDs, 331
lymphatic vessel marker, 328
near-infrared fluorescence, 327
passive versus active targeting, 324–325
peptides, 328–330
polymers, 331
proteins, 326–328
RNA synthesis, 331
targeting moieties for in vivo imaging 

with QDs, 326–331
tumor targeting, 325, 326

magnetic resonance imaging, 320
molecular imaging, definition of, 320
multifunctional QDs for molecular imaging 

and therapeutics, 331–337
antibody fragments, 334
anti-HER2, 334
fluorescent magnetic NPs, 332
gamma rays, 332
gastric cancer tissues, 334
multimodality QDs, 331–334
NIR fluorescent imaging, 332
ribonuclease A, 334
RNA degradation, 334
theranostics, 334–337

positron emission tomography, 320
synthesis and surface modification of QDs for 

imaging applications, 321–324
ideal imaging probe, 321
metal–histidine binding, 324
MeX precursor, 322
PEGylation, 323
strategies for bioconjugation, 324
streptavidin–biotin interaction, 324
surface ligand exchange, 322
surface modification, 322–323
synthesis, 321–322
toxicity, 321
trioctylphosphine oxide, 321
unique properties of QDs, 321

Quaternary ammonium dimethacrylate (QADM), 
163

Quaternary ammonium methacrylates (QAMs), 
162

Quaternary ammonium salts, 228

R

Rapamycin-loaded PLGA nanoparticles, 113
Reactive oxygen species (ROS)

DNA damage and, 291
excessive generation of, 400
formation of, 396
induction, oxidative stress by, 401
production, 112, 139, 403

Real-time PCR (RT-PCR), 246
Redox potential gradient, 176
Redox-responsive delivery system, 176
RES, see Reticuloendothelial system
Reticuloendothelial system (RES), 61, 106, 172
Reverse-phase microarrays, 358
RGD, see Arginine–glycine–aspartic acid
Ribonuclease A (RNase A), 334
Rifampicin, 230
RNA, 247

anticancer drugs and, 304
aptamer, 365
degradation, 334
interference, 68
sequence detection, 257
synthesis, folate and, 331

RNase A, see Ribonuclease A
ROS, see Reactive oxygen species
RT-PCR, see Real-time PCR

S

Salmonella, 195, 277, 282
paratyphi, 275
spp., 201, 202
typhimurium, 202, 256

SAMs, see Self-assembled monolayers
Scanning electron microscopy (SEM), 197, 301
S-CKD602, 71
SDS, see Sodium dodecyl sulfate
Self-assembled monolayers (SAMs), 350
SEM, see Scanning electron microscopy
Semiconductors, luminescent, 375
Semidilute brush, 352
Sepsis, 273
Shigella, 275
Shigella flexneri, 256
Silanization, 372
Silica matrix targeting drug delivery 

applications, stimuli-responsive, 3–37
biological stimuli-responsive drug release, 

24–25
adenosine triphosphate, 25
coupling agent, glutaraldehyde as, 25
deoxyribonuclease I, 24
gold nanoparticles, 25
succinylated soy protein isolate, 24
sulfasalazine, 24
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biomedical applications (toxicity, 
biocompatibility), 25–27

active targeting, 26
cellular uptake, efficiency of, 26
endosomes, entrapment of, 26
enhanced permeability and retention 

effect, 26
natural systems, 26
passive targeting, 26

challenges in drug delivery, silica response 
to, 4–8

administration route, 5–8
antiemetic medication, 7
carbon nanotubes, 4
chemotherapy, 7
controlled DDS, 7
drug delivery systems, 4
first-pass effect, 6
hydrophobic active ingredients, 6
inorganic biomaterials, 4
intravascular drug administration, 7
local DDSs, 6
mesoporous silica nanoparticles, 5
oral administration, 6
oral drug release delivery, 5
porous materials, 4–5
propranolol, absorption ability of, 6
topical administration, 7
zero-order kinetics, 6

light-responsive MSN, 18–20
azobenzene moiety, MSNs modified with, 

18
carbamate linker, 19
cholestane, 18
electrostatic repulsion, 19
gatekeepers, 18
phenanthrene, 18
photodimerization reaction, 18
progesterone, 18
pyrene, 18
zeta potential measurement, 19

loading and release, suitable matrix for, 8–11
biosilicification principle, 9
colloidal templating routes, 8
first ibuprofen encapsulation, 10
hard templates, 8
hexagonal mesoporous silica, 10
hollow particles, 9
monodisperse sized particles, 9
organic templates, 9
template-free method, 8
voids, 8

magnetic-responsive MSN, 21–24
capping agent, 23
core–shell model, 21
embedding, 21
ibuprofen release, 21

perspectives, 27
pH stimuli-responsive MSN, 12–15

alendronate release, 12
amino-functionalized mesoporous silica, 

12
biocompatible coating agents, 14
capping agent, 13
gatekeeping method, 13
gold-capped mesoporous silica, 13
insulin delivery, 14
nutraceuticals, 14, 15
osteoporosis treatment, 12

stimuli-responsive nanostructured silica 
materials, 11–25

biological stimuli-responsive drug release, 
24–25

co-condensation, 11
cystine-based linker, 17
disulfide-reducing agent, 17
glutathione, 17
grafting, 11
imprint coating method, 11
internal modification of MSN surface, 11
light-responsive MSN, 18–20
magnetic-responsive MSN, 21–24
one-pot synthesis, 11
pH stimuli-responsive MSN, 12–15
pore gating, 11
pore sealing, 12
redox-responsive MSN, 17
temperature-responsive MSN, 16–17

temperature-responsive MSN, 16–17
alkyl chain interaction, 17
capping agent, 17
low critical solution temperature, 16
paraffins, 17

zero premature release, 27
Silica nanoparticles, 176–179
Single cell gel electrophoresis, 292
Single nucleotide polymorphisms (SNPs), 357
Single-walled nanotubes (SWNTs), 226, 229
Smartphone microscopy, 263
Smectic mesophases, 54
SNPs, see Single nucleotide polymorphisms
Sodium dodecyl sulfate (SDS), 362
Sphingolipids, 135
SPI-77, 71
SPIONs, see Superparamagnetic iron oxide 

nanoparticles
SPR, see Surface plasmon resonance
SSPI, see Succinylated soy protein isolate
Staphylococcus, 195

aureus, 135, 142, 193, 203, 219, 224, 232, 
275, 282

epidermidis, 198, 203, 226
Stealth liposomes, 61, 73–75, 115
Stimuvax, 71
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Stokes shift, 282
Streptococcus, 195

mutans, 153, 156, 162, 227
pneumoniae, 357

Succinic acid, 80
Succinylated soy protein isolate (SSPI), 24
Sulfasalazine (SZ), 24
Superparamagnetic iron oxide nanoparticles 

(SPIONs), 112, 179
Surface modifications by polymers (biosensing 

applications), 347–390
application as novel biointerface, 353–355

“living” polymerization reaction, 354
protein adsorption, 353

biosensing, surface requirements in, 349
DNA switching control, smart coating for, 

363–369
combinations of different behaviors, 365
DNA switch biosensors, 366–369
DNA switching nanomachines, 366
electrical desorption, 368
fields, 363
fluorophore height, 368
hydrogels, 365
low critical solution temperature, 364
microfluidic device, 364
surface chemistry control, systems 

lacking, 368
lab-on-a-chip microfluidic devices, 369–374

biosensing in microfluidics structures, 
373–374

cyclic olefin copolymer, 371
device design, manufacturing, and 

materials, 370–373
fluid turbulence, 370
gas-phase methods, 371
Lab on a Chip, 369
microarray technology, 370
oxygen plasma, reaction of, 371
photolithography, 370
point-of-care tests, 370
silanization, 372
surface chemistry, tailor-made, 374
temperature gradients, 370
total chemical analysis system, 369
wet chemical modification processes, 371

microarray supports, coatings for, 355–363
affinity reagents, 358
antibody assay, 358
characteristics of supports, 359
chips with 3D matrices, 360–361
chitosan, 360
design principles for minimizing 

nonspecific adsorption, 361–362
dextran, 360
DNA microarrays, 357
linkers, 355

microarray supports, 358–363
mRNA expression, 355
nucleic acid microarrays, 356
oligonucleotides, immobilization of, 355
photolithographic methods, 355
planar chip surfaces, 359–360
polymer coatings, 362–363
protein arrays, 357–358
protein attachment to nylon, 360
reverse-phase microarrays, 358
silanization, protocols for, 360
single nucleotide polymorphisms, 357
surface chemistry, development of, 359
surfactants, 362
3D chemistries, 355
typical array experiment, 356

polymer-coated nanoparticles for biosensing, 
374–380

amphiphilic polymers, 378
cell labeling, 379
chloroform, 377
displacement of surface ligand, 377
enzyme electrodes, 375
gold nanoparticles, 375
immobilization of biomolecules, 374
luminescent semiconductors, 375
nanoparticle coating, 376–380
quantum dots, 375
surface chemistry, manipulation of, 376
surface-enhanced Raman scattering 

detection, 375
toxins, 375

polymeric modification of surfaces, 351–353
concentrated brush, 352
grafting to method, 351
polymer brush, 351, 352
semidilute brush, 352

signal-to-noise ratio, 348
surface chemistry, 348
surface coating, 349–351

lacquer and varnish coatings, 349
Langmuir–Blodgett technique, 350
layer-by-layer technique, 350
organic coatings, 349
self-assembled monolayers, 350

Surface plasmon resonance (SPR), 180, 281, 282
Surfactants, 59, 362
Sushi peptide, 262
SWNTs, see Single-walled nanotubes
SZ, see Sulfasalazine

T

Tamoxifen citrate, 110
TAS, see Total chemical analysis system
Taxol, 107, 114, 118
Taxotere, 107, 114
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T cells, 66, 401
Telcyta, 71
TEM, see Transmission electron microscopy
ThermoDox, 71
Thiol groups, 304
Thiophene-S-oxide, 293
Titanium oxide nanoparticles, 112
TLC ELL-12, 71
TLI, 71
T4N5 liposome lotion, 71
Topical administration, 7
TOPO, see Trioctylphosphine oxide
Topoisomerase inhibitor, 69
Topotecan, 71
Toremifene, 109
Total chemical analysis system (TAS), 369
Transfersomes, 61
Translocator protein (TSPO) dendrimer imaging 

agent, 116
Transmission electron microscopy (TEM), 154
Trastuzumab, 107, 334
Treponema pallidum, 245, 275
Triclosan, 230
Trioctylphosphine oxide (TOPO), 321
“Trojan horse” effect, 398
Trypanosoma cruzi, 134
Trypsin, 25, 118
Tryptophan, 134
TSPO dendrimer imaging agent, see Translocator 

protein dendrimer imaging agent
Tuberculosis, 230
Tumor angiogenesis, 82
Tumor necrosis factor, 136
TUNEL test, 293, 295
Tween-20, 362
Tykerb, 108

U

Ultrasonication, 195
Ultraviolet (UV) light, 11
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UV light, see Ultraviolet light
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FANG, 81
influenza, 85
virosomal, 85
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