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Dagmar Chudobova Department of Chemistry
and Biochemistry, Faculty of Agronomy, Mendel
University in Brno, Zemedelska, Brno, Czech
Republic, European Union

Kristyna Cihalova Department of Chemistry and
Biochemistry, Faculty of Agronomy, Mendel

University in Brno, Zemedelska, Brno, Czech
Republic, European Union

Nicola Cioffi Department of Chemistry,
University of Bari “Aldo Moro,” Bari, Italy

Lili Dai Department of Medicine, Division of
Allergy, Immunology, and Rheumatology, State
University of New York at Buffalo, Clinical
Translational Research Center, Buffalo, NY, USA

Hemant Kumar Daima Department of
Biotechnology, Siddaganga Institute of
Technology, Tumkur, Karnataka, India

Emerson Rodrigues de Camargo Department of
Chemistry, Federal University of São Carlos
(UFSCar), São Paulo, Brazil

Luiz Fernando Gorup Department of Chemistry,
Federal University of São Carlos (UFSCar), São
Paulo, Brazil

Anna M. Grudniak Department of Bacterial
Genetics, Institute of Microbiology, Faculty of
Biology, University of Warsaw, Warsaw, Poland

Alexandru Mihai Grumezescu AMG Transcend,
Bucharest, Romania; Department of Science and
Engineering of Oxide Materials and
Nanomaterials, Faculty of Applied Chemistry
and Materials Science, University Politehnica of
Bucharest, Bucharest, Romania

Michael R Hamblin Department of Dermatology,
Harvard Medical School, Boston, MA, USA;
Wellman Center for Photomedicine, Massachusetts
General Hospital, Boston, MA, USA; Harvard-MIT
Division of Health Sciences and Technology,
Cambridge, MA, USA

Mariana Henriques CEB—Center of Biological
Engineering, LIBRO—Laboratório de
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Preface

Resistance to antimicrobial agents has been
reaching high levels among all types of micro-
organisms. Bacteria constantly demonstrate
growing rates of resistance to classical and
newly introduced antibiotics, fungi increase
rates of resistance to antimycotics, viruses
increase rates of resistance to antiviral agents,
and even insect vectors carrying microorgan-
isms have been acquiring the ability to develop
resistance to the most common insecticidal
agents. Because of this, the efforts of scientists
all over the world are being directed to the
search for new and effective methods to cope
with drug resistance. One promising approach
is the application of nanotechnology in the bat-
tle against microorganisms.

Nanotechnology is being applied not only to
the treatment of infectious diseases but also to
diagnostics of infections and to prophylaxis by

reducing the number of insecticidal vectors
spreading microorganisms. This book dis-
cusses the potential of nanotechnology for
fighting all common types of infective agents
(bacteria, viruses, fungi, protozoa) and their
vectors (ticks, mosquitoes, flies, etc.), as well as
recent advances in diagnostics of infectious
diseases and nanotechnology techniques.

Potential readers include researchers in
applied microbiology, biotechnology, pharma-
cology, nanotechnology, and infection control,
students of medical and biological faculties,
and clinicians dealing with infectious diseases.

The editors thank Elizabeth Gibson,
Editorial Project Manager, Academic Press/
Elsevier S&T Books, Waltham, MA, USA, for
her constant help and valuable suggestions,
and the contributors for devoting their time to
this book.
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C H A P T E R

1

Gold and Silver Nanoparticles for
Diagnostics of Infection
Pedro Pedrosa and Pedro V. Baptista

CIGMH, Departamento de Ciências da Vida, Faculdade de Ciências e Tecnologia,

Universidade NOVA de Lisboa, Faculdade de Ciências e Tecnologia Caparica, Portugal

1.1 NANOTECHNOLOGY
AND INFECTION

Infectious diseases are responsible for
approximately 16.2% of total deaths per year,
with children being the most affected group
and accounting for a disproportionate number
of deaths (WHO, 2014). For each agent and dis-
ease, great effort has been directed toward the
identification of associated molecular charac-
teristics and other biomarkers, such as toxins,
antigens, or nucleic acids. Pathogens that can
cause disease have a complex and broad range;
some of them have prolonged asymptomatic
incubation times, and diagnosis of infection is
a challenging task (Kaittanis et al., 2010).
Molecular medicine has improved our knowl-
edge of disease mechanisms and has brought
clinicians a set of diagnostic tools that may
help reduce the clinical uncertainty. Among
these tools are nanosystems, which bring inno-
vative molecular recognition tools and point-
of-care (POC) diagnostic solutions. These new
technologies can be integrated into a multitude

of platforms allowing for enhancement of cur-
rent techniques (McGlennen, 2001).

Nanotechnology has received international
attention in the past decade, with more than
3 million patents registered with the term “nano”
(Alharbi and Al-Sheikh, 2014). Nanotechnology
involves the understanding, design, and fabri-
cation of materials at the atomic and molecular
scale, where applications to medicine are
commonly related to diagnostics and treatment.
Because of their size (1�100 nm), nanomaterials
have the advantage of interacting in a one-on-
one basis with biomolecules, potentiating accu-
racy and effectiveness (Cabral and Baptista,
2013). Nanotechnology has brought forth a
plethora of new materials suitable for applica-
tion in biosensing that greatly boost current
methodologies for clinic diagnostics, including
gene expression profiling, biomarker quantifi-
cation, and imaging. Such strategies have
focused on the development of nanoscale
devices and platforms that can be used for sin-
gle molecule characterization (nucleic acids,
peptides, proteins, antibodies, small molecules)

1
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at an increased rate when compared with con-
ventional systems. Interestingly, the majority of
proposed platforms greatly focus on demon-
strating increased sensitivity by lowering the
limits of detection of standard laboratory strate-
gies such as real-time polymerase chain reac-
tion (RT-PCR). Most platforms for protein
detection have been designed to include anti-
gens and antibodies for molecular recognition
(e.g., sandwich immunoassay) that can be cou-
pled to distinct detection strategies (reporter
molecules and tags). Systems for nucleic acid
sensing, whether for screening of nucleotide
sequences or single base mismatch discrimina-
tion (e.g., mutations and single nucleotide poly-
morphisms [SNPs]), are usually based on
differential hybridization stringency because of
mismatch that causes conformational stress to
the DNA duplex that enables detection.

Molecular diagnostics requires highly paral-
leled and miniaturized assays that make use of
the immense available information on patho-
gen biomarkers. Molecular diagnostics of path-
ogen infection may be broadly divided in
terms of the target for detection: the pathogen
itself (considering the whole or biomolecular
fragments such as DNA, RNA, and peptides)
or the host response to the presence of the
pathogen (this includes the detection of antibo-
dies and other immune response molecules
and cell stress molecules).

Over the past decades, noble metal NPs,
because of their optical and physicochemical
properties, have been used in proof-of-concept
demonstrations of a wide range of biosensing
tools for selective and specific identification of
DNA/RNA sequences associated with infec-
tion and pathogens. These tools have been
used as either substitutes or coupled to fluores-
cence/chemiluminescence signal transduction.
Nanoparticles (NPs) are an optimal tool for
tagging biomolecular probes because of the
ease of synthesis and functionalization with
DNA/RNA molecules, proteins, and other
biomolecules. Currently used bioassays for

detection of known biomarkers or nucleotide
sequences have progressively been integrated
into NP-based systems, increasing sensitivity
and lowering costs. Because of their nanosize
scale, they present a high ratio of surface area to
volume, with the capability of interacting in the
same scale as target biological molecules.
Diagnostics strategies using NPs have been
reported for the detection of nucleic acids,
proteins, pH variations, or small analytes via
colorimetric, fluorescence, mass spectrometry,
electrochemical, and scattering approaches.
Nanodiagnostic systems have the ability to
perform molecular tests quicker with more sen-
sitivity, and with increased flexibility at reduced
costs (Azzazy et al., 2006). Most of the reported
systems are still in the preclinical stage, with few
commercially available products being trans-
posed to the clinic. In fact, the majority of these
new nanoplatforms still need further evaluation
and validation with clinical samples before they
can be fully translated into the clinics.

In this chapter, we focus on the methods
used for diagnosing infectious diseases that
take advantage of noble metal NPs, detailing
their use in biomolecular recognition and their
most promising approaches, and discussing
their advantages and disadvantages.

1.2 GOLD AND SILVER NPs FOR
MOLECULAR DIAGNOSTICS

Biomolecular detection systems based on
noble metal NPs, particularly gold and silver,
have been widely used because of their unique
optical and physicochemical properties
(Goluch et al., 2006). They may be synthesized
as single inorganic compounds, alloys, or core
shells, all of which have different sizes and
shapes (i.e., spheres, rods, prisms, and stars)
and convey different properties that can be
used for tagging biomolecules and promoting
biorecognition (for a thorough review of the
synthesis and properties of gold and silver
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NPs, see Sau et al., 2010; Zhang et al., 2012 and
references therein). The nanosized particles
present a high ratio of area to volume that favors
functionalization with (bio)molecules.

Of particular relevance for pathogen identi-
fication and molecular characterization, gold
NPs (AuNPs) and silver NPs (AgNPs) present
extraordinary optical properties, such as their
bright intense colors in solution because of
their localized surface plasmon resonance
(LSPR) (Doria et al., 2012). This phenomenon is
explained by the interaction of light with the
electrons at the surface of the metal. The elec-
tric field intensity and the scattering and
absorption cross-sections are all strongly
enhanced at the LSPR frequency, which lies in
the visible region of the electromagnetic spec-
trum. Because of this surface plasmon enhance-
ment, optical cross-sections are at least five
orders of magnitude larger than those of com-
mon dyes used to tag biomolecules (Dreaden
et al., 2012). The LSPR band varies with the
size, shape, and environment of NPs. AuNPs
and AgNPs also present other interesting prop-
erties that are exploited in molecular detection
strategies, such as the capability to quench or
enhance fluorescence of a fluorophore in the
vicinity in a distance-dependent manner.
Fluorescence modulation depends on NP size,
coating, wavelengths of the incident light,
emitted light, and intrinsic quantum yield of
the fluorophore (Kang et al., 2011).

Nanosurfaces are also optimal for the
enhancement of Raman spectrum, with incre-
ments of 105-times to 106-times the surface
enhancement Raman spectroscopy (SERS) (Le
Ru et al., 2007; Doria et al., 2012). This allows the
use of organic dyes with a defined Raman spec-
trum to provide specific fingerprints that are
strongly enhanced by the NPs, permitting the
construction of multi-labeled detection systems.
Further applications of AuNPs and AgNPs
include conductivity of these metals, which take
advantage of the electrical signal enhancement
provided by the NPs (Jain et al., 2006).

Several protocols have been described for the
synthesis of AuNPs and AgNPs using chemical,
physical, photochemical, and biological routes.
Each method possesses its advantages and
disadvantages with varying costs, scalability,
particle sizes, and size distribution (see Tran
et al., 2013; Zhao et al., 2013, and references
therein). The reaction principle is basically the
reduction of an Ag or Au salt inducing the
nucleation of neutral charged NPs; afterward, a
capping agent “blocks” NP growth, stabilizing
the NPs as specific shapes and sizes. The cap-
ping agent used during synthesis can leave
functional groups available for subsequent func-
tionalization (e.g., carboxylic groups).

Functionalization of AuNPs and AgNPs with
biomolecules is generally through thiol�metal
quasi-covalent bonds, taking advantage of the
strong affinity between the metal and sulfur
that either exist in the biomolecule (e.g., pro-
teins) or can be easily added (e.g., oligonucleo-
tides) (Zhao et al., 2013). For functionalization
with proteins, sugars, and other polymers,
direct amine�metal bonding or carboxyl groups
of the coating agent is also used. This simple
procedure renders AuNPs (and silver to a lesser
extent) suitable for simple and easy biofunctio-
nalization (Tran et al., 2013).

1.2.1 Biomarkers

A biomarker is referred to a measurable
characteristic used as an indicator of a biologi-
cal state or condition. Infection biomarkers are
generally molecules of the infecting agent and
can be nucleic acids, proteins, cell wall, or
metabolites, or a host response to infection
(e.g., antibodies) that can also be used as bio-
markers (Kaittanis et al., 2010). Microbial
pathogens are usually identified by performing
classic techniques, such as microscopy, culture
on selective or differential media, or biochemi-
cal or serological tests, or performing molecu-
lar biology techniques. Classical techniques
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rely on time-consuming and laborious prac-
tices, whereas molecular biological techniques
tend to be expensive and unsuitable for field
application (Patrick Boisseau and Loubaton,
2011). Also, biomarker detection in physiologi-
cal fluid samples is difficult because most
specimens (e.g., blood) contain components
that interfere with the biorecognition and/or
with the sensor itself. For example, lateral flow
cytometry and other colorimetric systems face
limitations imposed by the characteristics of
the sample, because opaque or viscous samples
can interfere with the readout. This situation is
usually overcome by a preliminary sample
purification step (Wei et al., 2010). Although
molecular diagnostic technologies are com-
monly associated with disease diagnostics, it is
important to clarify that they only detect the
presence of the molecular “fingerprints” of the
pathogen. Hence, these assays do not provide
any direct information about the presence or
metabolic state of the microorganism in the
analyzed samples.

Systems using noble metal NP detection
may be based on several techniques, namely,
colorimetric, fluorescence, electrochemical,
SERS, lateral flow, and others, with each
showing strengths and weaknesses. For exam-
ple, colorimetric systems are an asset for fast
and easy screening, SERS and fluorescence are
advantageous for multiplex assays, electro-
chemical systems have high sensitivity, and lat-
eral flow assays (LFAs) are portable.

1.3 NANODIAGNOSTICS FOR
NUCLEIC ACIDS

With whole genome sequencing of patho-
gens, it is now possible to identify specific
DNA fingerprints for individual organisms
and strains, whose sequence variations can be
associated with particular phenotypes (Boyce
et al., 2004; Wei et al., 2010). Single nucleobase
variations have been extensively mapped and

associated with phenotypic characteristics,
such as antibiotic resistance and virulence
(Kaittanis et al., 2010; Veigas et al., 2012a). In
clinical samples, DNA/RNA target sequences
are usually present at low copy numbers, mak-
ing it difficult to directly detect nucleic acids
without a previous step of amplification. This
DNA amplification step, requiring specialized
equipment and approximately 2�3 h, is typi-
cally performed via the PCR or loop-mediated
isothermal amplification (LAMP) (Notomi,
2000), whereas for RNA the choice relies on
quantitative RT-PCR (qRT-PCR) (Freeman
et al., 1999) and nucleic acid sequence�based
amplification (NASBA) (Compton, 1991).

1.3.1 Homogeneous Colorimetric Assays

UV�Vis spectral behavior of noble metal NPs
strongly depends on size, shape, and interparti-
cle distance. Typically, the LSPR peak of AuNPs
may be strongly red-shifted when the distance
between NPs decreases, that is, NPs aggregate in
solution. This is the basis of a plethora of colori-
metric detection schemes. Aggregation of NPs
may be induced by hybridization of DNA cross-
linkers, protein scaffolding, and/or increasing
the ionic strength (for details refer to Baptista
et al., 2011).

1.3.1.1 Unmodified NPs

In 2004, Li and Rothberg (2004) described
the different interaction between ssDNA and
dsDNA at the surface of AuNPs. ssDNA
sequences nonspecifically adsorb to the surface
of the NPs, increasing stability, which is in con-
trast to dsDNA sequences that form rigid non-
adsorbent structures. This allowed the creation
of a detection system based on the aggregation
of unmodified AuNPs, where an ssDNA com-
plementary to the target is added to the AuNP
solution, increasing its stability due to surface
adsorption. After target and salt addition, a
DNA duplex is formed, unprotecting the NPs
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that immediately aggregate. With some varia-
tions, this method was used for the detection
of hepatitis B virus (HBV) (Liu et al., 2011),
human immunodeficiency virus type 1 (HIV-1)
(Xie et al., 2011), Bacillus anthracis (Deng et al.,
2013), and members of the Mycobacterium
tuberculosis (Hussain et al., 2013).

Later, Fu et al. (2013) described a disruptive
approach using unmodified AuNPs coupled
with rolling circle amplification and thiol-
modified primers. In case of amplification, NPs
bind to the thiol primers and do not aggregate
on salt addition. After isothermal amplifica-
tion, it was possible to detect with a limit of
0.1 fM of DNA (Fu et al., 2013).

1.3.1.2 Cross-Linking

In 1996, Mirkin et al. described the specific
DNA target recognition using oligonucleotide
functionalized AuNPs as gold nanoprobes in a
cross-linking approach, where the target DNA
acts as a linker between two different Au
nanoprobes. Sequence complementarity
between the target and the two probes forces
NP aggregation and consequent visual change
from red to blue (Mirkin et al., 1996).

Based on this concept, Storhoff et al. (2004a)
developed the first method for pathogen detec-
tion with a spot-and-read platform for detection
of mecA in methicillin-resistant Staphylococcus
aureus directly from genomic DNA samples with
a limit of detection (LOD) of 66 ng/μL (Storhoff
et al., 2004a). Subsequently, several cross-linking
protocols were described for the detection of
pathogens where the main difference between
approaches, besides the target sequence and
organism, is the need for prior nucleic acid
amplification (i.e., PCR, LAMP, and NASBA).
Some protocols claim a LOD that permits direct
nucleic acid detection. These include the detec-
tion of HIV-1 (He et al., 2008), Cryptosporidium
parvum (Javier et al., 2009), M. tuberculosis
complex strains (Soo et al., 2009; Gill et al., 2009),
and Salmonella sp. (Kalidasan et al., 2013).
Mancuso et al. (2013) described a cross-linking

multiplex assay for the detection of Kaposi’s
sarcoma-associated herpes virus (KSHV) and
Bartonella. This assay used both Au and Ag
nanoprobes, each detecting a specific target. The
different spectral profiles of gold and silver
allow discrimination between silver or gold NPs
aggregation in solution (Mancuso et al., 2013).

1.3.1.3 Noncross-Linking

Another colorimetric detection strategy for
nucleic acids based on AuNPs was described in
2006 by Baptista et al., who reported the direct
detection of genomic DNA of M. tuberculosis
from clinical samples (Baptista et al., 2006). The
method was named noncross-linking because it
only needs one Au nanoprobe for molecular
detection, which constitutes one advantage.
Aggregation of Au nanoprobes is induced by
an increase in the ionic strength of the media
(i.e., salt addition), and colorimetric discrimina-
tion is possible because of the differential
behavior of Au nanoprobes in the presence
(red due to stabilization of Au-nanoprobe
system) or absence (blue due to extensive
aggregation) of a specific complementary target
(Figure 1.1A). Additional developments were
introduced to the protocol for single base sub-
stitutions (mutations) associated with resis-
tance to antibiotics (Veigas et al., 2010, 2013;
Pedrosa et al., 2014). Moreover, Liandris et al.
(2009) described application of this approach
for the detection of unamplified genomic DNA
of Mycobacterium spp. Recently, the noncross-
linking approach was also integrated into a
POC platform and a mobile phone for image
analysis, simplifying the detection process and
reducing dependency of equipment (Veigas
et al., 2012b).

Other protocols have introduced slight varia-
tions toward identification of different patho-
gens. Bakthavathsalam et al. (2012) reported on
the visual direct detection of Escherichia coli geno-
mic DNA using HCl to promote aggregation,
whereas Chen, S.H. et al. (2009) used salt and
cooling of the reaction to promote aggregation of
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Au nanoprobes for the detection of human papil-
lomavirus (HPV) type 16 and type 18.

1.3.2 Heterogeneous Detection

1.3.2.1 Microarrays

Despite the higher extinction coefficient of sil-
ver NPs that confers higher spectral signal, the
majority of colorimetric systems rely on AuNPs
because they are more stable in solution and
have higher functionalization efficiencies (Love
et al., 2005). In some cases AuNPs are used for
molecular detection and biofunctionalization;
later, a silver staining is performed, creating

core shell structures that share the best proper-
ties of both metals (Agasti et al., 2010).

Storhoff et al. (2004b) described a silver
staining protocol in a microarray sandwich
approach, where specific nucleotides are fixed
on a platform and then the target and probe
hybridization are promoted. After a washing
step, AuNPs are immobilized to the corre-
sponding spots of each target and silver stain-
ing is performed. By analyzing the scattering,
it was possible to specifically detect S. aureus
mecA gene (LOD5 100 fM). Based on this
method, Zhao et al. (2010) also suggested the
use a microarray approach for the detection of
influenza A virus. They were able to detect
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FIGURE 1.1 Schematics of pathogen nanodetection. (A) DNA colorimetric detection based on noncross-linking
method. (B) DNA fluorescence detection based on NSET. Fluorophore-labeled oligonucleotide adsorbs to the surface of
AuNPs, leading to fluorescence quenching. In the presence of the complementary target, dsDNA does not adsorb to the
NPs surface, lengthening fluorophore�NP distance and increasing fluorescence signal. (C) Aptamer detection. Aptamer
and target binding increases resistance at the surface of the electrode decreasing current signal. (D) LFA. Sample flows
through the strip and the specific antigen forms a sandwich between probes, immobilizing the AuNPs.
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and discriminate H5N1 from H1N1 and H3N2
strains with an LOD of 100 fM after PCR. Li,
X.Z. et al. (2013) described the same system for
detection of HPV integrated with an optical
detection system and software for automated
data analysis.

In terms of application in the field,
microarray-based approaches present the advan-
tage of high throughput, allowing screening for
a high number of samples for a few pathogens
or a few samples for a wide range of pathogens.
However, to do so, microarray technologies
require specialized equipment operated by dedi-
cated technicians who must be capable of han-
dling high-density data and complex analysis.

1.3.2.2 Lateral Flow Assays

The LFA provides a disposable platform for
POC. Most of these devices rely on sandwich
approaches, where a capture probe captures the
analyte of interest and a second probe reports
the event that occurs on a suitable matrix (e.g.,
nitrocellulose, paper, and plastic) (Posthuma-
Trumpie et al., 2009; Anfossi et al., 2013a). In
terms of performance, LFAs are a simple opera-
tion: a liquid sample is placed in a sample pad
that, because of the capillarity forces, migrates
to a conjugation pad and binds to the probe; a
second probe is immobilized and captures the
target and the first probe like a sandwich.
Commonly, the second probe is immobilized on
the platform using impregnated streptavidin-
coated microspheres or anti-streptavidin antibo-
dies and/or biotin-modified oligonucleotides
forming streptavidin�biotin bonds (Hu et al.,
2014). An adsorbent pad is always placed on the
extremity of the platform to guarantee vector
migration of the sample and a control line is
used to discard recognition/hybridization fail-
ure. Although fast and easy to perform and
requiring minimal technical experience, the limi-
tation of LFAs is sensitivity, which in the case of
nucleic acids commonly requires previous
amplification (Posthuma-Trumpie et al., 2009).
Other systems rely on postdetection signal

enhancement (e.g., silver enhancement) that
allows improvement of LOD (B5 ng of DNA)
(Chua et al., 2011). Many authors described the
use of this technology to detect DNA/RNA
related to food-borne pathogens, for example,
Vibrio cholerae (Chua et al., 2011; Ang et al.,
2012), Salmonella sp. (Liu et al., 2013), and E. coli
(Pohlmann et al., 2014).

Rastogi et al. (2012) reported the use of
locked nucleic acids (LNA) as probes for
improved detection of hemolysin-A gene of
E. coli O157:H7 DNA (LODB0.4 nM). Hu et al.
(2010) used a cross-linking method based on
the formation of AuNP aggregates that detect
single targets, enhancing the visual signal per
target (LOD B0.1 nM RNA of HIV-1 virus).

1.3.3 Electrochemical Assays

Electrochemical sensors offer simplicity in
operation and sample manipulation, provide
high sensitivity and specificity, and have the
potential to be easily transposed from laborator-
ial settings to POC devices (Luo and Davis,
2013). Electrochemical detection systems trans-
duce biomolecular recognition into detectable
changes of electrochemical properties, such as
redox kinetics or electrical impedance or amper-
age (Doria et al., 2012). A typical electrochemical
DNA sensor is composed by electrode, capture
probe, reporter probe, and the target (e.g.,
DNA). Capture probes are usually immobilized
onto the electrode surface (e.g., gold, carbon
electrodes) and recognize the target DNA; how-
ever, they can also be immobilized on other
nanomaterials (e.g., gold or magnetic NPs)
(Thiruppathiraja et al., 2011; Low et al., 2013).
The reporter probe generates an electrochemical
signal in response to a reaction. Both probes
have complementarity to the target and hybrid-
ize in a sandwich method (Wang, Y. et al., 2008).
Because of recent advances in nanofabrication
and microfluidics, miniaturization of sensors
has allowed for sample and reagent volume
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reduction, improving sensitivity and efficiency.
In some sensors, the capture and reporter probes
are combined, like the system described by Li
et al. (2012). In this configuration, a capture
probe in the shape of a hairpin DNA immobi-
lized on a glassy carbon electrode via the 30 end
and reporter probe (Au nanoprobe functiona-
lized at the 50 end) are used to detect the pres-
ence of RNA from hepatitis C virus (HCV). The
change in the conformational structure of the
hairpin approaches the AuNP and the electrode,
leading to a change in current/potential.

One of the advantages of using AuNPs in
electrochemical sensors was the possibility of
functionalizing enzymes to the surface via sim-
ple protocols, and the nanoconjugates can be
used to recognize specific sequences or cata-
lyze reactions originating an electrochemical
signal (Wang, Y. et al., 2008; Luo and Davis,
2013). Thiruppathiraja et al. (2011) used dual
functionalized NPs for the detection of the geno-
mic DNA of several species of Mycobacterium. A
capture oligonucleotide probe is immobilized on
the surface of the electrode, and the reporter Au
nanoprobe is bifunctionalized with oligonucleo-
tides and an alkaline phosphatase. The target
forms a sandwich with the capture and reporter
probes, and paranitrophenol (p-NP) is added as
substrate. In the presence of the target, the
enzyme hydrolyzes the substrate to paranitro-
phenyl phosphate (p-NPP), which is detected via
differential pulse voltammetry measurements
(LOD of circa 1.25 ng/mL of genomic DNA).
Taking advantage of magnetic NPs for
target separation, electrochemical detection of
V. cholerae and Salmonella enteritidis was also
shown to be possible (Vetrone et al., 2012; Low
et al., 2013). After magnetic separation, hydro-
chloric acid promotes gold dissolution on a sur-
face plasmon-coupled emission (SPCE) plate that
measures Au31 ions. The authors reported a
detection limit of 5 and 100 ng/mL, respectively.

Recently, Russell et al. (2014) reported a
method for detection of E. coli genomic DNA
with a detection limit of only 10 ng of DNA.

With a capture oligo probe immobilized on the
surface of a gold electrode, a target DNA trig-
gers a rolling circle amplification—with the
help of a padlock probe—that produces a long,
repetitive ssDNA fragment. Au nanoprobes
specifically hybridize along the DNA fragment,
forming a bridge to a second electrode. After
silver or gold enhancement, a nanowire is
generated that connects both electrodes and
drastically reduces current resistance.

1.3.4 Fluorescence Assays

The phenomenon called nanosurface energy
transfer (NSET) is commonly associated with
methods coupling fluorescence to metal nano-
surfaces (Swierczewska et al., 2011). Similar to
more common Förster resonance energy trans-
fer (FRET), NSET reflects the modulation of
fluorescence at the vicinity of metal surfaces
(ruled by the LSPR of the NPs) (Griffin et al.,
2009). This interaction is distance-dependent,
occurring in a range from 2 to 30 nm, twice as
that of FRET (Yun et al., 2005). Nucleic acid
detection systems based on NSET are typically
composed by a fluorophore restrained to the
proximity of an NP that highly quenches its
fluorescence; the presence of the target induces
a conformation modification that increases the
distance between fluorophore and NP, thus
decreasing the quenching intensity and fluores-
cence signal can be detected (Swierczewska
et al., 2011) (see also gold nanobeacons, Rosa
et al., 2012; Conde et al., 2013).

The use of the difference in adsorption to
AuNPs experienced by ssDNA versus dsDNA
has been previously described for colorimetric
DNA detection (see Section 1.3.1.1). NPs are
capable of modulating fluorescence emitted
from a fluorophore located in close vicinity to
the surface of the NPs. This property has been
used for the development of simple sensing
protocols where detection of the target is based
on differential adsorption of an oligonucleotide
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labeled with a fluorophore onto the surface of
the NP (Darbha et al., 2008a). When adsorbed
to the surface, fluorescence is quenched. In
presence of a complementary target, hybridiza-
tion (i.e., dsDNA) causes de-adsorption from
the surface of the AuNPs and the fluorophore
moves away, reducing quenching efficiency
(see Figure 1.1B) (Darbha et al., 2008a). The
authors used this approach for the detection of
Campylobacter, C. perfringens, and S. aureus
DNA. Using spectrally different dyes, they
were able to specifically detect the presence of
each target individually with discrimination of
single base mismatches and an LOD of 600 fM.
Ganbolda et al. (2012) used a similar method to
detect single base mutations in influenza A
H1N1 DNA. They also showed that discrimi-
nation of single base mutations can be attained
if the protocol is performed under near-
nonaggregative conditions. Griffin et al. (2009)
studied the variations between quenching effi-
ciency and NP size for the detection of HCV
RNA. According to the authors, the quenching
efficiency of fluorescence increases by three
orders of magnitude with NP size. Therefore,
NPs with a diameter of 110 nm allow for LOD
of 300 fM of RNA.

The use of fluorescence for detection shows
a crucial advantage over colorimetric assays by
allowing conjugation of several chromophores
for several pathogens in multiplex assays, each
one having specific spectral signatures. Also,
several studies report a direct correlation
between the signal intensity and target concen-
tration, which allows the quantification of the
infection load (Darbha, et al. 2008a; Griffin
et al., 2009; Zhang et al., 2009). A major disad-
vantage is the need for specific detection
equipment and costly dye molecules.

1.3.5 Raman and SERS

It has been shown that the junctions between
noble metal NP aggregates are hotspots of SERS

because of the overlap of LSPR fields (Park
et al., 2008). Cao et al. (2002) described a multi-
plex approach using five different probes
labeled with five different Raman dyes for the
detection of five viral agents: hepatitis A
(HVA), hepatitis B (HVB), HIV, Ebola, and vari-
ola virus, together with bacterium B. anthracis.
Based on a sandwich assay, the target hybri-
dizes to an immobilized probe and to a Raman-
labeled Au nanoprobe, which, after silver depo-
sition for signal enhancement, allows sensitive
detection of the SERS signal. To increase signal
intensity, Hu et al. (2010) added a second Au
nanoprobe that cross-links to the first, forming
an NP network that confines dyes and NPs into
a small space. Using HIV-1 as the target, they
reported an LOD of 0.1 aM.

Kang et al. (2010) used Au nanowires and
Raman-labeled Au nanoprobes for detection of
Enterococcus faecium, S. aureus, Stenotrophomonas
maltophilia, and Vibrio vulnificus. Presence of
DNA target confines the Raman dye between
the AuNP and Au nanowire, thus enhancing
the SERS signal. This approach describes a
multiplex system with a detection limit of
10 pM. Other authors have used NP aggrega-
tion to increase signal in several ways, either
by addition of a salt (Ganbold et al., 2012;
Papadopoulou and Bell, 2012) or by magnet
NPs (Zhang et al., 2011) for the detection of
influenza virus A H1N1 DNA (Ganbold et al.,
2012), E. coli (Papadopoulou and Bell, 2012),
and West Nile virus (Zhang et al., 2011).

Another method using the SERS-based
approach for detection of infection conditions
was described by Wang et al. (2013). Using
AgNPs functionalized with a dye-labeled oli-
gonucleotide, the system works like a beacon.
The presence of the target opens the beacon
and leads to a decrease in SERS signal. The tar-
get is a radical S-adenosyl methionine domain-
containing two (RSAD2) RNA whose product
is involved in antiviral defense. RSAD2 has
been recognized as one of the most highly
induced genes on interferon stimulation or on
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infection with various viruses, including
human cytomegalovirus, influenza virus, HCV,
dengue virus, alpha viruses, and retroviruses
such HIV. Using this system it was possible to
distinguish individuals with symptomatic
acute respiratory infections from uninfected
individuals with more than 95% accuracy
(Wang et al., 2013).

The main advantage of SERS-based assays is
clearly the sensitivity and multiplexing capa-
bility, whereas the need for specialized equip-
ment and complexity of data analysis are
major drawbacks.

1.3.6 Other

Other noticeable approaches using noble
metal NP detection have been reported. These
are based on coupling the biobarcode assay
with mass spectrometry detection (Yang et al.,
2010), piezoelectric sensors (Chen et al., 2008;
Wang, L. et al., 2008; Hao et al., 2011), hyper-
Rayleigh scattering (Darbha et al., 2008b), and
acoustic detection (Uludağ et al., 2010).

Since Nam et al. (2002) first described the
use of the biobarcode assay for detection of
nucleic acids, several protocols followed for a
plethora of targets. DNA-functionalized mag-
netic NPs are used for target separation, and
then bifunctionalized AuNPs hybridize to the
target. These AuNPs are functionalized with
both a specific sequence that recognizes the
desired target and a signature sequence in a
proportion of 1:100. After separation using the
magnetic NPs, thiol�Au bonds are cleaved,
releasing the signature sequences and resulting
in signal amplification. The method reported
by Yang et al. (2010) uses of MALDI TOF mass
spectrometry for detection of different signa-
ture sequences. Because each oligonucleotide
has its characteristic profile, they were able to
detect DNA from HIV, HBV, HCV, and
Treponema pallidum in a multiplex assay with
LOD of 0.5 aM.

1.4 APTAMERS AND ANTIBODIES

Ag and AuNP-mediated identification of
pathogens can be achieved via detection of spe-
cific proteins or carbohydrates using aptamers
and/or antibodies (Kaittanis et al., 2010).
Methods for detection of these moieties include
lateral flow stripes, fluorescent and electro-
chemical assays, and enzyme-linked immuno-
sorbent assays (ELISAs). Aptamers are small
oligonucleotides or peptides capable of molec-
ular detection of specific targets via electro-
static and conformation recognition/binding
(Zhou et al., 2014). Aptamers are usually
selected via repeated rounds in vitro and can
be easily functionalized on the surface of noble
metal NPs (Zhang et al., 2013). Antibodies are
large glycoproteins produced by the immune
system to identify and neutralize nonself-
moieties, such as bacteria and viruses (Tauran
et al., 2013). Both aptamers and antibodies
have been described for the detection of spe-
cific proteins that are biomarkers of specific
pathogens. However, they can also be used for
detection of whole organisms. Generally, in
these cases, antibodies or aptamers recognize
the carbohydrates or proteins from the cellular
wall. Toxins may also be detected through anti-
bodies or aptamers (Tauran et al., 2013; Zhang
et al., 2013). For instance, detection of
Ochratoxin A, produced by Aspergillus ochra-
ceus, Aspergillus carbonarius, and Penicillium ver-
rucosum, is one of the most abundant food-
contaminating toxins and has been widely
used for the proof-of-concept demonstration of
AuNP-based detection. The bottlenecks in the
development of these assays are the lack of
proper antibodies, the elevated costs, and need
for specific storage conditions. Aptamers pres-
ent cost, manufacture, manipulation, and stor-
age advantages over antibodies (Song et al.,
2012). Aptamers are mostly reported in electro-
chemical assays, whereas antibodies are mostly
described in LFAs.
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1.4.1 Colorimetric

Colorimetric systems based on noble metal
NPs for detection of proteins are similar to those
used for nucleic acids detection. Based on the
previously described approach of unmodified
NPs, some authors described the use of
aptamers for detection of Ochratoxin A (Yang
et al., 2011) and Plasmodium falciparum lactate
dehydrogenase (Jeon et al., 2013; Cheung et al.,
2013). In these cases, binding of the target to the
aptamer results in the deprotection AuNP from
aggregation. A cross-linking approach has also
been described for detection of Salmonella spp.
in milk samples (Wang et al., 2010). The method
is similar to the previously described cross-
linking method, where the presence of a target
promotes NP aggregation. In this case, the
AuNPs are functionalized with antibodies
instead of oligonucleotides.

Another interesting approach uses NP
growth after selective separation of pathogens
bonded to the immunoprobes by a filter mem-
brane (Li et al., 2009; Sung et al., 2013). Li et al.
then proposed centrifugation for separation of
bonded and nonbonded immunoprobes for
detection of Giardia lamblia cysts, whereas Sung
et al. (2013) used magnetic NPs for detection of
S. aureus. Cho and Irudayaraj (2013) described
another strategy for signal enhancement for
detection of E. coli O157:H7 and Salmonella
typhimurium (Cho and Irudayaraj, 2013). Three
immunoprobes were used: a primary goat anti-
bacterium antibody, which varies according to
the detection target; a secondary rabbit anti-
goat antibody; and a tertiary goat antirabbit
antibody. Because the secondary and tertiary
antibodies can detect each other, presence of a
target cross-links AuNP and allows colorimet-
ric detection.

ELISA tests use enzymes that catalyze reac-
tions responsible for a colorimetric change or
via a fluorescence signal. In the presence of the
target, the enzymes are immobilized in an

immuno sandwich assay on top of the target
and probe. Plasmonic ELISA has also been
reported to benefit from the intense colors of
noble metal NPs. Rica and Stevens (2012) used
the conventional ELISA method, substituting
the dye with AuNPs. In the presence of HIV-1
capsid antigen p24, a catalase-mediated reac-
tion promotes NPs aggregation, which permits
an ultrasensitive detection of HIV-infected
patients with the naked eye and of viral loads
undetectable by a gold standard nucleic acid-
based test.

1.4.2 Electrochemical

Most electrochemical detection sensors
described for the detection of pathogens mem-
branes, proteins, or toxins using noble metal
NPs are based on aptamers. Generally, they
follow the same protocol: an aptamer is immo-
bilized on the surface of an electrode and if the
target binds to the aptamer, then an alteration
in the electrochemical signal is produced
(Wang, Y. et al., 2008; Wei et al., 2010; Luo and
Davis, 2013). The electrodes used are generally
gold or screen-printed carbon with AuNPs on
the surface. Both these structures allow for easy
functionalization with aptamers via simple thiol
chemistry; then, while a quasi-reversible redox
reaction is occurring on the surface of the elec-
trode, the binding of the target to the aptamer
raises electrochemical resistance due to the steric
hindrance of the target (see Figure 1.1C). This
principle was described for the detection of
several targets, such as viable S. typhimurium
(Labib et al., 2012), vaccinia virus (Labib et al.,
2013), norovirus (Giamberardino et al., 2013),
Salmonella (Ma et al., 2014), and Ochratoxin A
(Evtugyn et al., 2013).

A second strategy for electrochemical detec-
tion using aptamers and AuNPs was desc-
ribed for the detection of Ochratoxin A (Kuang
et al., 2010; Yang et al., 2014) and toxin A of
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Clostridium difficile (Luo et al., 2014). A gold
electrode functionalized with a capture oligo-
nucleotide probe complementary to the apta-
mer is used in a sandwich-like system using
Au nanoprobes complementary to different
regions of the aptamer. Proximity of the
AuNPs to the electrode gives an electrical sig-
nal. Target-binding to the aptamer leads to
release of both probes, leading to an increase of
distance between Au nanoprobes and electrode
with a consequent decrease in electric signal.

Wu et al. (2013) used a similar approach for
detection of Brucella melitensis but instead of
aptamers, antibodies were used where pres-
ence of the pathogen originates an increase in
electrical resistance.

1.4.3 Lateral Flow Assays

The majority of gold and silver immunop-
robe assays are based on lateral flow chroma-
tography and the working principle is the
same as that for nucleic acid detection, but
with capture by an immobilized antibody and
detection by gold immunoprobe in a sandwich
approach (see Figure 1.1D). V. cholerae O1
serotype Ogawa (Chen et al., 2014) and
Paragonimiasis skrjabini (Wang et al., 2014) are
examples of pathogens detected by LFA aided
by NPs. However, for increased sensitivity,
gold enhancement (Li, J. et al., 2013), silver
enhancement (Anfossi et al., 2013b), and the
use of gold-functionalized secondary antibo-
dies (Laderman et al., 2008) are some of the
strategies used. Li et al. (2011) further reported
an interesting approach for the detection of
several pathogens in a multiplex assay using
fork, star, and cross-like shaped stripes; they
described the possibility of detecting several
pathogens in a single sample.

Mdluli et al. (2014) described a lateral flow-
based method for the detection M. tuberculosis
38 kDa monoclonal antibody using an AuNP
conjugate functionalized with protein A as the

reporter and an antigen as the immobilizer.
This system allowed detection of only 5 ng/mL
of the target in a sandwich-like method.
Because protein A can bind to several antibo-
dies, authors also described the use of dual
pathway in the immune chromatographic test
strips for reduction of cross-reactivity with other
antibodies in serum. It is possible to assess host
response to infection with this method.

1.5 iPCR AND OTHER METHODS

Gold spheres, rods, and silver NPs have
been reported for pathogen immunodetection.
Based on fluorescence (Guirgis et al., 2012; Tan
et al., 2012; Chen et al., 2014a), piezoelectric
(Shen et al., 2011), SERS (Wang et al., 2011;
Temur et al., 2012), and Rayleigh scattering
(Singh et al., 2009) assays, these systems have
taken advantage of antibodies or aptamers for
the detection of several pathogens.

Sano et al. (1992) introduced immune PCR
(iPCR) in 1992 as a highly sensitive technique
that combines both antibodies and PCR for
protein detection. Conjugated with specific
DNA sequences, antibodies are used to target
the antigen of interest followed by PCR ampli-
fication or LAMP (Pourhassan-Moghaddam
et al., 2013). Amplification of the DNA probe
bound to the antibodies allows for quantitative
determination of antigen. iPCR presents itself
as an extremely sensitive method for protein
detection, deferring from other Au and AgNP
methods by not using optical or electrochemi-
cal properties; methods using iPCR are sensi-
tive because Au and AgNP are excellent
carriers of biomolecules (Syed and Bokhari,
2011). Conjugation of antibodies and DNA
with AuNPs is easier when compared with
direct conjugation of antibodies with DNA.
Furthermore, by using several DNA molecules
per AuNP, signal amplification and sensitivity
increment are obtained (Chen, L. et al., 2009).
This has been used for the detection of Hantaan
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virus nucleocapsid protein. In this assay, an
ELISA plate coated with polyclonal antibodies
and AuNPs bearing a signature DNA and
monoclonal antibody against the target were
used. The signature sequence was released by
heating and was amplified using real-time PCR.
Later, Perez et al. used magnetic NPs instead of
ELISA plates for the separation of respiratory
syncytial virus (Perez et al., 2011).

1.6 CONCLUSION

We have provided an overview of existing
strategies relying on the use of Au and AgNPs
for the detection of biomarkers of infection.
Rather than providing an exhaustive list of
applications, we aimed to introduce the variety
and scope of combinations and modalities that
can be easily coupled with current molecular
diagnostics technologies to facilitate integration
into laboratory and clinical settings.

Noble metal NPs along with their unique
electrical, optical, and chemical properties
allow faster, sensitive, and cheaper diagnostic
assays that can assist medical procedures.
Besides sensitivity and speed, nanotechnology
has also been focused on affordable and repro-
ducible systems that can be used in remote
areas. In fact, there has been increasing interest
in and application of traditional molecular
diagnostic techniques in clinical settings all
over the world, mainly for detection of patho-
gens. Recent advances in nanotechnology-based
detection systems applied to pathogen infection
biomarkers have increased over the past decade
and have now matured to the point where they
can be translated to the clinical setting. These
systems have relied strongly on the use of noble
metal NPs (mainly gold and silver) because
of the inherent simplicity of use associated with
the flexibility of functionalization and inter-
action with biomolecules of interest. Also, detec-
tion strategies based on AuNPs and AgNPs
provide detection capabilities comparable with

that of standard techniques but at a fraction of
cost and time without the need for cumbersome
sample preparation or equipment. It is expected
that, because of these characteristics, NP-based
approaches will be incrementally applied to
pathogen detection with particular emphasis on
POC and remote locations.

One should recognize that despite the tre-
mendous investment in these technologies,
translation to the clinics has not yet been
achieved. This is clearly observed from the
number of different strategies that have been
proposed and are found in the literature that
lack validation in clinical samples. The next
step is focusing on the some of the strategies
that exist in the laboratory.
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2.1 INTRODUCTION

The emergence of antibiotic resistance
produces approximately 2,049,442 diseases and
causes 23,000 deaths in the United States every
year, as well as 25,000 deaths in Europe annually
(Cars et al., 2011; Hecker et al., 2014; Fauci and
Marston, 2014). Also, it has been estimated that
70% of nosocomial infections present
resistance to one of the antimicrobials used for
treatment (Mishra et al., 2012). Currently, a large
number of microorganisms associated with
human diseases have become multidrug-
resistant (MDR), including Mycobacterium
tuberculosis, Acinetobacter baumannii, Burkholderia
cepacia, Campylobacter jejuni, Citrobacter
freundii, Clostridium difficile, Enterobacter spp.,
Enterococcus faecium, Enterococcus faecalis,
Escherichia coli, Haemophilus influenzae, Klebsiella
pneumoniae, Proteus mirabilis, Pseudomonas

aeruginosa, Salmonella spp., Serratia spp.,
Staphylococcus aureus, Staphylococcus epidermidis,
Stenotrophomonas maltophilia, and Streptococcus
pneumoniae. All these microorganisms are
grouped under the term “superbugs,” which
possess various mutations that cause an
advanced level of antimicrobial resistance and,
in some cases, increased virulence and transmis-
sibility (Davies and Davies, 2010).

By definition, an antimicrobial agent is
referred to as a compound that has the ability to
kill or inhibit the growth of microorganisms, in
most cases by blocking the metabolism and alter-
ing the synthesis of useful substances for cellular
activities. Thus, it is necessary to increase the
intracellular concentration of the same for more
microbicidal activity and further reduction of
tissue toxicity, which limits their use (Talbot
et al., 2006). To tackle antimicrobial resistance
and decrease the toxicity of antibiotics, there has
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been an increasing interest in the discovery of
new drugs and the development of new formula-
tions contemplating the use of nanotechnology
(Allahverdiyev et al., 2011). Nanotechnology is
defined as the technology that uses nanomaterials
(NMs) (particles, fibers, tubes, grains, etc.) in their
design and applications (Figure 2.1); these have
the main characteristics of being 1�100 nm in
size and having novel chemical and physical
properties such as high reactivity and ability to
selectively destroy the cell membranes of patho-
genic bacteria (Table 2.1) (Veerapandian and
Yun, 2011). Because of their smaller size, they
have a large surface area and can modify many
properties such as conductivity, magnetism, as
well as mechanical and catalytic properties of
materials (Wijnhoven et al., 2009; Sweet et al.,
2012). NMs at present are being used as broad-
spectrum antimicrobial agents, such as silver
nanoparticles attached to clothing for surgery
and medical care. Also, the use of nanomodified
surfaces has been effective in inhibiting bacterial
growth and biofilm formation, decreasing the

incidence of infections associated with medical
procedures (Machado et al., 2010). Equally, NMs
can be incorporated into polymer matrices to
make antibacterial nanocomposites, which selec-
tively lyse microbial membranes and are very
useful as macromolecular antimicrobial polymers
(MAPs) in biosensors and biomedical devices,
fibers for wound dressing, membranes for water
purification, and dispersion formulations (Santos
et al., 2012; Aruguete et al., 2013). The antimicro-
bial activity of nanoparticles can be justified by
several mechanisms of direct toxicity such as
disruption cell wall, interruption of electron
transport, alteration of the membrane potential,
escape of the cell contents by physical damage,
and generation of reactive oxygen species (ROS)
(Figure 2.2) (Hajipour et al., 2012; Pagnout et al.,
2012). In antibiotic development against MDR
bacteria, there is a strong interest in the use of
NMs for drug delivery to improve the pharmaco-
kinetics, therapeutic index, and intracellular drug
therapy (Zhang et al., 2010; Armstead and Li,
2011).

FIGURE 2.1 NMs with antimicrobial activity.
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TABLE 2.1 Antimicrobial nanomedicines (Yacoby and Benhar, 2008; Matthews et al., 2010; Hajipour et al., 2012)

Nanomedicine Mechanism of action Antimicrobial activity

SYNTHETIC ANTIBACTERIAL NANOMEDICINES

Carbon nanotubes and fullerenes Cell membrane damage, fullerenes can
produce radical-oxygen species

E. coli DH5α, Vibrio fischeri, and
Bacillus subtilis

Silver nanoparticles Cell membrane damage by accumulation E. coli, P. aeruginosa, and S. aureus

Gold nanoparticles Disruption of cell membrane E. coli, Salmonella tiphymurium

Bioactive glasses Production of alkaline species E. faecalis

Metal oxide nanoparticles Electrostatic interaction between
nanoparticle and bacteria

E. coli, B. subtilis, and S. aureus

Magnesium oxide nanoparticles Formation of superoxide anions Bacillus subtilis, S. aureus

Zinc oxide nanoparticles Induction of oxidative stress C. jejuni, Salmonella enterica serovar
Enteritidis, and E. coli O157:H7

Silicon dioxide nanoparticles Release of nitric oxide S. aureus

BIOLOGICAL-BASED ANTIBACTERIAL NANOMEDICINES

Chitosan nanofiber Loss of membrane permeability E. coli, S aureus

Targeted drug-carrying phage
medicines

Delivery of antimicrobial in the target
pathogen

S. aureus, Streptococcus pyogenes, E. coli

Poly-L-lactide nanoparticles Release of antimicrobial protein nisin Lactobacillus delbrueckeii

FIGURE 2.2 Antimicrobial activity of nanoparticles.



Determining the pharmacological activity of a
nanoparticle for use as an antimicrobial agent
requires experimental techniques that measure
microorganism viability after exposure and can
determine minimum inhibitory concentrations
(MICs) or minimum bactericidal concentrations
(MBCs) (Seil and Webster, 2012). Although
numerous techniques have been developed
to determine the antibacterial activity of NMs,
the optimization of a rationale protocol for
developing a nanotechnological program of anti-
microbial drug discovery is necessary and there
is a need for in vitro screening platforms with
the ability to predict activity, toxicity, and clini-
cal outcome with great accuracy (Bueno, 2012).

The aim of this chapter is to provide an
interdisciplinary approach combining activity
detection, toxicological evaluation, and pharma-
cokinetics in vitro in a useful model for antimicro-
bial drug discovery and product development
using nanotechnology (Figure 2.3).

2.2 ANTIMICROBIAL
SUSCEPTIBILITY TESTING

METHODS OF NMs

Before developing antimicrobial test for nano-
particles, it is very important to evaluate the
dependence between nanoparticle shape and

antimicrobial activity (Pal et al., 2007). It was
found that the antibacterial activity of the nano-
particles vary when their size diminishes
(Martı́nez-Castañón et al., 2008) and by strain
specificity (Ruparelia et al., 2008). Determination
of zeta potential, which shows the degree of
repulsion depending on the particle surface
charge, affects the stability of the suspension by
electrostatic repulsion (a high zeta potential
means a more stable suspension). This charge
also influences the biological activity of nano-
particles in bacterial cell membranes, which are
negatively charged (Qi et al., 2004). For that
reason, paper disk diffusion bioassays as well as
agar diffusion assays are not described because
of the difficulties of diffusion of compounds
through agar medium and the disadvantages
with these platforms being adapted to a
system of high-throughput screening (Burygin
et al., 2009; Sánchez and Kouznetsov, 2010;
Allahverdiyev et al., 2011; Elkhair, 2014).

2.2.1 Broth Dilution Test

Conventional broth microdilution methods
based on the Clinical and Laboratory
Standards Institute (CLSI) have been used to
evaluate the antimicrobial activity of nanopar-
ticles (Hwang et al., 2012), especially Ag

FIGURE 2.3 Antimicrobial drug discovery model in nanotechnology. In vitro testing from activity identification until
absorption.

22 2. ANTIMICROBIAL MODELS IN NANOTECHNOLOGY

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES



nanoparticles (Kim et al., 2007), for both bacte-
ria and fungi (Lee et al., 2010). This is a test
developed in a 96-multiwell plate that
expresses the results in micrograms per millili-
ter (μg/mL) to identify the MIC that is the
lowest concentration by visual observation of
an antimicrobial agent that inhibits the growth
(Figure 2.4) of American Type Culture
Collection (ATCC) quality control (QC) micro-
organisms and clinical strains. Using QC
microorganisms in antimicrobial susceptibility
testing, the laboratory screening can retain
accuracy and reproducibility in the procedures
and compare them with the MICs obtained
with strains from clinical samples. Depending
on the type of microorganism, the protocols
are classified as M7 and M11 (bacteria), M27
and M38 (fungi), M24 (mycobacteria), M33
(virus), and M26 for microbicidal activity eval-
uation by performing time kill curves
(Qaiyumi, 2007). These methods have the limi-
tation that the MIC alone does not provide the
mechanism of action of the antimicrobial; for
that motive, each antimicrobial protocol should
be complemented using the M26 method for
identifying static or cidal activity. Similar phar-
macodynamic and pharmacokinetic para-
meters of antimicrobial agents should be
included for predicting the efficacy in vivo
(Wiegand et al., 2008).

2.2.2 Spectrophotometric Measurement

As an adaptation of CLSI methods for auto-
mation, a spectrophotometric analysis of multi-
well plates can be developed for establishment
of the number of colony-forming units (CFUs)
by turbidity based on a measurement of optical
density (OD) 0.1 at 600 nm (OD of 0.1
corresponds to a concentration of 108 CFU/mL
of culture medium) (Shrivastava et al., 2007).
With this microplate proliferation assay, micro-
biostatic and microbicicidal activities of
biomaterials after cell exposure both in bacteria
and yeast can be determined in comparison with
an untreated control (Alt et al., 2004; Montigny
and Wagener, 2007; Pfaller et al., 2011). The pre-
cision with which cell density and MICs can be
measured with this technique at low cell densi-
ties is questionable (Seil and Webster, 2012) and
is very difficult in Mycobacterium spp. strains
with inhomogeneous growth (Penuelas-
Urquides et al., 2013).

2.2.3 Cell Counting

Spectrophotometric reading as a qualitative
measure of cell growth is useful to evaluate
cell viability and calculate antimicrobial activ-
ity of surfaces and materials after the inocula-
tion of 105�106 CFU/mL (by survival
percentage) using the following formula
(Maneerung et al., 2008; Jones et al., 2008):

Viable count at 0 h2Viable count at 24 h

Viable count at 0 h

� �

3 100%

For improving the cell counts, it could be
necessary to apply sonication treatment of
liquid culture for disruption of bacterial
clusters. It is equally important to take into
consideration that the antimicrobial particles
in liquid medium can interact with destroyed
cells, producing coagulation and altering
microbicidal activity and cell counts; therefore,

FIGURE 2.4 Antimicrobial susceptibility testing. MIC
standard assay.
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these measurements should be performed at
various concentrations and time periods (Sondi
and Salopek-Sondi, 2004).

2.2.4 Colorimetric and Fluorescent
Assays

For developing antimicrobial screening plat-
forms, robust, reproducible, and automatable
use of colorimetric and fluorescent dyes can be
very useful in a multiwell plate format for cell
viability assays. However, it is very important to
take into account that NMs cannot be treated in
the same manner as chemical compounds, and
the interactions with vital dyes that can alter the
results are possible; for example, carbon-based
NMs and carbon nanotubes interact with
3-(4,5-dimethylthiazole-2-yl)-2,5-biphenyl tetra-
zolium bromide (MTT), neutral red, alamar
blue, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium, monosodium
salt (WST-1), and coomassie blue, producing
uncertain results because carbon NMs have the
ability to adsorb dyes, altering fluorescence or
absorbance properties (Doak et al., 2009).
Similarly, silver nanoparticles present the phe-
nomenon known as metal-enhanced fluores-
cence (MEF) that causes spectral alterations
when interacting with fluorescent dyes (Aslan
et al., 2006). Also, some NMs present the same
absorbance used in MTT assays (525 nm), inter-
fering with the results obtained in colorimetric
tests (Wörle-Knirsch et al., 2006; Dı́az et al., 2008;
Kong et al., 2011). Unlike other colorimetric tests,
certain classes of NMs have not been shown to
interfere with the Alamar blue assay, thus mak-
ing them an alternative as long as they are not
being evaluated with carbon NMs (Fahmy and
Cormier, 2009). Another interesting alternative
is the use of the LIVE/DEADs BacLightt
Bacterial Viability kit that uses SYTO 9 and pro-
pidium iodide (PI) to differentiate cells with
intact (live organisms stained in green) and
compromised (dead organisms stained in red)

membranes. Exposed cells can be examined
using an epifluorescence microscope or mea-
sured by flow cytometry with the appropriate
filter cube (Jung et al., 2008; Pagnout et al., 2012).
Also, it is useful for determination of antimicro-
bial activity of carbon nanotubes and silver
nanoparticles (Simon-Deckers et al., 2009; Flores
et al., 2010). In addition, gold nanoparticles are
used in phototherapy (Mocan et al., 2014).
However, it is recommended to control the final
concentration of nanoparticles and that each for-
mulation should be evaluated regarding its com-
patibility with the tests to be performed (Ong
et al., 2014).

2.2.5 In Vitro Infection Animal Model

Nonmammalian models of infectious disease
are currently a valuable approach for the discov-
ery and evaluation of new antimicrobial agents
as well as their toxicity (Desbois and Coote,
2012). In infectious disease research, nematode
models have been implemented and have the
highest number of reports of use and reproduc-
ibility. These models have the advantage of pro-
viding results at low cost and do not need
ethical approval (Desbois and Coote, 2012).
Although Caenorhabditis elegans have been used
as a classic model in whole-animal antimicrobial
screening, the sensitivity of this nematode to oxi-
dative stress does not make it ideal for measur-
ing survival rates of infection with NMs.
Instead, Galleria mellonella, have been observed
that can survive high doses of the silver [Ag(I)]
complexes administered in vivo, so it is more
favorable for evaluating antimicrobial activity of
nanoparticles (McCann et al., 2012).

An infectious disease model using G.
mellonella is a very reproducible tool for measur-
ing the survival of the disease because the
administration of inoculum is more accurate than
other models such as Drosophila melanogaster or
C. elegans and requires minimal training. Also, it
is recommended that cells of microbial inoculum
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should be washed to prevent the injection of var-
ious virulence factors that affect the assay
(Desbois and Coote, 2012). So, this wax moth
larva model is very useful for performing
in vitro antimicrobial screening against human
pathogens because of its ability to mimic the
infectious process in mammalian cells (Rowan
et al., 2009; Desbois and Coote, 2011).

2.2.6 Biocidal Testing

Although currently NMs are being used as
disinfectants for destroying pathogens in water
treatment plants (Godara et al., 2013), there is
an increased interest in the use of NMs as anti-
septic agents because environmental contami-
nation is a concern of health care. It is
necessary to perform proper surface decontam-
ination procedures to reduce and control path-
ogen transmission as well as develop biocide
agents with low toxicity and high efficacy
(Gebel et al., 2013). For that reason, the
European standard EN 14885 gives guidance
for standards of disinfectants and antiseptics
evaluation. EN 14885 includes suspension tests
and application tests (carrier tests or surface
tests) that determine the appropriate use and
concentration of the biocide agent, and defines
a group of test organisms in which the product
must be active to determine their spectrum of
action (Meyer and Cookson, 2010; Humphreys,
2011). Other tests such as handwash, handrub,
and surface tests simulating practical condi-
tions are also used (Humphreys, 2011).

2.2.7 Antibiofilm Activity

Bacteria and fungi growing as biofilms can
cause persistent infections that are highly refrac-
tory to antimicrobial therapy; surface chemical
agents may be used to inhibit biofilm growth
(Epstein et al., 2011). Nanotechnology has been
considered an important strategy for avoiding
biofilm formation and persistent-related

infections (Chen et al., 2013). Drug delivery sys-
tems, such as liposomes and polymer carriers,
can have great utility for biofilm infections treat-
ment because of their penetration ability and the
number of drugs that NMs can carry (Zhang
et al., 2010). Also, the use of bacteriophages is
another biostrategy studied for the prevention
and control of clinical biofilms; these bacterio-
phages have strong bactericidal activity and
specificity. Other interesting approaches are
nanotextured surfaces that can prevent biofilm
formation during early stages by using their
antimicrobial properties (Taylor and Webster,
2011).

Among the in vitro assays performed for anti-
biofilm screening of NMs, the static biofilm assay
using violet crystal staining is the most conven-
tional method; it has been used for determination
of antibiofilm activity of nanoparticles and can be
measured by spectrophotometry at 590 nm
(Palanisamy et al., 2014). However, MBECt
(Minimum Biofilm Eradication Concentration)
assay is a high-throughput screening assay with
the capacity to determine the activity of antimi-
crobials against biofilms produced by various
microorganisms; it consists of a plastic lid with
96 pegs and a corresponding culture base
(Figure 2.5) (Jardeleza et al., 2014). Also, using a
platform with plastic 12-well plate, the Biofilm
Eradication Surface Test (BEST) Assayt is
designed for testing specialized coatings and
surfaces for antibiofilm activity and can be an
interesting assay for product testing of NMs
(Harding et al., 2011). For studying biofilm struc-
ture and biological changes during NM
exposure, the use of a confocal laser scanning
microscopy (CLSM) can offer more data about
the mechanism of action of the compound and
formulation with antibiofilm activity (He et al.,
2012). CLSM can also be used to study antibio-
film activity in NMs deposited in antimicrobial
coatings or surfaces (Applerot et al., 2012).
Recently, a cellular microarray system consisting
of nanobiofilms of Candida albicans encapsulated
in an alginate matrix was developed. This
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nanobiofilm platform can be used for antifungal
drug screening of chemical repositories and new
formulations of selective novel drug candidates
(Srinivasan et al., 2011, 2013).

2.2.8 Quorum-Sensing Inhibitors

Bacteria communicate with each other by
the production, distribution, and detection of
N-acyl-homoserine lactones (AHL), which
diffuse outside the cell and are detected by the
LuxR receptor protein; this chemical communi-
cation is known as quorum sensing and it is an
important target in the inhibition of virulence
factors production (Figure 2.6) (Tillotson and
Theriault, 2013). In nanomedicine, the use of
NMs in liposomal formulations as quorum-
sensing inhibitors has been determined by
measuring AHL secretion in a model of inter-
action between P. aeruginosa isolates and
Agrobacterium tumefaciens reporter strain
(Halwani et al., 2009; Alhariri and Omri, 2013).
Also, the antagonistic activity of NMs toward

AHL effects has been determined in violacein
production or inhibition of quorum sensing in
the bacterial pathogen Chromobacterium viola-
ceum. Because C. violaceum uses LuxR receptor
quorum-sensing that is related to virulence fac-
tor production, whereby antagonist molecules
can replace AHL ligands and develop inhibi-
tion, it is an interesting model for discovering
quorum-sensing inhibitors using NMs
(Martinelli et al., 2004; Stauff and Bassler, 2011;
Arunkumar et al., 2014).

2.2.9 Microbial Membrane Lysis

Because the most important mechanism of
action of NMs is the disruption of the micro-
bial cell membrane, which is an indicator of
microbicidal activity, it is essential to determi-
nate if the NMs create this attribute. The effects
of nano-Ag or AgNO3 on the bacterial cell
membrane were studied after detergent-
mediated bacteriolysis (Lok et al., 2006). A
scanning electron microscope (SEM) has

FIGURE 2.5 MBECt assay.
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traditionally been used to study the interac-
tions between graphene-based materials and E.
coli cell wall. However, other techniques using
an atomic force microscope (AFM) have been
shown to be extremely useful for analyzing the
three-dimensional (3D) structure of this phe-
nomenon (Braga and Ricci, 2011). Because
AFM offers data acquisition in 3D, the analysis
results of the images obtained are greater and
permit investigation of the shape and the sur-
face of bacteria under the action of antibiotics,
as well as internal biochemical action (Braga
and Ricci, 2011). AFM has changed the
research of the microbial cell surface because,
different from other techniques, 3D images are
acquired without conventional sample prepa-
ration (staining, labeling, or fixation) (Alsteens
et al., 2013).

Another method for evaluation of the
impact of NMs on bacterial membrane
integrity is using the LIVE/DEADs

BacLightt Bacterial Viability kit; following
the manufacturer’s instructions, it is
possible to calculate the proportion of dead
cells with SYTO 9/PI fluorescence with the
time kill curve of the antimicrobial agent
that produces cell membrane disruption in
the exposed bacteria (Simon-Deckers et al.,
2009).

2.2.10 Microbial Oxidative Stress

The production of ROS in microbial cells by
NMs is other antimicrobial mechanism of
action; at the same time, it is an important
inducer of toxicity processes and adaptive
responses such as the hormesis (Forman et al.,
2010). In vitro induction of ROS production can
be evaluated by colorimetric and fluorometric
methods. For example, superoxide anion radi-
cals can be measured using the vital dye XTT

FIGURE 2.6 Quorum-sensing role of AHL.
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[2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide], which is reduced
in presence of this free radical oxygen (Gil-
Lamaignere et al., 2002; Liu et al., 2011).
However, before developing the experimental
procedures, it is necessary to investigate the
possible interactions between NMs and XTT
(Doak et al., 2009). A fluorometric method of
determination of the intracellular level of ROS is
using the fluorescence dye 5-(and-6)-chloro-
methyl-20,70-dichlorodihydrofluorescein diace-
tate acetyl ester (CMH2DCF). This indicator
changes the state of fluorescence when cleaved
by intracellular esterases and oxidized
(Pulskamp et al., 2007). However, it is slowly
oxidized in the air and is also susceptible to
photo-oxidation by laser light during exposure
to fluorescence microscopy. Thus, detection of
intracellular fluorescence is prone to false-
positive results and the laboratory conditions
should be regulated (Doak et al., 2009;
Kalyanaraman et al., 2012).

2.2.11 Antipersister and Antidormancy
Bacterial Cells

Dormant microbes are the cause of bacterial
persistence; a subpopulation of dormant cells
(persisters) tolerates antibiotic treatment and
metabolically inactive cells cannot be destroyed
when they are exposed to bactericidal concen-
trations of antibiotics (Fattorini et al., 2013;
Lewis, 2013). For this reason, new antimicrobial
agents need to be developed and a screening
platform needs to be taken into account.
Resazurin microplate assays (REMAs) have cor-
related very well with CFU counts in models of
antimicrobial activity against dormant cells in
hypoxic conditions (Taneja and Tyagi, 2007),
and the fluorescence of the resazurin metabolite
resorufin can be determined in a microplate
reader to excitation at 560 nm and emission at
590 nm (Sala et al., 2010). Nevertheless, it is
important to consider that nanoparticles such as

CdSe and TiO2 can affect the results obtained
with resazurin, so possible interactions should
be evaluated before developing experiments
(Ong et al., 2014).

2.2.12 Microbial Fitness

Because sublethal concentrations of NMs may
intensify microbial fitness, it is necessary to
include hormesis effects in antimicrobial experi-
ments (Xiu et al., 2012). Hormesis is a cellular pro-
cess of adaptation in which lower doses of a
given substance produce stimulation, whereas
higher doses of the same substance inhibit this
function in a complex adaptive system and
increase antimicrobial resistance (Yim et al., 2007;
Bell et al., 2013). It is very useful to explore
dose�response relations and hormetic effects
with nonlinear growth models in response to
several concentrations of antimicrobial agents and
to measure the ratio of the OD in multiwell plates
(Calabrese et al., 2006; Drage et al., 2012). The
results of nonlinear growth can be shown in a
U-shaped or inverted U-shaped dose�response,
in which it is possible to determine the level of
response (Cook and Calabrese, 2007).

2.3 NANOTOXICOLOGY

To develop antimicrobial products with a
broad spectrum of activity and safety, it is man-
datory to evaluate the toxicity effects of NMs and
the possible risks with human exposure to estab-
lish a suitable selectivity criterion (Kroll et al.,
2011). Nanoparticles can have cytotoxic, geno-
toxic, and inflammatory effects in mammalian
cells, and can induce oxidative stress response,
which should be considered before selection of a
nanotechnological approach (Sharma et al., 2012).
The toxic effects of nanoparticles are determined
by the combination of various factors; among
these factors, the most important are the high sur-
face area and the intrinsic toxicity of the surface
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(Figure 2.7) (Lacerda et al., 2006). Routes of entry
include inhalation, skin absorption, and ingestion
routes of entry, and also voluntary injection or
drug-delivery systems (Crosera et al., 2009).

2.3.1 Nano-Genotoxicology

NMs produce genotoxicity by indirect DNA
damage in the excessive generation of ROS and
by induction of chronic inflammatory responses
in the exposure site (Doak et al., 2012). Generally,
in vitro assays to identify potential DNA damage
are focused on single-strand and double-strand
breaks, mutations, deletions, and chromosomal
aberrations, as well as impairment in DNA repair
and the cell cycle (Ng et al., 2010). The comet
assay (cell gel electrophoresis), Salmonella rever-
sion mutation assay (Ames test), fibroblast assay,
CHO cell proliferation assay, micronucleus (MN)
test, and hydroxy-deoxyguanosine (8-OHdG)
analysis (Moreira et al., 2009; Ng et al., 2010)
have been used to detect this damage. However,
real-time NM exposure is still controversial, and
some studies, such as the Ames test, do not
appear to be suitable for the assessment of NMs
because of uptake by the bacterial cells is less
than that in human cells because of absence of

the endocytosis process in prokaryotics and the
barrier formed by the cell wall; therefore, this
lack of uptake could potentially lead to false-
negative results, and in vitromammalian cell tests
for comet assays and MN assays are recom-
mended because the comet assays more sensitive
in detecting early DNA breakage (Stone et al.,
2009; Landsiedel et al., 2009; Kim et al., 2013).

2.3.2 Cytotoxicity

It has been demonstrated that conventional
cytotoxic assays may not be appropriate to assess
NM toxicity because it can interfere with assay
reagents or detection systems, generating false-
positive/false-negative results (Kroll et al., 2011).
The authors have evaluated and standardized
common in vitro assays measuring three different
cytotoxic endpoints, oxidative stress (DCF
assay), cell death (LDH assay), and cellular meta-
bolic activity (MTT assay), and have discovered
that all NM dispersions interfered with the origi-
nal protocol for the detection of DCF fluores-
cence at concentrations of 10 μg/cm2; equally
light absorption of MTT was strongly altered in
the presence of all NM dispersions at concentra-
tions of 10 μg/cm2, and removing NM suspen-
sions before incubation with DCF or MTT is
recommended to eliminate interference (Kroll
et al., 2011, 2012). Recently, Ong et al. (2014) have
recommended controlling the final concentration
of nanoparticles and their compatibility with the
tests to be performed.

2.3.3 Immunotoxicity

NMs can act on the immune system and
produce various responses such as immunosup-
pression or immunostimulation. Nanoparticles
can be potentially immunotoxic; however, spe-
cific immunotoxicity of NMs has not been
reported, so it must be evaluated using the
respective reference methods and control com-
pounds (Dobrovolskaia and McNeil, 2012). It is

FIGURE 2.7 Physicochemical features of NMs that
influence their toxicity.
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necessary to control the factors that can affect the
in vitro assays used for analyzing the effects of
NPs on immune cells and immune responses
because variable levels of endotoxin are common
contaminants of glassware, culture media, and
additives and can activate monocytes/macro-
phages, altering the results (Peer, 2012). The
choice of the biological assay is also of central
importance; representative in vitro cellular assays
should be based on human blood leukocytes
(such as monocytes), which are the first cells to
come in contact with the injected NMs and have
biological endpoints representing the early
innate/inflammatory-type responses (Lankveld
et al., 2010). Primary cells should be the first
choice in this kind of assay, because the primary
response to stimulation is more sensitive than
continuous cell lines and is qualitatively different.
Also, an important requirement is the selection of
endpoint, which should be representative of pri-
mary cell activation (activation of IL-8 expression
for example) (Oostingh et al., 2011). Another
interesting model is the use of coelomocytes from
the earthworm Lumbricus rubellus, with results
that are comparable with immunotoxicity assays
using NR8383 rat macrophage cells (van der
Ploeg et al., 2014).

2.3.4 In Vitro Skin Irritation

NMs, such as quantum dots (QDs) and fuller-
enes, are able to penetrate into the stratum cor-
neum. A model of in vitro skin toxicity using an
assay of cytotoxicity of nanoparticles in human
epidermal keratinocytes (HEKs) is being needed,
but it should follow the recommendations
expressed previously regarding the use of dyes for
cytotoxic tests (Johnstone et al., 2010; Samberg
et al., 2010).

2.3.5 Caenorhabditis elegans Toxicity
Model

C. elegans is a globally distributed nematode
species encountered in nutrient-rich and/or

bacteria-rich soil-associated substrates. It has
been used extensively in genetic, developmen-
tal biology, and toxicological studies, where it
is typically cultured either on agar plates or in
liquid medium and fed bacteria. It has recently
been used for assessment of NM toxicity
because C. elegans is sensitive to ROS induc-
tion, genotoxins, and metals (Meyer et al.,
2010; Xiu et al., 2012).

2.3.6 Nanotoxicity in Embryonic and
Adult Zebrafish

Although zebrafish (Danio rerio) have been
used as an in vivo infectious model, especially
in the discovery of antituberculosis drugs
(Makarov et al., 2014), it has been explored for
nanotoxicity testing because the size, short life
cycle, and adaptability to platforms of high-
throughput screening, which makes it
suitable for acute and chronic toxicity studies
(Figure 2.8) (Wang et al., 2012).

2.3.7 Bioluminescence-Based
Nanotoxicity Test

Bioluminescence bacteria have been used as
a biosensor agent to quantify the toxicity of
nanoparticles and nanotubes, based on their
bioluminescence inhibition; in these organisms,
the bioluminescence intensity is directly
proportional to the metabolic activity of the
bacterial population. This bacterial toxicity test
is faster (15 min by assay) and offers results
comparable with reference methods (Wani
et al., 2011).

2.4 IN VITRO
PHARMACOKINETICS/

PHARMACODYNAMIC MODELS

Pharmacokinetics/pharmacodynamic (PK/
PD) models in antimicrobial nanotechnology
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can estimate the optimal effective dose and
predict the effect of new drugs in a specific
microorganism (Mouton et al., 2011; Bhatta
et al., 2012). In addition, PK/PD modeling pro-
vides a platform for extrapolating data from
in vitro to in vivo studies (Toutain and Lees,
2004).

2.4.1 Particokinetics

Unlike soluble compounds, particles can set-
tle, diffuse, and aggregate in relation to their
size, density, and surface. These features can
significantly affect the cellular dose. For that
reason, the definition of proper dose for nano-
particles using an in vitro system should be
more dynamic and less comparable than other
types of formulations (Teeguarden et al., 2007).
It is necessary to calculate the correct dose/
exposure interaction depending on material

characteristics and experimental conditions
using the following equations:

Surface area
concentration5

Mass concentration

Particle density
� 6
d

5#Concentration� πd2
#Concentration5

Mass concentration

Particledensity
� 6

πd3

5
Surface area concentration

πd2

where spherical shape of particles is assumed as
d (their diameter) in cm, surface area concentra-
tion is expressed in cm2/mL of culture medium,
mass concentration is expressed in g/mL of cul-
ture medium, and # is the amount of particles,
with particle density expressed in g/cm3

(Figure 2.9) (Teeguarden et al., 2007). It is valid to
use an in vitro sedimentation and diffusion and

FIGURE 2.8 Nanotoxicity model using zebrafish (D. rerio).
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dosimetry model (ISDD) to obtain particle sedi-
mentation and diffusion data in cell culture
media, and it is essential to perform direct inter-
pretation of results from in vitro particle�cell
interaction studies (Hinderliter et al., 2010;
Ahmad Khanbeigi et al., 2012; Cohen et al., 2014).

2.4.2 Caco-2 Permeability

The Caco-2 cells isolated from human colorec-
tal adenocarcinoma are widely used to screen for
absorption rate of new compounds in the initial
stage of drug discovery. This cell line in culture
forms monolayers with an enterocyte-like pheno-
type and exhibits properties associated with the
physical and metabolic barrier of the intestinal
epithelium. The permeability measure across a
monolayer of Caco-2 cells can predict the com-
pound absorption in the human intestinal epithe-
lium across tight junctions between epithelial
cells (Vila et al., 2004; Sevin et al., 2013).
Likewise, nanoparticles can cross the epithelial
barriers by two possible routes: transcellular
pathway via passive diffusion or transcytosis
involving both endocytosis and exocytosis
(Prokop and Davidson, 2008). Because of its

similarity to the small intestinal epithelium,
Caco-2 cells provide an interesting in vitro model
to evaluate the passing of nanoparticles across
epithelial barriers that can be compared by cellu-
lar transport in the body (Lin et al., 2011).

2.4.3 Hollow Fiber System

To study the most important parameters that
influence an optimal nanoparticle suspension,
the use of a hollow fiber system is a useful tool
(Laouini et al., 2011). Also, this system can be
an in vitro PK/PD model for infectious diseases
treatment (Vidaillac et al., 2009), with the ability
to become a two-compartment PK/PD model
(Werth et al., 2013). It also has the ability to imi-
tate modifications in drug concentrations over
time, as would occur in humans, and to provide
useful data for development of antimicrobial
agents and their dosages (Cadwell, 2012).

2.5 CONCLUSIONS

Antimicrobial drug resistance is a global
public health problem that requires innovation

FIGURE 2.9 Particokinetics. Dynamical model of dose exposure.
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and development in pursuit of the next genera-
tion of control measures to reduce mortality and
morbidity of infectious disease. To overcome this
new biomedical challenge, it is necessary to
implement multidisciplinary, interdisciplinary,
and transdisciplinary research projects where
several disciplines can provide clinicians with
novel methods, theoretical approaches, and tech-
nologies. In that way, nanotechnology will be an
important source of potent tools for design and
manufacture of a new generation of compounds
and formulations with specific antimicrobial
properties for avoiding emergence and spread of
drug-resistant strains, thus providing and testing
new drugs, medical devices, and sanitizers for
control of microbial surface contamination.
Likewise, nanotechnology is opening the possi-
bility of obtaining multipurpose materials by
mixing several mechanisms of action and phar-
macological properties, but at the same time it is
necessary to develop toxicity screening methods
that can predict potential environmental damage
and risk that this advancement may cause. A
multidisciplinary, interdisciplinary, and transdis-
ciplinary approach for design strategies to con-
trol antibiotic resistance requires integrity among
antimicrobial drug screening, toxicity testing,
and drug metabolism and pharmacokinetics.
Future efforts should be directed to the develop-
ment of nanocomposites with the ability to
comply with the following three simple
characteristics: potent antimicrobial activity and
specificity; safety and excellent tissue distribu-
tion and metabolism; and applicable to medicine,
agriculture, and industry.
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3.1 INTRODUCTION

Arthropods play a role in the transmission of
various bacterial, viral, and protozoal diseases,
such as plague, tularemia, yellow fever,
Japanese encephalitis, malaria, leishmaniasis,
and many others. The tendency of recent time
is that many vector-borne pathogens are
appearing in new geographical regions, and in
endemic diseases there is also a tendency for an
increase of incidence (Kilpatrick and Randolph,
2012; Medlock et al., 2012; El-Bahnasawy et al.,
2013). Moreover, growing rates of insecticide
resistance among arthropods transmitting
infections are a serious problem influencing
control of vector-borne diseases (Bridges et al.,
2012; Smith and Goldman, 2012; Aı̈kpon et al.,
2013; Yang and Liu, 2013; Coetzee and
Koekemoer, 2013).

Resistance was described among all types
of vectors (Raghavendra et al., 2011; Durand
et al., 2012; Faza et al., 2013; Blayneh and

Mohammed-Awel, 2014), and in many studies
it was shown to reach extremely high levels. In
a study on tick resistance, Faza et al. (2013)
reported resistance levels among larvae of
Rhipicephalus microplus (Acari: Ixodidae) to the
organophosphates and pyrethroids as high as
75.49% and 97.44%, respectively. Among Aedes
aegypti mosquitoes, resistance was observed in
100% of localities in which mosquitoes were
exposed to insecticides DDT, bendiocarb, and
temephos (Ocampo et al., 2011). In head lice,
Pediculus humanus capitis De Geer (Phthiraptera:
Pediculidae), frequencies of pyrethroid insecti-
cide resistance kdr alleles were also found to be
high (67�100%) (Toloza et al., 2014).

At the same time, presently available insecti-
cidal substances possess many serious draw-
backs, including drug residue contamination of
the environment and, as a consequence, also of
milk and meat products (Jayaseelan and
Rahuman, 2012). Because of this, the interest
of researchers has been directed to the
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anti-arthropod potential of different types of
other bioactive agents, including silver nano-
particles (AgNPs) (Rai and Ingle, 2012;
Adhikaria et al., 2013; Suganya et al., 2014).

Different beneficial properties of silver have
been known since ancient times, but develop-
ment of technologies making it possible to eas-
ily produce silver in nanoparticle form has
opened a new era in the biomedical application
of silver. AgNPs have physical properties that
are different from both silver ions and bulk
material; their much higher biological activity
caused by high surface area-to-volume ratio
makes them promising agents in fighting
against all possible types of pathogenic micro-
organisms—bacteria, fungi, protozoa, and
viruses (Rai et al., 2009, 2014)—and also
against vectors transmitting these microorgan-
isms. Activity of AgNPs against microorgan-
isms has been proven by hundreds of studies;
however, investigations of anti-arthropod
properties of AgNPs have been attracted atten-
tion recently. The aim of the present review is
to summarize studies on activity of AgNPs
against arthropod vectors of infectious dis-
eases, such as lice, mosquito, ticks, and flies,
and to formulate tasks for the studies that can
be completed in the near feature.

3.2 LOUSE-BORNE INFECTIONS
AND ACTIVITY OF AgNPs

AGAINST LICE

There are more than 3,000 species of lice
(order Phthiraptera), and among them only
three are classified as human pathogens. They
belong to sucking lice (Arthropoda: Insecta:
order Phthiraptera: suborder Anoplura) and
placed into two families—family Pediculidae,
genus Pediculus (head louse and body louse)
and family Pthiridae, genus Pthirus (pubic
louse—Pthirus pubis). Although head and body
lice have distinct ecology niches and minor

variations in morphology and biology, recent
genetic studies suggest that they can be consid-
ered more as different phenotypes of the same
species, with differences mainly in gene
expression and not in gene content (Veracx
and Raoult, 2012). The traditional name for
head louse is P. humanus capitis, and for body
louse it is Pediculus humanus humanus, but
because both lice belong to the same species,
calling both of them Pediculus humanus (Smith,
2009) has been proposed; however, traditionally
used names are still present in many studies.

The role of vectors transmitting infections
is carried by both head and body lice. They
can transmit life-threatening infections such
as epidemic typhus (caused by Rickettsia pro-
wazekii), relapsing fever (Borrelia recurrentis),
and trench fever (Bartonella quintana) (Raoult
and Roux, 1999; Fournier et al., 2002; El-
Bahnsawy et al., 2012). These infections are of
high concern in developing and developed
countries; even if outbreaks of epidemic
typhus and epidemic relapsing fever were
fixed only in developing countries, signifi-
cantly high seroprevalence against both bacte-
ria among the homeless population of
developed countries remind that these dis-
eases have a high risk of outbreak throughout
the world (Badiaga and Brouqui, 2012).

Despite the great importance of lice in trans-
mission of life-threatening infections, there are
only few studies on lousicidal activity of
AgNPs (Jayaseelan et al., 2011; Marimuthu
et al., 2012). In both studies AgNPs were bio-
synthesized using aqueous leaf extracts of
Tinospora cordifolia and Lawsonia inermis,
respectively, and they demonstrated significant
activity against not only human head louse but
also sheep body louse Bovicola ovis Schrank
(Marimuthu et al., 2012). However, although
the sizes of nanoparticles in both studies are
equal, the activity of AgNPs produced using
L. inermis was approximately 10-times higher,
which is demonstrated by LC50 (Table 3.1).
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TABLE 3.1 Studies on Pediculocidal, Larvicidal, and Acaricidal Activity of AgNPs

Aqueous leaf extract

utilized for synthesis
of AgNPs

Size and shape
of AgNPs Arthropod LC50 (mg/L) Ref.

LOUSICIDAL ACTIVITY

T. cordifolia Miers
(Menispermaceae)

55�80 nm P. humanus capitis
De Geer

12.46 Jayaseelan et al.
(2011)

L. inermis Average size of
60 nm, spherical

P. humanus capitis
De Geer

1.33 Marimuthu et al.
(2012)

LARVICIDAL ACTIVITY: AEDES MOSQUITO LARVAEa

Fungus Cochliobolus
lunatus

3�21 nm, spherical Ae. aegypti 1.29, 1.48, and 1.58 against
second, third, and fourth
instar larvae, respectively

Salunkhe et al. (2011)

R. mucronata 60�95 nm, spherical Ae. aegypti 0.585 Gnanadesigan et al.
(2011)

Pergularia daemia 44�255 nm, spherical Ae. aegypti 4.39, 5.12, 5.66, 6.18 against
first to fourth instar larvae,
respectively

Patil et al. (2012a)

Plumeria rubra
plant latex

32�200 nm, spherical Ae. aegypti 1.49, 1.82 against second
and fourth instar larvae,
respectively

Patil et al. (2012b)

Fungus Chrysosporium
tropicum

20�50 nm, spherical Ae. aegypti 3.47, 4, and 2 for the first,
third and fourth larvae,
respectively

Soni and Prakash
(2012)

LARVICIDAL ACTIVITY: ANOPHELES MOSQUITO LARVAE

T. cordifolia Miers
(Menispermaceae)

55�80 nm Anopheles
subpictus Grassi

6.43 Jayaseelan et al.
(2011)

Mimosa pudica Gaertn
(Mimosaceae)

25�60 nm, spherical A. subpictus Grassi 13.90 Marimuthu et al.
(2011)

Nelumbo nucifera
Gaertn.
(Nymphaeaceae)

25�80 nm, spherical,
triangle, truncated
triangles, and
decahedral-shaped

A. subpictus Grassi 0.69 Santhoshkumar et al.
(2011)

Eclipta prostrata (L.) L.
(Asteraceae)

35�60 nm, spherical A. subpictus Grassi 5.14 Rajakumar and
Rahuman (2011)

Fungus Cochliobolus
lunatus

3�21 nm, spherical Anopheles stephensi
Liston

1.17, 1.30, and 1.41 against
second, third, and fourth
instar larvae, respectively

Salunkhe et al. (2011)

M. paradisiaca L.
(Musaceae)

60�150 nm, rod-shaped A. stephensi Liston 1.39 Jayaseelan et al.
(2012)

P. daemia (Forssk.)
Chiov. (Apocynaceae)
plant latex

44�255 nm, spherical A. stephensi Liston 4.41, 5.35, 5.91, 6.47
against first to fourth
instar larvae, respectively

Patil et al. (2012a)

(Continued)
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TABLE 3.1 (Continued)

Aqueous leaf extract

utilized for synthesis
of AgNPs

Size and shape
of AgNPs Arthropod LC50 (mg/L) Ref.

P. rubra L.
(Apocynaceae)
plant latex

32�200 nm, spherical A. stephensi Liston 1.10, 1.74 against second
and fourth instar larvae,
respectively

Patil et al. (2012b)

Euphorbia hirta L.
(Euphorbiaceae)

30�60 nm, spherical and
with cubic structures

A. stephensi Liston 10.14, 16.82, 21.51, and
27.89 against first to fourth
instar larvae, respectively

Priyadarshini et al.
(2012)

Cassia occidentalis L.
(Calsalpiniaceae)

450 nm A. stephensi Liston 0.30 ppm for 3 mg/L,
0.41 ppm for 1.50 mg/L,
and 2.12 ppm for
0.75 mg/L

Murugan et al. (2012)

Vinca rosea (L.)
(Apocynaceae)

25�47 nm, spherical A. stephensi Liston 12.47 Subarani et al. (2013)

Nerium oleander L.
(Apocynaceae)

20�35 nm, spherical-
and cubic-shaped

A. stephensi Liston 20.60, 24.90, 28.22, and
33.99 against first to fourth
instar larvae, respectively

Roni et al. (2013)

Dried green fruits
of Drypetes roxburghii
(Wall.) Hur.
(Euphorbiaceae)

10�35 nm, polyhedral A. stephensi Liston 0.795, 0.964, and 1.134
against second, third, and
fourth instar larvae,
respectively

Haldar et al. (2013)

LARVICIDAL ACTIVITY: CULEX MOSQUITO LARVAE

T. cordifolia Miers
(Menispermaceae)

55�80 nm C. quinquefasciatus
say

6.96 Jayaseelan et al.
(2011)

M. pudica L.
(Fabaceae)

25�60 nm, spherical C. quinquefasciatus
say

11.73 Marimuthu et al.
(2011)

Nelumbo nucifera
Gaertn.
(Nymphaeaceae)

25�80 nm, spherical,
triangle, truncated
triangles, and
decahedral-shaped

C. quinquefasciatus
say

1.10 Santhoshkumar et al.
(2011)

R. mucronata L.
(Rhizophoraceae)

60�95 nm, spherical C. quinquefasciatus
say

0.891 Gnanadesigan et al.
(2011)

Eclipta prostrata (L.)
L. (Asteraceae)

35�60 nm, spherical C. quinquefasciatus
say

4.56 Rajakumar and
Rahuman (2011)

Pithecellobium dulce
Roxb. (Benth.)
(Fabaceae)

50�100 nm, spherical C. quinquefasciatus
say

21.56 Raman et al. (2012)

M. paradisiaca L.
(Musaceae)

60�150 nm, rod-shaped Culex
tritaeniorhynchus
Giles

1.63 Jayaseelan et al.
(2012)

(Continued)
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TABLE 3.1 (Continued)

Aqueous leaf extract

utilized for synthesis
of AgNPs

Size and shape
of AgNPs Arthropod LC50 (mg/L) Ref.

V. rosea (L.)
(Apocynaceae)

25�47 nm, spherical C. quinquefasciatus
say

43.80 Subarani et al. (2013)

Dried green fruits of
D. roxburghii (Wall.)
Hur. (Euphorbiaceae)

10�35 nm, polyhedral C. quinquefasciatus
say

0.92, 1.27, and 1.40 against
second, third, and fourth
instar larvae, respectively

Haldar et al. (2013)

Bark extract of Ficus
racemosa L.
(Moraceae)

Average size of 251 nm,
cylindrical, uniform, and
rod-shaped

C. quinquefasciatus
Say

12.00 Velayutham et al.
(2013)

Bark extract of F.
racemosa L.
(Moraceae)

Average size of 251 nm,
cylindrical, uniform, and
rod-shaped

Culex gelidus 11.21 Velayutham et al.
(2013)

ACTIVITY AGAINST TICKS

M. pudica L.
(Fabaceae)

25�60 nm, spherical R. (B.) microplus
Canestrini

8.98 against larvae Marimuthu et al.
(2011)

Manilkara zapota (L.)
P. Royen (Sapotaceae)

70�140 nm, spherical
and oval

R. (B.) microplus 3.44 against larvae Rajakumar and
Rahuman (2012)

Cissus quadrangularis
L. (Vitaceae)

Average size of 42 nm,
spherical and oval

R. (B.) microplus 7.61 against larvae Santhoshkumar et al.
(2012)

O. canum Sims
(Labiatae)

25�110 nm, rods and
cylindrical

H. anatolicum (a.)
anatolicum Koch,
1844

0.78 against larvae Jayaseelan and
Rahuman (2012)

O. canum Sims
(Labiatae)

25�110 nm, rods and
cylindrical

H. marginatum (m.)
isaaci Sharif, 1928

1.51 against larvae Jayaseelan and
Rahuman (2012)

M. paradisiaca L.
(Musaceae)

60�150 nm, rod-shaped H. bispinosa
Neumann

1.87 against larvae Jayaseelan et al.
(2012)

Euphorbia prostrata
Ait. (Euphorbiaceae)

25�80, rod-shaped H. bispinosa
Neumann

2.30 against adult ticks Zahir and Rahuman
(2012)

ACTIVITY AGAINST FLIES

M. paradisiaca L.
(Musaceae)

60�150 nm, rod-shaped H. maculata Leach 2.02 against larvae Jayaseelan et al.
(2012)

E. prostrata Ait.
(Euphorbiaceae)

25�80 nm, rod-shaped H. maculata Leach 2.55 against adult flies Zahir and Rahuman
(2012)

C. quadrangularis L.
(Vitaceae)

Average size of 42 nm,
spherical and oval

H. maculata Leach 18.14 against adult flies Santhoshkumar et al.
(2012)

M. zapota (L.) P.
Royen (Sapotaceae)

70�140 nm, spherical
and oval

M. domestica 3.64 against adult flies Kamaraj et al. (2012)

a If not indicated, fourth instar larvae of mosquito were used.
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3.3 MOSQUITO-BORNE
INFECTIONS AND ACTIVITY OF
AgNPs AGAINST MOSQUITOES

Mosquitoes are involved in the transmission
of a number of life-threatening diseases that
have a great impact on worldwide morbidity
and mortality (Tolle, 2009; Kamareddine, 2012),
including malaria caused by Plasmodium, fila-
riasis caused by worms, and viral-generated
yellow fever, dengue infection, chikungunya
virus infection, Rift Valley fever, Japanese
encephalitis, West Nile encephalitis, and others
(Reiner et al., 2013).

Mosquitoes transmitting human infections
mainly belong to Aedes, Anopheles, and Culex
genera. A. aegypti is the common vector of
yellow fever and dengue; dengue is also often
transmitted by another Aedes species—Ae.
albopictus; Ae. triseriatus transmits La Crosse
encephalitis, Ae. japonicus is a vector of Japanese
encephalitis;, Anopheles spp. transmit plasmodia
parasites causing malaria, and Culex spp. trans-
mit several types of arboviral encephalitis
(Eastern and Western equine encephalites, St.
Louis encephalitis) and West Nile virus (Tolle,
2009). All these genera can transmit filariasis
depending on geographical location; Anopheles is
the most common vector in Africa, Culex quin-
quefasciatus is the most common in America, and
Aedes is most common in the Pacific and in Asia
(CDC, http://www.cdc.gov/parasites/lympha-
ticfilariasis/gen_info/vectors.html).

Most studies exploring activity of AgNPs
against insects are directed at anti-mosquito
activity (Table 3.1). Published studies used var-
ious sources for the biosynthesis of AgNPs,
particularly different species of plants and
fungi, and various stages of larvae life cycle as
experimental models; nevertheless, all types of
AgNPs demonstrated significant activity
against all studied larvae of the Ae. aegypti
mosquito, with ranges of LC50 from 0.59 mg/L

(Gnanadesigan et al., 2011) to 6.18 mg/L (Patil
et al., 2012a).

Activity of AgNPs against larvae of
Anopheles mosquito was a little lower with
LC50 reaching more than 20 mg/L in some
studies (Priyadarshini et al., 2012; Roni et al.,
2013); however, in other studies AgNPs also
demonstrated good larvicidal effect with LC50

of less than 1.5 mg/L (Santhoshkumar et al.,
2011; Salunkhe et al., 2011; Jayaseelan et al.,
2012; Patil et al., 2012b; Haldar et al., 2013).
Interesting results are being demonstrated in
the ongoing study by Murugan et al. (2012);
the authors evaluated not only larvicidal
toxicity of AgNPs expressed in LC50 but also
adult longevity in mosquitoes treated as lar-
vae with an AgNP concentration of 0.1 ppm
and number of eggs laid by female mosqui-
toes exposed as larvae to AgNPs exposed to
the same concentration. Adult longevity
(measured in days) in male and female mos-
quitoes was reduced by 29% and the number
of eggs decreased by 32%; both results were
significantly different (P, 0.05) from results
of nonexposed mosquitoes.

In larvae of Culex mosquitoes, activity of
AgNPs changed in wide ranges, starting from
LC50 of 0.89 mg/L in AgNPs produced using
aqueous extract of Rhizophora mucronata
(Gnanadesigan et al., 2011) to 43.8 mg/L in
AgNPs produced with aqueous extract of
Catharanthus roseus (Subarani et al., 2013).

There are many studies that proved the
anti-arthropod effects of AgNPs, but there is
still no comprehensible scientific explanation
for it. Some studies stated that larvicidal acti-
vity of AgNPs is concentration-dependent and
is supposed to be caused by penetration of
nanoparticles through the membrane of larvae
(Sap-Iam et al., 2010; Salunkhe et al., 2011);
however, more studies should be conducted
to reveal all specific mechanisms of anti-
arthropod activity of AgNPs.
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3.4 TICK-BORNE INFECTIONS
AND ACTIVITY OF AgNPs

AGAINST TICKS

Ticks can carry viruses, bacteria, and proto-
zoans, and they are vectors of many life-
threatening infections. Tick-borne viruses
(“tiboviruses”) cause febrile illnesses with a
rapid onset, fever, sweating, headache, nausea,
weakness, myalgia, arthralgia, and sometimes
polyarthritis and rash, infections that affect
the central nervous system, such as
meningitis, meningoencephalitis, or encephalo-
myelitis with paresis, paralysis, and other
sequelae, and hemorrhagic diseases (Hubálek
and Rudolf, 2012). Among bacterial diseases
transmitted by ticks are Lyme disease, rickett-
sioses, and tularemia (Parola et al., 2005; Foley
and Nieto, 2010; Kung et al., 2013); further-
more, ticks transmit the protozoan infection
babesiosis (Schnittger et al., 2012). A bite from
one tick may transmit several infections simul-
taneously (Pujalte and Chua, 2013).

Ticks most commonly transmitting infec-
tions belong to genera Ixodes and Dermacentor.
Ixodes scapularis transmits Lyme disease, babe-
siosis, and anaplasmosis; Dermacentor andersoni
and Dermacentor variabilis transmit Rocky
Mountain spotted fever and tularemia (CDC,
http://www.cdc.gov/ticks/diseases/).

Some ticks produce toxins that can cause tick
paralysis, for example, D. andersoni (the Rocky
Mountain wood tick), D. variabilis (the
American dog tick), and Ixodes holocyclus
(the marsupial tick) (Diaz, 2010; Pecina, 2012).

During evaluation of AgNP effects on ticks,
most scientists studied the activity against lar-
vae of ticks (Table 3.1), but only Zahir and
Rahuman (2012) used adult ticks in the experi-
ment. Another limitation of the present data is
that only a few tick species were studied—
R. (Boophilus) microplus, Hyalomma anatolicum
anatolicum, Hyalomma marginatum isaaci, and

Haemaphysalis bispinosa. However, all per-
formed studies showed promising activity of
AgNPs against both larvae and adult ticks
with LC50 ranging from 0.79 mg/L (Jayaseelan
and Rahuman, 2012) to 8.98 mg/L (Marimuthu
et al., 2011). The best results were obtained
with AgNPs produced using extract of Ocimum
canum against ticks of Hyalomma spp.
(Jayaseelan and Rahuman, 2012).

3.5 FLIES, THEIR ROLE IN
TRANSMISSION AND SPREAD OF
INFECTIONS, AND ACTIVITY OF

AgNPs AGAINST FLIES

Flies play a double role in the transmission of
infectious diseases. They can transmit infections
through biting or can be a mechanical factor
contributing to the spread of infections. Biting
or hematophagous flies are involved in the
transmission of bacterial infections, such as tula-
remia (deer fly, Chrysops spp.), protozoan infec-
tions such as leishmaniasis (sand fly, Diptera:
Psychodidae) and African sleeping sickness
(tsetse fly, Glossina spp.), and worm invasions
such as onchocerciasis (blackfly, Simulium spp.)
(Petersen et al., 2008; Traore et al., 2012; Holmes
et al., 2013; Cruz et al., 2013).

Nonbiting synanthropic flies (some species are
in the families Sarcophagidae, such as flesh flies,
Muscidae, such as house flies and latrine flies,
and Calliphoridae, such as blow flies and bottle
flies) can contribute to the spread of infections by
mechanical carrying of bacteria causing gastroin-
testinal infections (cholera, typhoid fever, salmo-
nellosis) or contact infections (e.g., trachoma)
(Graczyk et al., 2005). Likewise, flies can transmit
oocysts of Toxoplasma gondii and of diarrhea-
producing protozoan Cryptosporidium parvum,
which recently has contributed significantly to
the mortality of immunocompromised or immu-
nosuppressed patients (Graczyk et al., 2005).
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Transmission of microorganisms by nonbiting
flies occurs after their feeding on some infected
sources and by mechanical dislodgement from
the exoskeleton of flies or from their feces and
vomit (Graczyk et al., 2004).

Studies of the activity of AgNPs against flies
are very scarce. Several authors demonstrated
activity of plant-synthesized AgNPs against
hematophagous fly Hippobosca maculata Leach,
including effects on fly larvae (Jayaseelan et al.,
2012) and adult flies (Zahir and Rahuman,
2012; Santhoshkumar et al., 2012). Kamaraj
et al. (2012) reported activity of AgNPs against
the synanthropic fly Musca domestica. In all
these studies AgNPs were biosynthetically pro-
duced using plant extracts with a wide range
of obtained sizes of nanoparticles and their
activity. The best results were demonstrated in
AgNPs produced by using aqueous leaf extract
of Musa paradisiaca with LC50 2.02 mg/L
(Jayaseelan et al., 2012).

3.6 CONCLUSIONS AND
FUTURE PROSPECTS

Vector-borne infections are very important
among infectious diseases with high morbidity
and mortality worldwide. One approach to
fighting against such infections is by control-
ling vectors transmitting them. The control of
populations of mosquitoes, lice, flies, and ticks
may help to reduce the prevalence of vector-
borne infections, and production of substances
that have high anti-arthropod activity and
simultaneously are environmentally safe is an
important challenge in modern science.

Published studies demonstrated promising
activity of AgNPs against all types of vectors of
infectious diseases. They showed broad-
spectrum insecticidal activity that was especially
well-studied against larvae of mosquitoes; insec-
ticidal activity was also examined in a few stud-
ies that investigated the activity of AgNPs
against flies, lice, and ticks. Interestingly, in all

the published studies AgNPs were produced in
a biosynthetical manner utilizing plant extracts
or, in a few studies, fungi. In all studies AgNPs
had significantly higher activity than that of cor-
responding plant extracts and higher than that
of 1 mM AgNO3 solution used for nanoparticle
synthesis.

Despite high anti-arthropod activity, biosyn-
thetically produced AgNPs and solvent
extracts used for their production did not show
any notable toxicity on environmental organ-
isms, such as water fleas Daphnia magna and
Ceriodaphnia dubia, and they did not show any
undesirable effects in the animal model against
cattle Bos indicus (Zahir and Rahuman, 2012);
likewise, no toxicity was detected against fish
Poecilia reticulate (Salunkhe et al., 2011; Patil
et al., 2012a,b; Subarani et al., 2013). Thus, the
control of arthropods with biosynthetically
produced AgNPs is environmentally friendly.

At the same time, many questions in this
area are still not clear and require future inves-
tigations. There is no complete understanding
of the mechanisms of the anti-arthropod effects
of AgNPs. Only a few studies hypothesized
membrane-damaging larvicidal activity, but
more efforts should be directed to formulating
theories of mechanisms of larvicidal, lousicidal,
and acaricidal effects. A broader species
spectrum of flies and ticks should be evalu-
ated. Furthermore, concentrations of AgNPs
with pediculicidal effects should be studied
regarding toxicity in mammal organisms. A
better understanding of all these questions will
help control arthropod-borne diseases.
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4.1 INTRODUCTION

The alarming rates of antimicrobial resistance
and the potential risks that this issue brings for
health, society, and economy highlight the need
for developing novel, efficient antimicrobials.
Unfortunately, the rate of pathogens to adapt
and obtain resistance overwhelms our capacity
of developing novel therapeutic compounds
with antimicrobial properties (Moy et al., 2006).
The most investigated factors that lead to a low
rate of newly developed antimicrobials are the
following: (i) the high percent of noncultivable
or fastidious microorganisms (Osburne et al.,
2000); (ii) a high number of toxic or poorly phar-
macokinetic compounds found in the synthetic
compound libraries (Lipinski and Hopkins,

2004); (iii) the incapacity of most therapeutic
compounds to nullify the multidrug-resistant
(MDR) barrier of bacteria cells (especially in the
Gram-negative MDRs) (Li and Nikaido, 2004);
and (iv) the small resemblance of the results
obtained in vitro and in vivo in the whole organ-
isms where the tested compound should actu-
ally function (Lipinski and Hopkins, 2004).

Trying to overcome these technical or natural
issues, researchers have developed new or
uncommon strategies with the same aim: to effi-
ciently fight infections. Moy and collaborators
suggest that the putative antimicrobial com-
pounds should be tested on in vivo models to
prove their true efficiency. Their work resembles
survival tests of the nematode Caenorhabditis
elegans persistently infected with the human
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opportunistic bacterial pathogen Enterococcus fae-
calis, an infection that usually leads to nematode
death. Their screening of a synthetic compound
library and also of natural compounds, which
seems to cure C. elegans of E. faecalis persistent
infections, suggests that, in contrast to the tradi-
tional antibiotics, the proposed assay identifies
compounds that block pathogen multiplication
in vitro and also helps to identify compounds that
may be used as prodrugs, affect the virulence of
the pathogen, suppress survival, and enhance the
immune response of the host (Moy et al., 2006).

Because the synthetic compounds are usually
more prone to select microbial resistance,
researchers focus more on identifying and using
natural compounds with antimicrobial activity
(Holban et al., 2013a,b).

Natural compounds derived from microor-
ganisms and their hosts have also been proven
to be effective in infection control (Holban et al.,
2014a). Vegetal extracts and essential oils have
been extensively used in traditional medicine for
treating infections (WHO, 2002). Recent studies
revealed the great impact of mixture extracts and
pure compounds obtained from Angiosperms
and Gymnosperms to impair bacteria growth
and also to modulate their virulence and
resistance (Saviuc et al., 2013; Anghel and
Grumezescu, 2013; Anghel et al., 2013a). Despite
their proven role, studies revealed that natural
compounds usually have low stability, and the
technical procedures necessary for their testing
and use significantly reduce their antimicrobial
effect, especially when used in low doses
(Holban et al., 2014b). Therefore, stabilizing
agents that are able to preserve their action,
deliver them to the intended site, and ensure an
adequate release are desirable.

4.2 NANOPARTICLES WITH
BIOMEDICAL APPLICATIONS

Nanotechnology has significantly evolved to
improve the efficiency of therapeutic drugs and

offer new opportunities for both diagnosis and
therapy. Nanoparticles usually range in dimen-
sion from 1 to 100 nm and have unique proper-
ties, many of which being different from their
bulk equivalent. These unique physicochemical,
optical, and biological properties possessed by
nanoparticles can be easily manipulated for
desired applications (Rai and Bai, 2011).

Many types of nanostructures have been
reported as useful in the biomedical field.
Among the most used nanostructures are: lipo-
somes; polymer nanoparticles; magnetic nano-
particles; and dendrimers. They allowed the
development of fast and more efficient biosen-
sors and ensured targeted drug delivery to spe-
cific cells and organs, novel cancer therapy, and
hyperthermia treatments (Hofmann-Amtenbrink
et al., 2009).

Iron oxide nanoparticles are particles with
diameters between approximately 1 and 100 nm.
These nanoparticles were found in a large vari-
ety of organisms, and they have attracted exten-
sive interest because of their superparamagnetic
properties and their potential applications in
many fields (Teja and Koh, 2009).

Synthetic magnetic nanoparticles and, in
particular, iron oxide nanoparticles are cur-
rently the subject of wide basic and applied
research because of their useful properties.
Among current applications we can list mag-
netic resonance imaging (MRI), magnetic detec-
tion of bimolecular interactions, biocompatible
films, anticancer agents, drug and gene deliv-
ery systems, DNA analysis, and cell labeling
(Giersig and Khomutov, 2008). Because of their
biocompatibility and good magnetic properties,
iron oxide nanoparticles are used in the devel-
opment of nanostructured materials (Giersig
and Khomutov, 2008).

In the microbiology field, nanoparticles have
been used as novel antimicrobials with intrinsic
therapeutic effects (Prabhu and Poulose, 2012),
and also as efficient shuttles for the delivery and
controlled release of antimicrobial compounds.
Studies revealed that biomimetic nanoparticles
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also represent a promising approach in handling
infections because it has been proved that they
have the potential to act as targets for several
toxins produced by bacteria and are considered
true molecular decoys for microbial compounds
with detrimental effects within the host (Hu
et al., 2013).

4.2.1 Design of Tailored Magnetic
Nanoparticles with Applications in
Microbiology

In recent years, many methods aiming to
obtain nanoparticles with biomedical applications
have been optimized. Choosing the most appro-
priate method of synthesis of magnetite nanopar-
ticles, depending on the final purpose, represents
a very important step that influences the particle
dimensions and shape, size distribution, surface
chemistry, and also magnetic properties.

The most intensively used and optimized
synthesis methods are: (i) the co-precipitation
method; (ii) the hydrothermal method;
(iii) solvothermal method; (iv) microwave-
assisted method; and (v) the ultrasound-assisted
method (Mauricio et al., 2013; Meng et al., 2013).
Figure 4.1 shows the step-by-step design of

functionalized magnetite nanostructures used
for biomedical applications.

Buteicǎ et al. (2010) reported the synthesis of
a magnetite-based nanofluid by adapting the
Massart method using Fe21 and Fe31 salts with
oleic acid as the surfactant under microwave
conditions. The synthesis of Fe3O4 and CoFe2O4

by the Massart method using Fe31, Fe21 salts,
and HO2 under microwave conditions was
confirmed by Grumezescu et al. (2010) and by
Mihaiescu et al. (2011).

To orientate the function of a magnetite nano-
material through a specific biological effect,
researchers usually functionalize the nano-
particles to dictate their activity and reach the
proposed aim. To improve the antimicrobial
activity of several antimicrobial compounds, a
series of studies reported the synthesis of antimi-
crobial magnetite nanoparticles that contain
specific antibiotics. Other studies used natural
compounds, such as essential oils and major veg-
etal extracted fractions with proven antimicrobial
effects for several biomedical applications, that
have the potential to be used further in the clini-
cal field (Saviuc et al., 2011a). Because many
nanoparticles have unsatisfactory biocompatibil-
ity, with many of them being toxic to human and
animal cells, a good strategy for improving their
biocompatibility proved to be the use of natural
polymers in the synthesis of bioactive magnetite
nanoparticles. The most utilized polymers are
chitosan and cellulose, and the preferred method
of synthesis of magnetite polymeric nanoparticles
is the co-precipitation method (Grumezescu
et al., 2011a,b).

Nanoparticles based on magnetite and poly-
ethylene glycol have been synthesized under
microwave conditions; to improve their antimi-
crobial activity, essential oil of Citrus maxima
was adsorbed on the surface of nanostructured
material as an extra-shell (Saviuc et al., 2011a).
Nanoparticles functionalized with different
natural and synthetic antimicrobials signifi-
cantly enhance the effect of the bioactive drug
by targeted delivery and controlled release

TA

Pol

Pol +TA

FA TA

Fe3O4

Fe3O4@TA

Fe3O4@Pol

Fe3O4/Pol

Fe3O4@FA

Fe3O4/TA/Pol

Fe3O4@FA/TA

Fe2++Fe3+

HO–

FIGURE 4.1 The design of magnetite nanoparticles by
co-precipitation (TA, therapeutic agents; FA, fatty acids;
Pol, polymers).
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(Figure 4.2). A diethylaminoethyl-cellulose/
Fe3O4/cephalosporin hybrid material utilized
as a magnetic drug delivery system in microbi-
ological applications have been also obtained
(Grumezescu et al., 2011b).

Water-soluble magnetite nanoparticles sig-
nificantly improved the activity of currently
used antibiotics, representing great potential to
be used as a nanocarrier for these antimicrobial
substances and to achieve extracellular and

intracellular targets. An adapted diffusion method
was developed to assess the influence of the
water-soluble nanovehicle on the antimicrobial
activity of vancomycin, clindamycin, azithro-
mycin, oxacyllin, trimethoprim/sulfamethoxazole,
rifampicin, ofloxacin, tetracycline, penicillin, cipro-
floxacin, gentamicin, piperacillin/tazobactam,
cefepime, aztreonam, ceftazidim, and piperacillin
against Staphylococcus aureus and Pseudomonas
aeruginosa strains. The results demonstrate that

Functionalized
magnetite

nanoparticles

Live
bacteria

Dead
bacteria

Antibiotic

FIGURE 4.2 The enhanced antimicrobial effect of functionalized magnetite nanoparticles as compared with the antimi-
crobial drug.
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the tested nanosystems have the ability to carry
and deliver antibiotics in active forms. In the case
of P. aeruginosa, authors demonstrate that the
incorporation of the anti-pesudomonal antibiotics
in the nanoparticles led, in all tested cases except
piperacillin plus tazobactam, to an increase in the
bacterial growth inhibition diameters. In the
case of the S. aureus strain, the potentiation of
the antimicrobial activity of different antibiotics
was limited to four of the tested spectrum,
namely penicillin, oxacillin, aztreonam, and
doxycycline. However, the results reveal that for
other antibiotics, incorporation into the devel-
oped magnetite nanosystem did not affect anti-
biotic efficiency, which remained the same as in
the case of antibiotic controls (Mihaiescu et al.,
2012). These studies reveal that further optimiza-
tions in the synthesis and functionalization
methods have to be performed to obtain the
desired effect for a particular drug, depending
on its physicochemical properties.

Other studies used magnetite nanoparticles
functionalized with cefotaxime and polymyxin B
to test their effect on Escherichia coli and P. aerugi-
nosa, and also amoxicillin, kanamycin, and strep-
tomycin to test E. coli only. The results showed a
decrease in the minimum inhibitory concentra-
tion (MIC) value of magnetite nanoparticles
functionalized with the antibiotics amoxicillin
and kanamycin against E. coli that was compara-
ble with the MIC values of antibiotics solutions.
For P. aeruginosa, the MIC values of Fe3O4/cefo-
taxime decreased at 5.85 μg/mL, which is com-
parable with the MIC value of 8 μg/mL of the
antibiotic solution against P. aeruginosa reference
strain (Cotar et al., 2013).

Another recent study demonstrates that mag-
netites are able to enhance and insure controlled
drug release and to significantly improve the
efficacy of antimicrobial agents against E. faeca-
lis, which is one of the most resistant opportu-
nistic pathogens.

The results showed that the magnetic nano-
particles clearly improved the activity of the
tested antibiotics, as revealed by the increase

of the growth zone inhibition diameter as com-
pared with the antibiotic disks charged with the
same antibiotic concentration. Furthermore, these
newly developed magnetite nanoparticles slightly
improved the antibiotics effect against E. faecalis
biofilms development (Chifiriuc et al., 2013a).

Results demonstrate that different bioactive
magnetite nanoparticles have a significant effect
on bacteria virulence modulation, not just on
their viability. Magnetite nanoparticles functio-
nalized with Eugenia carryophyllata essential oil
exhibited an early microbicidal effect on P. aeru-
ginosa and S. aureus stains, with significantly
lower MIC values for S. aureus strains, but the
essential oil modulated the expression of soluble
virulence factors by increasing the production
of lipase in both species and of DN-ase, gelati-
nase, hemolysins, and lecithinase, particularly in
P. aeruginosa strains (Saviuc et al., 2011a,b,c).

To improve their biocompatibility, polymers
have been added to obtain efficient magnetite
nanoparticles. A hybrid material consisting
of magnetite, chitosan, and second-generation
cephalosporins, cefuroxime had significantly
higher antimicrobial activity as compared with
the respective antibiotic alone against E. coli
and S. aureus (Grumezescu et al., 2011a).

The effect of hybrid magnetic materials based
on traditional antibiotic formulations against bac-
terial strains is probably due to the morphological
and/or physiological changes induced in the
plasmamembrane by the nanoparticles and better
adsorption of the small size nanoparticles, which
is facilitated by the polymeric shell (Grumezescu
et al., 2011b).

Other studies demonstrated that antibiotics
incorporated into magnetic chitosan micro-
spheres improve the delivery of these antibiotics
in active forms (Andronescu et al., 2012).
Chitosan was evaluated as a potential drug deliv-
ery system, and it was demonstrated that it can
elute antibiotics in an active form that would be
efficacious in inhibiting S. aureus and E. coli
growth. The incorporation of the tested cephalos-
porins in chitosan demonstrates a drastic
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decrease of the minimal inhibitory concentration
from 2- to 7.8-times, both on E. coli as well as on
S. aureus strains (Chifiriuc et al., 2012a). It is well-
known that the size and the electric charge of the
active drugs influence the specific interactions
between the drug carrier and the active sub-
stance. Magnetic dextran microspheres could be
used as macromolecular carriers for large-
spectrum antibiotics, particularly for those with
small, polar molecules belonging to penicillins,
aminoglycosides, rifampicines, and quinolones
classes. The magnetic dextran microspheres
slightly improved the antimicrobial activity of
several anti-staphylococcal drugs, which was the
most significant improvement of the antimicro-
bial activity, highlighted by the enlargement of
the growth inhibition zones, with 20% being
obtained for clindamycin and rifampicin. These
results demonstrate the specific interaction of the
proposed delivery system with different antibio-
tics and the necessity to develop “personalized”
drug carriers for different therapeutic substances
(Andronescu et al., 2012).

The antimicrobial effects of gentamycin and
piperacillin against S. aureus and P. aeruginosa
tested strains have been significantly potenti-
ated in the presence of the polymeric magnetic
silica drug loader. The antimicrobial activity of
the tested antibiotics proved to be differently
influenced by the drug loader system, depend-
ing on either the tested antibiotic or the tested
microbial strains, indicating that there are prob-
ably specific interactions between the tested
antibiotic and the carrier system that interfere
with the diffusion rate of the antibiotic from the
polymeric magnetic silica microspheres. The
authors also state that their results demonstrate
that the composite particles charged with anti-
biotics probably penetrate the bacterial cell wall
and deliver the antibiotic in active forms to the
intracellular targets (Grumezescu et al., 2012a).

Another study reports the fabrication of
water-soluble magnetite nanoparticles, pro-
tected by chitosan and polyvinyl alcohol to
increase the bioaccommodation of the system

(Grumezescu et al., 2012b). The results demon-
strate that the nanobiocomposite has the ability
to modify and improve the antimicrobial activity
of gentamicin, ciprofloxacin, and cefotaxime
against S. aureus and P. aeruginosa. It has been
revealed that loading kanamycin sulfate into the
water-dispersible metal oxide nanobiocomposite
improves the delivery of this drug in its active
form, reducing minimum inhibitory concentra-
tion of kanamycin by two-fold (when tested on
S. aureus) to four-fold (when tested on E. coli) as
compared with the kanamycin control.
Furthermore, cytotoxicity tests performed by the
same authors revealed that the nanobiocompo-
site has a very low toxic effect on eukaryotic
cells (Grumezescu et al., 2012b).

Balaure and coworkers reported the fabrica-
tion of a new drug delivery system based on
polyanionic matrix (e.g., sodium alginate),
polycationic matrix (e.g., chitosan), and silica
network (Balaure et al., 2013). Their results
demonstrated the biocompatibility and the
ability of the fabricated biocomposite to main-
tain or improve the efficacy of the following
antibiotics: piperacillin�tazobactam, cefepime,
piperacillin, imipenem, gentamicin, and cefta-
zidime against P. aeruginosa; and cefazolin,
cefaclor, cefuroxime, ceftriaxone, cefoxitin, and
trimethoprim/sulfamethoxazole against E. coli
reference strains (Balaure et al., 2013).

Further research led to the development and
bioevaluation of a novel biocompatible, resorb-
able, and bioactive wound dressing prototype
based on anionic polymers (sodium alginate
[AlgNa], carboximethylcellulose [CMC]) and
magnetic nanoparticles loaded with usnic acid
(Fe3O4/UA) (Grumezescu et al., 2013a). Because
of their structural and functional properties,
CMC/Fe3O4/UA and AlgNa/Fe3O4/UA are
considered suitable candidates for further appli-
cations on the biomedical field, especially in
regenerative medicine (Grumezescu et al., 2013a).

Vlad et al. (2014) published a paper reveal-
ing the synthesis of carboxymethyl-cellulose/
magnetite (CMC/Fe3O4). Their results showed
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that CMC/Fe3O4/ATB might be a promising
candidate for the development of efficient and
cheap antimicrobial drug carriers under the
magnetic field. The most evident improvement
of the antimicrobial activity was observed for
the CEF loaded onto the magnetic scaffold
tested on the E. coli reference strain, although
they could not observe any change in the effi-
ciency of the two tested ATBs in the presence
of the magnetic scaffold in case of S. aureus
(Vlad et al., 2014).

4.2.2 Magnetite Nanoparticles Used to
Control Microorganisms Attachment and
Biofilm Formation

Biofilm-associated infections have the highest
rates of antibiotic resistance; therefore, the treat-
ment options of such infections are very limited.
Because recent findings demonstrate that nano-
materials may be efficiently used in medicine,
and particularly in anti-infectious approaches,
researchers aimed to develop nanobioactive mag-
netite systems to eradicate and control biofilms
formation.

Recently, a new water-dispersible nanostruc-
ture based on magnetite (Fe3O4) and usnic acid
(UA) was prepared in a well-shaped spherical
form using a precipitation method (Grumezescu
et al., 2013b). It was shown that the nanoparticles
were well-individualized and homogeneous in
size. The UA was entrapped in the magnetic
nanoparticles during preparation. These nanos-
tructures were tested on planktonic cell growth
and biofilm development on Gram-positive
S. aureus and E. faecalis and on Gram-negative
E. coli and P. aeruginosa reference strains. UA-
functionalized Fe3O4 nanoparticles displayed
improved anti-pathogenic activity against E. fae-
calis and E. coli tested strains, as compared with
the magnetite control, without UA. This magnetic
nanosystem also revealed a significant effect on
the E. faecalis and E. coli biofilm inhibition in a
concentration-dependent manner. Despite the

great antibiofilm activity observed for E. faecalis
and E. coli, in case of P. aeruginosa biofilms, no or
very low inhibitory effects were observed
(Grumezescu et al., 2013b). Functionalized mag-
netite nanoparticles also proved to be efficient
against fungal biofilm development.

Recently developed modified wound dres-
sings coated with magnetite nanoparticles exhibit
enhanced anti-adherence and anti-biofilm effects
against the versatile Candida tropicalis. The nano-
modified wound dressing surfaces do not allow
C. tropicalis biofilm formation. Both early and
mature biofilm formation phases were signifi-
cantly impaired when the modified wound dres-
sings were used. Furthermore, the effect of nano-
modified bioactive wound care materials seems
to be highly stable during time, because its activ-
ity is maintained for at least 3 days (Holban et al.,
2013a,b).

A hybrid nanomaterial composed from
Fe3O4, PEG600, and C. maxima exhibited antibac-
terial activity on E. coli, S. aureus, and E. faecalis
strains. The in vitro assay also demonstrates the
influence of the magnetic biomaterial on bacte-
rial adherence to cellular and inert substrata
and biofilm development, suggesting that this
material could be used for the development of
novel antimicrobial materials with anti-adherent
properties (Saviuc et al., 2011a).

Anghel et al. (2012a) reported the successful
fabrication of functionalized magnetite (Fe3O4/
C18), with an average size not exceeding 20 nm,
that has been synthesized by precipitation of fer-
ric and ferrous salts in aqueous solution of oleic
acid (C18) and NaOH. The functionalized magne-
tite was further used for coating textile wound
dressings and designed to treat different wounds.
The results of this study demonstrated that the
nano-modified textile dressings are more resistant
to Candida albicans attachment and biofilm forma-
tion, as compared with the uncoated dressings.
These data suggest that magnetite-based nano-
coated surfaces may be useful for the prevention
of wound contamination, and also for the treat-
ment of infected wounds (Anghel et al., 2012a).

574.2 NANOPARTICLES WITH BIOMEDICAL APPLICATIONS

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES



Magnetic nanoparticles of Fe3O4/C18 also
interfered with adherence to cellular and
inert substrata of clinical isolated Candida
species. A recent study proved that Fe3O4/
C18 nanoparticles have the ability to differ-
ently impair yeast biofilms in a species-
dependent manner. The results revealed
that the biofilm inhibition decreases in the fol-
lowing order: C. albicans.C. tropicalis.
C. glabrata. S. cerevisiae.C. krusei.
C. famata, and this phenotype is correlated
with early germ tube production. The in vitro
fungal attachment to the cellular substratum
was also reduced in the presence of magnetite
nanoparticles, suggesting that they may be
used for obtaining improved surface materi-
als with anti-adherence properties (Chifiriuc
et al., 2013b).

In 2011, Saviuc and collaborators obtained
Fe3O4/C18 nanostructures by using the Massart
method adapted for microwave conditions
(Saviuc et al., 2011b). To achieve improved anti-
adherent activity, the extra-shell, consisting of
diluted A. graveolens, was applied by adsorption
in a secondary covering treatment (Saviuc et al.,
2011b). Their dynamic study of development of
fungal biofilms on the glass cover slips and,
respectively, on essential oil-based nanosystems
revealed that at 48 h of incubation, the develop-
ment of fungal biofilms on coated coverslips was
much more reduced and exhibited simplified
architecture of CLSM images of the uncoated cov-
erslips inoculated with C. tropicalis�tested strains
and showed mature and compact biofilm with
pseudohyphae and pluristratified zones and rare
adherent cells to the coated coverslip, whereas
the C. famata�tested strain showed an adherence
pattern “in patches” for the macrocolonies
formed by adherent fungal cells on uncoated cov-
erslips and rare isolated yeast cells adhered to
nanosystem-coated surface (Saviuc et al., 2011b).

Similar magnetite nanostructures functiona-
lized with UA evidenced a reduced number of
adherent bacteria and a simplified structure of
the biofilm as compared with the biofilm

developed on the coverslips coated with iron
oxide nanoparticles, which revealed a more
complex architecture and nonhomogenous dis-
tribution on the coverslip, with dense pluristra-
tified macrocolonies separated by free bacterial
cell areas, probably functioning as water chan-
nels (Grumezescu et al., 2011c).

The Ralvia officinalis�coated nanoparticles
strongly inhibited the adherence ability and bio-
film development on the catheter surface of the
C. albicans and C. tropicalis strains. These
materials-based approaches to controlling fun-
gal adherence could provide new tools for
studying mechanisms of fungal virulence and
biofilm formation, and also new approaches for
the design of film-coated surfaces or for treating
the surfaces of solid and fiber-based materials
that prevent or disrupt the formation of fungal
biofilms (Chifiriuc et al., 2012b).

Recent studies aimed to evaluate a novel nano-
biosystem based on magnetic nanofluid and
S. officinalis for coating the Provox voice section
prostheses surfaces with antibiofilm properties.
The synthesized nanobiosystem composed of
Fe3O4/C18/essential oils demonstrated a great
fungicidal effect and also altered fungal adher-
ence and biofilm development, as revealed by
the CLSM examination of the catheter sections
colonized with the tested C. albicans strains. The
analysis showed that the tested nanobiosystem
exhibited an intensive antibiofilm effect, as dem-
onstrated by a low number of yeast cells that
adhered to the coated surface (Anghel et al.,
2012b).

Limban et al. (2012) reported the synthesis
of new 2-((4-ethylphenoxy)methyl)-N-(substi-
tuted-phenylcarbamothioyl)-benzamides and
their usage as coatings for a core/shell nanos-
tructure. The purpose of this study was to
design a new nanosystem for catheter surface
functionalization with improved resistance to
S. aureus and P. aeruginosa colonization and
subsequent biofilm development. Viable cell
counts and SEM examination demonstrated
that the nano-coated surfaces inhibited both
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the initial attachment and biofilm development
of S. aureus and P. aeruginosa on the functiona-
lized catheter surfaces (Limban et al., 2012).

Natural Mentha piperita essential oil combined
with a 5-nm core/shell nanosystem-improved
surface also proved anti-adherence and antibio-
film properties (Anghel and Grumezescu, 2013).
This nanosystem acts as a controlled release
machine for the essential oil and is very efficient
for inhibiting biofilm formation; it is a good candi-
date for the design of novel material surfaces used
for prosthetic devices (Anghel and Grumezescu,
2013; Anghel et al., 2013b).

As the laser techniques continue to mount,
they have been adopted in chemistry, biotech-
nology, and biomedical fields, where they are
mainly used for the deposition of thin bioactive
films (Figures 4.3 and 4.4).

Mihaiescu et al. (2013) reported the fabrica-
tion and deposition of magnetite/salicylic
acid/silica-shell/antibiotics (Fe3O4/SA/SiO2/
ATB) thin films by matrix-assisted pulsed laser
evaporation (MAPLE) to inert substrates.
Fe3O4/SA/SiO2/ATB thin films inhibited the
ability of microbial strains to initiate and
develop mature biofilms in a strain-dependent
and antibiotic-dependent manner (Mihaiescu
et al., 2013).

In another study, Grumezescu et al. (2014)
reported that magnetic polylactic-co-glycolic acid-
polyvinyl alcohol (PLGA-PVA) microspheres
were loaded with UA, and these nanostructures
were used to obtain coatings by MAPLE deposi-
tion of the thin films. The bio-nano-active�
modified surface inhibited the initial attachment
of S. aureus to coated surfaces and also their con-
trol of biofilm formation and their development
to mature biofilms.

4.2.3 The Biocompatibility of Magnetite
Nanoparticles

Preparation and characterization of magnetic
composite scaffolds including the morphology,
crystallinity, and the in vitro efficacy as drug
delivery vehicles as well as their influence on
the eukaryotic cells and the whole host body
represent the most important parameters that
are important in the establishment of the bio-
medical application of the system.

4.2.3.1 Biocompatibility Evaluation of
Magnetite Nanoparticles at the
Cellular Level

The first step in the evaluation of magnetite
nanoparticles effect on cells is to look at cellular

CHCl3
Nanofluid

DMSO
Dispersion

Maple

Immersion
in nanofluid

Irregular
deposition

Thin films
and coatings

FIGURE 4.3 Different coating techniques of medical devices. Immersion in nanofluid versus MAPLE technique.
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morphology and viability. There are many
methods that can reveal the condition of cells in
the presence of nanoparticles. First, the easiest
methods are by optic or fluorescent microscopy.
These methods provide information regarding
the modification of cellular shape, attachment to
substrate, integrity of cellular membrane, and
the number of vacuoles. For the evaluation of
cellular viability, fluorescent microscopy is used
widely. The cells are marked with fluorescent
dyes that enter the cells; by the action of cellular
enzymes these dyes become fluorescent, sug-
gesting that cells are viable and metabolic active.

For detection of apoptosis, cells can be stained
with annexin V, Hoechst, propidium iodide,
DAPI, and trypan blue, and analyzed both by
fluorescent microscopy and flow cytometry
(Cimpean, 2006). Fe3O4/Au nanoparticles syn-
thesized by reducing metal salts in the presence
of oleylamine and oleic acid could offer the possi-
bility of functionalization of these nanoparticles
with different molecules. The interaction with
cells and the cytotoxicity of the Fe3O4/Au were
determined on incubation with the HeLa cell
line. These nanoparticles showed no cytotoxicity
when evaluated by the MTT assay and a higher
level of accumulation in the cells for glucose-
conjugated nanoparticles (Salado et al., 2012). For

better biocompatibility, magnetic nanoparticles
require surface modification to promote dispersi-
bility in aqueous solutions. In vitro studies con-
firmed that the silica layer significantly reduced
cellular toxicity as assessed by MTT assay. The
results showed an increase in cell viability and
reduction in reactive oxygen species (ROS) pro-
duction during 48 h of culture (Singh et al., 2012).
Other studies that tested several functionalized
magnetite nanoparticles, including those pre-
pared with silane and silica, show that not only
nanoparticles could determine cytotoxicity but
also the nutrient medium and the time of suspen-
sion before exposure to cells also contribute to
nanoparticles cytotoxicity (Mbeh et al., 2012).

Another step in the investigation of cellular
biocompatibility with magnetite nanoparticles is
evaluating the cellular metabolism. The assays
that are most frequently used are MTT assay,
LDH assay, BrdU assay, cell cycle assays, and
TUNEL assay. MTT and LDH assays are based
on measuring the activity of mitochondrial and
cytosolic enzymes that transform the tetrazo-
lium compound MTT in formazan, or on mea-
suring the level of LDH that is rapidly released
on damage of the cell membrane. Another pop-
ular test is the BrdU (5-bromo-2-deoxyuridine)
assay, which permits the evaluation of cell

FIGURE 4.4 The microbial growth on a surface of a regular catheter and on modified nanobioactive surfaces, deposited
as thin films.
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proliferation (Cimpean, 2006). An important
parameter in the evaluation of toxicity of mag-
netite nanoparticles is the level of oxidative
stress in the cells that is thought to be the main
cause of cell toxicity. Oxidative stress appeared
when damaging oxidants also known as ROS,
such as hydrogen peroxide and hydroxyl radi-
cals, cannot be reduced by protective antioxi-
dants such as vitamin C, glutathione, catalase,
superoxide dismutase, and various peroxidases.
The accumulation of oxidants eventually leads
to destruction of cellular proteins, enzymes,
lipids, and nucleic acids, and finally to cell apo-
ptosis and necrosis. ROS can be generated from
the surface of magnetite nanoparticles, the
leaching of metal ions from the core, or release
of oxidants by enzymatic degradation of the
magnetite nanoparticles. ROS production can be
measured using dichlorofluorescein diacetate
fluorescent probe (Markides et al., 2012).
Evaluation of the in vitro biocompatibility of
33 nm Fe3O4/FITC-MSNs/PEG nanoparticles
using the MTT assay showed that in all the cell
lines tested (HeLa, PC-12, and HCT-116 cell
lines), the viability was not affected after 12 h of
exposure to up to 200 μg/mL nanoparticles (Lin
and Haynes, 2009). The concentration of Fe3O4

nanoparticles is another parameter that is very
important for the viability of the cells. After 24 h
of incubation with 10 mM of Fe3O4 nanoparti-
cles coated by sodium oleate or PEG more than
90% and 70%, respectively, of cell viability was
achieved. However, when the concentration of
Fe3O4 nanoparticles was 20 mM, cell viability
was lower than 60% even though the incubation
time was only 4 h. Furthermore, the results
showed that the toxicity of Fe3O4 nanoparticles
coated by sodium oleate was lower than that of
Fe3O4 nanoparticles coated by PEG. Prussian
blue staining of fibroblast cell line 3T3 incubated
with 2 mM Fe3O4 nanoparticles coated by
sodium oleate for 4 h showed no changes in the
quantity and shape of 3T3 cells, suggesting that
Fe3O4 nanoparticles can be considered to be bio-
compatible (Sun et al., 2007). Because of their

potential in vivo biomedical applications such as
targeted drug delivery, cancer cell diagnostics,
and therapeutics, the biocompatibility of Fe3O4

nanoparticles should be evaluated not only in
normal cell lines but also in cancer cell lines.
After incubation of normal fibroblast WI-38 cell
lines, normal glia cell lines (SVGp12), glia cancer
cell lines (D54MG, G9T/VGH, SF126, U87,
U251, and U373), normal breast epithelial cell
lines (H184B5F5/M10), and breast cancer cell
lines (MB157, SKBR3, and T47D) with Fe3O4

nanoparticles at maximum exposure dosage
(100 μg/mL) for 72 h, the cells responded differ-
ently. Fe3O4 nanoparticles are nontoxic for all
cell lines tested in the range of 0.1�10 μg/mL.
In SKBR3 and T47D cell lines, cell injuries were
clearly visible. However, in the rest of the cell
lines, nanoparticles entered into the cell mem-
brane and nucleus, suggesting that there are
attractive forces between the cell membrane and
nanoparticles (Ankamwar et al., 2010). Cellular
interactions of lauric acid and dextran-coated
magnetite nanoparticles evaluated with two
different cell lines (mouse fibroblast and human
cervical carcinoma) showed that lauric
acid�coated magnetite nanoparticles were less
cytocompatible than dextran-coated magnetite
nanoparticles and cellular uptake of lauric
acid�coated magnetic nanoparticles was much
higher than that of dextran-coated magnetite
nanoparticles. Therefore, coating plays an
important role in modulation of biocompatibil-
ity and cellular interaction of magnetite nano-
particles (Pradhan et al., 2007). Because some
magnetite nanoparticles are designed for track-
ing cells to their destination in vivo and are
administrated intravenously, it is important to
test the compatibility of these nanoparticles with
blood cells. The in vitro biocompatibility with
human red blood cells of apatite-coated magne-
tite nanoparticles showed no hemolytic effects
at concentrations lower than 3 mg/mL
(Múzquiz-Ramos et al., 2013). The in vitro inter-
action of animal hemoglobin with biocompatible
magnetite nanoparticles showed a hemolytic
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effect in many cases. There are two possible
ways that the magnetite nanoparticles influence
the heme energetic levels—either electronic or
vibrational—by interacting with heme from
released hemoglobin molecules or by exerting
chronic magnetic exposure on the heme iron
after the addition to the red blood cell mem-
branes, but further investigations should be
addressed (Creangă et al., 2009).

4.2.3.2 Biocompatibility Evaluation of
Magnetite Nanoparticles at Biochemical
and Molecular Level

The evaluation of proinflammatory potential
of magnetite nanoparticles can be assessed by
enzyme-linked immunosorbent assay (ELISA)
for interleukin (IL)-1, IL-3, IL-6, IL-12, and IFNγ.
Superparamagnetic iron oxide nanoparticles
(SPION) exposure to human fibroblasts caused
the increase in expression of genes involved in
cell signaling, including integrin subunits, tyro-
sine kinases, protein kinase C family (α/δ/θ/ζ),
and actin filaments, suggesting that SPION can
have an impact on signaling transduction path-
ways (Soenen et al., 2010). A study conducted
on pancreatic islet cells labeled with Resovist
(carboxydextran-coated SPION, MRI agent),
revealed that insulin expression in labeled islets
was significantly elevated (Kim et al., 2009). The
proliferation of cells can be determined by
molecular biology techniques following genes
involved in cell-cycle progression. Studies on
mesenchymal stem cells showed that in the
presence of SPION, the expressions of hyper-
phosphorylated retinoblastoma tumor suppres-
sor protein pRb, cyclins, and cyclin-dependent
kinases, such as cyclins B, D1, E, CDK2, and
CDK4, were increased, demonstrating a stimu-
lation of cell proliferation (Huang et al., 2009).
The pH and Ca21 are also parameters that are
very important for maintaining cellular homeo-
stasis. The interactions of red blood cells and
Caco-2 cells with 11-nm magnetic iron oxide
nanoparticles showed that the nanoparticles do
not have a significant influence on the pH and
Ca21 content of Caco-2 cells, whereas in red

blood cells the intracellular pH was slightly
reduced (Moersdorf et al., 2010). In vivo studies
showed that when mice were treated with dif-
ferent concentrations of magnetite nanoparticles
by a single intratracheal instillation, they pre-
sented a decreased level of intracellular reduced
glutathione (GSH) in the cells of bronchoalveo-
lar lavage fluid. Also, the concentrations of IL-1,
TNF-α, and IL-6 pro-inflammatory cytokines
were dose-dependently increased in the alveolar
cells and in the blood. The same authors dem-
onstrated that the expressions of many genes
related to inflammation and tissue damage are
significantly induced (Park et al., 2010).

Another interesting study evaluated the cyto-
toxic, genotoxic, and inflammatory responses of
nanoparticles from photocopiers. In epithelial
cells, the level of cytokines IL-8, VEGF, EGF, IL-
1α, TNF-α, IL-6, and GM-CSF was significantly
elevated and apoptosis was also induced, con-
sistent with the upregulation of key apoptosis-
regulating genes p53 and caspase 8 (Khatri
et al., 2013). Macrophages and normal hepato-
cytes treated with SPIONs revealed that at a
dose of more than 25 μg/mL, nanoparticles
become cytotoxic. However, the macrophage
cells and hepatocytes responded differently to
the SPIONs. The liver cells present protein bind-
ing to iron while macrophages take-up foreign
particles via phagocitosis (Shubayev et al.,
2009). Lipid peroxidation evaluated by TBARS
assay indicated oxidative stress as a self-defense
antioxidant response (Priprem et al., 2010).

4.2.3.3 Biocompatibility Evaluation of
Magnetite Nanoparticles Using Animal
Models

Data revealing no toxicity via in vitro tests can
then be moved to in vivo studies. For in vivo
studies, mice are the most used animal models.
Validation tests include histology analysis on
major metabolic sites (liver, pancreas, kidney,
and brain) to look for signs of magnetite nano-
particles spreading and accumulation. Sections
could be stained for iron by Prussian blue stain
and caspase 3 as an indicator for apoptosis
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within these areas. The results obtained in vitro
may not be the same with in vivo results. This
may be attributed to the facts that in organisms
there are homeostasis processes that try to elimi-
nate or arrest the unknown particles. Studies
revealed that Balb/c mice injected intravenously
or intraperitoneally with apatite-coated magne-
tite nanoparticles in doses ranging from 100 to
2,500 mg/kg showed normal kidney and liver
function. No significant changes were found in
body weight or organ weight, and iron levels in
liver were unchanged (Gomaa et al., 2012). For
successful application of nonmaterial in biosci-
ence, it is essential to evaluate mutagenicity and
genotoxicity potential using short-term and
long-term experimental models. Salmonella typhi-
murium strains were cultivated in the presence of
magnetite nanoparticles at concentration ranging
from 10 to 70 ppm. The mutagenic potential of
nanoparticles was evaluated using the
Salmonella Ames test in the presence and the
absence of metabolic activation with S9-liver
extract. The results showed significant muta-
genic activity at 70 ppm and higher concentra-
tions (Szalay et al., 2012). In a rat model after
iron oxide nanoparticles exposure, the results
based on pathological examination indicated no
abnormalities in the exposed rat organs except in
lungs. In the treated rats, the lungs revealed
focal, interstitial inflammation and weak pulmo-
nary fibrosis developed by the end of the
first month (Szalay et al., 2008). Recent results
revealed that iron oxide nanoparticles may
induce inflammatory responses via oxidative
stress in the lungs and also may lead to the for-
mation of microgranuloma (Park et al., 2010). All
these data show that the behavior of magnetite
nanoparticles is influenced by the type of cells.
Liver cells that present iron binding protein are
more resistant to magnetite nanoparticles than
immune cells or endothelial cells (Khatri et al.,
2013). The magnetite nanoparticles should be
tested on specific cell types according to their
destination for a better determination of the cyto-
toxicity effect (Dousset et al., 2008). Once the
magnetite nanoparticles have entered the body,

they come into direct contact with all
biological macromolecules and tissues found
nearby. Studies revealed that some biomolecules
may bind to the surface of the magnetite
nanoparticles and are able to form a
multilayered complex of molecules around
nanoparticles. Physicochemical properties of
magnetite dictate the binding pattern of the bio-
molecules and affect the interaction with various
cells (Markides et al., 2012). SPIONs nanoparti-
cles have been used in diagnostics as a contrast
agent in MRI and magnetic resonance angiogra-
phy (MRA). The transport of most of the contrast
agents is by intravenous administration, and suc-
cessful delivery depends on the size of the
particle that has to pass through the vascular
capillary wall. Depending on their size, charge,
and the configuration of the coating (Stella et al.,
2000; Pankhurst et al., 2003), these nanoparticles
are metabolized by the reticuloendothelial sys-
tem (RES) consisting of monocytes and macro-
phages. These cells accumulate in lymph nodes
and the spleen as well as in the liver, and are
favored for the uptake of SPIONs and influence
the delivery time and the diffusion to certain tis-
sues (Hofmann-Amtenbrink et al., 2009).

4.3 CONCLUSIONS

In conclusion, nanoparticles have to be highly
specific and efficient, and they should be rapidly
internalized by the target cells. These characteris-
tics are limited by several factors: (i) nanoparticle
aggregation; (ii) the short half-life of the nanopar-
ticles in blood circulation (when nanoparticles
agglomerate, or adsorb plasma proteins, they are
quickly eliminated from the bloodstream by
macrophages of the mononuclear phagocyte
system before they can reach the target cells);
(iii) the low efficiency of the intracellular uptake
of nanoparticles; and (iv) nonspecific targeting.
The coating and functionalization of nanoparti-
cles could improve their specific application and
their biocompatibility in the human body. The
ultimate challenge after in vivo animal tests is the
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use of nanoparticles in human clinical trials
(Figure 4.5) that are controlled by regulatory
bodies such as the Food and Drug Agency
(FDA). For this reason, extensive safety assess-
ment of these particles must be performed to sat-
isfy not only the regulators but also the patient.

In recent years, the number of types of mag-
netite nanoparticles has increased very rapidly.
There is an enormous variety of particles avail-
able both commercially and in research (Figure
4.5), and this makes it very difficult to provide
a certain answer regarding the questions of
whether magnetite nanoparticles are toxic. A
large number of in vitro toxicity investigations
have shown no adverse side effects; however,
long-term in vivo studies should be addressed
to improve the applications of magnetite
nanoparticles.
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vitro assay of the antimicrobial activity of Fe3O4 and
CoFe2O4/oleic acid—core/shell on clinical isolates of
bacterial and fungal strains. Optoelect. Adv. Mat. R.
Comm. 4, 1798�1801.

Grumezescu, A.M., Saviuc, C., Holban, A., Hristu, R.,
Stanciu, G., Chifiriuc, C., et al., 2011a. Magnetic chitosan
for drug targeting and in vitro drug delivery response.
Biointerface Res. Appl. Chem. 1, 160.

Grumezescu, A.M., Andronescu, E., Ficai, A., Saviuc, C.,
Mihaiescu, D., Chifiriuc, M.C., 2011b. Deae-cellulose/
Fe3O4/cephalosporins hybrid materials for targeted
drug delivery. Rom. J. Mat. 41, 383�387.

Grumezescu, A.M., Saviuc, C., Chifiriuc, M.C., Hristu, R.,
Mihaiescu, D.E., Balaure, P., et al., 2011c. Inhibitory
activity of Fe3O4/oleic acid/usnic acid—core/shell/
extra-shell nanofluid on S. aureus biofilm development.
IEEE T. NanoBioSci. 10, 269�274.

Grumezescu, A.M., Ficai, A., Ficai, D., Prdean, G.,
Chifiriuc, M.C., 2012a. Polymeric magnetic silica micro-
spheres as a drug loader for antimicrobial delivery sub-
stances. Digest J. Nanomat. Biosctruct. 7, 1891�1896.

Grumezescu, A.M., Holban, A.M., Andronescu, E., Ficai,
A., Bleotu, C., Chifiriuc, M.C., 2012b. Water dispersible
metal oxide nanobiocomposite as a potentiator of the
antimicrobial activity of kanamycin. Lett. Appl.
NanoBioSci. 1, 77�82.

Grumezescu, A.M., Holban, A.M., Andronescu, E.,
Mogosanu, G.D., Vasile, B.S., Chifiriuc, M.C., et al.,
2013a. Anionic polymers and 10 nm Fe3O4@UA wound
dressings support human fetal stem cells normal devel-
opment and exhibit great antimicrobial properties. Int.
J. Pharm. 463, 146�154.

Grumezescu, A.M., Cotar, A.I., Andronescu, E., Ficai, A.,
Ghitulica, C.D., Grumezescu, V., et al., 2013b. In vitro
activity of the new water dispersible Fe3O4@usnic acid
nanostructure against planktonic and sessile bacterial
cells. J. Nano Res. 15, 1766.

Grumezescu, V., Holban, A.M., Grumezescu, A.M., Socol,
G., Ficai, A., Vasile, B.S., et al., 2014. Usnic acid loaded
biocompatible magnetic PLGA-PVA microspheres thin
films fabricated by MAPLE with increased resistance to
staphylococcal colonization. Biofabrication. 6, 035002.

Hofmann-Amtenbrink, M., von Rechenberg, B., Hofmann,
H., 2009. Superparamagnetic nanoparticles for biomedi-
cal applications. In: Tan, M.C. (Ed.), Nanostructured
Materials for Biomedical Applications. Transworld
Research Network, 37/661 (2), Fort P.O., Trivandrum-
695 023, Kerala, India.

Holban, A.M., Bleotu, C., Chifiriuc, M.C., Lazar, V., 2013a.
Control of bacterial virulence by cell-to-cell signalling mole-
cules. In: Méndez-Vilas, A. (Ed.), Microbial Pathogens and
Strategies for Combating them: Science, Technology and
Education. Formatex Research Center, Spain, pp. 311�321.

65REFERENCES

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES

http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref9
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref9
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref9
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref9
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref9
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref9
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref9
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref9
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref9
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref10
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref10
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref10
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref10
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref10
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref11
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref11
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref11
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref11
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref11
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref12
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref12
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref12
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref12
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref12
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref12
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref13
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref13
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref13
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref13
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref13
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref14
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref14
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref15
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref15
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref15
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref15
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref16
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref16
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref16
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref16
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref16
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref16
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref17
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref17
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref17
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref17
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref18
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref18
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref18
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref19
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref19
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref19
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref19
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref19
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref21
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref21
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref21
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref21
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref22
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref22
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref22
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref22
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref22
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref22
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref22
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref23
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref23
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref23
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref23
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref23
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref23
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref23
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref23
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref24
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref24
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref24
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref24
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref24
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref25
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref25
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref25
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref25
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref25
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref25
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref26
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref26
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref26
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref26
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref26
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref26
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref26
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref26
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref26
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref26
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref27
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref27
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref27
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref27
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref27
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref27
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref27
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref28
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref28
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref28
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref28
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref28
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref29
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref29
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref29
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref29
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref29
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref29
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref30
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref30
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref30
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref30
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref30
http://refhub.elsevier.com/B978-0-12-801317-5.00004-9/sbref30


Holban, A.M., Grumezescu, A.M., Ficai, A., Chifiriuc, M.C.,
Lazar, V., Radulescu, R., 2013b. Fe3O4@C18-carvone to
prevent Candida tropicalis biofilm development. Rom. J.
Mat. 43 (3), 300�305.

Holban, A.M., Gestal, M.C., Grumezescu, A.M., 2014a.
New molecular strategies for reducing implantable
medical devices associated infections. Curr. Med. Chem.
accepted.

Holban, A.M., Grumezescu, A.M., Gestal, M.C., Mogoanta,
L., Mogosanu, G.D., 2014b. Novel drug delivery magne-
tite nano-systems used in antimicrobial therapy. Curr.
Org. Chem. 18, 185�191.

Hu, C.M.J., Fang, R.H., Copp, J., Luk, B.T., Zhang, L., 2013.
A biomimetic nano sponge that absorbs pore-forming
toxins. Nat. Nanotechnol. 8, 336�340.

Huang, D.M., Hsiao, J.K., Chen, Y.C., Chien, L.Y., Yao, M.,
Chen, Y.K., 2009. The promotion of human mesenchy-
mal stem cell proliferation by superparamagnetic iron
oxide nanoparticles. Biomaterials 30, 3645�3651.

Khatri, M., Bello, D., Pal, A.K., Cohen, J.M., Woskie, S.,
Gassert, T., et al., 2013. Evaluation of cytotoxic, geno-
toxic and inflammatory responses of nanoparticles from
photocopiers in three human cell lines. Part. Fibre
Toxicol. 10 (42), 1�22.

Kim, H.S., Choi, Y., Song, I.C., Moon, W.K., 2009. Magnetic
resonance imaging and biological properties of pancre-
atic islets labeled with iron oxide nanoparticles. NMR
Biomed. 22, 852�856.

Li, X.Z., Nikaido, H., 2004. Efflux-mediated drug resistance
in bacteria. Drugs 64, 159�204.

Limban, C., Grumezescu, A.M., Saviuc, C., Voicu, G.,
Chifiriuc, C., 2012. Optimized anti-pathogenic agents
based on core/shell nanostructures and 2-((4-ethyl-
phenoxy)methyl)-N-(substituted-phenylcarbamothioyl)-
benzamides. Int. J. Mol. Sci. 13, 12584�12597.

Lin, Y.S., Haynes, C.L., 2009. Synthesis and characterization
of biocompatible and size-tunable multifunctional porous
silica nanoparticles. Chem. Mater. 21, 3979�3986.

Lipinski, C., Hopkins, A., 2004. Navigating chemical space
for biology and medicine. Nature. 432, 855�861.

Markides, H., Rotherham, M., El Haj, A.J., 2012.
Biocompatibility and toxicity of magnetic nanoparticles
in regenerative medicine. J. Nanomat. 12, 1�11.

Mauricio, M., Ribeiro de Barros, H., Guilherme, M.R.,
Radovanovic, E., Rubira, A., De Carvalho, G., 2013.
Synthesis of highly hydrophilic magnetic nanoparticles
of Fe3O4 for potential use in biologic systems. J. Colloids
Surf. A Physicochem. Eng. Aspects 417, 224�229.

Mbeh, D.A., França, R., Merhi, Y., Zhang, X.F., Veres, T.,
Sacher, E., et al., 2012. In vitro biocompatibility assess-
ment of functionalized magnetite nanoparticles: biologi-
cal and cytotoxicological effects. J. Biomed. Mater. Res.
A. 100, 1637�1646.

Meng, H., Zhang, Z., Zhao, F., Qiu, T., Yang, J., 2013.
Orthogonal optimization design for preparation of
Fe3O4 nanoparticles via chemical coprecipitation. Appl.
Surf. Sci. 280, 679�685.

Mihaiescu, D.E., Grumezescu, A.M., Mogosanu, D.E.,
Traistaru, V., Balaure, P.C., Buteica, A., 2011.
Hybrid organic/inorganic nanomaterial for con-
trolled cephalosporins release. Biointerface Res.
Appl. Chem. 1, 41.

Mihaiescu, D.E., Horja, H., Gheorghe, I., Ficai, A.,
Grumezescu, A.M., Bleotu, C., et al., 2012. Water soluble
magnetite nanoparticles for antimicrobial drugs deliv-
ery. Lett. Appl. NanoBioSci. 1, 45�49.

Mihaiescu, D.E., Cristescu, R., Dorcioman, G., Popescu, C.,
Nita, C., Socol, G., et al., 2013. Functionalized magnetite
silica thin films fabricated by MAPLE with antibiofilm
properties. Biofabrication 5, 015007.

Moersdorf, D., Hugounenq, P., Truonc Phuoc, L., Mamlouk
Chaouachi, H., Felder-Flesch, D., Begin-Colin, S., et al.,
2010. Influence of magnetic iron oxide nanoparticles on
red blood cells and Caco-2 cells. Adv. Biosci. Biotechnol.
1, 439�443.

Moy, T., Ball, A.R., Anklesaria, Z., Casadei, G., Lewis, K.,
Ausubel, F.M., 2006. Identification of novel antimicro-
bials using a live-animal infection model. Proc. Natl.
Acad. Sci. U.S.A. 103, 10414�10419.
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5.1 INTRODUCTION

Photodynamic therapy (PDT) is a new treat-
ment for infections that involves the killing of
bacteria and other microorganisms through the
use of a combination of harmless light and a
nontoxic but light-activated dye known as a
photosensitizer (PS). The PS, when activated,
produces radical oxygen species (ROS) by one
of two different pathways known as type 1 and
type 2. These ROS, once produced, have been
proven to be highly effective at killing cancer
and bacterial cells, but they have also demon-
strated similar effects against fungi and viruses
as well (Zeina et al., 2001; Huang et al., 2010;
Kessel, 2014).

As far as is known, PDT was first mentioned
as a treatment for leprosy by an ancient
Egyptian text, the Ebers Papyrus, and a Hindu

text, the “Arthava veda,” dating to approxi-
mately 1550 BC. The practice continued to be
mentioned, appearing in the Buddhist Chinese
literature in approximately 200 AD, and in the
Sung period in approximately the 10th century;
the Islamic Caliphate scholar Ibn El Bitar also
described treatments involving honey and
powdered seeds being exposed to sunlight
during the Islamic “golden age” of the 13th
century (Wyss et al., 2000; Magicray.ru, http://
www.magicray.ru/ENG/lecture/L2/2.html).

However, despite this long history, PDT as
it is currently used was only first explored in
detail in the final years of the 19th century by a
German Scientist named Oskar Raab. Raab
accidently discovered that the combination of
acridine orange solution, a dye, with sunlight
resulted in the killing of Paramecia, an effect
that was not perceived when light was absent.
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As a result, with the assistance of his mentor,
Professor H. von Tappeiner, he hypothesized
that the fluorescent dyes converted the sunlight
into chemical energy, resulting in the killing
of the Paramecia. von Tappeiner, along with
A. Jodlbauer, would later go on to test the use
of the technique against facial carcinoma;
while doing so, they coined the phrase
“Photodynamische wirkung” or “photodynamic
action” to describe the effect by which the
photoactivated dyes killed cells and required the
presence of oxygen (Krasnovsky, 2007).

Current studies involving PDT have concen-
trated on a wide variety of diseases, but they
are mostly divided into antimicrobial and anti-
cancer treatments. This chapter focuses on the
usage of PDT as a treatment for microbial
infections, specifically PDT that uses the closed
cage carbon allotrope, fullerenes, as a PS, and
how these fullerenes are modified and adapted
in multiple different ways to function as a PS
against microbial infections.

5.2 ANTIBIOTIC RESISTANCE
AND THE NEED FOR PDT

Antibiotic resistance is one of the most
challenging issues facing modern medicine
to date. There have been numerous efforts
to counter the adaption of bacteria to antibio-
tics, such as education of the public and
of health care personnel regarding the
importance of finishing courses of antibio-
tics, as well as thorough and frequent cleans-
ing of surfaces and surgical equipment;
however, despite this, the WHO describes
current rates of infection by antimicrobial-
resistant (AMR) microbes as “alarming”
in its 2014 surveillance report on AMR
(WHO, http://www.who.int/drugresistance/
documents/surveillancereport/en/). These
concerns are not unfounded. The increase
in MRSA in the developed world, for exam-
ple, has been widespread, with the CDC

estimating that there may have been as many
as 75,309 invasive cases of MRSA in the
United States in 2012, or approximately 23.99
cases per 100,000 US citizens (CDC, http://
www.cdc.gov/abcs/reports-findings/survre-
ports/mrsa12.pdf).

XDR TB (otherwise known as extensive drug-
resistant TB) is another emerging danger in the
field of multidrug-resistant infections with an
alarmingly poor prognosis. The CDC estimates
that it can be cured in only 30�50% of cases
(CDC, http://www.cdc.gov/tb/publications/
factsheets/drtb/xdrtb.htm). This growing body
of evidence has raised serious concerns about a
future where modern medicine has to make do
without antibiotics. So long a staple of our surgi-
cal techniques, medical prescriptions, and even
livestock farming, these drugs are rapidly
becoming obsolete. The ultimate outcome of this
situation has been widely speculated. The
WHO, for instance, goes so far as to say that “A
post-antibiotic era—in which common infections
and minor injuries can kill—far from being an
apocalyptic fantasy, is instead a very real possi-
bility for the 21st century” (WHO, http://www.
who.int/drugresistance/documents/surveillan-
cereport/en/).

There have been several calls for research
into newer types of antibiotics to combat these
infections, but this effort still requires signifi-
cant investments because pharmaceutical com-
panies remain rather reluctant to continue
investigation into new forms of antibiotics. To
many companies, the field appears to be one of
diminishing returns based on cost and timing
alone. For example, in the United Kingdom it
can take up to 12 years for new drugs to be
introduced as treatments, and expenditure
during this process may be as high as d1 billion
(approximately $1.68 billion at the time of writ-
ing). Although governments are looking for
ways to encourage pharmaceutical efforts to
find solutions, there are many who believe that
there most likely needs to be a more perma-
nent replacement for antibiotics (Stephens,
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2014) or at least a supplement to standard
treatment that can kill drug-resistant species
outright, and many competing treatments exist
that could be considered for this purpose (New
York Times, 2014).

Recently, PDT has entered the spotlight
because of its possibilities as such a treatment.
The broad-spectrum activity of PDT, includ-
ing the destruction of antibiotic-resistant bac-
teria, viruses, fungi, and even parasites, has
made it of considerable interest. Additionally,
though certain species of the microbes may
resist some doses/varieties of PDT, there have
not been any reports of adaptive resistance
being developed toward PDT in the same way
as toward antibiotics, and in vitro studies
reveal that adding higher doses of PS to these
hardier species will result in their destruction
(Dai et al., 2009). Of course, although this does
not rule out that resistance may be possible, it
does bode well for the treatment as a possible
replacement for antibiotics in the future. So far,
PDT has been successfully used for treating
infectious conditions as diverse as surgical
wounds, papilloma, acne, and biliary, and ongo-
ing research is investigating the use of PDT for
many others. Outside of the laboratory, PDT is
currently performed using 5-aminolevulanic
acid and phenothiazinium dyes in the fields of
dermatology and dentistry, and PDT has also
been demonstrated as a method of purification
of blood through the inactivation of viruses. As
such, PDT is an antibiotic alternative that is
growing steadily in popularity and it is thought
to be one that may prove to be of great impor-
tance in the future (Hamblin and Mroz, 2008;
Kharkwal et al., 2011).

5.3 PDT MECHANISM OF ACTION

5.3.1 Use as an Antimicrobial Treatment

To understand how PDT effectively func-
tions requires a detailed explanation, because

the mechanism by which the treatment affects
a microbial infection involves different effects
working in tandem. Although there are two
different photochemical pathways of PDT, type
1 and type 2, both lead to the same overall
product: reactive oxygen species and radical
chain reactions. Figure 5.1 shows graphically
how these two different photochemical path-
ways operate in photoexcited fullerenes. In
both cases, the PS absorbs photons from the
light source, which results in it being converted
to an excited state. During this excited state, in
type 1 reactions, a substrate (this being the
pathogenic cell in the case of PDT) donates an
electron forming the PS radical anion, which
then reacts with oxygen, resulting in produc-
tion of several different ROS such as superox-
ide and hydroxyl radicals; in type 2, the PS
reaches a long-lived excited triplet state with
which oxygen (under standard conditions, a

Type 1

RH

R + H+

HO HO–
1C60*

1C60

1C60

1C60

1C60

H2O2 O2

Type 2

hv

3O2

1C60 1C60

3C60*

hv

+

–

– –

* 3C60
3O2

*

1O2*

FIGURE 5.1 Diagram demonstrating type 1 and type 2
photosensitization of C60 fullerenes.
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triplet itself) can interact. This reaction results
in the energy transfer forming highly cytotoxic
singlet state oxygen, but this reactive species
only lasts for approximately 3 μs.

Thus far, PDT has been demonstrated to be
destructive to any biological tissue at high
enough doses, but it has proven most effective
against Gram-positive bacteria cells, in which
the PS can penetrate the peptidoglycan struc-
tures of the cell membranes and thus do major
damage inside these cells rather easily.

Gram-negative bacteria, like Escherichia coli,
are more difficult to treat with PDT because of
their unique double-layer membrane structure
that is difficult to effectively penetrate with
either PS or antibiotics. The most difficult of
the Gram-negative species to treat with PDT
are Pseudomonas, whose cell membrane has a
more efficient permeability barrier than the
majority of other Gram-negative species.
Gram-negative bacteria are susceptible to only
a few types of PS; however, when well-opti-
mized, this results in high levels of killing
(Caminos et al., 2006; Sperandio et al., 2013).

Fungal cells, such as Candida, are more diffi-
cult to kill than Gram-negative cells because of
their mannan layer composed of lipoteichoic
acid or beta-glucan, which makes penetration
even more difficult. Although fungal species
have been proven to be susceptible to a wider
range of PS than Gram-negative bacteria, they
require higher doses to achieve the same amount
of killing (Mroz et al., 2007a; Oleinick, 2011).

5.4 APPLICATIONS

5.4.1 Antiviral

There are a few different antiviral applica-
tions that have been demonstrated thus far by
PDT, namely the purification of blood through
the use of methylene blue as a PS and the use
of PDT for treatment of papillomatosis.

5.4.1.1 Papillomatosis

Recurrent respiratory papillomatosis (RRP)
is a condition associated with human papillo-
mavirus (HPV) that is characterized by papillo-
matous lesions, which are benign growths in
the mucosal layer of the upper respiratory tract
(Shikowitz et al., 1998). Recurrence of these
symptoms can be indicative of life-threatening
conditions (Lieder et al., 2014). Lee et al. (2010)
examined the use of PDT with a phthalocya-
nine PS for treating mice grafted with cotton-
tail rabbit skin and then infected with cottontail
rabbit papillomavirus; 0.6 or 1.0 mg/kg of the
PS were applied, along with 100 or 150 J/cm2

of 675 nm light. At lower doses, this treatment
proved to be ineffective with little regression of
the papilloma; however, at 1.0 mg/kg and
150 J/cm2 of light, there was “complete regres-
sion” of the papilloma at the site of infection
with a significant difference in the controls (P
value ,0.001). Follow-up analysis showed no
recurrence during the follow-up period, as
well as an absence of residual tumors by histo-
logical analysis. The conclusion of this was that
PDT “warrants further study as a treatment for
HPV-induced papillomas.”

There have been additional studies involv-
ing the use of PDT to treat other papilloma
conditions, such as papillomatosis of the bile
duct or biliary papillomatosis (BP), a rare
(Bechmann et al., 2008) condition (fewer than
100 cases have been reported in the cited litera-
ture) with high chances of progressing to carci-
noma. Bechmann et al. (2008) studied the use
of PDT (using 2 mg/kg of Photofrin IIs as the
PS and 633 nm light) to treat the condition in a
72-year-old patient; the patient demonstrating
limited recurrence of the papilloma after the
treatment and was treated with PDT again
until he died 4 years later of multiple organ
failure stemming from secondary biliary cir-
rhosis, not from cholestasis or cholangitis. This
is a significantly longer period of survival than
others with BP, who have an average survival
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time of 28 months. Quality of life using the
treatment was also apparently markedly
improved with the use of PDT. The conclusion
was that this treatment modality might be
suitable as a therapeutic option after resection
(the current treatment is Whipple treatment),
as well as for those not eligible for surgery.

Likewise, nasal inverted papilloma (NIP)
treatment with PDT has been examined by
Zhang et al. (2013), who applied ALA treat-
ment (5-aminolevulinic acid as a PS) using
635 nm of light and a fluence of 100�120 J/cm2

(applied using an endoscope) to three patients
with continued follow-up medical examina-
tions for 6 months. The result of the treatment
was complete regression of the NIP, with no
recurrence in the next 6�8 months. Despite
side effects of some pain, erosion, and exuda-
tion, the treatment was “well-tolerated” by the
patients. The authors concluded that PDT
“appears to be an effective treatment of [NIP].”

5.4.1.2 Blood Purification

One notable area suggested as a possible
application for PDT is that of blood/blood
product purification. The use of PDT as a
method of cleansing viruses from blood has
already been performed with methylene blue,
where the ROS produced as a result of the
photosensitization leads to the deactivation of
viruses within the blood. Methylene blue
is also nontoxic in the blood, so this method
of filtration is highly recommended. This
use of PDT was first approved in Germany
by the Red Cross in 1992 to deactivate the
hepatitis B and hepatitis C viruses, as well
as HIV, which had previously been transmit-
ted to patients during blood transfusion.
However, there are still risks associated with
transfusion of blood products that have been
purified in this manner because serological
tests cannot accurately determine if infection
has occurred during the window of opportu-
nity that follows infection. Nonetheless, despite

extensive testing in vivo to examine possible
side effects, there appear to have been none
discovered as of yet. For instance, in rabbits
(Yin et al., 2014a, b), there was no significant
damage to organs, and the treatment is
believed to be a safe and novel method for
inactivating blood-borne pathogens.

5.4.2 Dentistry

The use of PDT to treat bacterial biofilms
on teeth has been tested on ex vivo�extracted
teeth, specifically Enterococcus faecalis, the
pathogen most associated with endodontic
infections (Rocas et al., 2004). A study by
Soukos et al. (2006) claimed to have observed
97% killing of E. faecalis by using methylene
blue and exposure to 665 nm of light, pro-
vided that the dosage was increased from 30 to
222 J/cm2, whereas a later experiment by
Fonseca et al. (2008) demonstrating the use of
the PS toluidine blue and 660 nm of light
showed a decrease in colony-forming units
(CFU) of the same species by 99.9% in the
treated group. Similarly, encouraging results
were found by Garcez et al. (2007) against
Gram-negative species (Pseudomonas aeurginosa
and Proteus mirabilis) using a conjugate of
polyethylenimine and chlorin(e6) as a PS,
where 90% of the bacteria were killed with a
standard endodontic treatment, 95% were
killed with PDT, and 98% were killed with a
combined approach.

Despite these favorable results, however,
skepticism remains. According to Muhammad
et al. (2014), who compared ultrasound irriga-
tion with PDT using toluidine blue as the PS
and a 650-nm laser, the PDT treatment was
ineffectual over the period of time that it was
used. This point appears to vindicate the ear-
lier concerns of Siddigui et al. (2013), who
stated that use of PDT for removal of E. faecalis
was still “questionable.”
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5.4.3 Dermatology

Apart from dentistry, another field that has
begun to use PDT widely has been that of der-
matology, where the possible use of ALA-PDT
to combat acne (among other conditions) has
proven popular.

5.4.3.1 Acne

Treatment of acne by PDT has been widely
explored by dermatologists in recent years. For
example, Hongcharu et al. (2000), effectively
demonstrated that use of ALA-PDT leads to sig-
nificantly decreased acne lesions after 20 weeks
and four applications of PDT. The authors
reported that the effects of the PDT inhibited
multiple pathogenic factors of acne and sug-
gested that it could prove an interesting treat-
ment for the future. Akaraphanth et al. (2007)
also compared the use of ALA-PDT with blue
light alone for the treatment of acne, demon-
strating 71.1% reduction of inflamed lesion
counts seen on the patient, although at high cost
and with several side effects. More recently,
Mei et al. (2013) demonstrated rates of reduc-
tions in inflammatory lesions as high as 83.6%
using the technique, with no severe side effects.
Yin et al. (2014a, b) noted that when treating
cases of severe acne using ALA-PDT and an
ablative fractional laser, in addition to “good to
excellent” improvement in scarring in 85% of
patients tested, none of the 32 male and 8
female patients demonstrated recurrent acne
lesions, which is a highly promising result for
the future use of PDT for acne treatment.

5.4.4 Wounds

Multiple studies have explored the use of
PDT on surface wounds for antimicrobial
effects. Dai et al. (2009) reviewed how localized
infections can be treated with PDT and stated
that wounds are easily infected by microbes,
with surgical wounds accounting for “25%
of nosocomial infections.” In two studies by

Hamblin et al. (2002, 2003), mice were given
excisional wounds that were then infected with
bioluminescent E. coli and P. aeruginosa, and the
infection was monitored in real time through
the use of a charge-coupled camera. This infec-
tion was treated with polylysine (pL)�ce6 con-
jugate as a PS and 665 nm of light at a fluence
of 240 J/cm2. All three groups of control mice
(control, those treated with PS only, and those
treated with light only) died within 5 days,
whereas 90% of the PDT-treated mice survived
for the full 20-day duration of study.

Likewise, Zolfagari et al. (2009) demonstrated
that MRSA in wounds could also be effectively
killed using PDT; in their study, 100 μg/mL
MB was used as PS, with a 360-J/cm2 dose of
a 670-nm laser light applied. The result was a
25-fold decrease in the number of viable MRSA
in the wound. Wong et al. (2005) examined a
similar effect with Vibrio vulnificus, where
septicemia was well-established in the wound
with a bacterial inoculation nearly 100-times
more than the 50% lethal dose. When treated
with 100 μg/mL of TBO and exposed to
150 J/cm2 of broad-spectrum red light, 10 out
of 19 mice (53%) survived. Given the ability
of PDT in these studies to prevent death in
otherwise fatal infections of wounds, PDT
appears to be a promising alternative treat-
ment for surgical wounds, especially in the
case of MDR bacteria such as MRSA.

5.4.5 MRSA

As previously mentioned, PDT has proven
formidable against drug-resistant bacteria such
as MRSA, and considerable interest has been
expressed in both in vitro and in vivo studies
that can demonstrate the viability of PDT as
a treatment. One example of such a study is
that by Fu et al. (2013), who reviewed multiple
works on the subject and reached numerous
conclusions. It is unclear whether any method
by which MRSA can develop resistance toward
ROS exists, and use of PDT did not indicate
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major damage to the patients’ healthy tissues,
meaning that the treatment should be safe for
use in patients. Additionally, although some PS
demonstrate little bactericidal effects toward
MRSA, efflux mechanisms in MRSA might not
influence certain PS. As a result, although the
use of PDT topically against MRSA during clini-
cal practice may happen in the future, whether
it is an appropriate replacement for topical anti-
biotics will be determined by the development
of specific cellular delivery systems.

5.5 THE IDEAL PS

Many of the fundamental issues with PDT
mentioned in Section 1.3 stem from failures of
the PS; therefore, it can be considered impor-
tant to examine just what would make an
“ideal photosensitizer,” something that many
researchers, such as Pushpan et al. (2002),
Allison et al. (2004), and Kudinova and
Berenov (2009), have tried to analyze. First and
foremost, the potential PS must demonstrate a
high molar extinction coefficient, meaning that
it must be able to absorb photons efficiently.
Second, it must have a long-lived triplet state
with a high quantum yield, and also produce
large amounts of singlet oxygen. The PS should
be highly stable and also demonstrate negligi-
ble or no dark toxicity, meaning that unless it
is directly exposed to the wavelength required
for treatment, it will not cause damage to tis-
sues. This wavelength, too, should ideally be
comparatively long (between 700 and 850 nm)
to ensure that the treatment occurs with the
best possible light penetration into tissue, and
there should be as little quenching of the PS as
possible, because that results in the reduction
of the efficacy of the treatment. Taken together,
these attributes would result in increased selec-
tivity and comparatively high levels of bacte-
rial killing, something that would go a long
way to offset many of the perceived downsides
of PDT as a treatment.

5.5.1 Limitations

5.5.1.1 Penetration

Although PDT has been proven to be highly
effective in the local areas to which PS are
applied, it does have some limitations. One of
the most important of these limitations is low
penetration. When applied to a target area at
low doses, PDT PS have a tendency to have
limited uptake into the infectious organisms,
particularly in Gram-negative bacteria such as
E. coli, where the double membrane structure
of these bacteria, in addition to efflux pumps,
results in minimal uptake of drugs in general,
including both PS and antibiotics.

Because of this efflux and lack of penetra-
tion of the double membrane, the PS can
sometimes be activated outside of the target
cells, which results in greatly reduced amounts
of killing because the oxidative species are
unable to effectively attack the interior struc-
ture of the pathogen. That said, these issues are
somewhat offset by certain PS. Because most
microbial cells have an overall negative charge,
it is thought that positively charged PS can
bind to these charges on the outer layers of tar-
get cells and diffuse inward to the cellular inte-
rior, where they can do damage under
illumination. Even in the case of Gram-
negative bacteria, cationic compounds are able
to displace divalent magnesium and calcium
cations that play an important role in the struc-
tural integrity of the double membrane, allow-
ing the fullerene to penetrate the cell, in a
method referred to as “self-promoted uptake.”
Nonetheless, despite this advantage, PDT has
thus far been able to kill any biological tissue
in a large enough dose in vitro; in vivo, the PS
needs to be applied in comparatively large
doses to achieve the same amount of killing.

5.5.1.2 Nonspecificity

The nonspecificity of PDT in the antimicro-
bial role gives it a great advantage in dealing
with bacteria and other pathogens that might
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otherwise adapt to it and allows the therapy to
act as a broad-spectrum therapy against
viruses, fungi, and both Gram-negative and
Gram-positive bacteria. As previously stated,
PDT has been used to kill most forms of micro-
bial infection in vitro. However, this major
boon for the therapy is something of a double-
edged sword. Although the same PS can be
applied for many different pathogens, it might
not differentiate between the host tissue and
the pathogen at higher incubation times, and
there can be side effects as a result of poorly
targeted or use of an overly long incubation
time for the PS. Therefore, a great deal of time
and effort have been expended by research lab-
oratories the world over trying to analyze the
best manner in which to reduce uptake of vari-
ous PS in healthy tissue, but at the same time
promoting their uptake in the pathogens. In
the words of Fu et al. (2014), the successful
implementation of PDT will rely heavily on
being able to produce “high efficient inactiva-
tion of specific bacteria but minimal side
effects.” Therefore, the focus of much research
is on finding a PS as close to the “ideal” as
possible.

5.5.1.3 Side Effects

5.5.1.3.1 DAMAGE TO SURROUNDING TISSUE

PDT does not demonstrate specificity in
terms of targeting cells with the release of ROS.
As a result, it is very possible for oxidative
stress to occur in patients’ cells where the use of
the PS has not been restricted to the area of the
microbial infection, which undermines the case
for PDT as a safe treatment. There are methods
that can be used to reduce this damage and still
ensure the elimination of the pathogen.

Apart from variation of the dose of PS applied
and the choice of both a suitable wavelength and
dosimetry of light for the treatment, application
of the PS to the precisely correct area is also vital
for preventing photo damage to healthy cells,
even when applied topically. The most effective

optimization of the treatment, however, is to
vary the amount of time between the application
of the PS and the use of light on the afflicted
area. Because the PS is generally taken up by the
pathogenic cells much quicker than by host cells,
the result of this, given the correct time delay, is
that the PS is given enough time to be taken up
into a significant number of the targeted cells,
but not enough for it to be taken up into the non-
target host cells before the light is applied.

However, although these simple methods
do reduce damage of healthy tissue, they are
not necessarily the single most effective optimi-
zation of the treatment. Methods of modifying
the PS to be more selective toward microbial
vectors would in all likelihood be a consider-
ably more effective approach (some of which
are detailed in Section 1.7). Together with
choosing appropriate delivery vehicles, finding
the most effective photosensitive compounds
and modifying them appropriately allow us to
come closer to developing the “ideal PS.”

There are, of course, additional challenges
posed by PDT to the body. Certain PS demon-
strate the so-called dark toxicity, and can
damage cells without being exposed to light.
Although unmodified fullerenes show “low
toxicity,” according to Aschberger et al. (2010)
there are concerns. No short-term harmful
effects of functionalized fullerenes have yet to
be found, but no long-term effects can be or
have been extrapolated. With such uncertain-
ties, they go on to add that “it seems relevant
to clarify whether certain fullerene types may
potentially induce genotoxic and/or carcino-
genic effects via physiologically relevant
routes” (Ferreira et al., 2014).

5.5.1.3.2 RESISTANT PATHOGENS AND THE

DANGERS OF DEVELOPING A RESISTANCE

One of the most important features of PDT
is its ability to kill pathogens that antibiotics
simply cannot affect in vitro. Although there
has not yet been a case of a reported resistance
to PDT, certain cells can be highly resistant to
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PDT treatment, except at doses that would be
unacceptable during in vivo treatment, especially
Gram-negative bacteria. This issue is of course
compounded by the poor uptake of the PS in
some cases, and without a large enough dose
applied to the afflicted area there is a significant
risk that the pathogen can survive the damage.
This condition, continued over an extended
period, was in essence how antibiotic resistance
was first allowed to emerge, which is a deeply
concerning prospect if PDT is to be a permanent
replacement of traditional treatment.

As such, although PDT has demonstrated
clear benefits in both antimicrobial and
anticancer fields, without overcoming the chal-
lenge of resistant pathogens adequately, the
treatment could become defunct. It is therefore
of the utmost importance for the future of this
treatment to discover new PS that are capable of
eliminating these resistant bacteria without
allowing the development of resistance.

5.5.2 Optimization

As previously stated, there have been many
different methods explored for the purpose of
PDT optimization. These can be broadly
divided into two different categories: optimiza-
tions that focus on getting the PS into the target
cells and those that focus on getting light into
the cells to activate that PS.

5.5.2.1 Getting the PS to the Cell

One example of how current research has
been exploring how to promote PS uptake is
variation of drug delivery systems to ensure
increased drug uptake into the infectious
organism. Many PS are hydrophobic, as stated
by Rijcken et al. (2007) and as demonstrated by
Ikeda et al. (2009), whereby a fullerene is
encapsulated within a surface cross-linked
liposome, known as a cerasome. The fullerene
did not need to be released from the liposome
to be photosensitized, and this can increase the

retention time of the fullerene in the blood
while maintaining a high morphological stabil-
ity, which increases cellular uptake; this has
also been discussed as a possibility for a
“nano-delivery vehicle” for PS.

There are many methods by which these so-
called conventional liposomes can be modified
for their purposes, as reviewed by Sadasivam
et al. (2013). One example is that of light-
sensitive liposomes, such as those containing
photopolymerizable phospholipid bis-SorbPC
that was able to deliver a hydrophobic PS and,
on activation with light of wavelength 550 nm,
release the PS. Another is that of enzyme-
triggered liposomes, which only release their
contained PS in the presence of a specific
enzyme. In the case of cancer, this has proven
highly effective because tumors overexpress
certain enzymes, although the approach is
rather difficult. This chapter does not mention
antimicrobial use of these liposomes, but they
remain a possibility for future research.

Fusogenic liposomes, inspired by fuso-
genic proteins found in many viruses, are
a type of liposome that fuses to the mem-
brane of a target cell and thus delivers its
contents into the cytosol of the cell. Although
no experiments appear to have been per-
formed thus far using this system for release
of PS, the possibility of releasing the PS mole-
cule directly into the microbial cell, given the
difficulties of uptake in Gram-negative and
fungal cells, is highly appealing. pH-sensitive
liposomes are mediated by the presence of
lower or higher pH conditions, resulting in
the release of the contained PS. In the case
of cancers and microbial infections, which can
have different pH conditions, this can result
in more targeted release of the PS. Thermo-
sensitive liposomes are liposomes that are sen-
sitive to heat and are capable of being modified
in such a way that different applications of
heat result in different phases of release of the
PS, which allows them more permeability and
higher selectivity for target cells.
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Antibody- and ligand-targeted liposomes
are liposomes that target specific unique mole-
cules that are expressed by their target and
have antibodies (or other moieties that mediate
specific binding) on their surface that recognize
and bind to specific targets. Given the presence
of several antigens on microbial cells, it is very
possible for such liposomes to bind to and
release their PS inside or in close proximity to
microbial cells, greatly increasing the specific-
ity of the PS for these targets. These varied
types of liposomes, in coordination with new-
er, more effective PS, appear highly promising
for overcoming some of the traditional issues
with PDT and making it a more effective and
selective treatment modality.

5.5.2.2 Getting the Light into the Tissue

Getting light into tissues underneath the skin,
such as in the digestive or respiratory tracts, can
be another serious issue with PDT, given that
many wavelengths are absorbed by melanin in
the skin, making treatment of deep tissue infec-
tions difficult. Even with the right wavelength,
light can still be scattered, which affects the
distribution of light to the target site.

5.5.2.2.1 INTERSTITIAL FIBERS

One of the suggested methods for improv-
ing light penetration of the skin has been the
use of interstitial fibers to transmit the light.
One example of this is the use by Liang et al.
(2013) of existing cylindrical diffusing fibers
(currently used for diffuse optical tomography)
as a light source for PDT inside a phantom
prostate. The study does mostly focus on the
use of PDT for anticancer purposes, but the use
of such techniques to deliver light to otherwise
difficult to illuminate tissues is intriguing.

5.5.2.2.2 CHANGING TISSUE OPTICAL

PROPERTIES

Another suggested method has been that of
changing the optical properties of the tissues
that are being illuminated by one of two main

methods, optical clearing or photobleaching
chromophores. Optical clearing is a technique
by which light penetration through a tissue can
be improved by modifying the tissue itself to
be less scattering and more transparent to cer-
tain forms of light. As reviewed by Zhu et al.
(2013), there are several different methods
through which this can be achieved, including
optical clearing agents (OCAs). OCAs can
“match the refractive indices of tissue compo-
nents with extracellular fluid,” which reduces
scattering of light and can make the tissue
more transparent. There are also mechanical
improvements that can facilitate penetration of
OCAs, such as intensive pulsed light, ultra-
sound, and mechanical compression, as well as
chemical improvements such as chemical pene-
tration enhancers.

Bonnett and Martinez (2001) described
photobleaching as the “loss of absorption or
emission intensity as caused by exposure to
light.” There have also been studies to examine
possibilities in the field of PDT, with the use of
photobleaching being recognized as beneficial
by reducing skin photosensitivity, with a
group of mice suffering only 1 week of photo-
sensitivity instead of the usual 5 weeks associ-
ated with use of Photofrins, suggesting that
photobleaching might be useful to reduce oxi-
dative damage done to healthy cells by high
doses of PDT.

5.5.2.2.3 EXTENDING ABSORPTION SPECTRA

While not strictly a modification of the light,
extending the absorption spectra of the PS so
that they are excited by a wider range of light
wavelengths is a promising method of increas-
ing input of ROS for the same dose of PS. This
can be achieved mainly by addition of anten-
nae to the PS.

5.5.2.2.4 NONLINEAR EXCITATION

Two-photon excitation, as explained by
Probodh and Cramb (2012), is a method using
a femtosecond pulsed laser with high peak
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power at the focus, whereby the targeted mole-
cule (the PS) is hit by two photons at the same
time as half the energy (equivalent to twice the
wavelength) of one photon (standard) PDT.
The equivalence of tissue-penetrating near-
infrared (NIR) to this lower wavelength allows
for a great deal more penetration, whereas the
activation occurs at the focus of the laser beam,
resulting in a great deal of selectivity of the
area photosensitized.

Upconverting nanoparticles are particles
composed of specific rare earth compounds
such as ytterbium and ytrium, which have a
long-lived metastable state and, when excited
with one NIR photon, will remain stable long
enough to absorb a second photon and emit
fluorescence at just over half the excitation
wavelength (upconversion), allowing the use
of a standard CW light source; however, in this
case, the nanoparticle needs to be decorated
with PS that will absorb the emitted fluorescent
light. Wang et al. (2014) studied this method
for the purposes of deep cancer therapy,
although the use of such nanoparticles can be
extended to antimicrobial PDT as well.

5.6 PDT USING FULLERENES

5.6.1 Introduction to Fullerenes

Fullerenes are molecules formed from pure
carbon atoms only in the form of a closed cage
and exist in multiple forms. For the purposes
of this chapter, however, we refer exclusively
to the spherical and elliptical fullerenes that
are referred to as “buckyballs” because of their
historical discovery by a team that named
them “Buckminsterfullerenes” as a tribute to
the famous architect, Buckminster Fuller
(Kasermannand and Kempf, 1997).

5.6.1.1 Photochemistry

Research in the field of PDT has begun to
explore the possibilities of using fullerenes as

PS only recently, and their use as such for can-
cer treatment is far more definitively explored
than their possibilities as an antibacterial treat-
ment. Fullerenes represent an intriguing class
of PS molecules prospect because of their very
particular photochemistry. First, they are much
more photostable than other PS, such as tetra-
pyrroles and dyes, and are able to accept up to
six electrons; with excited states, they become
even more effective electron acceptors. The ful-
lerene can also undergo both forms of photo-
chemistry, allowing production of both free
radicals from the radical fullerene anion and
singlet oxygen from the triplet state. This
means that fullerenes can often inflict a greater
variety of photodamage and possibly a greater
quantity (higher quantum yield) than other PS.
Fullerenes can also be photoexcited with
visible light, whereas the so-called pristine
fullerenes (fullerenes that are completely
unmodified) have been found to be nontoxic
and during treatment have been significantly
more selective for microbial cells over mamma-
lian ones. Although fullerenes do demonstrate
some flaws as a proposed PS, these have been
overcome with functionalization and formula-
tion (Tegos et al., 2005; Milanesio et al., 2013).

5.6.1.2 Functionalization

As a result of this photochemistry, pristine
fullerenes might at first appear to be a most
likely candidate for a PS. They are, however,
unsuitable for use because of their extremely
hydrophobic nature, meaning that they are not
soluble in biologically compatible solvents.
Therefore, these pristine fullerene molecules
must be prepared for any use in a biological
system by being “functionalized” through the
addition to their structure of chemical groups
that provide water solubility and biological
targeting, like hydrophilic or amphiphilic side
chains such as quaternary ammonium groups.
These groups not only allow fullerenes to
be effectively administered to a site of infec-
tion in vivo but also have demonstrated a
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notable increase in production of singlet oxy-
gen species, hydroxyl radicals, and superoxide
anion, making these particular fullerenes more
effective PS. Another result of the addition of
these groups is the functionalized fullerene
being given multiple overall positive charges,
which, as previously mentioned, can result in
higher antimicrobial selectivity as well as
improved uptake in Gram-negative cells
(Wang et al., 2013; Li et al., 2014).

5.6.1.3 Formulation

Fullerenes are rather stable molecules, but
that does not mean they are completely inert.
In fact, some specialized buckyballs have been
created that have attached antennae to the
exterior of the carbon shell for various roles.
An example of this is the addition of light-
harvesting antennae to functionalized fuller-
enes, which extend the absorption spectrum of
the PS and also result in overall increased
quantum yield and ROS production. Fullerenes
can also be modified with the trapping of addi-
tional metal atoms within their cage-like struc-
ture; these particular compounds are known as
“endohedral fullerenes.” One of the major
advantages of this is that it allows for signifi-
cant modification of the fullerene molecule,
overcoming some of its major disadvantages
and allowing tailor-engineering of the fullerene
(Ikeda et al., 2009; Mizuno et al., 2011).

5.7 IN VITRO STUDIES

5.7.1 Viruses

Kässerman and Kempf (1997) and Hirayama
et al. (1999) are among several groups that
studied the use of photoactivated fullerenes
against viruses in vitro, and both found that
fullerenes mainly inactivated viruses through
their production of singlet oxygen, which is
virucidal. The result of this is that the main
antiviral action of fullerenes is largely

oxygen-dependent, and the use of fullerenes
requires a higher concentration of PS than
would be required with methylene blue,
despite the high yield of singlet oxygen.
However, the studies also pointed out that the
fullerenes could be removed from aqueous
solutions with relative ease, allowing for their
use in purification of blood because they
could be immobilized and then immersed into
the blood for the PDT.

As mentioned previously, blood purifica-
tion remains an approved application for PDT,
with examples of it being used with methylene
blue as a PS rather effectively. Given the high
performance of many fullerenes, it has also
been suggested that they could be used as a
PS for the same purpose, although they would
need to be immobilized and immersed in
the blood for the effect because fullerenes
uptake might not be beneficial for the blood-
stream, whereas methylene blue is harmless
when taken up in the same way. Although
such studies have yet to be released in detail,
studies of antiviral blood purification remain
a tantalizing area of interest for the PDT
research community.

One recent study by Banerjee et al. (2012),
has examined the use of nanotube mesh, a dif-
ferent form of fullerene, for possible use as an
antiviral agent. This particular mesh, an acid-
functionalized multiwalled carbon nanotubule,
to which protoporphyrin IX (PPIX) was
attached, significantly reduced the ability of
influenza A virus to infect mammalian cells. In
addition, this nanotube can be used against
influenza viruses with “little to no danger” of
the development of viral resistance and can be
easily recovered by filtration, which allows for
excellent reuse of the active porphyrin.
Although nanotubules may not be buckyballs,
the fact that this successful demonstration of
their utility, combined with the similar general
purpose that they share with possible immobi-
lized buckyballs, is something that offers hope
for the future.
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5.7.2 Bacteria

Recently there have been numerous studies
of the use of fullerenes as an antibacterial treat-
ment that have explored its use against both
Gram-negative and Gram-positive bacteria.

Tegos et al. (2005) looked at the use of six dif-
ferent functionalized fullerenes, three (BF-1, BF-
2, BF-3) noncationic and three (BF-4, BF-5, BF-6)
cationic, and performed a comparison with tolu-
idine blue O, a common PS, and used all seven
of these different PS against both E. coli and
Staphylococcus aureus. The synthetic strategy
and chemical structures of BF4-6 are shown in
Figure 5.2. BF-5 and BF-6 demonstrated
extremely strong PDT toxicity, giving a killing
rate as high as 99.9999% in S. aureus regardless
of light applied. When diluted to a concentration

of 1 μM, they managed to kill 4 to 5 logs of bacte-
ria (up to 99.999%) with 2 J/cm2 for BF-5 and
1 J/cm2 for BF-6. These PS were then placed
under conditions similar to those inside a mam-
malian organism using a concentration of 10 μM
of PS and 10-min incubation in 10% fetal bovine
serum (FBS) and then a wash. Under these con-
ditions, TBO was almost entirely ineffective at
photodynamic inactivation (PDI), whereas BF-5
and BF-6 suffered the loss of approximately
1 log of killing. Tegos et al. (2005) also conducted
an experiment to determine the amount of selec-
tivity of the fullerenes as compared with tolui-
dine blue by incubating the PS in murine L929
fibroblasts and examining the outcomes of the
therapy. The fullerenes did kill the L929 cells
with both dark toxicity (20�60% of cells) and

FIGURE 5.2 Formation of the BF-4, BF-5, and BF-6 buckyballs from pristine C60 fullerene.
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during the treatment (an additional 20% of cells),
but they did not display the “pronounced light
toxicity” of toluidine blue.

Mroz et al. (2007b) reviewed the use of this
same series of functionalized fullerenes in
treatment of both S. aureus and E. coli.
Although the noncationic fullerenes (BF-1, BF-
2, and BF-3) did not demonstrate dark toxicity,
they required very high doses of both the PS
(100 μM) and light (120 J/cm2) to achieve a
“significant killing” rate of approximately
99.9% in Gram-positive cells, whereas against
E. coli it achieved a 90% killing rate at best. By
comparison, BF-5 and BF-6 of the polycationic
fullerenes of the series (BF-4, BF-5, and BF-6)
gave high levels of dark toxicity but achieved a
4-log (99.99%) killing rate against S. aureus
with only 10 μM concentration and 1�2 J/cm2

of light. When tested against E. coli at a concen-
tration of 10 μM, these same two polycationic
fullerenes resulted in notably high levels of
killing, as high as 6 logs (up to 99.9999%).

Regarding the treatment of E. coli with full-
erenes, Spesia et al. (2008) explored the possi-
bility while using DTC21

60 , a dicationic fullerene
composed of a hydrophobic carbon sphere,
and two attached cationic groups that form a
single monoadduct to the sphere (structure
shown in Figure 5.3). It was shown that this
particular fullerene resulted in a 99.97%
(3.5 log) killing rate of bacteria at approxi-
mately 2 μM concentration after 30 min of irra-
diation, and that a similar PDI effect of 3.2 log

was demonstrated with just 1 μM concentration
of DTC21

60 as 5 μM of cis-dicationic porphyrin.
Combined with the evidence brought forward
by Mroz et al. (2007a), this represents an
effective demonstration of the capabilities of
fullerenes in vitro against Gram-negative spe-
cies, especially the excellent selectivity that
some fullerenes can demonstrate toward
pathogens, even at lower doses, something that
is far more likely to be safer for the patient.

5.7.3 Fungi

Candida albicans is a particularly common
fungal skin infection in both humans and other
mammals. One group at particular risk for the
infection are HIV-positive patients and cancer
patients undergoing chemotherapy, and the
recent emergence of drug-resistant fungal spe-
cies is of great concern because without effec-
tive treatment, these patients have no effective
defense against these pathogens. Again, PDT is
being suggested as a possible treatment for
these conditions, one that may be able to dam-
age pathogens.

Recent analysis has identified that Candida
is effectively killed by PDT utilizing either
methylene blue or toluidine blue, although
such rates of killing are lower when compared
with other infectious organisms, such as those
of Staphylococcus or Streptococcus species. A
notable benefit of the treatment is that these
forms of PDT have proven highly selective to
the fungi, with much lower rates of keratino-
cyte damage resulting from its use than might
be expected against other targets (Calzavara-
Pinton et al., 2005).

Use of dicationic C60 fullerenes has also been
explored as a PS for treatment of C. albicans,
with encouraging results. According to
Milanesio et al. (2013), use of the DTC21

60 cationic
fullerene against Candida species in vitro
resulted in a 5-log decrease in cellular survival
after 30 min of irradiation, representing

FIGURE 5.3 N,N-dimethyl-2-(40-N,N,N-trimethy-
laminophenyl)fulleropyrrolidinium iodide (DTC(60)(21 ))
synthesized by 1,3-dipolar cycloaddition using 4-(N,N-
dimethylamino) benzaldehyde, N-methylglycine, and
fullerene C(60).
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“approximately 99.999%” of cellular inactivation
from the treatment, with the Candida demon-
strating growth delay and inactivation during
the illumination.

5.8 IN VIVO STUDIES

As Tegos et al. (2005) stated, cationic fuller-
enes have demonstrated specificity for bacterial
cells over mammalian cells during in vitro test-
ing, although they have demonstrated some
dark toxicity toward mammalian cells as well.
Although an in vitro experiment, it nonetheless
demonstrates the sound nature of in vivo PDT
using fullerenes against bacteria and, as
Hamblin et al. (2003) makes clear, the use of
PDT to treat Gram-negative infections such as
P. aeruginosa is clinically relevant at present,
comprising 8% of all surgical wound infections
and 10% of all bloodstream infections.

Use of a nonfullerene compound (pL�ce6)
as a PS for this traditionally difficult to treat
species was effectively reported in vivo with
mice by Hamblin et al. (2003). During this
study, a wound was made and infected with a
possibly fatal strain of Pseudomonas. This
proved fatal to the control group, as well as to
the mice treated with only the PS, and those
treated using light alone, after 24 to 60 h. By
comparison, 90% of mice treated with the PS
and light survived the treatment. Although
these surviving mice did end up suffering the
symptoms of a bacterial infection, they
appeared to be fully recovered after 5 days.

In the case of Pseudomonas, as already men-
tioned, the use of the positive charge of cat-
ionic fullerenes can result in damage to the
double cellular membrane through “self-pro-
moted uptake.” Sharma et al. (2011) mentioned
that Lu et al. (2010) effectively demonstrated a
similar treatment using fullerenes as the PS
against bioluminescent Gram-negative bacteria,
specifically, P. aeruginosa and P. mirabilis. Mice
were infected with both of these species

through an excisional wound before being trea-
ted with the tris-cationic fullerene buckyball
BF-6 as a PS and 180 J/cm2 of white broadband
light (400�700 nm). In both cases, biolumines-
cence from the bacteria in the wounds was
reduced when exposed to PDT; in mice
infected with P. mirabilis, there was an 82% sur-
vival rate, as compared with a mere 8% with-
out treatment. In the case of Pseudomonas,
although the PDT alone did not result in an
increase in survival, when combined with a
“suboptimal” dose of tobramycin (6 mg/kg for
1 day) there was a 60% survival rate compared
with 20% using the tobramycin alone.
Therefore, it is indicative of the possibilities of
fullerenes in the future treatment in vivo of
Pseudomonas. However, compared with previ-
ous treatments using nonfullerene PS, there is
still work to be done to optimize buckyballs for
the purpose.

5.9 CONCLUSIONS

In conclusion, although the field of PDT
has demonstrated a great deal of innovation
and promise, substantial challenges remain,
particularly lack of specificity and the con-
cerning developments of resistant bacteria. To
be an effective in vivo treatment, there are
multiple fields to be effectively examined,
such as optimization of the treatment itself,
perfection of new methods of localizing the
PS, and illuminating it once it is in position, as
well as the ongoing search for the ideal PS.
Buckyballs may pose some issues and are still
a long way from being perfected, but their
excellent properties in vivo do demonstrate
that they remain one of the best hopes for
such a PS, and the constant modification and
remodification of their structures as well as
the methods by which they can be localized to
the site of infection are some of the most
important uses of nanotechnology in the field
of PDT.
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6.1 INTRODUCTION

Silver-based antimicrobial nanomaterials
have a significant impact on different fields
and applications, such as modifiers for medical
devices (e.g., implants, catheters, and wound
dressings), additives in food packaging, air/
water purification, and textiles, just to cite a
few. There is huge academic interest and
industrial interest toward these nanoantimicro-
bials derived from the high bioactivity because
they generally exert against a broad spectrum
of pathogens (see other chapters of the book

for more details on this point) and show lim-
ited phenomena of bacterial resistance (Rai
et al., 2012). Antimicrobial action of nanosized
silver is not only due to the bioactivity of the
metal itself, which has been known for centu-
ries, but also due to the peculiar properties of
nanostructures (NSs) (e.g., large surface area-
to-volume ratio, different electronic and crys-
tallographic structures, and surface defects,
enhanced chemical reactivity), which greatly
enhance nanomaterial action against danger-
ous microorganisms (Rai et al., 2009; Cioffi and
Rai, 2012). Consequently, the number of

* This chapter was prepared by three research groups that equally contributed to the work. The first author listed for each

institution represents the first author for his/her own research group. Mauro Pollini and Federica Paladini contributed

equally to this chapter.
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research papers related to this topic has been
constantly growing, as demonstrated by the
histogram reported in Figure 6.1, which shows
the trend of publications in the time span from
2000 to 2013 (“Scifinder r Database,” 2014).
Among these reports, Ag nanoparticles
(AgNPs) are generally synthesized by wet
chemical reduction of a silver precursor in the
presence of stabilizers or micelles (Marambio-
Jones and Hoek, 2010), and nanostructured
coatings/composites are often fabricated by
plasma or sputtering physical approaches
(Yuranova et al., 2003; Chen et al., 2008).
Besides these common strategies that have
been reviewed elsewhere (Xirouchaki and
Palmer, 2004; Wiley et al., 2007; Krutyakov
et al., 2008; Kumar, 2009; Cheruthazhekatt
et al., 2010), this chapter presents a bird’s eye
view of alternative routes for the preparation
of Ag nanoantimicrobials, which have been
successfully developed in our research groups.
In particular, electrochemical synthesis of
AgNP colloids, ion beam sputtering, and
photo-assisted depositions of AgNP-based
coatings are reviewed. These strategies offer a
high degree of versatility, ease of implementa-
tion, and industrial scalability. A brief over-
view of the most accepted bioactivity
mechanisms and selected applications of silver
nanoantimicrobials is also provided.

6.2 ION BEAM SPUTTERING
DEPOSITION OF AgNP-BASED

COATINGS

Innovative nanocoatings that confer desired
characteristics to a treated surface are receiving
increasing attention from the scientific commu-
nity for a wide variety of real-life applications.
In particular, in recent years research and tech-
nology have been constantly involved to
develop antimicrobial coatings because of their
high demand in medical applications as well
as in health care and hygiene. In all these con-
texts it is crucial to exert strong inhibitory
action against the growth of undesirable micro-
organisms through the use of bioactive sub-
stances, whose release properties can be
modulated to achieve a concentration that is
toxic to target organisms without being harm-
ful to humans.

The recent increase of new resistant strains
of bacteria to the most potent antibiotics has
promoted research in the activity of silver-
based compounds, including AgNPs, because
of the well-known extraordinary antimicrobial
properties of this metal (Olson et al., 2000;
Balogh et al., 2001; Aymonier et al., 2002; Alt
et al., 2004; Baker et al., 2005; Lee et al., 2005;
Melaiye et al., 2005; Podsiadlo et al., 2005; Sun
et al., 2005). AgNPs represent an interesting

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

Publication year

0
250
500
750
1000
1250
1500

N
um

be
r 

of
 w

or
ks

Ag/antimicrobial/nano

FIGURE 6.1 Number of works published during 2000�2013 using the reported key words in Scifinder r Database,
2014.

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES

88 6. NONCONVENTIONAL ROUTES TO SILVER NANOANTIMICROBIALS



candidate for research as microbicides because
of their effectiviness in small doses, minimal
toxicity, and side effects (Lara et al., 2010,
2011).

As already mentioned, AgNP-based coat-
ings with antibacterial properties have been
successfully produced using surface modifica-
tion techniques such as plasma deposition
(Yuranova et al., 2003), RF magnetron sputter-
ing (Asanithi et al., 2012; Herrera et al., 2013),
and ion beam co-sputtering (IBS). Among these
technologies, IBS is a low-cost deposition
method that proves to be successful in the con-
trolled deposition of thin nanoantimicrobial
coatings in all those contexts in which wet
impregnation of manufactured goods with
chemical solvents are not feasible (Pollini et al.,
2009; Giannossa et al., 2013).

Until now, the IBS of an inorganic target of
metal (Au, Pd, Cu) or metal oxide (ZnO) and a
poly-tetrafluoroethylene (PTFE) target have
been successfully used in our research group
for the production of new multifunctional coat-
ings composed of inorganic NPs finely dis-
persed in a polymer matrix, thus combining
the antimicrobial properties of NPs with the
antistain ones of the PTFE matrix (Cioffi et al.,
2002, 2003; Convertino et al., 2002, 2003; Farella
et al., 2005; Sportelli et al., 2014). After our pre-
vious research on metal-fluoropolymer nano-
materials, our research group optimized the
development of antimicrobial AgNP-based
coatings on different substrates. Typically,
AgNPs are dispersed in PTFE by simulta-
neously sputtering Ag and PTFE targets by
Ar1 ion beams at room temperature at a pres-
sure of 1022 Pa. Before any deposition run, the
growth rates (r) of each component of the
nanocomposite material are separately mea-
sured by means of a quartz microbalance sen-
sor placed close to the substrate. The
individual sputtering rates of each target, PTFE
or Ag, therefore can be separately changed to
modify the volume fraction (ϕ) of the silver
phase into the organic film. The ϕ can be

effectively set to any value between 0 and 1 by
a proper combination of the sputtering condi-
tions (ion-beam energy and current). The silver
volume fraction can be fixed using the relation:

ϕ5
VAg

VPTFE 1VAg
5

rAg

rPTFE 1 rAg
5

rAg=rPTFE
11 ðrAg=rPTFEÞ

(6.1)

where VPTFE and VAg are the deposited
volumes of PTFE and Ag, and rPTFE and rAg are
the deposition rates of the two materials experi-
mentally measured for any deposition run and
expressed as film thickness per second.

Another important parameter necessary to
control the resulting composite is its density.
The knowledge of this parameter is essential
for the measurement in real time of the thick-
ness of the deposited film using a quartz crys-
tal microbalance placed in proximity of the
substrate. Assuming the rate of deposition r
uniform over the entire surface of the sub-
strate, one obtains the relationship existing
between the density of the composite ρcomp

and the volume fraction ϕ of silver included in
it (Cioffi et al., 2005b):

ρcomp 5 ρPTFE 1ϕ ðρAg 2 ρPTFEÞ (6.2)

Typical IBS parameters for the controlled
growth of Ag-fluorocarbon composites with
the silver phase volume fraction ϕ in the inter-
val 0,ϕ, 0.15 are summarized in Table 6.1.
EAg and IAg are the energy and the current
intensity of the Ar1 ion beam bombarding the
Ag target, respectively. An analogous notation
is used to indicate the energy and current of
the Ar1 beam for the sputtering of the PTFE
target. The ρ represents the density of the Ag-
PTFE nanocomposite.

The definition of these characteristic para-
meters of IBS constitutes a real functionaliza-
tion protocol applicable to any type of
substrate materials to be treated with PTFE-
silver at a higher value of silver loading ϕ.
As a result, the IBS allows control of the
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percentage volume of AgNPs embedded in a
fluoropolymer matrix, enabling the overcoating
of each type of materials in an operating
regime that prevents toxicity for humans. The
combination of silver-polymer has the advan-
tage that only the polymeric component is
directly in contact with the skin, therefore sim-
plifying the problems related to allergies or
intolerances from contact with the metal that
constitutes the nanoparticles. Moreover, the
entrapment of NSs in the polymeric matrix
prevents the direct release of the whole NP in
the environment or in contact media, such as
sweat or other biological fluids, thus avoiding
problems related to NP environmental disse-
minaton and toxicity.

The morphological characterization by
means of transmission electron microscopy
(TEM) of the AgNP-based coatings produced
by IBS at different silver loading ϕ highlights
the uniform in-plane distribution of AgNPs in
the composite and their excellent dimensional
homogeneity.

6.3 PHOTO-ASSISTED DEPOSITION
OF AgNP-BASED COATINGS

Antibacterial treatments based on the photo-
assisted deposition of silver nanoparticles have
been developed and patented in 2005 at the
University of Salento in Italy (Pollini et al.,
2005). In 2008, a spin-off company named

Silvertech S.r.l. started the technology transfer
and the industrial scale-up of the research and
also explored many different fields of applica-
tion. Some of the most interesting features of
this technology are represented by the ease
and the versatility of the process, thus allowing
the treatment of a wide range of natural and
synthetic materials. Over the course of the
years, the process has been optimized regard-
ing function of the specific nature and applica-
tion of the materials. Advanced textiles,
antibacterial biomedical devices such as cathe-
ters and wound dressings, polymeric air/water
filters, and natural and synthetic leather for
domestic and automotive applications are just
some examples of application fields explored
by the authors. For the specific application of
the material and the function of the required
antimicrobial properties, the technology can be
adopted for silver deposition on different sub-
strates through the definition of the most
appropriate process parameters. In general, the
process is based on the following procedure.
The first step is the preparation of the silver
solution containing silver nitrate as the precur-
sor for metallic silver and methanol as both a
solvent and a reducing agent. The percentage
of the silver precursor is selected for each spe-
cific treatment according to the expected anti-
bacterial capability and by evaluating the most
convenient cost/effectiveness ratio. As a reduc-
ing agent, the presence of methanol in the sil-
ver solution is necessary to allow the reaction

TABLE 6.1 IBS Parameters for Deposition of Ag-PTFE Nanocomposites, as a Function of the Silver Volume
Fraction ϕ

Sample ϕ EPTFE (V) IPTFE (mA) EAg (V) IAg (mA) ρcomp (g/cm3)

PTFE 0 1000 40 / / 2.20

PTFE-Ag (5%) 0.05 1000 40 350 20 2.52

PTFE-Ag (10%) 0.10 1000 40 400 25 2.94

PTFE-Ag (15%) 0.15 1000 40 500 30 3.36

90 6. NONCONVENTIONAL ROUTES TO SILVER NANOANTIMICROBIALS

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES



of photo-reduction; however, the percentage of
methanol adopted can be selected proportion-
ally to the silver content and can be reduced to
low percentages for low silver contents. The
presence of water can be suggested to reduce
the cost of the silver solution when the percent-
age of silver solution is low enough to be
reduced by low percentages of methanol.
Then, the silver solution is deposited on the
surface of the material through dip-coating or
spray-coating according to the nature of the
material. The deposition method is defined for
the specific surface by evaluating the quality of
the coating in terms of size and distribution of
AgNPs. Immediately after the impregnation,
the wet substrates are exposed to ultraviolet
(UV) irradiation to induce in situ synthesis and
deposition of the silver nanoparticles on the
surface. Because of the presence of methanol
and the UV radiation, the silver precursor is
converted to elemental silver through the fol-
lowing photochemical reaction:

Agn 1 2Ag1 1CH3OH1 hν-
Agn12 1 2H1 1CH2O

(6.3)

The UV exposure time is defined by evaluat-
ing the degree of conversion from silver salt to
silver coating. Thus, silver solutions containing
higher amounts of silver nitrate require the
presence of higher percentages of methanol
and longer UV exposure time. The success of
the photo-reduction is evaluated through
thermo-gravimetric analysis (TGA) by calculat-
ing the amount of silver initially deposited and
amount of silver still present on the substrate
after repeated washings.

Once defined the process parameters for
each substrate, such as chemical composition
of the silver solution, amount and deposition
method of the silver solution, and UV exposure
time, the silver coating exhibits strong adhe-
sion to the substrate and long-term antimicro-
bial properties.

6.4 ELECTROCHEMICAL
METHODS FOR NANOMATERIAL

SYNTHESIS

6.4.1 Fundamentals of the
Electrocrystallization Process

Electrochemical procedures for the synthesis
of Ag nanomaterials, although less diffused
than chemical and physical routes, represent a
powerful tool for preparing differently shaped
NPs over a wide range of metals and com-
pounds (Fedlheim and Foss, 2001; Djokić, 2012;
Magagnin and Cojocaru, 2012). One of the
advantages of these methods reside in the
strong theoretical background that exists
regarding the fundamentals of (nano)-metals
electrosynthesis. A concise description of nano-
particles nucleation and growth in the electro-
crystallization process is provided.

Any electrode process that leads to the for-
mation of a solid phase is generically defined
as “electrocrystallization” (Plieth, 1985;
Pletcher et al., 2001). In the case of the electro-
chemical reduction of metallic ions, forming a
metal layer on the electrode surface, the pro-
cess can be divided into seven distinct steps
(Plieth,1985; Pletcher et al., 2001):

1. Metal ions diffuse from the solution to the
electrode surface

2. Electron transfer
3. Loss of the solvation shell, with consequent

formation of metal adsorbed atoms (ad-atoms)
4. Diffusion of ad-atoms on the electrode

surface
5. Assembling of ad-atoms into clusters as

critical nuclei
6. Integration of ad-atoms at lattice sites
7. Growth of crystalline deposits.

The heterogeneous process that occurs at the
electrode/solution interface depends on
the nature and properties of the substrate. In
the following, the deposited cluster nuclei are
assumed spherical (or quasi-spherical) and,
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consequently, their contact area with the sub-
strate becomes negligible. In the electrochemi-
cal production of a solid phase, the
equilibrium condition is reached by electron
transfer (Pletcher et al., 2001). For the general
process (Eq. (6.4)):

Men1 1 ne2-Me (6.4)

the equilibrium potential, defined as EðeqÞ, is
calculated from the Nernst equation, and the
equilibrium surface activity of the ad-atoms is
defined as aMeadsðeqÞ . If the electrode potential is
changed by a quantity defined as the overpoten-
tial (η), the new electrode potential is ðEðeqÞ 1 ηÞ
and the surface ad-atoms activity is aMeads ,
whose value can be determined by the Nernst
equation (Pletcher et al., 2001) (Eq. (6.5)):

aMeads

aMeadsðeqÞ
5 expð2nFη=RTÞ (6.5)

Hence, the free energy per volume (V) unit,
related to the solid phase formation, is
(Eq. (6.6)):

ΔGV 5 nFη=V (6.6)

where F is the Faraday constant, V is the molar
volume of the solid phase, and η is (for a
cathodic process) a negative number. V can be
replaced by the M/ρ ratio, where M is the
metal atomic mass and ρ is the metal density
(Eq. (6.7)):

ΔGV 5 nFρ=M (6.7)

The total free energy of formation relevant
to a spherical nucleus (Eq. (6.8)) is given by
two contributors, a bulk term and a surface
term (Pletcher et al., 2001):

ΔGtot 5ΔGbulk 1ΔGsurf (6.8)

Assuming the formation of spherical parti-
cles and defining γ as the surface free energy,
Eq. (6.8) becomes:

ΔGtot 5 4πr3nFηρ=3M1 4πr2γ (6.9)

For metal electro-reduction, η assumes nega-
tive values, and this makes it evident that bulk
and surface terms provide opposite contributions
to the total nucleation free energy ΔGtot, which
reaches a maximum at specific values of r and η.
ΔGtot and r values relevant to this maximum are
defined as critical parameters of the nucleation
process (ΔGc and rc). rc represents the minimum
radius that a nucleus must have to evolve into a
stable entity; ΔGc can be considered as the free
activation energy of the nucleation process.

Nevertheless, this discussion has intrinsic
limitations because of the simplifications
involved. First, nucleation process is assumed
to not be influenced by the nucleus/electrode
interface; this ideal situation does not corre-
spond to most real cases in which nuclei
growth is strongly influenced by the substrate
chemistry. Furthermore, in this simplified
model, the thermodynamic properties of nano-
particles are supposed to be equal to those of
bulk materials. Finally, Eq. (6.8), which divides
the nucleus free energy of formation into two
terms, is based on the assumption that discon-
tinuity exists in the atomic environment at the
interface and that the two terms are totally
independent. However, the thickness of the
surface layer involved in the phase formation
(that is influenced by both surface and bulk
parameters) could be large enough to sensibly
alter calculations above all those relevant to
clusters composed of less than a few hundred
atoms. Despite these limitations, this simple
model provides a useful qualitative description
of the nucleation process and several
renowned groups have frequently used it as a
basis to interpret important experimental evi-
dence about electro-produced nanoparticles.

6.4.2 Electrochemical Synthesis of
Colloidal AgNPs

Electrochemical techniques can be profi-
ciently used to produce metal nanoparticles
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with high purity and crystallinity, controlling
particle size by means of a few experimental
parameters (Khaydarov et al., 2009). The main
advantages of the electrochemical methods lie
in the high purity of particles and the possibil-
ity of controlling NP size by simple tuning of
current density (or potential) without the need
for expensive equipment or vacuum methods
(Khaydarov et al., 2009). Reetz and Helbig
(1994) were the first to develop an electrochem-
ical process known as sacrificial anode electrol-
ysis (SAE), for the synthesis of transition metal
NPs in a colloidal form. In SAE, a bulk metal
sheet is anodically dissolved in an electrolytic
solution (typically a mixture of acetonitrile
[ACN] and tetrahydrofuran [THF]) in the pres-
ence of tetraalkylammonium salts able to stabi-
lize in solution the metal clusters initially
formed at the cathode by reduction of metal
ions. In 2000, this strategy was successfully
adopted for the electrochemical synthesis of
AgNPs by Rodrı́guez-Sánchez and co-workers
(2000) and by Cioffi et al. (2000). Rodrı́guez-
Sánchez and co-workers (2000) were the first
who demonstrated that ACN/THF mixtures
were unsuitable for Ag synthesis, because the
presence of THF induced particles aggregation.
Hence, pure ACN containing tetraalkylammo-
nium bromides was adopted as an electrolytic

bath for this specific process. Following a simi-
lar approach, AgNPs were also obtained in eth-
anol (Starowicz et al., 2006; Chulovskaya et al.,
2009), hexane (Jian et al., 2005), thioglycolic
acid (Rabinal et al., 2013), N,N-dimethylforma-
mide (Rabinal et al., 2013), and dimethyl sulf-
oxide (Wadkar et al., 2006). Interestingly, none
of these works reported the potential applica-
tion of such NPs as antimicrobials. In our
research group, based on the successful devel-
opment of Cu nanocolloids obtained using a
similar SAE strategy (Cioffi et al., 2004), we
optimized the synthesis of AgNPs for the prep-
aration of spin-deposited low-cost bioactive
nanocomposites (Cioffi et al., 2005a). We
showed not only that the octyl-chain of the
used quaternary ammonium salt (tetraoctylam-
monium bromide [TOAB]) was particularly
effective for NP stabilization and size control
(Figure 6.2) but also that the capping agent
might provide a beneficial synergistic bioactiv-
ity, supporting the effects of the Ag nanophase.

Moreover, the presence of a stabilizer layer
allowed a controlled release of ions into culture
broths, as demonstrated in previous studies
(Cioffi et al., 2004), without direct leaching of
NPs and consequent occurrence of nanotoxicol-
ogy phenomenon. The influence of stabilizers
on NP morphology was also explored in

FIGURE 6.2 TEM images of
AgNPs electrochemically prepared
in the presence of TOAB as a stabi-
lizer at 10.5 V (A) and at 11.5 V (B).
Adapted from Cioffi et al. (2005a),
Figure 6.1. Copyright (2005), with kind
permission from Springer Science and
Business Media.
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subsequent work in which the use of a zwitter-
ionic surfactant in ACN caused the growth of
branched hierarchical nanostructures (nano-
fractals) (Cioffi et al., 2009). Despite many
advantages, such as size tuning and cheap
experimental set-up, this method has its main
drawback in the use of organic solvents, some-
how limiting real-life applications of the as-
prepared colloids (Lee and Syu, 2010; Huang
et al., 2012). As a result, several authors have
proposed the preparation of aqueous and long-
lived colloids (Yin et al., 2003; Khaydarov
et al., 2009; Lee and Syu, 2010) to reduce the
impact of toxic chemicals and solvents. A very
elegant example was presented by Penner’s
group, who prepared silver (I) oxide colloids
with tunable NP morphology by anodizing a
sacrificial silver wire in sulfate aqueous solu-
tions at pH of 12 (Murray et al., 2005). Ten
Kortenaar et al. (1999) found that long-lived,
subnanometer-sized silver clusters could be
prepared by anodic dispersion of a silver elec-
trode in basic aqueous solutions (pH 10.5�12)
free of stabilizing polymers on the application
of a high-DC voltage (65 V) between two silver
electrodes. Unfortunately, this process is
energy-consuming and has some limits in
terms of morphological control on the pro-
duced particles.

Regarding the use of surfactants and other
capping agents in the electrochemical reduc-
tion of silver ions, it should be noted that this
electrolysis involves two competitive pro-
cesses: the formation of AgNPs and the deposi-
tion of a silver film onto the cathode surface
(see paragraph 6.4.1). Thermodynamics show
that the second occurrence should dominate
the first one, hence the need for good stabili-
zers (Ma et al., 2004). Typical stabilizing agents
are both synthetic and natural substances, such
as poly(N-vinylpyrrolidone) (Yin et al., 2003;
Ma et al., 2004; Jovanović et al., 2013), and in
combination with co-stabilizers (Petica et al.,
2008), poly(amide-hydroxyurethane) (Marius
et al., 2011), polyphenylpyrrole (Johans, 2002),

polyethylene-glycol (Zhu et al., 2001; Roldán
et al., 2013), Pluronic f127s (Blandon et al.,
2012), saccharides (Panáček et al., 2006), and
chitosan (CS) (Reicha et al., 2012). Supported
metal NSs, (i.e., electrochemically deposited
onto different substrates) are the most devel-
oped nanomaterials in electrochemistry. One of
the first examples of supported Ag NS was
provided by Zoval et al. (1996), who used a
potentiostatic pulsed method to deposit
ordered silver NPs onto atomically flat graph-
ite. The intrinsic flexibility of this technique is
responsible for its rapid technological develop-
ment: many different substrates, like metal
sheets (Tang et al., 2009; Yuan et al., 2011;
Guan and Wang, 2012) (Figure 6.3) or graphene
and graphite (Tang et al., 2001; Mazur, 2004;
Fang et al., 2010; Zhong et al., 2013), were used
to deposit variously shaped NS. Direct embed-
ding of NPs in polymeric matrices can be also
performed in a one-pot approach using this
technique. Recently, Zhitomirsky and
Hashambhoy (2007) proposed a deposition of
inorganic AgNPs contextually with a CS film,
paving the way for a fast and controllable
preparation of cheap and antimicrobial films
for biomedical applications.

6.5 OVERVIEW OF THE MOST
WIDELYACCEPTED BIOACTIVITY

MECHANISMS

A concise overview of the recent advances
in the understanding of the biocidal action
mechanisms of silver nanoparticles is provided
in this paragraph, whereas for more specialistic
information, the reader can refer to other sec-
tions of this book. Antimicrobial properties of
AgNPs make them useful in the treatment and
prophylaxis of infections (because of bacteria,
fungi, viruses, and protozoa), although their
anti-arthropod properties can be used in con-
trolling the spread of infections by affecting
arthropod vectors (Rai et al., 2009, 2014).
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The antibacterial properties of AgNPs, exploited
in many practical applications, are not
completely well-known. For a long time, the
release of silver ions (Ag1) was thought to be the
only bioactive mechanism of silver-based coat-
ings, without any direct “particle-specific” effects
exerted by AgNPs (Xiu et al., 2012). The Ag1

release inhibits respiratory enzymes and also
generates reactive oxygen species (ROS), which

are extremely deleterious to cells and cause dam-
age to lipids or DNA (Pal et al., 2007). Currently,
at least other two main mechanisms have been
proposed to describe their antibacterial activity:
(i) direct interaction of AgNPs with the bacterial
cell membrane, causing subsequent membrane
damage and complexation with components
located inside the cells (Sondi and Salopek-
Sondi, 2004) and (ii) interaction with thiol (2SH)

FIGURE 6.3 Typical SEM images at increasing magnifications of flower-like silver microparticles with two-
dimensional nanoflakes as building blocks electrochemically deposited on a platinum film electrode. Reproduced from Tang
et al. (2009). Copyright (2009), with permission from Elsevier.
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groups and production of ROS (Banerjee et al.,
2010). Many authors report on the size-
dependent activity of AgNPs, with smaller NPs
having higher activity, probably because of a rel-
ative increase in contact surface area and surface
chemical reactivity (Zaporojtchenko et al., 2010;
Shameli et al., 2012).

The antifungal activity of AgNPs has been
less studied compared with the antibacterial
activity (70 with respect to 590 published arti-
cles, respectively), so a precise bioactivity
mechanism of silver nanoparticles against fun-
gal pathogens has not been indicated. Some
authors report on significant antifungal activity
of AgNPs against Penicillium citrinum,
Aspergillus niger, Trichophyton mentagrophytes,
and Candida albicans (Zhang, 2008; Kim et al.,
2008, 2009). One possible explanation is the
destruction of fungal membrane and inhibition
of the normal budding process in yeasts, with
subsequent other effects similar to the mechan-
isms depicted for bacteria. AgNPs have also
proven to be active against a broad range of
viruses, including human imunodeficiency
virus (HIV), hepatitis B virus, herpes simplex
virus, respiratory syncytial virus, and monkey
pox virus, with a lower possibility of develop-
ing resistance compared with conventional
antivirals (Galdiero et al., 2011). However, a
precise mechanism of AgNP antiviral activity
and an exact stage of infection at which AgNPs
exert their antiviral properties have yet to be
determined. Moreover, further studies are nec-
essary to clarify the exact site of interaction
and how to modify the nanoparticle surface
characteristics for a broader and more effective
use. In the case of antiviral action of AgNPs
against HIV, direct interaction with viral sur-
face glycoproteins and interactions with the
viral genome (DNA or RNA) into the cell could
be hypothesized as mechanisms. In particular,
size-dependent interaction of silver nanoparti-
cles with HIV-1 was found, resulting in NPs
within the range of 1�10 nm only being able to
bind to the virus (Elechiguerra et al., 2005).

More details regarding this type of antivirial
activity of AgNPs can be found in the dedi-
cated chapter. Similarly, influenza virus can be
efficiently inhibited by AgNPs with an average
size of 10 nm (Xiang et al., 2011).

Despite the fact that many research works
report anti-anthropod activity of AgNPs, fur-
ther studies are necessary to reveal their pre-
cise mechanism of action as acaricide,
larvicide, and lousicide.

Broad-spectrum bioactivities of AgNPs
make them promising agents for tumors,
with particular research interest in the treat-
ment of different types of drug-resistant can-
cer cells.

6.6 OVERVIEW OF THE MOST
PROMISING APPLICATIONS

The emergence of bacterial resistance to
multiple classes of antibiotics has led to a
growing interest in the antimicrobial properties
of silver nanoparticles in a wide range of
domestic and clinical products (Sotiriou and
Pratsinis, 2011; Mohammadzadeh and
Ahmadiyan, 2013; Mulley et al., 2014). The
research on medical applications of nanosilver
has been extremely active and great attention
has been recently addressed regarding
hospital-acquired infections (Chaloupka et al.,
2010). Despite advances in preventive care and
antimicrobial therapy, nosocomial infections
associated with indwelling devices still repre-
sent a serious concern in hospitals
(Sampathkumar et al., 2011; Sousa et al., 2011;
Chaudhury et al., 2012; Parker and Doebbeling,
2012; Esposito et al., 2013; Nayeemuddin et al.,
2013; Frykholm et al., 2014; Lombardi et al.,
2014; Paredes et al., 2014; Silva et al., 2014;
Stickler, 2014).

Nanotechnology approaches are considered
promising for preventing clinical infection
(Monzillo et al., 2012; Mansouri et al., 2013;
Zhang et al., 2013). Silver-based antimicrobials
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and AgNPs have been proposed for catheter
impregnation and resulted in effective preven-
tion of early bacterial colonization (Beattie and
Taylor, 2011; Agarwala et al., 2014). Since 1999,
numerous studies of the incorporation of
AgNPs in the catheter matrix have been pub-
lished, wherein the substantial reduction of
bacterial colonization has been assessed
(Böswald et al., 1999; Hentschel and Münstedt,
1999; Joyce-Wöhrmann and Münstedt, 1999;
Martus et al., 1999; Rösch and Lugauer, 1999;
Schoerner et al., 1999; Samuel and
Guggenbichler, 2004). More recently, the
research performed at the University of Salento
(Lecce, Italy) demonstrated the possibility to
deposit nanosilver on both the luminal and the
outer surface of catheters by adopting the
photo-assisted deposition of silver nanoparti-
cles. The obtained results indicated the impres-
sive reduction in bacteria biofilm proliferation,
no significant cytotoxic effect on fibroblasts,
and very low values of silver ion release even
in contact with biological fluids for extended
periods (Pollini et al., 2011; Paladini et al.,
2012, 2013b).

Silver coatings have also been considered
attractive for deposition on other medical
device surfaces such as implants and wound
dressings (Taheri et al., 2014). Implant-
associated bacterial infection is still one of the
most serious complications in orthopedic sur-
gery. The incorporation and deposition of sil-
ver nanoparticles on titanium implants and
screws were demonstrated effective in prevent-
ing bacteria biofilm adhesion and infections
(Secinti et al., 2011; Cheng et al., 2013). The use
of silver nanoparticles has also been explored
for the production of antimicrobial bone graft
(Marsich et al., 2013) and in orthodontia, where
antifungal acrylic resins containing AgNPs
were developed as antifungal compounds for
denture bases (Acosta-Torres et al., 2012; Nam
et al., 2012; Sodagar et al., 2012). A wide range
of silver dressings with broad-spectrum anti-
microbial activity is commercially available for

topical application and new wound dressing
biomaterials have also been proposed in the lit-
erature for the management of exuding venous
leg ulcers for bioburden and infection reduc-
tion (White, 2013; Forlee et al., 2014). The appli-
cation of dressings based on silver
nanoparticles was demonstrated effective on
the restoration of the normal skin (Rigo et al.,
2013). Nanobiocomposites prepared by embed-
ding silver nanoparticles in a polymeric matrix
were demonstrated effective in promoting the
wound healing by modulation of collagen
deposition (Ghosh Auddy et al., 2013). Cotton
fabrics treated with AgNPs also demonstrated
wound-contracting ability that was signifi-
cantly higher than that for untreated cotton
fabrics and can be considered promising for
the production of smart textiles for medical
purposes and other biological fields (Hebeish
et al., 2014). The silver deposition treatments
described in this chapter have been extensively
applied to textile substrates for biomedical
application and for the development of
advanced textiles with improved comfort.
Natural and synthetic fibers deposited with sil-
ver nanoparticles demonstrated long-lasting
antifungal and antibacterial capabilities on
many micro-organisms, no skin irritation effect
in vivo, excellent adhesion of the coating to the
fibers, and durability in laundry (Paladini
et al., 2014c). Silver-coated cotton and flax sub-
strates have been developed as effective
wound dressing biomaterials for the preven-
tion of wound infections (Paladini et al., 2013a,
2014b); silver-treated textiles have also been
proposed for other biomedical applications
such as the production of antimicrobial bed
linens for the prevention of cross-transmission
among patients (Paladini et al., 2014c). The
transmission of infectious diseases can also be
associated with public places such as waiting
rooms, schools, or public transportation, where
hand-touch surfaces can easily get colonized
by bacteria and fungi. For this purpose, silver-
treated leather with durable antibacterial
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properties has been proposed by the authors
for application in the public transport systems
(Pollini et al., 2013), and silver-treated poly-
meric foams also demonstrated strong efficacy
against pathogen strains responsible for respi-
ratory diseases associated with the contamina-
tion of air filtration units in domestic and
public places (Paladini et al. 2014a). Filters able
to remove potential pathogens also have signif-
icant medical applications (Islam et al., 2013),
so filters containing silver have been proposed
for tap water purification, wastewater and
groundwater treatment, and other bio-related
applications (Vonberg et al., 2008; Dankovich
and Gray, 2011; Nowack et al., 2011;
Mpenyana-Monyatsi et al., 2012; Pathak and
Gopal, 2012; Seo et al., 2012; Yuan et al., 2013).
Other promising applications of AgNPs
described in recent research works include
those of the food industry (as packing material)
and those of the marine industry (as antibio-
fouling material) (Gottesman et al., 2011; Song
et al., 2011; Echegoyen and Nerı́n, 2013;
Inbakandan et al., 2013; Liu et al., 2014).

6.7 CONCLUSIONS AND FUTURE
PERSPECTIVES

Nonconventional procedures for the size-
controlled preparation of silver nanoantimicro-
bials, such as electrolysis, ion beam sputtering,
photo-deposition, have been reviewed in this
chapter. Fundamentals and experimental
details of these uncommon procedures have
been explicated for the material scientist inter-
ested in reproducing the process. Several case
studies and selected applications have been
reported, as well as a very concise overview of
the most diffused bioactivity mechanisms of
Ag nanoantimicrobials.

The reviewed techniques offer several advan-
tages (i.e., industrial scaling-up) that make them
appealing for the reader interested in the repro-
ducible and cost-effective development of Ag

nanomaterials for real-life applications. The
nonconventional methods reviewed here could
be adopted to develop other efficient nano-
antimicrobials based on (or in combination
with) alternative bioactive materials to widen
the range of syntheses available to obtain
nanomaterials with enhanced activity against
pathogens.

However, toxicology studies should be con-
sidered in the future to correlate the different
physicochemical and biological properties of
the proposed silver-based antimicrobials with
the exerted bioactivity and potential toxicity to
humans and the environment. The develop-
ment of hybrid nanostructures based on sup-
ported and well-confined Ag nanophases, in
place of barely dispersed AgNPs, could reduce
exposure risks.
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7.1 INTRODUCTION

Orthopedic surgery is concerned with
conditions involving the musculoskeletal system.
Musculoskeletal disorders are the principal cause
of disability all over the world and are responsi-
ble from more than half of all chronic conditions
in elderly people in developed countries
(Weinstein, 2000; Leveille, 2004). In engineering,
anything used for manufacturing is called
material. The material used in the biological
environment to support or treat damaged organs
or body parts is called biomaterial. Biomaterials
can be grouped under four headings: metallic,
ceramics, polymeric, and composite materials.
The biomaterials most commonly used in ortho-
pedic surgery are metallic implants such as steel
or titanium alloys because they provide
satisfactory mechanical performance. Screws,
plates, and nails used for the treatment of
fractures, hip and knee prostheses used in joint
diseases, artificial bones, and spine implants are
typical examples of biomaterials used in

orthopedic surgery. Advances in orthopedic
surgery have led to increasing dependence on
a variety of medical devices, and the number
of patients in need of orthopedic implants is
growing rapidly. In 2005, nearly 800,000 pri-
mary total hip and knee replacements were
performed in the United States (Praemer et al.,
1992; Iorio et al., 2008). One million hips are
replaced by prostheses worldwide every year
(Holzwarth and Cotogno, 2012). The rate of
orthopedic implant use is increasing, and this
trend is expected to continue in the next dec-
ades because of an aging population and
improvements in medical care (Iorio et al.,
2008; Holzwarth and Cotogno, 2012).

7.2 ORTHOPEDIC IMPLANTS AND
INFECTIONS

Orthopedic implants, especially hip and
knee joint replacements, have a limited lifetime
because of implant failure and the need for
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revision surgeries within certain time periods
in patients who might require frequent, com-
plicated, and expensive surgeries. For this
reason, lengthening the life span of implants
for several decades would prevent consider-
able patient suffering and save health care
costs (Sculco, 1995). Long-term survival and
favorable outcome of orthopedic implant use
are mainly determined by bone�implant
osseointegration and absence of infection near
the implants. Bone is a biocomposite material,
and its main components are mixture of
calcium and phosphate minerals in the form of
hydroxyapatite, proteins with mostly type
I collagen fibrils, and water. The dimensions of
the mineral and organic components of bone
tissue are on the nanometer scale (Rho et al.,
1998). Ceramics including calcium phosphates,
hydroxyapatite, and calcium sulfate dihydrate
are classified as reabsorbable bioceramics.
Reabsorbable bioceramics degrade over time
and are replaced by endogenous tissues,
resulting in normal, functional bone when
used in orthopedic applications. Usually, ortho-
pedists use mixtures of calcium phosphates
formed by hydroxyapatite and tricalcium
phosphates. Because of their chemical and
structural similarities to the inorganic part of
bone, hydroxyapatite has been used as a coating
material on orthopedic implants to obtain better
bioactivity of metallic surfaces, which combines
the strength of the metals with the bioactivity
of the ceramics. A hydroxyapatite coating,
in addition to providing a mechanism to aug-
ment osseointegration, has the function of
blocking the interface from wear particles and
macrophages associated with periprosthetic
osteolysis (Rahbek et al., 2001; Geesink, 2002).
Plasma spraying, magnetron sputtering, sol-gel,
electrostatic spraying, and biomimetic
coating techniques have been used to apply
hydroxyapatite coatings on implant surfaces
(Ducheyne et al., 1986; De Groot et al., 1987;
Klein et al., 1991; Leeuwenburgh et al., 2005).
Currently, hydroxyapatite coatings have been

used not only for their osteoconductive effects
but also as a method for providing bioactive
molecules (Saran et al., 2011). These methods of
delivery of bioactive molecules expand the func-
tion of hydroxyapatite as a coating to increase
new bone formation on orthopedic implants.
The appropriate timing, dose, and their release
kinetics from the hydroxyapatite have to be care-
fully determined for optimal outcome regarding
the biological features added to hydroxyapatite
(Goodman et al., 2013).

The use of prophylactic antibiotics and other
procedures such as the use of laminar airflow
and body exhaust systems in the operating room
have decreased the frequency of implant-related
infections, but they have not eliminated the risk
(Nasser, 1992). It has been reported that the inci-
dence of implant-related surgery is increasing.
Despite progress in surgical techniques, up to 5%
of implant-related surgeries may become compli-
cated by infection (Goodman et al., 2013).
Infection is also known to hinder healing in bone
tissue (Petty et al., 1985). Staphylococcus aureus
and Staphylococcus epidermidis are responsible for
more than 50% of infections. However, frequen-
cies of methicillin-resistant microbial infections
have been increasing. Infection of the implant is
one of the most frightening clinical complications
for both the patient and the surgeon (Garvin and
Hanssen, 1995). Implant-related infections are
mostly treated by surgical debridement and
systemic administration of antibiotics. Deep
infection of implants cannot be managed by sys-
temic administration of antibiotics. Many of these
infected implants need removal. In addition to
economic aspects, many difficulties may be
associated with implant-related infection that
may include the need for multiple operations,
a long period of disability for the patient, and,
occasionally, suboptimal outcome and a higher
incidence of mortality. As with most diseases,
prevention is the better approach. It is very
important to develop novel methods for
preventing implant-related infection (Van de Belt
et al., 2001; Arciola et al., 2012).
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Bacterial adhesion and colonization to the
implant surface is the first step in the estab-
lishment of an implant-related infection
(Gristina and Costerton, 1984). Bacteria colo-
nize metallic implants and form biofilms that
slow the penetration of antibiotics to the
underlying infection. Biofilm-producing bacte-
ria are known to be much more resistant to
antibiotics than planktonic bacteria. It has
been reported that the minimum inhibitory
concentrations (MIC) for bacteria in biofilm is
many times higher than for planktonic bacteria
(Davies, 2003; Kirby et al., 2012). Systemic
perioperative antibiotics and local antimicro-
bials are used commonly for implant-related
infections. The use of systemic antimicrobials
has limited success in reducing infectious
complications. Systemic toxicity and poor pen-
etration into infected tissues reduce the suc-
cess of oral or parenteral antibiotic treatment.
Local antibiotic therapy has become a recog-
nized and standard supplement to systemic
antibiotics for both prophylaxis and existing
infections. Antimicrobials can be locally
administered in various forms, including skin
antisepsis, use of antimicrobial carriers, and
soaking of surgical implants in antimicrobial
solutions (Ostermann et al., 1993; Isiklar et al.,
1996). Antimicrobial irrigation of the surgical
wound and debridement can also be per-
formed. Animal studies show that irrigation
and debridement, especially in early cases
with antibiotics, may prevent infection, but
clinical studies show high failure rates with
this approach if the site is already infected
(Shah et al., 2013).

7.3 LOCAL DELIVERY OF
ANTIMICROBIALS

Local delivery of antimicrobial agents is a
smart choice for the prevention of infection.
Adequate dose of antibiotics can be delivered
directly to the site of infection and antibiotic

concentration in the infected area is more likely
to be in the therapeutic range, preventing
development of antibiotic-resistant strains.
With this method, systemic side effects are
reduced because antibiotics should not reach
high serum concentrations. Many materials
have been investigated as potential local deliv-
ery vehicles (Darouiche, 1999, 2004; Ewald
et al., 2006; Darouiche et al., 2007). Polymers
such as collagen and chitosan are simply and
rapidly loaded by dipping them in a solution
of the chosen antibiotic. These polymers release
antibiotics in a quick “burst,” and discharge is
normally complete within 4 days (Wachol-
Drewek et al., 1996; Noel et al., 2008). This lim-
ited time period for release of kinetics is not
suitable for surgically implanted devices.
To provide antibiotics locally, antibiotic-loaded
polymethylmethacrylate (PMMA) beads have
been used for decades (Van de Belt et al., 2001;
Hendriks et al., 2004; Kent et al., 2006). They
are produced at the time of implantation
by combining the preferred antibiotic with
PMMA and shaping into beads. They might
treat acute infections in long bones (Wenke
et al., 2006) but, because beads are not biode-
gradable, antimicrobials loaded into the inside
of the bead may not be released completely.
Actually, 75% of total antibiotics incorporated
may not be released from PMMA beads
and additional surgery is necessary to remove
the beads once antibiotic release has finished.
New studies have also indicated that bacterial
biofilms can stay on antimicrobial-releasing
bone cement beads when implanted into
infected areas (Anagnostakos et al., 2008).
Biodegradable polymers such as polylactic
acid and polylactic-glycolic acid have been
used to locally transport antibiotics. Antibiotic-
loaded biodegradable polymers are a promis-
ing medium for local delivery because of
biodegradable nature and biocompatibility of
biodegradable polymers, but the release kinet-
ics of antibiotics from biodegradable polymers
is not ideal.
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7.4 ANTIMICROBIAL IMPLANT
COATINGS

The characteristics of biomaterials can be
generally divided into two categories: bulk and
surface. The surface properties of a material
describe the interactions with its environment
that occur at the interface. A potential solution to
prevent early bacterial adhesion may be to mod-
ify the implant surface by coating the surface
with an antimicrobial. Infection-resistant coatings
are a relatively recent addition to the science of
implant and device development. Coatings can
be classified as passive or active, depending on
whether there are antibacterial agents distributed
locally. Passive coatings do not release bacteri-
cidal agents to the surrounding tissues; these
coatings prevent bacterial adhesion and kill
bacteria on contact. In comparison, active
coatings discharge loaded bactericidal agents
to treat infection. Active antimicrobial agents
were utilized first as infection-resistant materials.
Passive coating technologies such as adhesion-
resistant coatings are being developed (Goodman
et al., 2013). The design of anti-infective bioactive
coatings can rely on different strategies: bacteria
repelling and antiadhesive surfaces; biomaterials
delivering antimicrobials; bioactive molecules
interfering with the production of bacterial
biofilm; intrinsically bioactive materials with anti-
bacterial properties; and nanostructured materi-
als (Campoccia et al., 2013). Nanotechnology is
an emerging technology involving the tailoring
of materials at atomic levels to obtain unique
properties for the desired applications (Roco
et al., 2010). Most of the natural processes also
take place in the nanometer scale. Materials with
high performance and unique properties can be
produced that could not be created with tradi-
tional manufacturing methods. Nanotechnology
provides opportunities for promising sophisti-
cated approaches in the area of medical implant
technology. It has impacted the field of biomater-
ials in several areas, including the manipulation

of surface characteristics. Calcium phosphate bio-
ceramics was used to improve the biological
properties of metallic implants. The logical next
step was coating the surface with antimicrobials.
This would inhibit bacteria from colonizing the
implant surface. Because of the aforementioned
issues, biodegradable materials have been inves-
tigated as possible antibiotic carriers. Antibiotic-
loaded calcium phosphate coating produced by a
dipping method causes a burst release of the anti-
biotics, and total antibiotics may be released
within the first 60 min (Radin et al., 1997; Gautier
et al., 2001). The development of microbial resis-
tance to ordinary antibiotics is a major clinical
challenge (Spellberg et al., 2008). To eliminate
these undesirable issues, research into alternative
antimicrobials such as silver compounds and
newer areas, such as nanoparticle formulations,
have gained attraction (Bai et al., 2010).
Hydroxyapatite nanoparticles can be produced
through wet synthesis, which proceeds at
relatively low temperatures. Hydroxyapatite
nanoparticles can be used as drug carriers and
show improved performances compared with
conventional materials because of their large
surface-to-volume ratios.

7.5 IMPLANT COATING WITH
NANO-SILVER

To prevent implant-related infections,
implants can be coated with different antimicro-
bials that comprise antibiotics, such as vancomy-
cin, tobramycin, and gentamicin, and silver and
silver-containing compounds (Bosetti et al., 2002;
Alt et al., 2006). Silver has been described as one
of the earliest materials to be intentionally used
in surgery for its bactericidal properties (Klasen,
2000). It has remained a relevant antimicrobial
and is now used mainly for burn treatments,
implant coatings, and dental work (Saint et al.,
1998; Darouiche, 1999; Klasen, 2000; Bosetti et al.,
2002; Huh and Kwon, 2011). Silver nanoparticles
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are gaining popularity as an antimicrobial with
important potential because they have been
shown to be effective again bacteria, viruses, and
eukaryotes (Furno et al., 2004; Gong et al., 2007).
Silver nanoparticles have been used as a local
antimicrobial in coatings of medical implants and
wound dressings (Rai et al., 2009). Many authors
focused primarily on silver because it has a broad
antibacterial spectrum, strong antibacterial activ-
ity, and low toxicity. A number of methods can
be used to add silver onto the surfaces of medical
implants. Although direct coating methods of
applying metallic silver to implant surfaces have
been described, silver is biologically more active
when it is in its ionic form (Ag1) (Gosheger
et al., 2004; Hardes et al., 2007). The metallic sil-
ver did not show enough antimicrobial activity
and also deteriorated quickly (Atiyeh et al., 2007;
Rai et al., 2009). Metallic silver in a moist environ-
ment will react and results in the formation and
release of silver ions. These ions are highly potent
as antimicrobial agents, but they are difficult to
use in combination with medical devices (Rai
et al., 2009; Meakins, 2009). The coating of silver
comprising biodegradable material could dis-
charge markedly more silver ions than metallic
silver (Noda et al., 2009). Silver ions display
bactericidal activity at very low concentrations;
bactericidal activity has been reported at silver
concentrations as low as 35 ppb (Noda et al.,
2009). The mechanism of bactericidal activity of
silver relies on a series of actions; inactivation of
critical enzymes of the respiratory chain by metal
binding to thiol groups and induction of
hydroxyl radicals appear to play a major role
(Klasen, 2000; Feng et al., 2000; Jung et al., 2008).
Currently, there is substantial research regarding
silver-coated medical devices (Alt et al., 2004; Bai
et al., 2010; Johnston et al., 2010). This is mainly
driven by the fact that silver is active against
both Gram-positive and Gram-negative bacteria.
The incidence of antibiotic-resistant bacteria is a
serious problem, but silver has advantages over
antibiotics; resistance has not been yet been

convincingly demonstrated for clinically rele-
vant pathogens.

The potential of silver nanoparticles as an anti-
microbial agent has been confirmed by many
studies (Furno et al., 2004; Alt et al., 2006) Furno
et al. (2004) showed that silicon discs impreg-
nated with silver nanoparticles inhibited bacterial
adhesion and growth. Silver nanoparticles are
used as a repository of silver ions, which are
released from the coating. Silver nanoparticles
exhibited potential as an antimicrobial agent, but
maintaining this effect for longer periods is
dependent on the way the silver particles are
anchored to the surface layer. Hydroxyapatite
nanoparticles can be used as a carrier of silver
particles. There are several methods for introduc-
ing silver into calcium phosphate�based ceramic
coatings, such as plasma spraying (Chen et al.,
2008; Zheng et al., 2009), ion beam-assisted depo-
sition (Bai et al., 2010), magnetron sputtering
(Chen et al., 2006), micro-arc oxidation (Song
et al., 2009), and sol-gel technology (Chen et al.,
2007). Chen et al. (2007) examined antibacterial
and osteogenic properties of silver-containing
hydroxyapatite coatings produced using a sol-gel
process and determined that fixing hydroxyapa-
tite with silver inhibited the adhesion of bacterial
on its surface. Chen et al. (2008) fabricated
plasma-sprayed silver-containing hydroxyapatite
coatings and showed that the coating exhibited a
distinct antibacterial effect against Escherichia coli,
Pseudomonas aeruginosa, and S. aureus. They
observed no major cytotoxicity and hemolysis for
the silver-containing coatings.

The use of silver in thin nanocoatings in the
form of nanoparticles has been progressively
developing (Grunlan et al., 2005; Knetsch and
Koole, 2011; Liu et al., 2013; Xie et al., 2014).
Peksen et al. (2007) have described the
development of a new silver ion�doped cal-
cium phosphate�based ceramic nano-powder.
Antibacterial powder was synthesized by
using the wet chemical method. Calcium oxide
and orthophosporic acid were used as a source

1117.5 IMPLANT COATING WITH NANO-SILVER

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES



of Ca and PO ions. Silver ions were used as an
antibacterial agent. Crystal structures of the
synthesized powders were characterized with
X-ray diffractometer (Figure 7.1). The particle
sizes of powders were determined by laser dif-
fraction method. Powder morphology was
studied by scanning electron microscopy
(Figure 7.2). Antibacterial effects of this ceramic
nano-powder against E. coli, P. aeruginosa,
S. aureus, and Candida albicans were reported.
The powder did not disturb angiogenesis,
which plays a key role in bone�implant
osseointegration, and at low concentrations it
was not cytotoxic. At present, silver is one of

the most widely used anti-infective substances
(Rai et al., 2009). Incorporating silver into
hydroxyapatite coatings is an effective method
to provide the coatings with antibacterial prop-
erties. However, uniform distribution of nano-
sized silver in the coatings is one of the critical
factors determining the successful application
of hydroxyapatite—silver coatings. Silver parti-
cles in the coatings are easy to agglomerate,
which in turn affects the applications of the
coatings. Kose et al. (2013) used an electrospray
method to add silver to hydroxyapatite. The
electrospray method was used for the coating
process because this technique is a new method
for the preparation of uniform ceramic thin
films in a controllable way (Figure 7.3). The
main advantages of electrospray deposition
over other common deposition processes are
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FIGURE 7.1 X-ray diffractometer
patterns of powder.

FIGURE 7.2 Morphology of electrosprayed
hydroxyapatite-coated implants.
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FIGURE 7.3 Schematic view of the ESD setup.
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suitability for less soluble materials, lack of
solvent evaporation effects, possibility for real-
izing multilayered devices, and efficient usage
of the materials (Balachandrana et al., 2001;
Taniguchi and Schoonman, 2002; Jaworek,
2007; Jaworek and Sobczyk, 2008; Thian et al.,
2011). Kose et al. (2013) used the same silver
ion�doped calcium phosphate�based ceramic
nano-powder for implant coating to provide
not only biocompatibility but also antibacterial
activity to the orthopedic implants. The use of
nanoparticulate silver may represent a promis-
ing new possibility by embedding nanoparti-
cles of silver in bioceramic coatings; the active
surface area is maximized while keeping the
total amount of silver low. Therefore, it is possi-
ble to tailor the antibacterial activity of the sil-
ver ions while remaining below the toxicity
threshold for other cell types. Figure 7.4 shows
the EDX electron image and element (Ag) map
taken from antimicrobial-coated pins. There are
some advantages associated with immobilizing
silver ions directly into implant coating
matrices versus antimicrobials that are eluted
from a coating matrix. Anti-infective surfaces
involving the use of nonleachable substances,
such as hydroxyapatite—silver, can kill bacteria

on contact because the bactericidal substances
are not released and are active after direct
interaction with the bacterial cells. A potential
benefit of immobilization is longer-lasting
activity. The electrospray method was used for
coating the implants. A radiofrequency energy
source was used to sinter the coated samples.
After sintering, the surface morphology of the
pins was observed using scanning electron
microscopy. They reported that homogeneous,
dense coating layers were obtained. To evaluate
silver ion release from antimicrobial powder
to the aqueous system, powder was kept
in simulated body fluid for 21 days. There was
a controlled release of silver ion from powder
to an aqueous system. The starting value
was 5% weight, and this value was decreased
to 4.2% weight after 21 days. However, no
free silver ions were detected to the aqueous
system with coated samples using an atomic
absorption method, which has a detection
threshold as low as 0.02 ppm (mg/L). Silver
ions doped into the calcium phosphate�based
ceramic nano-powder are accepted as non-
leachable coating.

To determine if the silver-doped nano-pow-
der�coated implants prevent implant-related
infection, 27 titanium pins were implanted in
rabbit knees. The pins were divided into three
groups of nine. The first group received uncoated
implants into their knee joints, the second group
received hydroxyapatite-coated implants, and
the third group received silver-doped hydroxy-
apatite-coated implants. To create the experi-
mental infection, methicillin-resistant S. aureus
was used. After 6 weeks of implantation, bone
and implants were radiographically, microbio-
logically, and histopathologically analyzed.
Osteolysis around the implant was investigated
on AP and lateral knee radiographs. Each
implant was sonicated and the number of organ-
isms was calculated. Bone was swabbed to obtain
a specimen for culture. The effects of silver coat-
ing on bone tissue surrounding the implants
were noted histopathologically. The femoral

FIGURE 7.4 EDX electron image and element (Ag)
map taken from antimicrobial-coated pins.
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bone fragments were evaluated to determine the
numbers of bacterial colonies. Radiology, micro-
biology, and histology findings were quantified
to define the infection. Plain radiographic find-
ings showed no osteolysis, periosteal bone forma-
tion, or focal lysis adjacent to the implant in any
groups. Histologic evaluation of sections of the
bone surrounding the silver-coated group had
healthy cortical osteons and minimal or no peri-
osteal reaction with no cellular inflammation or
foreign body granuloma. Silver particulate was
not observed on surrounding bone tissue.
Cellular inflammation was severe in uncoated
samples. Microbiological tests showed silver-
coated implants had a lower rate of colonization,
and they were associated with lower rates of
osteomyelitis.

However, when silver coating is applied to
the implants, the safety of silver as well as anti-
bacterial activity should be considered.
Although ordinary blood silver concentrations
are considered to be less than 10 ppb, toxic
side effects of silver were described for a blood
concentration of 300 ppb in the form of argyro-
sis, leucopenia, and liver and kidney damage
(Vik et al., 1985). Because silver toxicity is a
dose-dependent process, it is necessary to find
the optimum silver concentration region for
antibacterial activity within the nontoxic
region. Nanoparticles chemical composition,
size, shape, concentration, rate of dissolution/
degradation, and surface properties are all
critical variables capable of influencing the
toxicological profile. Although silver in small
percentages can have an antibacterial effect,
larger amounts can be toxic; therefore, optimi-
zation of the silver concentration in the coating
is critical to guarantee an optimum antibacte-
rial effect without cytotoxicity. The literature
and our research support that the presence
of 2�5% weight silver in HA coating can
have significant antibacterial effects without
cytotoxicity. However, even within the opti-
mum silver concentration region, release of sil-
ver ions for a long period may lead to

the accumulation of silver in the organs.
Concerns exist regarding the still incomplete
knowledge of the toxicology of nanomaterials
and silver (Chopra, 2007; Rai et al., 2009;
Johnston et al., 2010; Knetsch and Koole, 2011;
Sullivan et al., 2014).

7.6 CONCLUSION AND FUTURE
PERSPECTIVES

Infection is a disease state that knows no lim-
its and can affect any patient who undergoes
surgical treatment. Despite the many scientific
development and technological advances, such
as the advent of antibiotics and the use of sterile
techniques, infection continues to be a problem
for orthopedic surgeons, and it continues to
cause suffering to patients. Advances in orthope-
dic surgery have caused increasing dependence
on a variety of medical devices and the number
of patients in need of orthopedic implants grow-
ing rapidly. Although the use of prophylactic
antibiotics and other procedures have helped
reduce the incidence of implant-related infec-
tions, they have not eliminated the risk. The sys-
temic treatment of infected implants with
antibiotics is often poor because access of anti-
biotics to the infection site is inadequate. The
need for new bioactive materials to overcome
the growing problems of drug resistance in
infections is of increasing importance. Anti-
infective biomaterials have become a primary
strategy to prevent implant-associated infections.
The research focusing on nanotechnology and
new materials is promising for the field of medi-
cine. The use of silver in thin nanocoatings in
the form of nanoparticles has been developed.
There are many studies showing that silver-
hydroxyapatite-coated implants had a lower rate
of colonization and they were associated with
lower rates of infections. Nevertheless, there is
incomplete knowledge of the toxicology of nano-
materials and silver.
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8.1 INTRODUCTION

It is well-established that in the wide variety of
natural habitats, the majority of microbes does
not exist as free-living organisms but rather forms
a structured biofilm ecosystem in which the
microbes are attached to abiotic or biotic surfaces.
In a biofilm, microorganisms function as a coop-
erative consortium that allows survival in hostile
environments (Davey and O’Toole, 2000). Mixed-
species biofilms are the dominant form in nature,
including human hosts; for example, they are
found in the oral cavity and in the lungs of cystic
fibrosis (CF) patients (Elias and Banin, 2012).
Biofilms, including those formed by pathogens,
are present in every niche of the human body,
such as skin, nose, lung, and intestine, as well as
on medical devices, for example, artificial heart
valves, catheters, and artificial limbs (Karatan

and Watnick, 2009). The formation of the bio-
films creates several beneficial phenotypes
mainly because of metabolic cooperation, but
the competitive relationship is also observed
(Rendueles and Ghigo, 2012). Interspecies inter-
actions involve communication, typically via
quorum sensing (QS) (Antunes and Ferreira, 2009;
Kotler, 2010). It was also well-documented that
the bacterial biofilms exhibit an increased resis-
tance to chemical disinfection, human immune
responses, and antimicrobial therapy (Hoiby et al.,
2010), which create a great medical problem.

In this review, we describe the diseases
caused by several bacterial species�forming bio-
films, the main mechanisms of biofilm resistance
to conventional antibiotics, and novel anti-
bacterial agents and strategies. The main focus is
placed on the antibiofilm activity of metal nano-
particles (NPs).
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8.2 DISEASES CAUSED BY
BACTERIAL BIOFILMS

It is estimated that the majority of medical
infections are caused by bacterial biofilms
(Costerton et al., 1999). Here, we describe bio-
films formed by some pathogenic organisms,
indicating their impact on the virulence of
these species. The exact processes by which
biofilm-associated organisms cause diseases in
humans is not entirely understood. The most
probable strategies include detachment of the cell
aggregates from indwelling medical devices, pro-
duction of endotoxins, resistance to the immune
system of the host, and resistance to plasmid
exchange (Donlan and Costerton, 2002).

8.2.1 Pseudomonas aeruginosa Biofilms

P. aeruginosa, a Gram-negative bacterium, is
an opportunistic human pathogen that fre-
quently causes infections in hospitalized patients
(Hancock and Speert, 2001). This bacterium is
capable of growth in numerous environmental
niches because of its large genome and flexible
metabolism. P. aeruginosa is responsible for lung
diseases of patients with CF (Hutchison and
Govan, 1999), the infection that leads to lung tis-
sue damage as a result of the combined action of
bacteria and increased inflammation, and also
for nosocomial tract pneumonia and sepsis of
burn wounds (Overhage et al., 2008). The ability
to form biofilms is crucial in the infections
caused by P. aeruginosa and has made this bacte-
rium a model organism with respect to biofilm
formation (Hoiby et al., 2001). The three major
secreted polysaccharides are the main compo-
nents of the biofilm matrix: alginate composed of
the uronic acid, mammuronic acid, and guluro-
nic acid; Ps1 rich in rhamnose, mannose, and
glucose monomers; and Pel (Parsek and Tolker-
Nielsen, 2008). Extracellular DNA (eDNA) was
also shown to be present in high concentrations
in the biofilm matrix (Allesen-Holm et al., 2006).

Recently, the loss of social behavior of P. aerugi-
nosa colonizing the lung was confirmed. This
feature is important for biofilm development and
has crucial implications for the treatment of CF
infections (Jiricny et al., 2014). The interactions
in the respiratory tract infections between the
clinical isolates of P. aeruginosa and Staphylococcus
aureus, another prevalent pathogen, were
described, and it was proven that these interac-
tions are executed through a small interspecies
molecule (Fugere et al., 2014).

P. aeruginosa biofilms are also formed on
implanted and indwelling devices, such as cathe-
ters and ventilator tubes. These biofilms can be
monomicrobial or polymicrobial, usually com-
bined with S. aureus, and even aggressive ther-
apy fails to eradicate the infection of the latter
(Vandecandelaere et al., 2012). Several animal
models of biofilm infections have been devel-
oped as a potential guide for clinical treatment.
Watters et al. (2013) developed a murine model
of chronic diabetic wounds. In turn, Gurjala et al.
(2011) elaborated a rabbit model useful for study-
ing nonhealing, subcutaneous wounds.

The reduced susceptibility of P. aeruginosa
biofilm to antimicrobial agents depends on the
restricted penetration of antimicrobials into
the biofilm structure (Nichols et al., 1989) and
the protection from the immune system, includ-
ing the humoral host response and innate
immune system (Jensen et al., 2010). The biofilm
tolerance to antimicrobial agents (Xu et al., 2000)
and the formation of persister cells (Lewis, 2010)
also play a substantial role in the P. aeruginosa
resistance to the known antimicrobials. This
severe therapeutic problem is described else-
where. Despite the high resistance to antibiotics
for P. aeruginosa, they are still used in therapy.
For many types of catheter infections, antibiotic
lock therapy (ALT) utilizing very high concen-
trations of antibiotics is clinically recommended.
It was also found that sharp debridement fol-
lowed by antibiotic treatment is very promising
for healing the wounds (Dowd et al., 2011). In
the treatment of CF, antibiotics combination
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therapies, for example, fosfomycin and tobramy-
cin, are recommended (Hoffman and Ramsey,
2013). It was also shown that mannitol enhances
antibiotic susceptibility of the persister bacteria
in P. aeruginosa biofilms (Barraud et al., 2013).
However, it was generally assumed that the lungs
of CF patients, even those receiving improved
antibiotic therapy, are persistently colonized by
P. aeruginosa (Moreau-Marquis et al., 2008).

8.2.2 Staphylococcus aureus Biofilms

S. aureus is a ubiquitous Gram-positive bacte-
ria species; 20�25% of the human population is
persistently colonized by this bacterium and
its niche in the human body is anterior nares
(Kluymans et al., 1997). The multilayered
S. aureus biofilm is embedded with glycocalyx or
slime, composed mainly of teichioic acid and bac-
terial proteins, including clumping factor, fibro-
nectin binding protein A, coagulase, and host
proteins. Cell wall-anchored proteins belonging
to four distinct classes, as shown by structural
and functional analyses, which also contain adhe-
sive matrix molecules, participate in the biofilm
formation (Foster et al., 2014). Polysaccharide
intracellular antigen (PIA) (Mack et al., 1996) and
eDNA (Whitchurch et al., 2002) also play an
important role in the development of biofilms.
The regulatory factors involved in S. aureus bio-
film formation, maintenance, and detachment
form a complicated molecular network. Biofilm is
regulated by the global regulators SarA/Agr,
SarA induce cell attachment to the surface, and
early biofilm formation; in turn, Agr is involved
in biofilm detachment (Beenken et al, 2010). The
biofilm is also positively regulated by the alterna-
tive sigma factor, σS (Nicholas et al., 1999).

S. aureus biofilms present a 25% mortality
rate for hospitalized patients in the United
States (Archer et al., 2011). The diseases caused
by the S. aureus biofilm comprise osteomyelitis,
a severe bone infection that is especially dan-
gerous for older individuals. Children, when

subjected to antibiotic therapy, often resorb
the dead bone, which results in the elimination
of the bacterial attachment surface (Lew and
Waldvogel, 2004). Other severe diseases caused
by S. aureus biofilms comprise peridontitis
(inflammation and infection of the ligaments and
bones that support teeth) (Heitz-Mayfield and
Lang, 2000), chronic wound infections (for exam-
ple, venous leg ulcers) (Gjodsbol et al., 2006), and
endocarditis (infection of heart valves with a
high rate of morbidity and mortality) (Roder
et al., 1999). Native valve endocarditis (NVE)
results from the interaction between the vascular
endothelium, generally of the mitral, aortic, tri-
cuspid, and pulmonic valves of the heart, and
bacteria circulating in the bloodstream. It was
estimated that the coagulase-positive staphylo-
cocci are responsible for approximately 20% of
NVE cases (Donlan and Costerton, 2002). Other
diseases caused by staphylococci include chronic
rhinosinusitis (Ferguson and Stolz, 2005), ocular
infections, including keratitis, endophtalmitis,
and conjunctivitis (Leid et al., 2002), and otitis
media, which is a disease of the middle ear that
involves the inflammation of the mucoperiosteal
lining (Giebink et al., 1982). Moreover, S. aureus
and Staphylococcus epidermidis cause infections of
indwelling medical devices, such as orthopedic
implants, artificial heart valves, and cosmetic sur-
gical implants (Costerton et al., 2005).

It should be mentioned that staphylococcal
biofilm-associated infections are very resistant
to the immune system of the host. This is
attributable to several factors, such as the produc-
tion of staphylococcal complement inhibitors,
leading to a substantial decrease in phagocytosis
of bacteria by neutrophils (Kobayashi and DeLeo,
2009). IGg1 antibodies may also be less effective
because of the heterogeneous antigen character
of the biofilm (Archer et al., 2011). It was
proposed that the staphylococcal biofilm changes
the host immune response from a proin-
flammatory bactericidal phenotype toward an
anti-inflammatory, pro-fibrotic response favoring
bacterial persistence.
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8.2.3 Biofilms Formed by E. coli and
Other Pathogens of Gastrointesinal Tract

In this chapter, only three biofilm-formed
gastrointestinal pathogens are described that
are causes of well-defined diseases.

E. coli is a predominant, facultative ana-
erobic bacterium of the gastrointestinal tract.
Several factors including fimbriae, adhesins,
and polysaccharides, such as poly-β-1, 6-N-
acetyl-glucosamine, and lipopolysaccharides,
are crucial for biofilm formation by E. coli.
Small molecules, such as cyclic-di-GMP, acetyl
phosphate, ppGpp, N-acetyl-glucosamine, N-
acetyl-glucosamine-6-P, and QS molecules, play
an important role in the switch from planktonic to
sessile life (Beloin et al., 2008). The zoonotic Shiga
toxin-producing E. coli (STEC) O157:H7 is a
food-borne and water-borne pathogen that causes
diarrhea, hemorrhagic colitis, and hemolytic-
uremic syndrome in humans (Chekabab et al.,
2013). It was shown that the patients fed by per-
cutaneous endoscopic gastroscopy (PEG), a
common form of enteral nutrition in which
the feeding tube passes through the abdomen
to the stomach, are especially susceptible to
E. coli diarrhea (Macfarlane and Dillon, 2007).
The genome sequence of O157:H7 strains are
approximately 75% homologous to E. coli chro-
mosome; the remaining 25% are O157:H7-
specific sequences, most of which have been
horizontally transferred and carry pathogenic-
ity determinants, the most important of which
is locus of the enterocyte effacement (LEE)
island (McDaniel et al., 1995). Another pathoge-
nicity island codes for additional virulence genes
(Croxen and Finlay, 2010). In addition to causing
infection in humans through the consumption of
contaminated food, E. coli is able to survive for a
long time in water, which is an environmental
threat to humans (Chekabab et al., 2013).

Among other diseases caused by E. coli, the
most dangerous are urinary tract infections
(UTIs) and chronic bacterial prostatitis. E. coli

causes 80�90% of community-acquired UTIs
and 30�50% of nosocomically acquired UTIs; a
substantial amount of these can be considered
recurrent (RUTI). The species that is the cause
of persistent or relapsed infections belongs to
the phylogenetic group B2. Until now, no dis-
tinct virulence profile could predict recurrence
of UTI. Recently, it was observed that E. coli
can invade and replicate within the murine
bladder-forming biofilm-like structures that may
represent stable reservoirs for RUTIs (Elimaes,
2011). E. coli is only one of several bacterial spe-
cies isolated in cases of chronic bacterial prostati-
tis. The prostatic gland may be infected by
bacteria that have ascended from the urethra or
by the reflux of infected urine into the prostatic
ducts. The infecting bacteria form biofilms firmly
adhered to the ductal and acinar mucosal layers
and can be eradicated only on delivery of high
concentrations of antibiotics directly into the
prostatic ducts (Nickel et al., 1994).

The members of another genus of the Entero-
bacteriaceae family, Salmonella spp., are the pri-
mary enteric pathogens that reach the intestinal
epithelium and trigger gastrointestinal diseases.
In some patients Salmonella is internalized within
phagocytes and subsequently disseminates. The
two major clinical syndromes caused by Salmonella
infections are enteric or typhoid fever and colitis/
diarrheal disease. The most important virulence
genes are located within five Salmonella pathoge-
nicity islands (SPIs) (Fábrega and Vila, 2013).
Despite that different serovars of Salmonella can
cause food-borne illness outbreaks, the most com-
mon causal agents are Salmonella enterica serovar
Typhimurium and S. enterica serovar Enteritidis
(Kozak et al., 2013).

The ability to form biofilm highly contributes
to the virulence of Salmonella, mainly by promot-
ing its survival within the host. Efficient biofilm
formation depends on exopolysaccharide cellu-
lose and curli fimbriae (Austin et al., 1998).
Salmonella, especially Salmonella typhi, can enter
the carrier state, which leads to persistent
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colonization. Bacteria shed into the gallbladder
and form a biofilm on the surface of gallstones,
which protects Salmonella against high concentra-
tions of the bile (Prouty et al., 2002). The ability
to form biofilm is strain-dependent, and this
dependence is well-documented in the case of
S. enterica (Lianou and Koutsoumanis, 2013).

Yet another member of Enterobacteriaceae,
genus Shigella, is an important bacterial cause
of infectious diarrhea, mainly in endemic
regions. Shigella infection is facilitated by a low-
infective dose and fecal�oral route of transmis-
sion, thereby allowing spread of the infection
through contaminated food or by contact. A
large 220-kb plasmid that harbors the genes
required for invasion, dissemination inside the
host cells, and induction of the host inflamma-
tory response is crucial for Shigella pathogenic-
ity (Schroeder and Hilbi, 2008). Moreover,
pathogenicity of Shigella is enhanced by the
presence of the antivirulence genes, inhibiting,
for example, oxidative stress survival and
transepithelial migration (Bilven and Maurelli,
2012) and also integron-mediated resistance to
antibiotics (Ke et al., 2011). The number of liter-
ature positions on Shigella biofilm and its
involvement in pathogenesis is scarce, even
though the members of this genus are distin-
guished biofilm formers. For example, it was
shown that Shigella flexneri homologue of shf
gene is required for biofilm formation by enter-
oaggregative E. coli 042 containing the viru-
lence plasmid pAA2 (Fujiyama et al., 2008).

8.3 BIOFILM RESISTANCE TO
CONVENTIONAL ANTIBIOTICS

AND NEWALTERNATIVE
STRATEGIES TO COMBAT
BACTERIAL BIOFILMS

Biofilms are known to be adaptively resistant
multicellular structures that are difficult to

eradicate with the currently available antimicro-
bials. It was proven that bacterial cells forming a
biofilm are able to survive 10-times to 1,000-
times higher doses of antibiotics than planktonic
cells of the same bacterial species (Mah and
O’Toole, 2001). Difficulties in the treatment of
biofilms with conventional antibiotics are caused
by diverse factors. The certain cause of biofilm
resistance is the presence of extracellular matrix
that protects cells from different agents and may
cause failure of the antimicrobial to penetrate
the biofilm (de la Fuente-Núñez et al., 2013).
Heterogeneity of the population within a biofilm
is caused by decreasing oxygen and nutrient
gradients that exist between the surface and dee-
per layers of the biofilm. This leads to the differ-
entiation of the cells when they metabolize (Mah
and O’Toole, 2001). General stress responses
cause changes in the expression of many genes
and enable bacteria to resist harmful conditions.
The biofilm resistance may also be caused by
persister cells that can withstand the presence of
high concentrations of antimicrobials (de la
Fuente-Núñez et al., 2013). Some reports describe
specific mechanisms, for example, efflux pumps
from P. aeruginosa that influence the resistance to
aminoglycosides and fluoroquinolones only
in bacterial biofilms (Zhang and Mah, 2008).
Because of the need for more effective biofilm
dissolution treatments, a number of alternative
strategies have been devised. Here, we represent
some of the most recent advances in the strate-
gies designed to hamper biofilm formation by
killing bacterial cells or targeting different stages
of biofilm development (Figure 8.1).

Plant-derived compounds may be considered
new antimicrobials because of their proven and
substantial antibacterial effects. Recent studies
describe biological activity of the secondary plant
metabolites such as polyphenols, which effec-
tively reduced biofilm formation by Streptococcus
mutans (Percival et al., 2006). Another interesting
group of compounds are terpenoids; in this
group, two pentacyclic triterpenoids (oleanolic
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acid and ursolic acid) and their derivatives are of
special interest. It was shown that ursolic acid
inhibits biofilm formation in several bacterial spe-
cies and other terpenoids have potent antibiofilm
activity against staphylococci (for a review see
Kurek et al., 2011; Wolska et al., 2012).

High-throughput screens have recently
revealed small compounds with antibiofilm
properties. Small molecules may modify cell
envelopes, directly disassemble the extracellular
matrix, or trigger and initiate dispersal of bio-
films (for a review see Oppenheimer-Shaanan
et al., 2013). Novel bacterial biofilm formation
inhibitors need further examination; however,
they can be used as therapeutic agents that may
be considered alternatives to antibiotics.

Because of the important role of cell-to-cell
communication in the process of biofilm forma-
tion, molecules able to inhibit this system are
currently under investigation. It is suggested
that QS inhibitors are effective in controlling

biofilm-related bacterial infections while having
no negative effect on human cells (Defoirdt
et al., 2013). Interestingly, many plant-derived
molecules can act as QS inhibitors. Examples
may be the compounds found in green tea
extract, which modulate QS-related antivirulent
activities of P. aeruginosa (Mihalik et al., 2008),
or ajoene, a molecule from garlic that inhibits
genes controlled by QS of the same bacterial
species (Jakobsen et al., 2012).

Another approach to target biofilms is the
use of synthetic cationic peptide variants derived
from natural antimicrobial peptides. Modifications
of synthetic peptides by an addition of cationic
residues or modification of the proportion of
hydrophobic residues enable the modulation of
the antibiofilm and antiplanktonic activity of these
molecules. Such peptides that can effectively pre-
vent biofilm formation by Gram-positive and
Gram-negative bacteria have been described (de la
Fuente-Núñez et al., 2012).

FIGURE 8.1 Exemplary strategies used for inhibiting or disrupting bacterial biofilm formation at specific stages of its
development.
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Antimicrobial photodynamic therapy (aPDT)
involves the use of a combination of a nontoxic
dye and low-intensity visible light that, in the pres-
ence of oxygen, produces cytotoxic reactive oxygen
species. It has been demonstrated that many bio-
films are susceptible to aPDT, particularly in den-
tal diseases (for a review see de Melo et al., 2013).

Recent reports showed that the newly
designed biomaterials may inhibit biofilm forma-
tion by impeding bacterial adhesion. Therefore,
the latest approaches concern the designing of
new devices with surfaces that are capable of lim-
iting bacterial adhesion and/or viability (for a
review see Desrousseaux et al., 2013). The major-
ity of the new nanotechnological approaches to
combat biofilm formation are based on the use of
NPs to functionalize the surface of biomaterials
by coating (Roe et al., 2008; Applerot et al., 2012),
impregnation (Shi et al., 2006), or by embedding
nanomaterials (Beyth et al., 2008). The antibacte-
rial compound and strategies described are listed
in Table 8.1.

8.4 ANTIBIOFILM ACTIVITY
OF METAL NPs

Metal NPs are composed of clusters of atoms
and have a size ranging from 1 to 100 nm. These

compounds are different from colloids that con-
tain NPs as well as some particles in the size
range of 100 to 2,500 nm (Lemire et al., 2013).
Some metals, like silver or zinc, are known for
their natural antibacterial activity. It was estab-
lished that in nano sizes, biological properties of
metals are stronger, making NPs very interest-
ing from the medical point of view.

The antibacterial mechanism of all of the varie-
ties of NPs is not fully understood. It has already
been stated that NP activity arises from the
increased surface-to-volume ratio. The surface
area of a dose of NPs increases as the particle size
decreases, allowing for a greater material interac-
tion with the surrounding environment (Seil and
Webster, 2012). Small NPs appear to be the most
capable of penetrating into bacterial cells. Besides
the particle size, their shape, zeta potential (the
electrical potential at the interface between the
particle surface and the bulk solution), and chem-
istry are also among the most relevant variables
affecting antibacterial activity. A strongly positive
zeta potential of an NP promotes NPs interac-
tions with the cell membranes, membrane dis-
ruption, bacteria flocculation, and a reduction in
viability. Therefore, it was suggested that zeta
potential, along with particle size and chemistry,
are highly relevant parameters responsible for
antimicrobial effects (Seil and Webster, 2012).

TABLE 8.1 Examples of Anti-Biofilm Compounds and Strategies

Compound/strategy Exemplary literature

Plant metabolites, for example, phenolics, terpenoids Percival et al. (2006); Ren et al. (2005)

QS inhibitors Defoirdt et al. (2013); Mihalik et al. (2008); Jakobsen et al. (2012)

Antimicrobial peptides de la Fuente-Núñez (2012)

Artificial biomaterials Desrousseaux et al. (2013)

AgNPs Mohanty et al. (2012); Ramalingam et al. (2013); Roe et al. (2008)

AuNPs Zhou et al. (2012); Raftery et al. (2013)

Other metal NPs Applerot et al. (2012)

Photodynamic therapy de Melo et al. (2013)

Combined therapy Ammons et al. (2011); Garo et al. (2007)
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8.4.1 Silver NPs

Because of novel antibacterial properties of sil-
ver NPs (AgNPs), more and more recent studies
are concentrating on their antibiofilm charac-
teristics. However, the number of these reports is
still incomparable with the work showing AgNP
activity toward planktonic cells. Moreover,
the mechanisms of AgNP antibacterial activity
remain not fully understood, certainly because of
the pleiotropic effect, and further studies are
needed to be undertaken to reveal this in detail
(for a review see Markowska et al., 2013). The lit-
erature concerning the mechanisms of AgNP
antibiofilm activity is so far scarce. Kalishwaralal
et al. (2010) reported potential antibiofilm activity
of AgNPs that was tested in vitro on 24-h bio-
films formed by P. aeruginosa and S. epidermidis.
Treating these bacteria with AgNPs (spherical
in shape, with a mean diameter of 50 nm)
resulted in more than 95% inhibition of biofilm
formation. Interestingly, the observed inhibition
was invariable of the species tested. This result is
inconsistent with the numerous previous studies
conducted on planktonic bacterial cells that
showed higher effectiveness of AgNPs toward
Gram-negative species (Seil and Webster, 2012).

The antibiofilm activity of AgNPs on vari-
ous microbial strains was reported. For exam-
ple, antibiofilm activity of AgNPs (average size
of 35.5 nm) was shown against primary biofilm-
forming bacteria P. aeruginosa and S. aureus
(Ramalingam et al., 2013). Another recent work
showed that AgNPs (average diameter of
12.66 5.7 nm) are also effective against the
Mycobacterium sp. biofilms. Nanosilver at a con-
centration of 100 μM almost completely inhibited
survival of tested bacteria (Islam et al., 2013). In
yet another study, AgNPs (spherical in shape
with diameters ranging from 15 to 34 nm) were
also successfully applied in the inhibition of
marine biofilms (Inbakandan et al., 2013).

However, not all of the studies show high anti-
biofilm activity of AgNPs. As stated, biofilms
remain resistant to various antimicrobials.

Choi et al. (2010) suggested that the biofilm resis-
tance to nanosilver could be at least partially
caused by NP aggregation and slowed silver ion/
particle diffusion. They showed that the nanosil-
ver (average particle size of 15�21 nm) was
aggregated in the presence of biofilm-forming
E. coli cells, resulting in a 40-times increase of the
average particle size (Choi et al., 2010).

Many reports show the activity of AgNPs
that was tested on biofilms generated under
static conditions, but there is also a study
involving a bioreactor. It was shown that
AgNPs effectively prevented the formation of
biofilms and killed bacteria in established bio-
films. Authors recorded a 4-log reduction in the
number of colony-forming units of P. aeruginosa
under turbulent fluid conditions in the CDC
reactor on exposure to 100 mg/mL of AgNPs
(average particle size of 25.26 4 nm) (Martinez-
Gutierrez et al., 2013). Other studies were con-
ducted with the use of catheters, because bio-
films covering biomaterial surfaces remain a
serious medical problem. Roe et al. (2008) used
nanosilver-coated (average diameter of 10 nm)
catheters that exhibited almost complete inhibi-
tion of biofilm formation for E. coli, S. aureus,
and Candida albicans, and more than 50% inhibi-
tion for Enterococcus sp., coagulase-negative
staphylococci, and P. aeruginosa after 72 h of
incubation (Roe et al., 2008). Paladini et al.
(2013) used temporary catheters coated with
AgNPs for hemodialysis. These studies showed
the efficacy of the obtained silver coating in
inhibiting adhesion and biofilm formation by
S. aureus and E. coli, even in flow conditions, for
the whole working life of the catheters.
Noteworthy, Besinis et al. (2014) showed that
the application of a silver nano-coating directly
on dentine can successfully prevent the biofilm
formation on dentine surfaces and can inhibit
bacterial growth in the surrounding media.

Some researchers propose using stabilized or
modified AgNPs. Such amendments may impede
NP aggregation. An example may be starch-
stabilized AgNPs (the average particle size of
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20 nm) that disrupt P. aeruginosa and S. aureus
biofilm formation at very low concentrations of
1�2 mM and may exhibit higher antibacterial
activity compared with human cationic antimi-
crobial peptide LL-37 (Mohanty et al., 2012). Park
et al. (2013) showed that citrate-capped AgNPs
(average particle size of 7.9 nm) efficiently
inactivated P. aeruginosa biofilms. Interestingly,
Hartmann et al. (2013) used a new calorimetric
method that allows for noninvasive and real-time
investigation of the effects of NPs on bead-grown
biofilms by the detection of bacterial metabolic
changes. Their investigation showed antibacterial
effects of AgNPs on Pseudomonas putida biofilms
grown on agarose beads. Another novel antibio-
film strategy is associated with the usage of a
monolayer of AgNPs anchored to an amino-
silanized glass surface that showed antibiofilm
activity against S. epidermidis RP62A. However,
authors suggested that the observed effect was
caused by prolonged release and a high local con-
centration of Ag1 without any detachment of
AgNPs (Taglietti et al., 2014). This approach has
potential in biomaterial designing and producing,
for example, new antibacterial implants.

8.4.2 Zinc NPs

Strong antibiofilm properties of zinc NPs were
reported. However, all conducted studies with
bacterial biofilms were concerned with zinc oxide
(ZnO) particles. Applerot et al. (2012) evaluated
the ability of glass slides coated with zinc oxide
NPs to restrict the biofilm formation by E. coli and
S. aureus. The glass slides were challenged with
bacterial cultures for 10 consecutive days using a
continuous flow chamber. The ZnO-coated sur-
faces dramatically restricted bacterial colonization
(to B20 and B0 cfu/cm2 for E. coli and S. aureus,
respectively, on the last day of the study). It was
also shown that other Gram-positive bacteria may
be more susceptible to the reduction in viability
by ZnO NPs than Gram-negative bacteria (Seil
and Webster, 2012). Other studies of ZnO NPs

also involved the use of a bacterial model of den-
tal biofilm. Antibacterial effectiveness of ZnO
NPs was assessed against Streptococcus sobrinus
ATCC 27352 grown as biofilms on composites.
The results revealed a statistically significant sup-
pression of the biofilm growth. Although 20% of
the bacterial population survived and could form
a biofilm layer again, 10% of ZnO NP-containing
composites maintained at least some inhibitory
activity even after the third generation of the bio-
film growth (Aydin Sevinç and Hanley, 2010).
Another study also showed that zinc oxide NPs
retain the antibacterial properties even after aging
for 90 days. Here, NPs were effective in bacterial
biofilm reduction and disruption of biofilm struc-
ture (Shrestha et al., 2010).

It was also demonstrated that ZnO NPs
reduced the growth of Enterobacter sp. by 50%,
whereas 80% reduction was observed in halo-
philic Marinobacter sp. In case of halophiles, it
was suggested that such susceptibility to NPs
may be attributed to the higher content of nega-
tively charged cardiolipins on their cell surface
(Sinha et al., 2011).

8.4.3 Gold NPs

There are reports concerning the strong anti-
bacterial activity of gold NPs (AuNPs). The
research of Zhou et al. (2012) demonstrated that
AuNPs (spherical, 202 30 nm in diameter)
showed excellent antibacterial potential against
Gram-negative bacteria E. coli and Gram-positive
bacteria Bacillus Calmette�Guerin. This study
proposed that the antibacterial activity could
result from the uptake of a single AuNP by bacte-
ria and their rearrangement inside the cytoplasm
(Zhou et al., 2012). However, the literature con-
cerning antibiofilm properties of AuNPs is scarce.
One example may be the study performed by
Sathyanarayanan et al. (2013), who evaluated the
effect of AuNPs (less than 10 nm in size) on
biofilm-forming pathogens such as S. aureus and
P. aeruginosa. In this work, the biofilm growth
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was significantly reduced only at higher concen-
trations of AuNPs (0.05, 0.10, and 0.15 mg/mL)
compared with that in the absence of NPs.
Another work showed that melanin-derived NPs
synthesized by cold-adapted yeast also displayed
antibiofilm activity (Nair et al., 2013).

Noteworthy is a study by Raftery et al. (2013),
who demonstrated significant changes in
Legionella pneumophila biofilm morphology after
exposure to very low AuNPs concentration of
0.7 μg/L. In further studies it was stated that
these morphological changes alter host�bacteria
interactions (using Acanthamoeba polyphaga as a
model host species). The biofilms exposed to
AuNPs significantly altered the grazing ability
of A. polyphaga, which was not observed in the
biofilms exposed to 24-nm polystyrene beads.

Interestingly, Khan et al. (2012) showed that
AuNPs enhance methylene blue-induced pho-
todynamic therapy that can be a novel thera-
peutic approach to inhibit C. albicans biofilm.
There are results showing a significant reduc-
tion of Candida biofilm in the presence of the
conjugate. Authors suggest that this approach
may be used against nosocomially acquired
refractory C. albicans biofilms.

There is some work that compares the results
of antibiofilm activity of AuNPs and AgNPs in
which AuNPs are much less effective in microbial
biofilms reduction or do not show any remark-
able antibiofilm activity (Vijayan et al., 2014).

Therefore, despite the reports confirming the
antibiofilm properties of AuNPs, more perspec-
tive regarding the usage of AuNPs in molecular
imaging or as carrier molecules for other thera-
peutics is needed. Because of better antibiofilm
properties of the first two types of NPs, nano-
gold is less promising in this field of research.

8.5 CONCLUSIONS

The potency of metal NPs to inhibit biofilms
of many bacterial species, including pathogens, is

well-proven by much research. AgNPs are most
active in preventing biofilm formation, killing
bacterial cells in biofilm, and also in the eradica-
tion of already formed biofilms. AuNPs are good
carriers of other antibiofilm compounds, includ-
ing antibiotics. The wide use of NPs as antimicro-
bials, including antibiofilm therapy, is so far
restricted because of their side effects on eukary-
otic cells, limited knowledge about their cellular
target(s), and the molecular mechanisms of their
activity. Considering the great scientific effort
put forth to study these problems, they should be
resolved in the near future.
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9.1 INTRODUCTION

9.1.1 Disease Severity

Tuberculosis (TB) remains a major public
health problem all over the world. India
contributes 26% of the global TB burden.
Since ancient times, TB has been a leading
cause of morbidity and mortality. According
to the report of World Health Organization
(WHO), approximately 8.6 million people
have been infected with TB and 1.3 million
died from the disease in 2012 (WHO TB
Report, 2013). The earliest references to TB
can be found in Sanskrit (an Indian lan-
guage). TB is not new at all; in fact, there is
also reference to this disease in Ayurveda. It
was also described in Chinese and Arabic

literature. The word “tuberculosis” was
derived from the Latin word tubercula
(meaning “small lump”) (Rubin, 1995;
Sharma and Mohan, 2013), and the causative
agent (tubercle bacillus) for the disease was
discovered by Robert Koch in 1882 (Frank
and Tabrah, 2011). After thousands of years,
Mycobacterium tuberculosis (MTB) was estab-
lished as the cause of TB in humans. No
other disease in history matches TB in terms
of morbidity and mortality in humans.
Historically, even though several other dis-
eases like smallpox and plague have killed
millions of people, they were relatively
short-lived. TB has been ever-present and is
becoming difficult to treat because of the
emergence of multidrug-resistant (MDR)
strains.
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In many developing countries, most notably
in Africa where the human immunodeficiency
virus (HIV) epidemic is particularly severe,
individuals infected with HIV are initiated on
antiretroviral therapy (ART) only when their
CD41 T-cell count is less than 200/mm3. At this
stage, an HIV-infected individual is likely to be
coinfected with MTB because of a new MTB
infection or latent MTB reactivated
attributable to suppression of the immune sys-
tem. Treatment of HIV-associated TB represents
a serious problem (Dean et al., 2002; Kwara et al.,
2005; McIlleron et al., 2007; Jiang et al., 2014).
However, recent reports suggest new hope for
the discovery of new drugs (Thacher et al., 2014).

9.1.2 Distribution of TB

It is reported that the average annual risk of
infection (ARI) for TB, as computed from the
estimated prevalence, is 1.5%. In India, the ARI
showed regional variations; it was higher in
the northern (1.9%) and western (1.8%) zones
compared with the eastern (1.3%) and southern
(1%) zones (Chadha et al., 2005; Sharma and
Mohan, 2013). However, in house-based tuber-
culin surveys conducted among children aged
1 to 9 years in statistically selected clusters dur-
ing 2000 to 2003 and 2009 to 2010, it was
observed that ARI rates decreased by, respec-
tively, 6% and 11.7% per year in the north and
west zones; however, no change was evident
in the south and east zones. In India, ARI
decreased by 4.5% per year between 1998 and
2007 (Chadha et al., 2013).

HIV infection is a potent risk factor for TB.
HIV increases the risk of reactivating latent MTB
infection and also increases the risk of rapid TB
progression soon after infection or reinfection
with MTB (Duffin and Tullis, 2002; Garira et al.,
2005). In the persons infected with MTB, the life-
time risk of developing TB ranges from 10% and
20% (Kirschner and Webb, 1996, 1997). In the
persons coinfected with MTB and HIV, however,

the annual risk can exceed 10% (Magombedze
et al., 2008). The TB burden in different countries
has increased rapidly over the past decade with
the generalized HIV epidemic, especially in the
severely affected countries of eastern and south-
ern Africa (Raviglione et al., 1997; Wilkinson and
Davies, 1997; Corbett et al., 2003). TB is one of
the most common causes of morbidity and mor-
tality in HIV-positive adults living in less
developed countries (Witten and Perelson,
2004; Garira et al., 2005; Magombedze et al.,
2008; De Boer et al., 2010); however, it is a
preventable and treatable disease. India is among
the 22 countries with a high TB rate and has
accounted for an estimated one-quarter (26%) of
all TB cases worldwide. Observations from reli-
able accredited mycobacteriology laboratories in
India suggest that the prevalence of MDR-TB is
quite low in new TB cases (,3%) compared with
previously infected cases (15�30%) (http://
www.newtbdrugs.org/pipeline.php, accessed
on June 10, 2014).

9.1.3 Aim of the Chapter

Public health experts declared that “virtual
elimination of the disease as a public health
problem” was in sight (Keshavjee, 2012). In the
United States, federal funding for TB provides
limited funding for research on TB, thus affect-
ing drug discovery, development of diagnos-
tics, and vaccine research. The first decade of
the 21st century has been ravaged by exten-
sively drug-resistant TB (XDR-TB). Recently,
concern has been expressed regarding the
occurrence of extremely drug-resistant TB
(XXDR-TB), super XDR-TB, and totally drug-
resistant TB (TDR-TB) in some parts of the
world because of current TDR bacteria. The
role of nanotechnology for predicting a lasting
cure and discovery of newer anti-TB drugs,
and development of newer drug delivery and
vaccines continue to help to achieve the goal of
eliminating TB altogether by 2050.
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9.2 THE PRESENT SCENARIO OF
ANTIBIOTICS USED AGAINST TB

TB treatment has been available for the past 50
years. On average, active TB infection occurs in
approximately 10 to 15 people every year. If
active TB is not treated, it can be transmitted to
others. TB is treated with antibiotics; however,
antibiotic treatment therapy is lengthy and it
takes 6 to 12 months to destroy the MTB bacteria.
The treatment duration and the drug type
needed are determined according to age, overall
health, results of susceptibility tests, and whether
the TB infection is active. During the past 10
years, the researchers have made significant
progress regarding treatment for MTB. Regimens
have been optimized and directly observed ther-
apy short-course (DOTS) initiatives have been
implemented (Jalhan et al., 2013). Currently, TB
chemotherapy comprises a cocktail of first-line
drugs, Isoniazid (INH), Rifampin (RIF),
Pyrazinamide (PZA), and Ethambutol (EMB),
administered for 6 months. If treatment fails
because of drug resistance, then second-line
drugs are the alternative. Drugs such as para-
aminosalicylate (PAS), kanamycin, fluoroquino-
lones, capreomycin, ethionamide, and cycloserine
can be used, but they have serious side effects
(Dheda et al., 2008; Keshavjee and Farmer, 2010a;
Udwadia et al., 2012; Mani et al., 2014).

Because of resistance to antibiotics, the inci-
dence of MDR-TB has increased (Han et al.,
2005). Isoniazid drug initially kills approxi-
mately 95% of organisms during the first 2
days of treatment; some other effective drugs
for TB include rifampicin (RIF) and pyrazina-
mide (Tahaoğlu et al., 2001; Mitchison, 2003;
Vasquez-Campos et al., 2004; Kim et al., 2008;
Madan et al., 2013; Mani et al., 2014).

9.2.1 The Problem of Drug Resistance in
TB Strains

Discovery of streptomycin, para-amino sal-
icylic acid (PAS), and the availability of

isoniazid ushered in the modern era of effective
treatment of TB in the mid 1940s. With the emer-
gence of short-course in the late 1970s in India,
there was optimism in the developed world that
TB may cease to be a public health problem.
Recognizing the impact of TB globally, WHO
declared TB to be a “global emergency” in April
1993. The late 1990s also witnessed the resur-
gence of drug-resistant TB (DR-TB), with MDR-
TB emerging as a major threat (Hwang et al.,
2009; Kim et al., 2010; Shubladze et al., 2013).
Development of XDR-TB occurred during the
first decade of the 21st century, and the report of
the occurrence of DR-TB in India has raised con-
cern and consternation (World Health
Organization, 2011). TB occurs in the rich and
poor alike, with equal disdain.

In recent survey studies, the choice of drugs
has been driven by the actual or presumed (in
view of past failed treatment) resistance char-
acteristics of the strains of MTB (Tahaoğlu
et al., 2001; Vasquez-Campos et al., 2004;
Leimane et al., 2005; Keshavjee and Farmer,
2010b). In order of preference, the following
drugs can be chosen:

1. First-line drugs: Isoniazid, Rifampin,
Pyrazinamide, and Ethambutol.

2. First-line drugs followed by
injectable drugs: Streptomycin, Kanamycin,
Amikacin, Capreomycin, or Viomycin/
tuberactinomycin B, and the related
tuberactinomycins A, N, and O.

3. Antibacterial fluoroquinolones, such as
Ciprofloxacin, Ofloxacin, Levofloxacin, or
the more recent Sparfloxacin, Gatifloxacin,
Moxifloxacin, and Sitafloxacin should be
included in the regimen. This class of
antibiotics has been proven as an
indispensable treatment for MDR-TB.
Moreover, some of these drugs may lead to
shorter anti-TB regimens, although their use
in immunotherapy also leads to the
occurrence of fluoroquinone-resistant strains
of MTB. An actual preference of
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fluoroquinolones, especially during the
latest generations, for the specific treatment
of MDR-TB is still a matter of preclinical
and clinical research.

4. Second-line drugs: Ethionamide,
Cycloserine, and PAS.

5. Other drugs are also considered. Their use
is the subject of debate and only time and
proper observations will provide the
necessary data. Clofazimine is among these
compounds, and it is also used against
Mycobacterium leprae. The combination of
amoxicillin and the penicillinase inhibitor
clavulanic acid has an antimycobacterial
effect in vitro. The same is true for
clarithromycin, although its clinical efficacy
remains to be established.

9.2.2 New Drugs for MDR-TB

The US FDA approved bedaquiline as a
novel diarylquinoline drug for MDR-TB
(Chahine et al., 2014). However, anti-TB drugs
are generally given in combination, but exten-
sive studies are required to overcome the prob-
lem of drug resistance and to develop most
efficient drugs. From the literature available, it
was reported that no one drug is 100% effective
for MDR-TB. However, in some cases where
the use of TB drugs is regular, the success rate
was reported to be up to 70�80%. It can also be
increased in some patients, up to 80�90%, with
surgical resection and standard drugs. For the
patients with XDR-TB, five drugs are generally
used, including Linezolid and Clofazimine.
Hence, there is the possibility for the develop-
ment of new drug molecules with novel
mechanisms of action that can provide a maxi-
mum success rate (Shim and Jo, 2013).

9.2.3 Side Effects of Chemotherapy

Antimicrobial resistance is one of the most
serious health threats. Infections from TB

strains resistant to antibiotics are increasing at
an alarming rate. Unfortunately, some patho-
gens have even become resistant to multiple
types of antibiotics. The loss of efficacy of anti-
biotics and the decrease in their ability to fight
infectious diseases and manage complications
common in vulnerable patients are matters of
great concern.

Treatment for HIV has some side effects, but
these side effects have been found to increase
because of overlapping toxicity profiles and
development of drug-resistant strains of both
MTB and HIV when drugs for HIV are com-
bined with anti-TB drugs. Drug interaction
may lead to diminished therapeutic results,
depending on the choice of the drugs. For
example, some anti-TB drugs reduce the con-
centration of certain antiretroviral drugs by as
much as 90% (McIlleron et al., 2007). After
ART, the recovery of the immune system may
result in immune reconstitution inflammatory
syndrome (IRIS), which is especially problem-
atic for an individual with TB. Because of these
problems, the timing of ART relative to TB
treatment for coinfection is an important ques-
tion that needs to be addressed. Therefore,
Abdool-Karim et al. (2011) rightly stated that
“the optimal timing for the initiation of ART in
relation to TB therapy remains controversial.”

ART for TB can be performed in three
phases, which may also be called as arms. One
is the sequential arm: ART is performed after
TB treatment with standard drugs. However,
the other two arms are integrated: ART is per-
formed before TB treatment or during TB treat-
ment (Ramkissoon et al., 2012). TB may be
caused by drug-susceptible or drug-resistant
strains. In such settings many of the social
determinants of TB, including extreme poverty,
severe malnutrition, and overcrowded living
conditions, become the exception rather than
the norm. Public health experts declared that
“virtual elimination of the disease as a public
health problem” was in sight.
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9.3 NANOTECHNOLOGYAS A
NOVEL APPROACH IN DRUG

DISCOVERY

The drug resistance in TB presents major
problems for the effective control of TB. The
TB drugs currently in use were developed 40
years ago, and there is a great need for a new
generation of TB drugs. Nanotechnology is a
multidisciplinary field that has recently
emerged, and it is extremely necessary for TB
treatment.

Before the discovery of different nanomater-
ials (or the science “nanotechnology”), many
traditional methods like sputum microscopy,
chest radiography, IGRA test, and PPD test
were routinely used for the diagnosis of TB.
Now, many nanotechnological methods have
been developed for the same use. Hence, nano-
technology is important for diagnosis, treat-
ment, and prevention of TB. Figure 9.1 shows

the schematic representation of different diag-
nostic methods used in past and now.

Nanotechnology-based drug delivery will
help to deliver even those drug molecules that
are poorly soluble in water, and the intracellular
specificity with regard to various tissues and cells
is an added advantage (Farokhzad and Langer,
2009; Mamo et al., 2010). Nanotechnology-based
systemic delivery of anti-TB drugs have many
advantages such as controlled release of drugs,
which helps to keep the drugs working for longer
period of time. It also helps to enhance and mod-
ulate the distribution of different drugs such as
hydrophobic and hydrophilic into and within
different tissues because of their small size
(Mamo et al., 2010).

Nanoparticles were found to be promising
for carrying synthetic anti-TB drugs world-
wide. Also, natural drugs can be carried and
released in infected macrophages for anti-TB
chemotherapy. The possible mechanism for
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FIGURE 9.1 Different methods generally used for diagnosis of TB. (Reprinted with permission of publisher, from Wang
et al., 2013).
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nanoparticle release of encapsulated drugs to
the infected macrophages is shown in
Figure 9.2. Hence, these nano-based drug deliv-
ery systems hold the most promise for their use
in clinical treatment and prevention of TB.

9.3.1 Nanotechnology-Based Drug
Delivery for TB Treatment

9.3.1.1 Polymeric Nano-Carrier:
Dendrimers

Dendrimers are synthetic nanomaterials that
are approximately 100 nm in diameter and com-
prise layers of polymers surrounding a central
core. Dendrimers are regularly hyperbranched
and three-dimensional macromolecules with
low molecular weight and polydispersity; they
also have highly adjustable functionality. Drug
encapsulation is performed by virtue of the

dendrimeric core and complexation and conju-
gation on the surface (Duncan and Izzo, 2005).
Functionality of dendrimers archetypically com-
prise three different topological components of
chemical significance: a poly-functional core,
interior layers, and a multivalent surface. The
poly-functional focal core can encapsulate vari-
ous chemical species and exhibits unparalleled
properties because of the special nano-
environment surrounded by extensive dendritic
branching. Because of this structure, they are
attractive candidates for the encapsulation and
delivery of anti-TB agents for diverse adminis-
tration routes. RIF-loaded mannosylated fifth-
generation polypropyleneimine (PPI) dendri-
meric nano-carriers have been developed
(Bosman et al., 1999; Kumar et al., 2007). Surface
modification with sugar molecules (e.g., man-
nose) recognizable by lectin receptors located on
the surface of phagocytic cells improved the
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FIGURE 9.2 Possible mechanism for nanoparticles to carry both natural and synthetic drugs and the release of encap-
sulated drug in infected macrophage for anti-TB chemotherapeutic agents. (Reprinted with permission of publisher, from
Cheepsattayakorn and Cheepsattayakorn, 2013).
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selective uptake of the drug-loaded nano-
carriers by cells of the immune system.

The binding efficacy of RIF with core is
approximately 37% and occurs through the
hydrophobic interactions and hydrogen bond-
ing. The solubility of RIF within unmodified
dendrimers was 52 mg/mL, whereas the
superficial mannose molecules sterically hin-
dered the complexation and encapsulation of
the drug, and the solubilization of RIF was
substantially less efficient at approximately
5 mg/mL (two-fold when compared with the
aqueous solubility of RIF). Surface modifica-
tion with sugar molecules (e.g., mannose) rec-
ognizable by lectin receptors located on the
surface of phagocytic cells improved the selec-
tive uptake of the drug-loaded nano-carriers
by cells of the immune system. Increased
hemolysis levels shown by amine-terminated
dendrimers preclude their clinical application.
Mannosylation significantly reduced the hemo-
lytic toxicity of the nano-carrier materials from
15.6% to 2.8%. The use of RIF-containing
dendrimers as a carrier was found to be very
beneficial and it was reported that the intrinsic
hemolytic effect can be reduced from 9.8%
to 6.5%. The phagocytic uptake of RIF and
RIF-loaded dendrimers was investigated with
alveolar macrophages harvested from rat
lungs. A clear increase in the intracellular
concentration of the antibiotic was apparent.
Using a similar approach, more recent work
investigated the suitability of RIF-containing
fourth-generation and fifth-generation polyeth-
ylene glycosylated (PEGylated) PPI dendrimers
to sustain the delivery of RIF (Kumar et al.,
2007). PEG-grafted dendrimers showed a mini-
mal hemolytic activity (1�3%) as opposed to
the NH2-terminated ones (14�20%).

9.3.1.2 Cyclodextrins

Cyclodextrins (CD) are a group of structur-
ally related natural products formed during
bacterial digestion of cellulose. CD are cyclic
oligosaccharides that consist of (α-1,4)-linked

α-D-glucopyranose units and contain a some-
what hydrophobic central cavity and a hydro-
philic outer surface, and thus are able to host
other hydrophobic molecules (Pitha et al., 1986).
Several researchers reported on the complexa-
tion of RIF by means of different CD molecules,
although results regarding the efficiency of
this approach are ambiguous. Ferreira et al.
(2004) prepared inclusion complexes of RIF with
hydroxypropyl-β-cyclodextrin (HPβCD). In this
context, poorly water-soluble nitroimidazole
P-824, a new anti-TB drug, has shown activity
against drug-sensitive and MDR bacilli. In vivo
experiments in a short-course murine infection
model were conducted, a complex with HP-
γ-CD was developed, and a CD/lecithin formu-
lation was prepared (Lenaerts et al., 2005).
A reduction in the bacterial load in the lungs
was observed with 50 and 100 mg/kg doses. CD
has been also investigated as a carrier for local
delivery to the lung (Evrard et al., 2004).

9.3.1.3 Polymeric Micelles

Polymeric micelles are used for
nanotechnology-based drug delivery systems
for pulmonary administration and pulmonary
targeting. Polymeric micelles have promising
applications for drug delivery, cancer target-
ing, and tumor imaging (Croy and Kwon,
2006). Regarding the use of polymeric micelles
as a carrier for drug delivery systems for respi-
ratory and nonrespiratory diseases (pulmonary
administration of drugs) (Smola et al., 2008) as
well as for systemic targeted treatment of lung
diseases (Goel et al., 2013), a novel approach in
the field of polymeric drug delivery systems
was introduced by the formation of polymeric
micelles and subsequently by functionalized
polymeric micelles (Jhaveri and Torchilin,
2014). Polymeric micelles are expected to find a
wide application in the fields of drug delivery
and diagnosis because the of the possibility of
coupling to bioactive substances. Nanospheric
particles as drug delivery systems are gaining
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increasing interest in the biomedical field.
Nanospheres and microspheres are also found
to be efficient drug delivery systems for intra-
venous administration because of their com-
paratively long bloodstream circulation (Hire
and Derle, 2014; Wang et al., 2014). It was
expected that when the drugs are released after
internalization of micelle, by cleavage, they act
as pro-drugs and enhance solubility of hydro-
phobic drugs, reduce drug toxicity, increase
bioavailability, specificity, and systematic
release of drugs, and prolong the drug action
(Moghimi et al., 1993; Croy and Kwon, 2006;
Dadwal, 2014). Micelle-forming polymer deri-
vatives of the initial-phase Anti-TB drugs—
pyrazinamide, thioridazine, isoniazid, and
rifampin—showed potential activity against
drug-resistant bacteria (Silva et al., 2007;
Amaral and Viveiros, 2012). This potentiates
the drug activity when conjugated to the poly-
mer and, hence, is promising with regard to
the possible reductions in the dose. The afore-
mentioned derivatives of different drugs were
also found to be effective against several viru-
lent strains of mycobacteria such as MTB and
Mycobacterium avium when the activity was
determined by critical micelle concentration
(CMC) (Emanuele and Attwood, 2005; Silva
et al., 2006; Chen et al., 2007). Similarly, some
other drug derivatives like copolymer
PEG�PASP, containing pyrazinamide, isonia-
zid, and rifampin, were successfully synthe-
sized using various processes that can be used
as effective drugs for TB (Francis et al., 2004;
Hans et al., 2005).

9.3.1.4 Nanosuspensions

Submicron colloidal dispersions of pure
drugs stabilized with surfactants are nanosus-
pensions. Reduction of the average size of solid
drug particles to the nanoscale, generally by
top milling or grinding, is a useful methodol-
ogy to improve the solubility of drugs.
Dimethyl sulfoxide methanol, ethanol, and
ether solvents are used to solubilize the TB

drugs for nanonization (Hari et al., 2010).
Dimethyl sulfoxide was found to be the most
excellent solvent. Spherical particles of various
sizes (mean diameters between 400 nm and
3 mm) are needed and sizes are tuned by
changing the conditions of the process. This
may support TB treatment, especially the local
delivery of anti-TB drugs to the lungs.
Nanocrystalline suspensions of poorly soluble
drugs such as riminophenazines and clofazi-
mine are easy to prepare and to lyophilize for
extended storage and represent a promising
new drug formulation for intravenous therapy
of mycobacterial infections (Peters et al., 2000).

9.3.1.5 Nanoemulsions

Nanoemulsions are thermodynamically
stable oil-in-water (o/w) dispersions display-
ing drop sizes between 10 and 100 nm
(Constantinides et al., 2008). Advantages of
nanoemulsion are that they are generated
spontaneously, can be produced in a large
scale without the need of high homogenization
energy, and can be sterilized by filtration. The
enhanced uptake of nanoemulsions (lipid
emulsion) by cells of the phagocytic system
reported and they have a potential role as a
novel antimicrobial agent (Seki et al., 2004).

9.3.1.6 Niosomes

Niosomes are biocompatible, nonimmuno-
genic, and biodegradable in nature and exhibit
flexibility in their structured characterization
(Junyaprasert et al., 2008). Stable liposome-like
vesicles produced by different methods like
hydration of cholesterol, charge-inducing com-
ponents like charged phospholipids, and non-
ionic surfactants have advantages such as
higher stability, entrapment of more sub-
stances, and no need for handling or storing in
special conditions. Niosomes have the ability
to hold hydrophilic drugs within the core and
to hold lipophilic drugs by entrapment in
hydrophobic domains.
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The prepared microsized (8�15 mm) RMP-
loaded niosomes contain Span 85 as the surfac-
tant. In vivo studies have revealed that by
adjusting the size of the carrier, up to 65% of
the drug can be localized in the lungs
(Junyaprasert et al., 2008). Niosomes have been
used for improving the stability of entrapped
drug RMP.

9.3.1.7 Polymeric and Nonpolymeric
Nanoparticles

Polymeric nanoparticles (PNPs) have been
extensively used for the drug solubilization,
stabilization, and targeting (Delie and Blanco-
Prieto, 2005). High stability, given the high
loading capacity for drugs and feasibility of
administration by different routes, has made
PNPs one of the most popular approaches for
drug encapsulation (Brannon-Peppas, 1995).
Depending on application, two types of system
can be developed, namely, nanocapsules and
nanospheres. The drug solubilized in aqueous
or oily solvents is surrounded by a polymeric
membrane. There are several biomaterials
available for the production of PNP. PNPs are
removed from the body by opsonization and
phagocytosis (Owens and Peppas, 2005).

To prevent recognition by the host immune
system and to prolong circulation time in the
blood, the modification of the surface with
highly hydrophilic chains (e.g., PEG) has been
performed (Hari et al., 2010). This approach
was one of the most extensively investigated
with respect to anti-TB drug delivery systems
(Kataoka et al., 2001). Du Toit et al. (2008) devel-
oped INH-loaded polymer-based nanosystems
by means of a salting-out approach (nanopreci-
pitation). Hari et al. (2010) reported that encap-
sulation of different TB drugs within
poly(nbutylcyanoacrylate) (PBCA) and poly
(isobutylcyanoacrylate) (PIBCA) nanoparticles
increase in the concentration of such drugs
when tested for the accumulation in human
blood monocytes in vitro.

9.3.1.8 Liposomes

Liposomes are nano-sized to microsized
vesicles comprising a phospholipid bilayer that
surrounds an aqueous core (Cheepsattayakorn
and Cheepsattayakorn, 2013). In liposomes, the
core encapsulates the water-soluble drugs and
the hydrophobic domain is responsible for
entrapping insoluble agents. After administra-
tion, liposomes are usually recognized by
phagocytic cells and are expelled from the
blood rapidly. To prevent better efficacy of
liposomes, they are usually PEGylated. In
more recent investigations, pyrazinamide and
rifabutin-containing liposomes were also pro-
duced. Reports of INH and rifampin encapsu-
lated in lung-specific stealth liposomes against
MTB infection revealed that liposome-
encapsulated drugs at and below therapeutic
concentrations were more effective than free
drugs against TB (Pandey et al., 2004).

9.4 NANO-BASED DNAVACCINES
FORTB

Bacillus Calmette�Guerin (BCG) is the only
vaccine that has been discovered for TB.
Unfortunately, its efficacy varies from 0% to
80% (Fine, 1995; Lin et al., 2007). Clinical trials
of BCG have shown total lack of protection in
regions of the world where the disease is com-
mon, and thus BCG vaccination is considered
ineffective. In addition, BCG is a live vaccine
and can cause disseminated disease in immu-
nocompromised individuals. Therefore, these
disadvantages indicate the urgent need to
develop more effective vaccines against TB
(Dhanasooraj et al., 2013). BCG is used in many
countries with a high prevalence of TB to pre-
vent childhood TB meningitis and other dis-
eases like miliary disease. However, BCG
vaccine is not generally recommended in coun-
tries with a low risk of infection with MTB,
like the United States (www.vaccines.gov/
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diseases/tb/ accessed on June 15, 2014). BCG
also showed variable effectiveness against
adult pulmonary TB and its potential interfer-
ence with tuberculin skin test reactivity.
According to TB experts, the BCG vaccine can
be used for very selective individuals who meet
specific criteria (www.vaccines.gov/diseases/
tb/ accessed on June 15, 2014). Development of
a novel and effective vaccine against MTB for
preventing TB infection is a challenge (Feng
et al., 2013). Therefore, the concept of nano-
based vaccines like chitosan-based DNA vac-
cine came into existence. A few studies have
been performed concerning the use of nanoma-
terials (mostly chitosan nanoparticles) for the
development of nano-based DNA vaccines,
which are reviewed in this chapter.

Bivas-Benita et al. (2004) contributed exten-
sively to the use of nanomaterials in different
forms for the control of TB infections. The
authors formulated the conjugate of DNA plas-
mid from MTB encoding for different restricted
T-cell epitopes with chitosan nanoparticles.
Later, they investigated the effects of these con-
jugates on pulmonary delivery and reported
that chitosan�DNA conjugates induce the mat-
uration of dendritic cells, which cannot be
achieved by chitosan nanoparticles alone. This
indicates that release of DNA from nanoparti-
cles stimulates the dendritic cells and increases
levels of interferon-gamma secretion compared
with delivery of plasmid in intramuscular
immunization routes. Hence, these findings
proved that use of DNA vaccines (DNA encap-
sulated in chitosan nanoparticles) against TB
would be more efficient than intramuscular
immunization because it increases immunoge-
nicity. In another study, they reported that pul-
monary delivery of DNA encoding MTB
antigen Rv1733c conjugated with poly (D,L-lac-
tide-co-glycolide) (PLGA)-polyethyleneimine
(PEI) nanoparticles (NP) (PLGA-PEI) aug-
mented the T-cell responses in a DNA prime/
protein that boosts the vaccination regimen in
mice (Bivas-Benita et al., 2009). From both

studies it can be concluded that conjugates of
DNA encoding for different antigens from MTB
with various nanoparticles would be helpful to
boost the immune response against TB.

Heuking et al. (2013) investigated the role of
TLR-1/TLR-2 agonist�functionalized pDNA
nanoparticles on human bronchial epithelium.
They reported that chitosan-based DNA deliv-
ery permits the uptake into monocyte-derived
dendritic cells, which are the most important
cells of human immune systems. For example,
in the human lung it induces antigen-specific
immunity. From these findings they proposed
that such a DNA delivery approach was attrac-
tive for potential DNA vaccination against
intracellular pathogens in the lung (e.g., MTB
or influenza virus). Another attempt has been
made regarding vaccine delivery system for TB
using nano-sized hepatitis B virus core protein
particles. According to Dhanasooraj et al.
(2013), nano-sized hepatitis B virus core pro-
tein particles (HBc-VLP) were suitable and can
be easily taken up by antigen-presenting cells.

It was well-known that the antigen culture
filtrate protein 10 (CFP-10) is an important vac-
cine candidate against TB. However, it was
reported that without any adjuvant, these anti-
gens showed very low immune response and,
hence, has low protective efficacy. However,
when these proteins (CFP-10) were used in
combination with HBc nanoparticles, it pro-
vided higher protection compared with the
native antigen alone.

Feng et al. (2013) developed a novel
nanoparticle-based recombinant DNA vaccine.
It was a complex of Esat-6 three T-cell epitopes
(Esat-6/3e) and fms-like tyrosine kinase 3 ligand
(FL) genes (Esat-6/3e-FL) enveloped with
chitosan (CS) nanoparticles (nano-chitosan).
This complex is termed nano-Esat-6/3e-FL).
Further, they demonstrated the immunologic
and protective efficacy of these nano-chitosan-
based DNA vaccines (nano-Esat-6/3e-FL) in
C57BL/6 mice after intramuscular prime vacci-
nation with the plasmid DNA and nasal boost
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with the Esat-6/3e peptides. The findings
showed that the immunized mice had
significantly enhanced T-cell responses and
protection against MTB. These findings indi-
cate that the nano-chitosan can significantly
elevate the immunologic and protective effects
of the DNA vaccine and would be useful
vaccine against TB.

All these reports collectively proposed the
efficient use of nano-based DNA vaccines for
the control of TB infections in mice. Further
extensive studies are required for the develop-
ment of novel and 100% efficient nano-based
vaccines against TB infections in humans.

9.5 ROLE OF NANOBIOSENSORS
IN DIAGNOSTICS OF TB

The tubercle bacterium is sluggish in
growth, taking 1�2 months for in vitro growth
(Tortoli et al., 1997; Davies et al., 1999).
Therefore, it is difficult to find the presence of
infection at its early stage. Ziehl-Neelsen stain-
ing is the conventional method for its identifi-
cation. This staining is needed for preliminary
identification of the causative organism, but it
lacks the sensitivity (Moore and Curry, 1998;
Mahaisavariya et al., 2005). The conventional
methods of cultivation of mycobacteria are
time-consuming and need several weeks.
Polymerase chain reaction (PCR) is a sensitive
method for early detection of mycobacterium,
but the amplification process requires ample
processing time, chemicals, and reagents,
which contribute to the high cost of the assay.
Additionally, it is labor-intensive and expen-
sive (Tombelli et al., 2000; Minnuni et al.,
2005). Therefore, there is an urgent require-
ment for the development of a rapid, low-cost,
and convenient diagnostic method for detec-
tion of TB. In this respect, biosensors appear to
be a good option. There is increasing demand
for biosensor technology for fast and precise
detection of TB with high affinity and

specificity. Biosensor technology has the poten-
tial to provide a qualitative and quantitative
analysis and is free from radioactive or fluores-
cent tags (Tombelli et al., 2000, Zhou et al.,
2001; Yao et al., 2008).

In recent years, in view of the benefits of vari-
ous remarkable studies performed in nanotech-
nology, important efforts have been made to
combine it with highly sensitive and accurate
biosensor technology to develop nanobiosensors.
Nanobiosensors systems are efficiently used in
diagnosis of diseases, environmental monitoring,
food quality control, and defense as a smart
approach (Zhou et al., 2011; Rai et al., 2012;
Singh et al., 2014). For instance, by using gold-
coated nanobiosensors, Duman et al. (2009) dem-
onstrated detection of target molecules (synthetic
and PCR products) very effectively at nanomolar
levels. A single-stranded oligodeoxynucleotide
carrying a thiol group at the end and comple-
mentary of the target characteristic sequence of
the MTB complex was used as the probe immo-
bilized on the gold-coated surface of the surface
plasmon resonance slides. It is interesting to note
that the sensor platform is reusable and has long
shelf life. A quartz crystal microbalance (QCM)
biosensor in combination with AuNPs has been
developed for the detection of MTB (Kaewphinit
et al., 2012). According to the study, AuNPs
improved the sensitivity of immobilized gold
electrode of quartz crystal using the specific
thiol-modified oligonucleotide probe. The QCM
has been shown to detect up to 5 pg of MTB
genomic DNA without showing any cross-
hybridization with other mycobacteria.

During the past few years, many techniques
have exploited the materials at the nano-scale
level for designing biosensors with high speci-
ficity and efficacy. Among all nanomaterials,
metal oxides are of particular interest because
of their unique physical, chemical, and cata-
lytic properties (Shi et al., 2014). Das et al.
(2010) have made an important attempt to
diversify the application of such metal oxides
in the generation of nanobiosensors for

1439.5 ROLE OF NANOBIOSENSORS IN DIAGNOSTICS OF TB

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES



detection of mycobacteria. They deposited
nanoscale zinc oxide on the indium-tin-oxide
(ITO)-coated glass plate. The presence of
nanostructured ZnO films allowed an increase
in the electro-active surface area for DNA mol-
ecule loading and for detecting genomic target
DNA up to 100 pM, which enables the direct
detection of pathogens in clinical samples at
point of care. The main characteristics of the
technique are: (i) the covalent immobilization
of the sensor without using any cross-linker
that might limit its sensitivity; (ii) detection
limit of 0.065 ng/μL; (iii) detection process
requires only 60 s; (iv) can be reused up to 10
times; and (v) stable up to 4 months at 4�C.
Therefore, it is an efficient nanobiosensor for
rapid and accurate diagnosis of mycobacteria
(Das et al., 2010). Zirconium oxide (ZrO2) is an
important oxide of metal with greater stability
and inertness. Moreover, it has affinity toward
groups containing oxygen. Das et al. (2011)
developed zirconium oxide and carbon nano-
tube (NanoZrO2-CNT) nanocomposite-based
nucleic acid nanobiosensors deposited on ITO.
The group utilized this electrode (NanoZrO2-
CNT/ITO) for immobilization of single-
stranded probe DNA (ssDNA) specific for
MTB to reveal its application to biosensor for
nuclei acid detection.

Thiruppathiraja et al. (2011) fabricated
and evaluated the DNA electrochemical bio-
sensor for genomic DNA of Mycobacterium sp.
using a signal amplifier as dual-labeled gold
nanoparticles (AuNPs). The method involves
the sandwich detection strategy comprising
two types of DNA probes: the probes of
enzyme ALP and the detector probe conju-
gated on AuNPs. Both of these probes were
specific for Mycobacterium sp. genomic DNA.
The study claimed that under optimized condi-
tions, the detection limit of the method was
1.25 ng/mL genomic DNA. The said nanobio-
sensors were also promising and evaluation of
the clinical sputum samples showed the high-
er sensitivity and specificity. Another study

(Torres-Chavolla and Alocilja, 2011) with dif-
ferent approaches also fabricated the DNA-
based biosensor encompassing AuNPs and
amine-terminated magnetic particles (MPs) to
detect the mycobacteria. The study made use
of thermophilic helicase-dependent isothermal
amplification (tHDA) and dextrin-coated
AuNPs as electrochemical reporters. The
AuNPs and MPs were functionalized indepen-
dently with different DNA probes that specifi-
cally hybridize with a fragment within a gene
of mycobacteria. Later, that group separated
the MP-target�AuNPs complex magnetically
from the solution and detected AuNPs electro-
chemically. Torres-Chavolla and Alocilja (2011)
claimed the sensitivity of this method was
0.01 ng/μL of isothermally amplified target of
105 bp. Such a sensor thus can be used to regu-
larly analyze the clinical samples suspected to
have mycobacteria.

In addition to metal oxide nanoparticles,
porous silicon is also getting more attention
regarding biosensor applications, mostly in
label-free applications. Wu et al. (2012) made
use of a nanoscale porous silicon micro-cavity
biosensor for fast sero-diagnosis of MTB.
Through a series of experiments, the study
testified the feasibility of this biosensor for the
detection of interaction between 16 kDa anti-
gen and 16 kDa antibody. The detection of
MDR-TB is of utmost importance. In a recent
study, Li et al. (2014) reported development of
a DNA sensor for the specific detection of the
rpoB gene of MDR-TB by using ruthenium (II)
complex�functionalized grapheme oxide (Ru-
GO) as a suspension-sensing interface and
ferrocene-labeled single-stranded DNA (FC-
ssDNA) as an electrochemiluminescence
(ECL) intensity controller. The assay relies on
the principle that when mutant ssDNA target
hybridizes with FC-ssDNA, it is released from
the Ru-Go surface, leading to recovery of ECL.
The assay is reported to have a detection
range from 0.1 to 100 nM and 0.04 nM
sensitivity.
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More studies are needed that mainly focus
on the fabrication of various nanobiosensors
for diagnosis of such a dreadful disease.
Because this technique is highly sensitive, it
requires little sample preparation and is fast,
specific, cheap, and easy to use; it has great
potential for the clinical diagnosis of TB.

9.6 CONCLUSION AND FUTURE
PERSPECTIVES

It is evident that TB is still a major public
health problem because of the emergence of
MDR strains of Mycobacterium. The emergence
of MDR strains of TB in HIV patients in devel-
oping countries like Africa has made the prob-
lem more complicated and, thus, it is a matter
of great concern. In fact, the disease should be
eliminated as a major public health problem.
WHO emphasizes that there is a “global emer-
gency” to eradicate drug-resistant strains of TB.
Taking these facts into consideration, there is a
pressing need to develop newer anti-TB drugs,
drug delivery systems, and development of
vaccines to combat the grave problem of MDR
mycobacterium by 2050. In this context, nano-
technology may play a vital role in fighting the
MDR strains of TB. Development of nanobio-
sensors for early diagnosis and use of nano-
based drugs in combination with the existing
antibiotics and delivery system may provide
new ways to combat the MDR problem.
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10.1 INTRODUCTION

Nanomaterials are engineered constructions
of minuscule size wherein at least one dimen-
sion of the material is less than or equivalent to
100 nm. These engineered nanomaterials have
significant importance because they are now
regularly used as fillers, catalysts, semiconduc-
tors, cosmetics, microelectronics, and biomedical
devices. Materials in the nanoscale domain can
be engineered to show certain specific physical
and chemical properties of their controllable
interactions with the surrounding environment.
Therefore, properties of engineered nanomater-
ials differ considerably from the bulk materials
of the similar composition, sanctioning nanoma-
terials to accomplish remarkable feats of
conductivity, reactivity, and optical sensitivity.
However, coexistence of nanomaterials with the
biological or environmental systems may create

undesirable harmful interactions that may lead
to toxic effects on living bodies (Nel et al., 2006).
Therefore, it is imperative to realize that these
interactions of engineered nanomaterials with
various biological entities such as deoxyribonu-
cleic acid (DNA), proteins, membranes, orga-
nelles, cells, tissues, and organs generate a series
of communications between nanomaterial and
biological boundaries. These communications
are driven by colloidal forces and depend on the
dynamic biophysicochemical properties of the
nano�bio interface (Nel et al., 2009).

In recent times, the importance of nano�bio
interfacial interactions have been highlighted
to promote innovative design strategies for the
fabrication of engineered nanomaterials with
unique physicochemical properties, which
eventually determine nanomaterial cellular
uptake, transport, and their ultimate fate in the
biological systems (Zhu et al., 2013). To utilize
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the full spectrum of nanobiotechnology and
nanomedicine, an in-depth understanding of
nanomaterial physicochemical properties is
imperative, because it will guide the research-
ers to control nano�bio interfacial interactions
or communication of nanomaterials with the
biological world. Furthermore, designing nano-
materials with distinctive properties will be
useful for overcoming their potential hazard
and using them for safe therapeutic applica-
tions. As discussed, physicochemical proper-
ties of nanomaterials may influence their
bioavailability, transport, fate, cellular uptake,
and catalysis of injurious biological responses
(Zhu et al., 2013). Therefore, the understanding
of the interactions between physicochemical
properties of nanomaterials and biological
entity will also allow the development of pre-
dictive relationships at the nano�bio interface,
which is important from the perspective of safe
use of nanomaterials (Hobson, 2009).

From this discussion, it is crystal clear that
to succeed in the relatively new area of nano-
medicine or nanobiotechnology, the effects of
nanomaterials must be foreseeable and precise,
and nanomaterials must deliver the preferred
therapeutic outcomes with minimal toxicity. In
this context, several nanomaterials have been
engineered with noble inorganic metal cores,
their alloys, oxides, and semiconductors for
their vast potential toward biomedicine applica-
tions from diagnostics to treatment of diseases
(Niemeyer and Mirkin, 2004; Fortina et al.,
2005; Mirkin and Niemeyer, 2007; Dykman and
Khlebtsov, 2012; Rai et al., 2014). Tailored
nanomaterials have such a huge potential
influence in biomedical sciences because of
their dimensional similarities with the basic
biological components. Biological components
and biomolecules like enzymes, DNA, mem-
brane, and proteins are functional configura-
tions at nanometer and sub-micrometer
levels; therefore, atomic or molecular level
tailoring of physiochemical properties of mate-
rials have immense potential to attain the

desired level of sensitivity with improved bio-
functionality, bio-efficiency, and bio-specificity
(Suh et al., 2009; Farokhzad and Langer, 2009;
Albanese et al., 2012).

On the contrary, nanotoxicology is in its
embryonic stage of development, but it is a
vital part of nanomedicine and nanobiotech-
nology. Nanotoxicology discusses interactions
of engineered nanomaterials with biological
systems and the environment while particular
emphasis is placed on the correlation between
the physicochemical properties of nanomater-
ials with induction of toxic or adversarial bio-
logical responses (Fischer and Chan, 2007).
Moreover, nanotoxicology aims to discover
favorable physicochemical characteristics of
various nanomaterials, which may render
them more responsive toward inner biological
environment for therapeutic benefits (Holl,
2009; Mahmoudi et al., 2011a). From this
perspective, the principal footstep toward
understanding the broader implications of the
impact of designer-made nanomaterials for
any biomedical application is to characterize
and recognize how novel nanomaterials inter-
act with simple biological organisms, such as
microbial cells.

In the milieu of nanobiotechnology, nanome-
dicine, and nanotoxicology, several nanomater-
ials have been developed to demonstrate
strong antimicrobial activities through diverse
mechanisms (Allahverdiyev et al., 2011).
Predominantly, engineered nanomaterials illus-
trate antimicrobial action by inducing photoca-
talytic production of reactive oxygen species
(ROS), interruption of energy transduction, inhi-
bition of enzyme activity or DNA synthesis,
and by damaging/disrupting/penetrating the
cell envelop (Sondi and Salopek-Sondi, 2004; Li
et al., 2008; Rai et al., 2009; Daima et al., 2011,
2013, 2014; Hajipour et al., 2012; Ingle et al.,
2014). This chapter demonstrates how various
interrelated physicochemical properties of engi-
neered nanomaterials influence their antibacte-
rial activities.
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10.2 PHYSICOCHEMICAL
PROPERTIES OF NANOMATERIALS

AND THEIR INFLUENCE ON
ANTIBACTERIAL PERFORMANCE

The toxic potentials of nanomaterials are
rather unclear or still not well-understood, but it
is evident from past research that physicochemi-
cal characteristics of nanomaterials play a funda-
mental role in governing their interactions with
bacteria, leading to antibacterial actions due to
various physiological consequences. Presently,
there is ambiguity about how different physico-
chemical parameters of nanomaterials influence
their antibacterial potential but, in general, it is
suggested that smaller particles with higher spe-
cific surface area (surface-to-volume ratio) must
have greater antibacterial activity. The issue
becomes particularly complex because published
research studies cannot necessarily always be
compared because different physicochemical
experimental conditions such as bacterial con-
centration/strains and external factors including
light intensity may have a significant influence
on antibacterial activity of nanomaterials, which

are mostly not taken into account for evaluation.
Although numerous characteristics of nanoma-
terials may affect their complex interactions with
bacterial cells to exhibit antibacterial activities, in
this section the most important physicochemical
characteristics of the engineered nanomaterials
influencing their antibacterial activities are dis-
cussed in detail. Depicted in Figure 10.1 is a
schematic representation summary of various
physicochemical properties of engineered nano-
materials, including their shape, size, surface
charge, composition, hydrophilic or hydropho-
bic nature, oxidative dissolution, presence of
functional groups, or ligands or biomolecules in
the surface corona or surface chemistry of nano-
materials, that have the potential to influence
their antibacterial activities.

10.2.1 Influence of Nanomaterial Size,
Surface Area, Composition, and
Aggregation on Their Antibacterial
Performance

The first and foremost important character-
istic of nanomaterials is their size, which falls

Biomolecules
on surface

Functional groups
and ligands

ζ Potential

(surface charge)

Composition

Shape

Size

Hydrophilic/
hydrophobic

nature

Dissolution

FIGURE 10.1 Schematic representation of various physicochemical properties of nanomaterials that may influence
their interaction with bacterial cells.
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between the atomic or molecular zone and the
bulk of the corresponding material of the same
composition. In this transition zone, physico-
chemical properties of materials will be modi-
fied significantly and their uptake/interaction
with biological entity opens new opportunities
because with reduced nanosize, the number of
particles per unit of mass increases consider-
ably. This consideration may produce destruc-
tive or hazardous effects in living cells due to the
nanoscale size domain. Moreover, the nanoma-
terials are expected to cross all the biological
barriers, gaining entry to the body; consequently,
size may also govern their kinetics, absorption,
distribution, metabolism, and excretion that may
otherwise not be likely with the bulk material of
similar composition (Whitesides, 2003; Nel et al.,
2006). Theoretical aspects suggest that smaller
particles with greater specific surface area
should be more toxic in nature. The nanoscale
size may possibly promote interactions with the
surface of bacterial cells (followed by the ions,
active biomolecules, or any other functional
groups, if any), which has the potential to dis-
rupt normal cellular functioning, leading to
bacterial cell death.

There are numerous studies that have
clearly established that size does matter with
respect to toxicological consequences. In fact,
investigations of the effect of silver nanoparti-
cles in the 1�100 nm size range have been
evaluated on Gram-negative bacterium using a
high-angle annular dark field (HAADF) scan-
ning transmission electron microscopy (STEM)
technique to demonstrate that the particles
with a diameter of 1�10 nm directly interact
with the bacterial cells and, because of these
interactions, hostile effects are created on the
bacterial cells. This investigation confirms that
the antibacterial properties of nanoparticles
are size-dependent (Morones et al., 2005).
Likewise, in a recent study in 2014, Adams and
colleagues showed size-dependent antibacterial
properties of palladium nanoparticles wherein
three different well-constrained sub-10 nm

sizes, 2.06 0.1, 2.56 0.2, and 3.16 0.2 nm, were
investigated. All these palladium nanoparticles
of different sizes were incubated with two dif-
ferent bacterial strains, namely, Escherichia coli
(Gram-negative) and Staphylococcus aureus
(Gram-positive). Captivatingly, in the case of
S. aureus mid-sized (2.56 0.2 nm) palladium
nanoparticles were found to be the most nox-
ious, whereas smaller (2.06 0.1 nm) and larger
(3.16 0.2 nm) nanoparticles were comparatively
less toxic. However, in E. coli tiny palladium
nanoparticles (2.06 0.1 nm) exhibited the high-
est antibacterial effects, followed by mid-size
and larger nanoparticles. These observations
were interesting and confirmatory that even the
fine scale of 1-nm differences in size can amend
their antibacterial activity, and the effects will
depend on the strains of the tested bacterial
species (Adams et al., 2014).

Highly purified single-walled carbon nano-
tubes (SWNTs) and multiwalled carbon nano-
tubes (MWNTs) have also been exploited to
demonstrate their comparative antibacterial
activities and to reveal a significant role of size
in terms of diameter. It has been discovered
that the diameter or size of carbon nanotubes
(CNTs) is the fundamental factor leading to
their antibacterial effects. Moreover, it has been
projected and established that the main CNT
toxicity mechanism relates to cell membrane
damage by direct contact with CNTs. Further,
it has been claimed that in the case of SWNT,
the enhanced antibacterial activity may be
attributed to: smaller SWNT diameter, which
assists the splitting and partial penetration of
SWNT into the bacterial cell wall; larger sur-
face area of SWNT for interaction and contact
with the bacterial cell surface that seriously
impacts the cellular membrane integrity, meta-
bolic activity, and morphology; and/or unique
chemical and electronic characteristics convey-
ing higher chemical reactivity. Also, as
depicted in Figure 10.2, SEM observations
show severe cellular destruction of E. coli cells
after their incubation with MWNT and SWNT

154 10. INFLUENCE OF PHYSICOCHEMICAL PROPERTIES OF NANOMATERIALS ON THEIR ANTIBACTERIAL APPLICATIONS

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES



for 60 min. In the same study, the release of
nucleic acids into the solution has further sup-
ported the severe destruction of bacteria through
the expression of genes related to cell damage.
Molecular-level studies of DNA microarrays
and gene expression profiling confirm that in
the presence of both MWNTs and SWNTs,
E. coli cells express high levels of stress-related
gene products related to cell membrane damage
and oxidative stress; however, their degree of
expression is considerably higher in the pres-
ence of SWNTs (Kang et al., 2008).

In another study, a series of metallic silver
(Ag) and gold (Au) nanoparticles was designed
by in situ reduction and stabilization engaging
hyper-branched poly(amidoamine) with termi-
nal dimethylamine groups [HPAMAM-N
(CH3)2]. In this study, by changing the molar
ratio of N/Ag (or N/Au) during synthesis of
metal nanoparticles, the size and their disper-
sion stability control could be attained. Both
the silver and the gold nanoparticles with
smaller particle sizes exhibited higher antimi-
crobial efficiency because of more effective sur-
face contact with the bacterial cells, as reported
in other studies. Moreover, the cationic termi-
nal dimethylamine groups also contribute to a
certain extent to the antimicrobial activity
through strong ionic interactions with the

negatively charged bacterial membranes
(Zhang et al., 2008), suggesting that along with
the size of nanomaterials, surface functionali-
zation or surface chemistry also plays a role in
their antibacterial activities.

In an experimental setup and physiological
conditions, many nanomaterials have the ten-
dency to agglomerate because of their intrinsic
high reactivity. Therefore, when nanomaterials
are exposed to bacterial cells in physiological
reaction conditions, it is highly likely that the
nanomaterials may create aggregates rather
than being individual units. Consequently, the
observed antibacterial activities will be of an
agglomerated form of nanomaterial and may
not provide perfect size-dependent activity.
This phenomenon has often been overlooked
or not considered for many antibacterial
studies, which may lead to misleading inter-
pretations. To address this, a comparative
antibacterial study of three photosensitive
nanomaterials has been reported (Adams et al.,
2006). During this study, all the experiments
were performed in water suspensions using
two different bacterial strains. By using titanium
dioxide (TiO2), silicon dioxide (SiO2), and zinc
oxide (ZnO) nanoparticles in this study, the
authors claimed that although the advertised
nanomaterials size did not correspond to the

FIGURE 10.2 SEM micrographs of E. coli cells treated with (A) MWNTs and (B) SWNTs for 60 min. The scale bars
correspond to 2 μm. Adapted from Kang et al. (2008).
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true particle size due to potential aggregation of
nanomaterials, apparently aggregation pro-
duced similar sized particles that had similar
antibacterial activity at a given concentration.
However, it is believed that the antibacterial
activity may be significantly higher than the
observed if the aggregation of nanomaterials
did not take place. From this, it may be con-
cluded that the particle size may typically have
higher influence than the other physicochemical
properties of materials; however, it would not
be appropriate to state this as a generalized
claim (Adams et al., 2006).

To enhance antibacterial potential by con-
trolling aggregation of nanomaterials, hybrid
nanocomposites of Ag-SiO2 and Cu-SiO2 have
been prepared, wherein SiO2 nanoparticles
synthesized by the “Stober process” were used
as seeds to immobilize silver or copper on their
surface. In Ag-SiO2 and Cu-SiO2 composites,
silver or copper nanoparticles were found
homogeneously distributed on the surface of
SiO2 nanoparticles without any sign of aggre-
gation and exhibited excellent antibacterial
abilities due to lack of aggregation (Kim et al.,
2006, 2007). Similarly, sol�gel Ag-SiO2 thin
film was prepared using high concentrations of
silver nanoparticles in which metallic silver
nanoparticles were immobilized throughout in
a well-ordered fashion at the depth of 6 nm on
the surface. The synthesized nanocomposite
thin film of Ag�SiO2 displayed high bactericidal
activity against both E. coli and S. aureus, and
B105 cfu/mL bacterial cells were completely
destroyed 5 and 7 h after contact with the anti-
bacterial film, respectively. During this process,
considerable reduction in the silver ion (Ag1)
release rate was observed because of silver
nanoparticles embedded within the silica thin
film. Therefore, it has been realized that the dis-
charge process of Ag1 ions was controlled by
water diffusion in the surface pores of the silica
film. In HNO3 solution, the controlled Ag1

release was measured to be 11 nM/mL after 10
days, indicating that the synthesized Ag�SiO2

sol�gel composite thin film can be used as effi-
cient and durable material for antibacterial and
biomedical applications by controlling nanopar-
ticle aggregation and Ag1 ion release (Akhavan
and Ghaderi, 2009).

10.2.2 Influence of Nanomaterial Shape
on Their Antibacterial Performance

In additional to the nanomaterial size, sur-
face area, composition, and its aggregation
behavior in biological fluids, nanomaterial
shape or morphology is also related to adverse
effects on bacterial systems. However, a few
investigations focusing on the toxicological
relationship associated with this parameter
alone are available in the literature. Different
physicochemical characteristics including elec-
tromagnetic, optical, and catalytic properties of
metallic nanomaterials are strongly influenced
by their shape and size. Therefore, a variety of
synthesis routes have been developed to gain
better control over the shape and size of nano-
particles for various applications (Mulvaney,
1996; Narayanan and El-Sayed, 2004; Burda
et al., 2005; Bansal et al., 2010). Consequently,
it is believed that along with size of the nano-
particles, shape of the nanomaterial also has
substantial potential to influence nano�bio
interactions. In addition to leading uptake
within the cells, size and morphology of a
nanomaterial are important factors that are
associated with the surface area for a particular
mass dosage. In general, to the overall surface
area, contribution of the shape of nanomater-
ials will be important; for instance, an octago-
nal structure will have a different surface area
than spheres of the same size. The higher
catalytic activity of the nanomaterial with
greater surface area is well-documented to
enhance its reactivity because surface atoms
have a tendency to hold unsatisfied high-
energy bonds. Therefore, these unsatisfied
high-energy surface atoms will easily react
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with other molecules to achieve stabilization:
the higher the surface area, the better the nano-
materials reaction potential. Therefore, inside
the cellular environment (after successful
entrance), these nanomaterials will have a
much greater chance compared with their
counterpart micron-sized particles to interact
with biomolecules of cells, causing direct cellu-
lar damage and promoting oxidative stress
(Mahmoudi et al., 2011a, b).

Various research reports have demonstrated
that the shape of a nanomaterial can greatly
influence their rate of uptake by the cells.
Spherical-shaped nanoparticles illustrate high-
er uptake than nanorods, whereas internaliza-
tion of these nanorods is also highly dependent
on their dimensions. Nanorods with a high
aspect ratio will be internalized considerably
faster than low-aspect ratio rods (Mahmoudi
et al., 2011a). In 2007, antibacterial properties
of silver nanoparticles of different shapes
against E. coli were investigated. It was
reported that truncated triangular nanoplates
of silver accomplished the highest antibacterial
action in comparison with spherical and rod-
shaped silver nanoparticles. Furthermore, sub-
stantial changes in the bacterial cell membrane
were reported on treatment with triangular sil-
ver nanoplates with a (111) lattice plane, result-
ing in cell death. Moreover, this study
suggested that nanoscale size and the presence
of (111) lattice plane combine to promote anti-
microbial property, and nanoparticles under-
took shape-dependent interaction with E. coli
(Pal et al., 2007).

10.2.3 Influence of Surface Chemistry
of Nanomaterials and Their Exterior
Corona on Antibacterial Performance

In contrast to other physicochemical para-
meters, the influence of nanoparticles surface
chemistry and presence of surface corona on
their antimicrobial activity is rather unclear

or have not been evaluated systematically.
Stereotypically, antibacterial activity of nano-
materials is assigned to the nanomaterial
composition, surface charge, size, and/or
shape; however, influence of complex surface
chemistry and peripheral corona stabilizing the
nanomaterial is frequently ignored, if not
completely overlooked. However, this parame-
ter is gaining considerable attention because of
its outstanding potential for controlling patho-
genic bacteria without harming normal cells.
Because of the existence of different surface
chemistries or coronas nanomaterials of similar
size, shape, and composition and those pre-
pared using diverse synthesis routes or in
different laboratories show dissimilar biologi-
cal performance. In literature, it is assumed
that exterior surface coatings on nanomaterials
surface may support governing the surface
charge of nanomaterials and consequently
allow appropriate electrostatic interactions
between nanomaterials and the biological sur-
face (Wiesner et al., 2006; Sapsford et al., 2013).
In recent times, through molecular dynamic
simulation, the importance of amphiphilic
amino acids in adsorbing proteins on nano-
patterned surfaces has been established.
Furthermore, it has been discovered that
presence of such biomolecules on the exterior
surface corona of nanomaterials may influence
their biological profile because of altered sur-
face chemistry (Hung et al., 2013). Recently, we
experimentally demonstrated the essential role
of surface chemistry and organic surface
coronas surrounding metal nanoparticles in
controlling their antibacterial and anticancer
properties. Furthermore, it has been antici-
pated that the tailored modification of chemical
properties of nanomaterials surface may gener-
ate new and remarkable opportunities to
develop efficient antimicrobial agents (Daima
et al., 2013, 2014).

Our group developed a new synthetic
scheme and confirmed improvement in the
antibacterial profile of silver nanoparticles by
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their surface modification through creating a
controlled surface corona by tailoring the sur-
face chemistry of biologically active polyoxo-
metalates (POMs). The stable surface corona of
two different POMs, such as phosphotungstic
acid (PTA) and phosphomolybdic acid (PMA),
has been accomplished by using zwitterionic
amino acid tyrosine as a pH-switchable reduc-
ing and capping agent around silver nano-
particles. Further, antibacterial investigations
revealed that through conjugation with silver
nanoparticles, the surface corona of POMs
enhances the degree of physical damage to
E. coli and Staphylococcus albus cells because of
synergistic antibacterial action of silver nanopar-
ticles and POMs, whereas these nanomaterials
indicated biocompatibility toward mammalian
cells. Depicted in Figure 10.3 is the antimicrobial
activity of silver nanoparticles before and after
their functionalization with PTA and PMA
molecules. Surface-functionalized silver nano-
particles exhibited enhanced antibacterial activ-
ity due to the presence of bioactive PTA and
PMA molecules in the outer corona, wherein
PTA-functionalized nanomaterials displayed

higher activity over PMA-functionalized nano-
materials. At a fixed silver (Ag) dose of 1 μM, sil-
ver nanoparticles caused 36% bacterial cell
death, which increased to 66% and 85% after
PMA and PTA functionalization, respectively.
Furthermore, treatment of bacterial cells for
15 min with various nanomaterials revealed dis-
tinctive morphological changes indicative of sig-
nificant damage to the cellular integrity. The
higher level of physical damage caused to the
bacterial cells by POM-functionalized nanoma-
terials in comparison with those treated only
with silver nanoparticles was also evident from
SEM micrographs. The capability of surface
corona with a controllable surface chemistry to
cause selective toxicity against bacterial cells
without causing hostile effects to mammalian
cells offers opportunities to utilize them for topi-
cal wound healing applications, wherein the
control of bacterial infections to allow the
growth of new epithelial cells is considered
essential (Daima et al., 2014).

Furthermore, our group has also proposed
sequential surface functionalization strategies
wherein tyrosine-capped gold nanoparticles
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FIGURE 10.3 (A) Antibacterial activity of pristine silver nanoparticles and those functionalized with PTA and PMA
against E. coli. SEM micrographs of (B) untreated E. coli cells and after their treatments with (C) silver nanoparticles,
(D) silver/PTA nanoparticles, and (E) silver/PMA nanoparticles. Insets show the higher magnification of the respective
SEM images. Scale bars in the main figures and insets correspond to 5 μm and 500 nm, respectively. Adapted from
Daima et al. (2014).
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were used as a core material and POMs (PTA
and PMA) along with cationic amino acid lysine
were decorated on their surface to explore
controlled chemical functionality�driven
antibacterial action. The antibacterial studies on
E. coli validated the importance and antibacterial
potential of stepwise surface-controlled nanoma-
terials, confirming that the nanomaterial toxicity
and biological applicability are strongly
governed by their surface corona, as shown in
Figure 10.4. Nevertheless, it was even more
interesting that these investigations discovered
that highly biocompatible gold nanoparticles
can be regulated to be a strong antibacterial
agent by fine-tuning their surface corona
or chemistry in a controllable manner (Daima
et al., 2013).

Along with surface corona and surface
chemistry, surface charge of nanomaterial is an
important characteristic that has the potential
to influence their antibacterial performance.
The surface charge of nanomaterials is critical
for providing insight into their biological
behavior under different experimental condi-
tions. Based on the solution pH and ionic
strengths, the surface charge of nanomaterials

may also dictate the potential aggregation of
nanomaterials in aqueous environments.
Surface charge of a nanomaterial also plays an
important role in governing the initial electro-
static interaction and the cellular uptake by
bacteria. For instance, cationic surface�charged
nanomaterials have been reported to have an
influence on toxicity of living organisms by
posing threats to membrane barrier integrity
(Goodman et al., 2004). It has also been discov-
ered that many cationic antimicrobial peptides
and nanomaterials do not have a specific target
in bacteria and usually they interact with the
bacterial cell wall through an electrostatic
interaction, which causes physical damage to
bacterial cells by forming pores (Shai, 2002;
Brogden, 2005). This physical action prevents
microbes from developing resistance against
nanomaterials; in fact, it is proven that cationic
antimicrobial peptides and nanomaterials can
overcome bacterial resistance through this
physical damage mechanism (Hancock and
Lehrer, 1998; Brogden, 2005; Li et al., 2008;
Nederberg et al., 2011). Furthermore, periph-
eral surface coatings can impart a selective
charge to the nanomaterials that can stabilize
them against aggregation while controlling
their outer surface corona. Some reports are
available to explore toxic effects of positively
charged nanomaterial, but these effects were
not observed when the same nanomaterial was
coated with negatively charged functional
groups (Wiesner et al., 2006; Ozay et al., 2010).
Additionally, DNA is negatively charged; thus,
cationic nanomaterials are more likely to
interact with the genetic material causing geno-
toxicity. If the surface charge on antibacterial
nanomaterials is similar to the surface charge
of the bacterium cell (often negative), this may
induce repulsion and prevent nanomater-
ial�bacteria contact. In contrast, providing a
positive surface charge to the formulated nano-
materials using different surface coatings may
considerably improve the antibacterial perfor-
mance of such formulations (Hamouda and

AuNPsTyr

AuNPsTyr@POM

AuNPsTyr@POM-Lys

FIGURE 10.4 Schematic representation of increase in
antibacterial activity of tyrosine (Tyr)-reduced gold nano-
particles after their stepwise surface functionalization with
POM and lysine (Lys). Adapted from Daima et al. (2013).
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Baker, 2000). Therefore, as discussed in previ-
ous sections, antibacterial activity of nanoma-
terials involves direct contact between bacterial
surface and nanomaterials, suggesting that the
surface charge of nanomaterials could play an
influential role in controlling nanomaterial tox-
icity against bacterial strains.

10.2.4 Influence of Nanomaterial
Dissolution into Metal Ions on Their
Antibacterial Performance

In 2000, Feng et al. performed a mechanistic
study to demonstrate antibacterial effects of sil-
ver ions (Ag1) using AgNO3 on two microor-
ganisms, namely E. coli and S. aureus, by using
combined electron microscopy and X-ray
microanalysis. The Ag1 treatment exhibited
similar morphological changes to both bacterial
strains, wherein the cytoplasmic membrane
was found to be separated from the cell wall
and an electron-light region seemed to be
appearing in the center of bacterial cells. This
central electron-light region was found to con-
tain a condensed form of DNA molecules,
whereas many other small electron-dense
regions deposited inside the cells or surround-
ing the cell wall were also observed. X-ray
microanalysis detected elements of silver (Ag)
and sulfur (S) in the electron-dense granules
and cytoplasm, suggesting possible antibacte-
rial mechanism of ionic silver through protein
inactivation and loss of DNA replication by
Ag1 treatment (Feng et al., 2000). Since 2000,
after this report, scientists have been constantly
debating about the role of Ag1 ions produced
by oxidative dissolution of silver nanoparticles
in aqueous environments to understand the
possible mechanisms by which they exert tox-
icity against bacteria and other organisms.
Recently, this mystery regarding whether the
silver nanoparticles exert direct “particle-spe-
cific” activity beyond the known antimicrobial
activity of released Ag1 ions has been

attempted to be solved, and Ag1 ions were
found to be the definitive molecular toxicant. It
has been demonstrated that under strictly
anaerobic conditions, by preventing oxidation
of silver nanoparticles (Ag0) and therefore pre-
venting Ag1 ion release, antibacterial activity
can be hindered. Furthermore, it has been
established that the antibacterial activity of dif-
ferent coatings of silver nanoparticles such as
PEG-/PVP-coated and different sizes of each
coating precisely follow the dose�response
pattern of E. coli exposed to Ag1, which was
added in the form of AgNO3. This work sug-
gested that morphological properties of nano-
materials, which have been identified to affect
antibacterial activity, are indirect effectors that
primarily influence Ag1 discharge. Therefore,
this study further suggested that the antibacte-
rial action of nanomaterials could be controlled
by modifying Ag1 release. This discharge of
Ag1 control is possibly through manipulation
of oxygen availability, particle size, shape,
and/or type of coating (Xiu et al., 2012).

Recently, our group discovered silver-
tetracyanoquinodimethane (AgTCNQ), an
organic semiconducting charge transfer com-
plex, as a new antibacterial material (Davoudi
et al., 2014). In this study, extremely high-aspect
ratio (.3,000) AgTCNQ nanowires of sub-
millimeter lengths and B100 nm diameter were
directly grown on the surface of a fabric to
develop antibacterial textiles, as shown in
Figure 10.5. It was discovered that these fabrics
functionalized with AgTCNQ nanowires show
outstanding antibacterial performance against
both Gram-positive and Gram-negative bacteria,
which was even better than their Ag
nanoparticle counterparts. Interestingly, the out-
comes of this study reflected on a fundamentally
important aspect that the antibacterial perfor-
mance of Ag-based nanomaterials may not nec-
essarily be solely due to the amount of Ag1 ions
released from these materials; instead, the nano-
material itself may play a direct role in causing
antibacterial action. This study therefore
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challenges the existing paradigm by questioning
whether the observed antibacterial effects of
nanomaterials are due to metal ion leaching
through metal oxidation or whether nanomater-
ial may also contribute directly to the antibacte-
rial activity (Davoudi et al., 2014).

10.2.5 Influence of ROS Generation
Ability of Photosensitive Nanomaterials
on Their Antibacterial Performance

Along with other physicochemical charac-
teristics of photosensitive nanomaterials, exter-
nal factors such as presence of light may
significantly influence the exhibition of anti-
bacterial activity because of their ROS produc-
tion capability. In 2006, Alvaraz and colleagues
conducted a comparative study against Bacillus
subtilis and E. coli using three photosensitive
nanomaterials for their potential antibacterial
activity in water suspensions. Three photosen-
sitive nanomaterials, namely, TiO2 (titanium
dioxide), SiO2 (silicon dioxide), and ZnO (zinc
oxide), have been shown to possess toxicity

with varying degrees, and antibacterial activity
of these materials was found to be particle con-
centration�dependent. Although all of the
nanomaterials showed antibacterial activity,
ZnO nanoparticles demonstrated the highest
level of activity, whereas SiO2 revealed mini-
mum activity relative to other studied materi-
als. Moreover, it was interesting to note that
B. subtilis species (Gram-positive bacteria) was
found more susceptible to these nanomaterials
(Adams et al., 2006). Along with intrinsic phys-
icochemical properties of these photosensitive
nanomaterials, external factors may also have a
noteworthy impact on their antibacterial per-
formance, which can be concluded from the
same study. This study claims that the pres-
ence of light had remarkable influence under
most of the examined experimental conditions,
which is probably associated with its role in
stimulating production of ROS. Further, it is
interesting to note that the bacterial growth
inhibition was also observed in the dark, dem-
onstrating involvement of other undetermined
mechanisms in addition to photocatalytic ROS
production (Adams et al., 2006).

FIGURE 10.5 SEM micrographs of a silver fabric (A) before and (B) after growth of AgTCNQ nanowires with antibac-
terial properties. Scale bars in (A) correspond to 500 μm and that in (B) correspond to 100 μm. Adapted from Davoudi et al.
(2014).
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In the presence of light, the antibacterial
activity of photosensitive TiO2 nanomaterials
against both the Gram-positive and Gram-
negative bacterial species have been found to
be considerably higher than in the dark.
The degree of inhibition for Gram-positive
B. subtilis was found to be 2.5-fold greater in
the presence of light than in the dark compared
with 1.8-fold inhibition of Gram-negative
E. coli (Adams et al., 2006). The higher inhibi-
tion of both the bacterial strains in the presence
of light suggested that the antibacterial activity
of TiO2 was related to photocatalytic ROS crea-
tion. When Maness et al. (1999) irradiated
near-UV light on TiO2, they observed signifi-
cant bactericidal activity against E. coli K-12
cells. In this research, evidence of antibacterial
mechanisms by lipid peroxidation reactions of
UV-irradiated TiO2 was revealed against E. coli
by estimating production of malondialdehyde
(MDA) as an index to assess cell membrane
damage by lipid peroxidation after 30 min of
illumination. During these investigations, sig-
nificant reductions of the cell respiratory
movements were identified and measured by
both oxygen uptake and reduction of 2,3,5-
triphenyltetrazolium chloride from succinate
as the electron donor. The lipid peroxidation
and responsive damage to membrane-dependent
respiratory activity and cell viability in E. coli
depend on both the incident light and TiO2. It
has further been established that photocatalysis
by TiO2 primarily promotes peroxidation of the
polyunsaturated phospholipid constituent of the
lipid membrane, leading to lysis of bacterial cell
membrane. Consequently, vital cellular functions
that rely on intact cell membrane, such as respi-
ratory activity, were lost, leading to cell death
(Maness et al., 1999). Nevertheless, cell death
with TiO2 in the dark occurred, although it was
less pronounced, indicating additional undeter-
mined mechanisms involved in antibacterial
action that remain to be established (Adams
et al., 2006). The possible mechanisms that may
be explored include oxidative stress to bacteria

via ROS formation, organic radicals generated in
the absence of light, and the direct role of
nanomaterials in the disruption of membrane
integrity.

The antibacterial activity and mode of action
of quantum dots (QDs) such as CdTe, CdSe,
and CdSe/ZnS have also been investigated.
Often, to render QDs water-soluble for bio-
medical applications, passivation using several
coatings of inorganic and/or organic layers is
used. Nevertheless, these surface coverings sig-
nificantly increase the size of the particle, mak-
ing uptake by bacterial cells difficult. It is
proposed that QDs or conjugated QDs ,5 nm
can enter the cells, possibly by means of oxida-
tive damage to the cell membrane (Kloepfer
et al., 2005; Lu et al., 2008). For example, in the
case of antimicrobial activity of CdTe QDs,
the proposed mechanism of action involves the
QD�bacteria association followed by ROS-
mediated cell death. Various spectrophotome-
try and microscopy analyses revealed that after
binding on the bacterial surface, QDs can
adversely affect the cellular function by damag-
ing the antioxidative systems, downregulating
antioxidative genes, and decreasing the antioxi-
dative enzyme activities. Moreover, with thio-
barbituric reacting substances and protein
carbonyl assays, the oxidative damage caused
to the cellular proteins and lipids, respectively,
has also been observed. Further, the survival of
bacteria and the level of oxidative destruction to
various biomolecules were found to be reliant
on QD concentration, because it was noted that
QDs could efficiently inhibit the growth of the
bacteria in a concentration-dependent manner
(Lu et al., 2008).

Furthermore, a recent study evaluated the
photogeneration of ROS of various uncoated
metallic and single-element nanomaterials and
their linkage to the antibacterial activity. This
study used the same weight of different mate-
rials to facilitate a quantitative comparison of
ROS generation ability of various nanomater-
ials under photochemical excitation conditions
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performed under UV irradiation. Uncoated sil-
ver, gold, nickel, and silicon nanoparticles in
aqueous suspension were analyzed under
365 nm of UV light to determine their prospec-
tive ROS photogeneration mechanisms and to
disclose their associated antibacterial effects.
The experimental outcomes indicated that silver
nanoparticles generate superoxide and hydroxyl
radicals, whereas gold-, nickel-, and silicon-
based nanoparticles generate only singlet oxy-
gen species. The redox potentials and electronic
structure of silicon nanoparticles were found to
mediate ROS generation, whereas ROS genera-
tion on silver, gold, and nickel nanoparticles was
predominantly found due to their surface plas-
mon resonance properties. Enhanced antibacte-
rial activity of these nanoparticles was therefore
associated with their potential to generate ROS
and release of metal ions due to oxidative stress.
Under UV irradiation, the order of antibacterial
activity toward E. coli was found to be silver
nanoparticles (strongest). silicon nanoparti-
cles.nickel nanoparticles. gold nanoparticles
(Zhang et al., 2013).

10.2.6 Influence of Other Often
Neglected Physicochemical Parameters of
Nanomaterials on Their Antibacterial
Performance

Purity is one of the most important charac-
teristics of any nanomaterial, but it has often
been neglected for its biomedical role, which
needs to be considered for its role in therapeu-
tic and antibacterial activities. Presence of
residual contaminating foreign metals, unre-
duced metal ions, chemicals, or other agents
(from the precursor material) may actually be
responsible for antibacterial responses rather
than the actual nanomaterials itself, and the
quantity of contaminating materials are fully
reliant on the synthesis procedure used.
Various research groups use several nanoma-
terial processing methods, postproduction, to

remove most of these precursor metal catalysts
and chemical agents; however, purified nano-
materials may still contain certain amounts of
residual substances. Therefore, the effects of
such chemical impurities, residual metals, and
presence of counter ions on their antibacterial
activity cannot be overlooked for their
potential damaging effects. Hydrophobicity/
hydrophilicity, electron transfer capability,
smoothness/roughness, surface defects, crys-
tallinity, oxidizability of nanomaterials in
aqueous physiological conditions, and counter
ion effects are other important physicochemical
parameters of diverse nanomaterials that need
to be considered while assigning antibacterial
potential to physicochemical characteristics of
any nanomaterial. Figure 10.6 provides a sche-
matic representation of various possible
mechanisms by which different nanomaterials
may exhibit antibacterial action.

10.3 CONCLUSIONS

This chapter has provided an overview
of different physicochemical parameters of

Release of ions

Disruption of
membrane/wall

DNA
damage

Production of ROS

Protein
oxidation

e

e

Interruption of
e-transport

FIGURE 10.6 Schematic representation of potential
mechanisms through which different nanomaterials may
exhibit antibacterial activities.
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nanomaterials, each of which may play an
important role in contributing to the overall anti-
bacterial performance of nanomaterials. It is
shown that by tailoring some of these physico-
chemical properties of nanomaterials, the anti-
bacterial performance of nanomaterials can be
controllably enhanced. The control of physico-
chemical properties, particularly surface corona
of nanomaterials, has the potential to design
nanomaterials that show specific toxicity of bac-
teria without causing any cytotoxicity to mam-
malian cells. In context of metal nanoparticles,
recent research has started providing evidence
that the antibacterial effects of metal nanoparti-
cles may not necessarily be due to oxidation of
metal into metal ions, but instead metal nano-
structures may contribute directly to the antibac-
terial activity. Furthermore, it is discussed that
great attention must be given while assigning the
mode of antibacterial action to a particular physi-
cochemical property of a nanomaterial, because
a combination of these properties typically work
in synergy to dictate the final mode of antibacte-
rial action of nanomaterials. Future research in
this area should focus on the mechanistic under-
standing of the complex relationship between
different physicochemical parameters controlling
the antibacterial activity of nanomaterials.
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11.1 INTRODUCTION

Health care�associated infection (HAI)
encompasses almost all clinically evident infec-
tions that do not originate from a patient’s
original admitting diagnosis. According to the
Center of Disease Control and Prevention
(CDC) in the United States, a prevalence sur-
vey regarding HAIs estimated that on a given
day, approximately 1 in 25 hospital patients
has at least one HAI; there were approximately
722,000 HAIs in US acute care hospitals in
2011. Approximately 75,000 hospital patients
with HAIs died during their hospitalizations.
More than half of all HAIs occurred outside of
the intensive care unit (Magill et al., 2014).
These infections result in additional costs in
excess of $4.5 billion to the health care sector,
patients, and those who care for them.

A major complication involves development
of bacterial biofilms in which bacteria encase
themselves in sessile communities of hydrated
polymeric matrices of their own synthesis. The
inherent resistance of biofilms to antimicrobials

is at the root of many persistent bacterial infec-
tions. Therefore, in the past decade, biofilm
development and control became areas of
intense research. More insight has been
focused on the components involved in biofilm
development as possible targets for biofilm
control.

Broad-spectrum antibiotics such as tobramy-
cin, cephamycins, and gentimicin remain the
first-line treatment for bacterial biofilms.
However, the widespread imprudent use of
antibiotics has provoked an exponential
increase in the incidence of antibiotic resistance
in several bacterial groups in recent years.
New antibiotics such as peptide antibiotics
and/or new ways of using old antibiotics are
necessary to overcome bacterial resistance.

Other strategies for effective antibiofilm
therapy involve the use of nanomedicine and
the development of novel anti-infectives with
different modes of action. Research efforts
regarding the use of nanoparticles (NPs) in the
prevention of “medical” biofilm formation and
the eradication of existing biofilms have been
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growing steadily. Nanomaterials often show
unique and superior physical, chemical, and
biological properties compared with their mac-
roscale counterparts. Several studies have
shown the “nanofunctionalization” of surfaces
through coating, impregnation, or embedding
to inhibit bacterial adhesion and biofilm forma-
tion. Meanwhile, novel anti-infectives includ-
ing antimicrobial peptides, quorum-sensing
(QS) inhibitors, and some plant extracts were
recently discovered and represent a new era
for antibiotic-free therapeutics.

In this chapter, the application of nanomedi-
cine as a viable approach in antibiofilm ther-
apy is addressed. The concept of biofilm
formation and challenges in biofilm eradication
are introduced. Insights regarding the different
types of nanocarriers for the delivery of antimi-
crobials as well as metallic/inorganic NPs

exerting antimicrobial and/or photodynamic
therapy (PDT) are discussed in detail. In paral-
lel, recent advances toward the discovery of
novel anti-infectives and innovative strategies
for biofilm targeting are explored.

11.2 BIOFILMS—HEALTH AND
ECONOMIC BURDENS

Different areas in the human body can be
vulnerable to biofilm infections as a result of
either a preexisting disease or a hospital-
acquired infection (Figure 11.1). Approximately
60% of all hospital-associated infections, more
than 1 million cases per year, are attributable to
biofilms that have formed on indwelling medi-
cal devices. The central problem with microbial
biofilm infections is their propensity to resist
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Subvenous catheter
cardiac valves
pacemakers

Urinary catheters

Peripheral vascular
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Orthopedic implants
prosthetic joints
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tonsilitis, chronic laryngitis

Lung (cystic fibrosis)
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Urinary tract infections
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FIGURE 11.1 Device-related and disease-related biofilm infections.
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clearance by the host immune system and all
antimicrobial agents tested to date. In fact, com-
pared with their free-floating planktonic coun-
terparts, microbes within a biofilm are 50- to
500-times more resistant to antimicrobial agents
(Otto, 2014). Staphylococcus aureus is able to
quickly develop antibiotic resistance and
methicillin-resistant strains (MRSA) are consid-
ered endemic in hospitals. This bacterium fea-
tures a myriad of virulence factors that allow it
to colonize and damage the host and perfectly
avoid the host immune response (Brady et al.,
2009). Therefore, achieving therapeutic and
nonlethal dosing regimens within the human
host is impossible.

The end result is a conversion from an acute
infection to one that is persistent, chronic, and
recurrent, most often requiring device removal
to eliminate the infection. Because the use and
the types of indwelling medical devices com-
monly used in modern health care are continu-
ously expanding, especially with an aging
population, the incidence of biofilm infections
will also continue to increase (Otto, 2014).
Prosthetic implant infection can be caused by
direct inoculation of bacteria to the implant or
by seeding from the blood (hematogenous).
Because the implant is quickly coated by host
connective tissue on implantation, bacteria such
as S. aureus and Staphylococcus epidermidis are
able to readily gain a foothold in the host.
Therefore, prosthetic implant infection has a
high rate of morbidity and mortality for patients,
as well as an extreme economic burden on the
US health care system (Brady et al., 2009).

As a consequence, the economic burden due
to biofilm infections is substantial. Device-related
biofilm infections increase hospital stays and
add more than $1 billion/year to US hospitaliza-
tion costs (Otto, 2014). For example, catheter-
related sepsis costs an additional $28,000 per
case. Nosocomial urinary tract infections, which
are a subset of these catheter-related infections,
account for approximately 900,000 admissions
annually in the United States.

11.3 BIOFILMS—DEFINITION,
COMPOSITION, AND

DEVELOPMENT

A common definition of a biofilm involves
the formation of a community of microorgan-
isms attached to a surface (Costerton et al.,
1999; Lewis, 2001). Biofilm formation enables
bacteria to assume a temporary multicellular
lifestyle in which “group behavior” facilitates
survival in adverse environments and raises
resistance level. Within the biofilm, bacteria
are cocooned in a self-produced extracellular
matrix, which accounts for approximately 90%
of the biomass (Flemming and Wingender,
2010). The matrix (Figure 11.2) is composed of
extracellular polymeric substances (EPS) that,
along with carbohydrate-binding proteins,
pili, flagella, other adhesive fibers and extra-
cellular DNA (eDNA), act as a stabilizing scaf-
fold for the three-dimensional biofilm
structure (Cegelski et al., 2009; Flemming and
Wingender, 2010; Vilain et al., 2009). In the
matrix, nutrients are trapped for metabolic uti-
lization by the resident bacteria and water is
efficiently retained through H-bond interac-
tions with hydrophilic polysaccharides
(Flemming and Wingender, 2010). The robust
biomass protects bacteria from desiccation,
predation, oxidizing molecules, radiation, and
other damaging agents (Flemming and
Wingender, 2010).

Biofilms of Pseudomonas aeruginosa persistent
in the lungs of cystic fibrosis (CF) patients rep-
resent a famous example. P. aeruginosa grows
in small colonies with biofilm-like characteris-
tics in the hypoxic mucopurulent environment
of alginate and other EPS within the stationary
mucus, where the bacterial cells elaborate a
quorum-sensing system to control gene expres-
sion specifically for growth as a biofilm
(Moreau-Marquis et al., 2008). Alginate pro-
duction is mostly stimulated in such hypoxic
conditions, converting nonmucoid cultures to
mucoid (Meers et al., 2008).
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Biofilm growth is recognized as a complex
developmental process that is multifaceted and
dynamic in nature. The transition from plank-
tonic growth to biofilm occurs in response to
environmental changes and involves multiple
regulatory networks, which translate signals to
concerted gene expression changes, thereby
mediating the spatial and temporal reorganiza-
tion of the bacterial cell (Lenz et al., 2008;
Monds and O’Toole, 2009). This cellular repro-
gramming alters the expression of surface
molecules, nutrient utilization, and virulence
factors, enabling bacterial survival in unfavor-
able conditions (Klebensberger et al., 2009;
Lewis, 2008; Zhang and Mah, 2008). For

instance, enzymes secreted by the bacteria
modify EPS composition in response to
changes in nutrient availability, thereby tailor-
ing biofilm architecture to the specific environ-
ment (Ma et al., 2009).

The pattern of development involves initial
attachment to a solid surface, followed by the
formation of microcolonies on the surface and,
finally, differentiation of microcolonies into
EPS-encased, mature biofilms (Costerton et al.,
1999). Bacteria have a sense of touch that
enables detection of a surface and the expres-
sion of specific genes. Some of the cells in a
biofilm adopt a distinct and protected biofilm
phenotype that is a biologically programmed

Extracellular polymeric substance (EPS)

Extracellular eDNA Proteins

FIGURE 11.2 Composition of biofilm matrix.
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response to growth on a surface. Both the sur-
face of the cell and the surface of the substratum
obviously determine the effectiveness of adhe-
sion in biofilm formation. Numerous surface
adhesins of pathogens facilitate binding to
host cells and/or abiotic surfaces (Stewart,
1996). During this attachment phase, perhaps
after microcolony formation, the transcription of
specific genes is activated. In particular, studies
with P. aeruginosa algC, algD, and algU::lacZ
reporter constructs show that the transcription
of these genes, which are required for synthesis
of the extracellular alginate, is activated after
attachment to a solid surface (Lenz et al., 2008).
Research on QS in Gram-negative bacteria has
shown that acylhomoserine lactone signals are
produced by individual bacterial cells. At a
critical cell density, these signals can accumulate
and trigger the expression of specific sets of
genes (for reviews see Hassett et al., 2002;
Häussler, 2010; and Ma et al., 2009).

Bacteria in a sessile biofilm tend to colonize
new areas; therefore, there must be some
mechanisms for dispersion. Pieces of biofilms
can break off in the flow and may colonize
new surfaces. Even in case of the nonpatho-
genic, photosynthetic bacterium Rhodobacter
sphaeroides, an acylhomoserine lactone quorum-
sensing signal is required for dispersal of indi-
vidual cells from community structures. It has
been also suggested that escape of P. aeruginosa
cells from the biofilm matrix involves the
action of an enzyme that digests alginate
(Costerton et al., 1999).

11.4 CHALLENGES IN
ANTIMICROBIALTREATMENT

OF BIOFILMS

The ability of opportunistic bacteria to grow
in biofilms is decisive in the pathogenesis of
chronic infectious diseases. Bacteria perfectly
understand that their residence in biofilms pro-
tects them from innate host immune system

(e.g., opsonization and phagocytosis) and
effects of antimicrobials. Lewis defined biofilm
resistance to antimicrobials as increased resis-
tance of cells to killing, which does not mean
that biofilm cells grow better than planktonic
cells in presence of antimicrobials (Stewart,
1996). Compared with planktonic cells, bacteria
encapsulated within biofilms withstand
diverse environmental perturbations, such as
increased tolerance and resistance to antimicro-
bial therapy (Forier et al., 2014). Alone or in
combination, many factors related to the bacte-
ria, the surrounding environment, or the anti-
microbial itself can contribute to biofilm
resistance (Figure 11.3). Among the bacterial
biofilm-related factors, restricted penetration of
antimicrobials into bacterial biofilm, decreased
growth rate, and expression of possible restric-
tion genes are commonly reported (Forier
et al., 2014). Restricted penetration can be man-
ifested as limited diffusion of large antimicro-
bial proteins (e.g., lysozymes) as well as
smaller antimicrobial peptides (e.g., defensins
and analogues), or as binding of the negatively
charged exopolysaccharide with the positively
charged aminoglycoside antibiotics (Espuelas
et al., 2002; Hunter et al., 2012). Mathematical
models predict that a formidable penetration
barrier should be established if the antimicro-
bial agent is deactivated in the outer layers of
the biofilm faster than it diffuses (Stewart,
1996). This is true for reactive oxidants such as
hypochlorite and hydrogen peroxide (Xu et al.,
1996). These antimicrobial oxidants are pro-
ducts of the oxidative burst of phagocytic cells,
and poor penetration of reactive oxygen spe-
cies (ROS) may partially account for the inabil-
ity of phagocytic cells to destroy biofilm
microorganisms.

In other cases, biofilm only slows the diffu-
sion of antimicrobials (e.g., fluoroquinolone),
thus enhancing degradation of upcoming anti-
biotic by β-lactamase (Abeylath and Turos,
2008; Wissing and Muller, 2003). In CF
patients, the absence of a chloride channel
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leads to an elevated salt content in the airway
surface fluid. The salt inhibits the activity of
antimicrobial peptides and proteins involved
in the innate immunity of the airways
(Costerton et al., 1999). Surprisingly, bacteria
did not come up with a general mechanism of
antibiotic degradation; nevertheless, any mech-
anism of antibiotic destruction coupled with
diffusion barrier of biofilm provides effective
resistance (Cheow et al., 2010b).

Slow growth undoubtedly contributes to
biofilm resistance to killing; virtually all anti-
biotics are more effective against growing, rap-
idly dividing cells (Pandey and Khuller, 2005).
Multiple drug resistance (MDR) pumps are
reported to play a role in biofilm resistance;
unknown MDR pumps are overexpressed in P.
aeruginosa biofilms (Souto et al., 2004).
However, the presence of metabolically inac-
tive nondividing persister cells within biofilms,
which are tolerant to a number of antibiotics
despite being genetically identical to the rest of
the bacterial population, makes the treatment
more challenging; these dormant persisters are
believed to be responsible for the reseeding of

biofilms on cessation of antibiotic treatment in
the clinical setting (Lewis, 2008).

In addition, the environment in which biofilm
resides defines the antimicrobial efficacy; in the
CF lung, clusters of P. aeruginosa are found in
the thick layer of mucus overlying airway epi-
thelial cells. The attachment of bacteria to the
host mucin could be one of the steps leading to
increased antimicrobial resistance associated
with biofilms. Also, amino acids play a potential
role in the expression of OprF, a porin required
for the anaerobic respiration and biofilm forma-
tion on abiotic surfaces by P. aeruginosa (Cavalli
et al., 2002). The restricted motility of P. aerugino-
sa in the CF-like mucus layer apparently
resulted in the formation of bacterial cell clus-
ters, in contrast with the normal, hydrated
mucus layer, whose larger mesh pore size likely
prevented the accumulation of quorum-sensing
molecules and the formation of biofilms
(Bargoni et al., 2001). DNA—a common compo-
nent of the CF lung sputum—facilitates the for-
mation of biofilms (Sanna et al., 2007).

Apart from the biofilm component and
environment, the nature of antimicrobials also
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FIGURE 11.3 Factors contributing to antibiotic resistance.
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contributes to challenging antibiofilm therapy.
Many antimicrobials are difficult to adminis-
ter because of limited solubility, cytotoxicity
to healthy tissue, rapid degradation, and
clearance from the body (Zhang et al., 2010).
For instance, β-lactams and aminoglycosides,
have restricted cellular penetration because of
high hydrophilicity, whereas fluoroquino-
lones and macrolides display low intracellular
retention, although perfectly diffused in the
cells (Gelperina et al., 2005). Further
unwanted interactions with biofilm compo-
nents (e.g., the binding of aminoglycoside
antibiotics to the alginate matrix of mucoid
P. aeruginosa biofilms) or the surrounding
environment (e.g., the inhibition of the activity
of tobramycin by lung mucus in CF patients)
definitely lead to ineffective antimicrobial
therapy (Cheow et al., 2011; Costerton et al.,
1999; Cui et al., 2012).

11.5 CURRENTAPPROACHES FOR
EFFICIENTANTI-INFECTIVE

THERAPY

Overcoming biofilm infections necessitates
the development of various treatment strate-
gies. Such approaches include the use of nano-
carriers for improved delivery and efficacy of
antibiotics and other anti-infectives, the antimi-
crobial potential of metal/inorganic NPs, anti-
microbial photodynamic therapy (APDT), as
well as the discovery of novel antibiofilm
agents (Figure 11.4).

11.5.1 Nanocarrier-Mediated Delivery of
Antimicrobials

Nanocarriers give promises not only of effi-
cient drug delivery to the infection site (i.e.,
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FIGURE 11.4 Current approaches for efficient anti-infective therapy.
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intracellular) but also of controlled amount
and frequency of dosage, thereby preventing
toxicities related to therapy (Abeylath and
Turos, 2008; Espuelas et al., 2002). Protection of
antimicrobials from the aforementioned
unwanted interactions with biofilm offered by
nanoencapsulation would be of ultimate
impact (Abeylath and Turos, 2008).

11.5.1.1 Liposomes

One of the distinguishing features of lipo-
somes is the lipid bilayer structure, which
mimics cell membranes and can readily fuse
with infectious microbes, typically referred to
as “fusogenic liposomes.” By directly fusing with
bacterial membranes, the drug payloads of
liposomes can be released either to the cell
membranes or to the interior of the bacteria.
Fusogenic liposomes consist of lipids contain-
ing a phosphoethanolamine (PE) moiety such
as 1,2-dioleoyl-sn-glycero-3-phosphoethanola-
mine (DOPE) that makes the lipid bilayer more
fluid (Cheow et al., 2010b; Turos et al., 2007).
The fluidity of liposomes can be tuned by the
choice of phospholipids; shorter or asymmetric
acyl chains of the phospholipids as well as the
addition of cholesterol tend to lower the phase
transition temperature (Tc) of the liposomes by
disturbing the packing of the phospholipid
bilayer (Pandey and Khuller, 2005; Wissing
and Muller, 2003). An interesting example is
the liposomal encapsulation of polymyxin B
that was reported to dramatically diminish the
drug’s side effects and improve its antimicro-
bial activity against resistant strains of P. aeru-
ginosa (Souto et al., 2004). Studies have
revealed lipid reorganizations in bacterial
membranes on incubation with polymyxin B-
loaded liposomes (Sanna et al., 2007). The
action mechanism has thus been recognized as
rapid and spontaneous membrane fusion
driven by noncovalent forces such as van der
Waals force and hydrophobic interactions that
minimize the system’s free energy.

Antibiotic efflux is a well-known mecha-
nism of microbial drug resistance in which pro-
teinaceous transports located in bacterial
membranes preferentially pump antimicrobial
agents out of the cells (Cavalli et al., 2002). As
a consequence of liposomal fusion with cell
membranes, a high dosage of drug contents is
immediately delivered to the bacteria, which
can potentially suppress the antimicrobial
resistance of the bacteria by overwhelming the
efflux pumps, thereby improving the drug’s
antimicrobial activity.

The unique structure of liposomes, a lipid
membrane surrounding an aqueous cavity,
enables them to carry both hydrophobic and
hydrophilic compounds without chemical
modification. Detailed reviews reported the
superior antimicrobial activity of liposomal
ampicillin, benzyl penicillin, ciprofloxacin,
gentamicin, streptomycin, vancomycin, and
tecoplanin formulations against Salmonella
typhimurium, S. aureus, MRSA, Salmonella
dublin, and Brucella sp. (Bargoni et al., 2001;
Forier et al., 2014; Gelperina et al., 2005; Zhang
et al., 2010). In addition, lower minimal inhibi-
tory concentrations (MIC) and/or lower mini-
mal biofilm inhibitory concentrations (MBIC)
were recorded for antibiotics in liposomes
compared with the free antibiotic in vitro
against clinically relevant biofilm-forming
organisms. In CF sputum, tobramycin or
polymyxin B incorporated in DMPC:Chol
or DPPC:Chol liposomes was shown to be pro-
tected from binding to polyanionic polymers
commonly found in CF mucus. The liposome-
encapsulated antibiotics demonstrated a signif-
icant increase in antimicrobial activity toward
P. aeruginosa bacteria in the presence of DNA,
F-actin, lipopolysaccharides, and lipoteichoic
acid (Huh and Kwon, 2011).

Another approach for increased antimicro-
bial effect is to prolong the contact times
between the antibiotic and the biofilm bacteria.
With this approach, positively charged lipo-
somes were able to eradicate biofilms at a

174 11. NANOCARRIERS AGAINST BACTERIAL BIOFILMS: CURRENT STATUS AND FUTURE PERSPECTIVES

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES



lower concentration than the negatively
charged ones (Stewart, 1996; Xu et al., 1996).

11.5.1.2 Polymeric NPs

Polymeric NPs possess several unique char-
acteristics for antimicrobial drug delivery.
First, unlike liposomes, polymeric NPs are
physically stable and can be synthesized with a
sharper size distribution. Second, the colloidal
properties and drug release profiles can be pre-
cisely tuned by selecting different polymer
lengths, surfactants, and organic solvents dur-
ing the synthesis. Third, the surface of poly-
meric NPs typically contain functional groups
that can be chemically modified with either
drug moieties or targeting ligands (Zhang
et al., 2010).

NP-mediated delivery of a variety of antimi-
crobial agents have shown great therapeutic
efficacy for the treatment of various infectious
diseases. For example, the antimicrobial activ-
ity of amphotericin B-loaded poly(ε-caprolac-
tone) nanospheres have shown greater
therapeutic efficacy against Leishmania donovani
as compared with the free drug counterparts
(Espuelas et al., 2002). Recently, chitosan-
alginate NPs loaded with benzoyl peroxide, an
antimicrobial against Propionibacterium acne,
have been developed. Particles induced disrup-
tion of the P. acnes cell membrane also exhibit-
ing anti-inflammatory properties as they
inhibited P. acnes-induced inflammatory cyto-
kine production in human monocytes and ker-
atinocytes (Friedman et al., 2013).

Penicillin incorporated in polyacrylate NPs
was able to retain its antimicrobial activity
against MRSA even in the presence of β-lacta-
mase at high concentrations (Abeylath and
Turos, 2008). N-thiolated β-lactam antibiotics
covalently conjugated onto the polymer net-
work of polyacrylate NPs demonstrated potent
antibacterial properties against MRSA with
improved bioactivity relative to the free drug
(Turos et al., 2007). Formulations of ciprofloxa-
cin and levofloxacin encapsulated in either

PLGA or poly(caprolactone) were evaluated in
Escherichia coli biofilms (Cheow et al., 2010b).
Ciprofloxacin-loaded PLGA NPs were identi-
fied as the most ideal formulation because of
their high drug encapsulation efficiency, high
antibacterial efficacy at a low dose against bio-
film cells, and biofilm-derived planktonic cells
of E. coli even for concentrations of ciprofloxa-
cin as low as one-sixteenth of the MBIC.
Meanwhile, in case of levofloxacin PLGA parti-
cles, resistant bacteria survived the initial anti-
biotic treatment and reformed the biofilm,
even in the presence of levofloxacin above the
MBIC.

The surface properties of the NPs dramati-
cally affect their behavior and biodistribution.
Inhalable tobramycin-loaded PLGA NPs were
coated with different hydrophilic polymers.
PVA and chitosan were essential to optimize
the size and modulate the surface properties,
whereas alginate allowed efficient drug entrap-
ment. In vivo biodistribution studies showed
that PVA-modified alginate/PLGA NPs
reached the deep lung, whereas chitosan-
modified NPs were found in great amounts in
the upper airways, lining lung epithelial sur-
faces (Ungaro et al., 2012). In a similar study,
the interaction with mucin on the surface of
Calu-3 cells reduced the penetration of
chitosan-coated and PVA-coated PLGA NPs,
whereas the hydrophilic pluronic F68-coated
NPs diffused across the mucus barrier, leading
to a higher intracellular accumulation (Mura
et al., 2011).

11.5.1.3 Solid Lipid NPs

Even though the development history of
SLN-based antimicrobial drug delivery sys-
tems is relatively shorter than that of other NP
systems such as liposomes and polymeric NPs,
SLNs have shown great therapeutic potentials
(Mehnert and Maeder, 2012). SLNs offer com-
bined advantages of polymeric NPs and lipo-
somes while avoiding some of their drawbacks
(Müller et al., 2000; Wissing and Muller, 2003).
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Unlike liposomes and polymeric NPs, SLNs
are stable, have high drug entrapment, and
avoid risk of retaining residual organic sol-
vents (Müller et al., 2000). Improved bioavail-
ability and targeted delivery of antimicrobial
drugs using SLNs have been reported (Pandey
and Khuller, 2005). SLNs increased transder-
mal diffusion of encapsulated water-insoluble
azole antifungal drugs (e.g., clotrimazole,
miconazole, econazole, oxiconazole, and tico-
nazole) (Sanna et al., 2007; Souto et al., 2004;
Zhang et al., 2010).

SLNs contain occlusive excipients that read-
ily form a thin occlusive film on application to
the skin to reduce water evaporation and retain
skin moisture, thus promoting drug penetra-
tion into the skin. For this reason, SLNs encap-
sulated antimicrobial agents such as retinol and
retinyl palmitate have shown better drug pene-
tration rates and slower drug expulsion than
the free drug counterparts (Müller et al., 2002).

Tobramycin-laden SLNs provided signifi-
cantly higher bioavailability in the aqueous
humor compared with standard eye drops and
may replace the advantages of subconjunctival
injections for pseudomonal keratitis and preop-
erative prophylaxis (Cavalli et al., 2002). In
comparison, the absorption rate of orally
administered tobramycin by the intestinal cells
is poor because of P-glycoproteins (P-gp), an
ATP-dependent drug efflux pump, on the
brush border of small intestine. In contrast,
tobramycin-loaded SLNs can significantly sup-
press the P-gp efflux pump as they penetrate
the intestinal linings via endocytosis rather
than passive diffusion (Bargoni et al., 2001).
After internalization, SLNs are carried away
from the transmembrane drug efflux pumps
and release tobramycin payloads inside the
cells. This represents an effective oral antimi-
crobial therapy against P. aeruginosa parasitiz-
ing in the GIT of CF patients.

SLNs are assumed to be phagocyted by alve-
olar macrophages in the lungs and subse-
quently transported to the lymphoid tissues

(Bargoni et al., 2001; Huh and Kwon, 2011;
Müller et al., 2000). Accordingly, tubercle bacil-
li were not detected in the lungs and spleens
after nebulization of rifampicin, isoniazid, and
pyrazinamide-encapsulating SLNs to infected
guinea pigs every 7 days. In comparison, daily
oral administrations of the free drugs for the
same period were required to obtain equiva-
lent therapeutic effects (Gelperina et al., 2005;
Müller et al., 2000). Such results represent a
cost-effective and patient-friendly approach for
tuberculosis treatment using antimicrobial
drug�loaded SLNs.

11.5.1.4 Lipid�Polymer Hybrid

Lipid�polymer hybrid (LPH) nanoformula-
tion composed of PLGA core loaded with levo-
floxacin and coated with phosphatidylcholine
(PC) lipid ensured higher antibiofilm efficacy
compared with PLGA NPs against P. aerugino-
sa biofilms (Cheow et al., 2011).

11.5.1.5 Dendrimers

Dendrimers possess several unique proper-
ties that make them an interesting platform for
antimicrobial drug delivery; the highly
branched nature of dendrimers provides enor-
mous surface area-to-size ratio enabling better
in vivo reactivity with bacteria. Besides, the
structure of dendrimers allows binding of
drugs with hydrophobic or hydrophilic nature
(Klebensberger et al., 2009; Lenz et al., 2008).
On this basis, many antimicrobial drugs have
been successfully loaded into dendrimer NPs
and have shown improved solubility and thera-
peutic efficacy (Muñoz-Bonilla and Fernández-
Garcı́a, 2012). Interestingly, by using antimicro-
bial drugs as a building block, the synthesized
dendrimers themselves can become a potent
antimicrobial such as “dendrimer biocides” func-
tionalized with quaternary ammonium salts
(Zhang et al., 2010). The polycationic structure
of dendrimer biocides facilitates the initial elec-
trostatic adsorption to negatively charged bac-
teria and increases membrane permeability,
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leading to complete disintegration of the bacte-
rial membrane (Chen and Cooper, 2002). In par-
ticular, quaternary ammonium salt prepared
with the dimethyldodecyl amine exhibited anti-
microbial efficacy against Staphylococcus and
E. coli bacteria (Charles et al., 2012).

11.5.2 Antimicrobial Activity of
Metal/Inorganic NPs

Metals have been used for centuries as anti-
microbial agents. Silver, copper, gold, titanium,
and zinc have attracted particular attention,
each having different properties and spectra of
activity (Morones et al., 2005). Bacteria are far
less likely to acquire resistance to metal NPs
than they are to other conventional and
narrow-spectrum antibiotics (Lara et al., 2011).
With respect to this, the antimicrobial proper-
ties of silver NPs have received the most atten-
tion. Nanosilver is an effective killing agent
against a broad spectrum of Gram-negative
and Gram-positive bacteria, including
antibiotic-resistant strains as previously
reviewed by Morones et al. (2005), Kim et al.
(2007), Allaker and Memarzadeh (2014), and
Muñoz-Bonilla and Fernández-Garcı́a (2012).
The mechanism of antimicrobial activity of sil-
ver is not completely understood but is likely
to involve multiple targets, in contrast to the
more defined targets of antibiotics. Studies
have shown that the positive charge on the
Ag1 ion is critical for antimicrobial activity,
which allows the electrostatic attraction
between the negative charge of the bacterial
cell membrane and positively charged NPs
(Jung et al., 2008). Structural changes, effect on
membrane-bound respiratory enzymes, and
damage to bacterial membranes resulting in
cell death were reported (Bragg and Rainnie,
1974). With regard to molecular mechanisms, it
has been shown that DNA loses its ability to
replicate (Feng et al., 2000), while the expres-
sion of ribosomal subunit proteins and other

cellular proteins and enzymes necessary for
ATP production becomes inactive (Yamanaka
et al., 2005). These particular studies suggest
that sulfur-containing proteins in the mem-
brane or inside the cells as well as phosphorus-
containing elements such as DNA are likely to
be the preferential binding sites for silver NPs.

An inverse relationship between the size of
silver NPs and antimicrobial activity has been
clearly demonstrated, where particles in the
size range of 1�10 nm have been shown to
have the greatest killing activity against bacte-
ria compared with larger particles (Morones
et al., 2005). Sotiriou and Pratsinis (2010) attrib-
uted the antimicrobial activity of small
(,10 nm) nanosilver particles to Ag1 ions
released from the NP surface. For larger silver
particles (.15 nm), the contributions of Ag1

ions and particles to the antibacterial activity
are comparable, with the Ag1 ion release being
proportional to the exposed nanosilver surface
area. Shape also had an impact on the activity
of NPs, as demonstrated with the shape of
silver NPs and antimicrobial activity against
E. coli (Pal et al., 2007). Truncated triangular
silver nanoplates with a(Anderson) lattice
plane as the basal plane showed the greatest
biocidal activity compared with spherical and
rod-shaped NPs. The differences appear to be
explained by the proportion of active facets
present in NPs of different shapes.

The antimicrobial activity of two silver
dressings, a silver-containing Hydrofibers

(SCH) dressing and a nanocrystalline silver-
containing dressing (NCS), was evaluated on a
variety of antibiotic-sensitive and resistant bac-
teria (Percival et al., 2007). The SCH dressing
was most effective against strains of P. aerugino-
sa, Candida albicans, and S. aureus; the NCS was
most effective against strains of Klebsiella pneu-
moniae, Enterococcus faecalis, and E. coli. Similar
to the antibiotic-susceptible microorganisms,
9 of 10 antibiotic-resistant bacterial strains
when grown on agar were more susceptible
to the SCH dressing compared with the NCS.
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Unfortunately, the microorganisms tested were
universally less susceptible to the silver dres-
sings when in their biofilm state. Nevertheless,
in the majority of cases, the SCH dressing dem-
onstrated greater biofilm-inhibiting activity
than the NCS (Percival et al., 2007).

Alternatively, the use of silver salt NPs
instead of elemental silver or complex silver
compounds to prevent biofilm formation has
been investigated. Surfaces comprising silver
bromide (AgBr) polymer�nanocomposites
were shown to resist biofilm formation.
Through controlling the size of the embedded
AgBr, it was possible to modify the release of
biocidal Ag1 ions (Sambhy et al., 2006).

Metallic and other NPs are now being com-
bined with polymers and other base materials
and are being coated onto surfaces to provide a
variety of potential antimicrobial and antiadhe-
sive applications within the oral cavity
(Allaker and Memarzadeh, 2014). The efficacy
of a silver�silica nanocomposite material as an
antimicrobial was compared with the efficacy
of conventional silver nitrate and silver zeolite
(Egger et al., 2009). The nanocomposite consists
of silver NPs embedded in a matrix of amor-
phous silicon dioxide (SiO2). On contact with
moisture, the pure silver particles act as a
source that releases silver ions, which repre-
sent the active antimicrobial. Authors reported
some key advantages of this nanocomposite,
including the dispersion of the discrete silver
particles throughout the silica (which prevents
agglomeration of the silver particles), the small
diameter of the silver particles (which results
in a large surface area and release of a large
amount of Ag1), and the small size of the sil-
ver�silica composite (approximately 1 μm),
allowing the material to be uniformly dis-
persed and readily incorporated into a variety
of substrates. The material exhibited very good
antimicrobial activity against a wide range of
microorganisms. However, Gram-positive bac-
teria appeared to be more tolerant to silver
than Gram-negative cells (Egger et al., 2009).

Gold NPs may become useful in the devel-
opment of antibacterial strategies because of
their nontoxicity, versatility in surface modifi-
cation, polyvalent effects, and photothermal
effects (Stewart, 1996; Hassett et al., 2002;
Lewis, 2008; Klebensberger et al., 2009; Ma
et al., 2009; Häussler, 2010). Unlike most anti-
biotics and nanomaterials, the bactericidal
action of gold NPs does not include ROS-
related mechanism. Gold NPs exert their anti-
bacterial activities mainly by collapsing mem-
brane potential, inhibiting ATPase activities to
decrease the ATP level (by inducing the down-
regulation of oxidative phosphorylation path-
way), and also by inhibiting the subunit of
ribosome from binding tRNA (Cui et al., 2012).
In comparison, the proposed mechanisms of
antibacterial activity with respect to nano zinc
oxide include generation of ROS and damage
to the cell membrane with subsequent interac-
tion of the NP with the intracellular contents.

11.5.3 Nanocarriers for Improved
APDT

PDT is an interesting approach for oncologi-
cal applications as well as various diseases
(Allison et al., 2004; Babilas et al., 2010; Rai
et al., 2010). APDT utilizes the ability of a pho-
tosensitizer (PS) in combination with visible
light and molecular oxygen to kill many patho-
gens, including Gram-positive (e.g., S. aureus)
and Gram-negative bacteria (e.g., P. aeruginosa)
(Cassidy et al., 2009). Multidrug-resistant
strains are just as susceptible to this treatment
as their naı̈ve counterparts. As a result of
photosentization reactions, free radicals react
with molecular oxygen�generating ROS such
as 1O2 that, in turn, can readily react with a
variety of biological molecules such as unsatu-
rated lipids, cholesterol, and nucleic acid bases
in DNA/RNA (Cheng and Burda, 2011).

A PS encapsulated in NPs gives promises of
improved intracellular delivery, higher
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selectivity, and controlled release rate (Cassidy
et al., 2009; Chatterjee and Yong, 2008; Ideta
et al., 2005). In some cases, APDT can be
achieved without PS release from the NPs
(Cheng and Burda, 2011). In addition, light-
harvesting NPs (e.g., two-photon absorption
NPs and upconverting NPs) expand the appli-
cable excitation wavelengths for PDT
(Chatterjee and Yong, 2008; Dayal and Burda,
2008). Some NPs have dual functions for PDT;
for example, quantum dot (QD)-based NPs
with tunable absorption and size can transfer
energy to activate the PS or directly to oxygen
and generate singlet oxygen (Juzenas et al.,
2008; Samia et al., 2006). An interesting dendri-
meric approach to deliver PDT drugs was to
use PS as the dendrimer core, such as dendri-
mer porphyrin, with better PDT and lower
dark toxicity (Zhang et al., 2003). Further
enhancement of this entity was observed after
encapsulation in poly (ethylene glycol)-poly
(L-lysine) block copolymer (Ideta et al., 2005).

The use of PDT in the treatment of antibiotic-
resistant biofilms, antibiotic-resistant wound
infections, and azole-resistant oral candidiasis
using methylene blue�based PDT has been
reviewed by Biel and coworkers (Biel, 2010;
Biel et al., 2013). In a study investigating the
potential use of APDT in the treatment of P. aer-
uginosa CF pulmonary infection, delivery of red
light (635 nm) and two photosensitizers (tolui-
dine blue O [TBO] and meso-tetra (N-methyl-4-
pyridyl) porphine tetra tosylate [TMP]) across
artificial CF mucus was successfully achieved.
TMP diffused more efficiently across artificial
CF mucus than TBO. TMP required signifi-
cantly higher concentrations (2.5 mg/mL) than
TBO to achieve high killing rates (.99%) for
P. aeruginosa isolates growing planktonically.
Higher concentrations (5.0 mg/mL) of both
photosensitizers were required to achieve high
rates of killing (.99%) of P. aeruginosa isolates
growing in biofilms (Donnelly et al., 2007).

The antimicrobial photoactivity of
hypericin-laden NPs (45 nm) was assessed

in vitro against biofilm and planktonic MRSA
cells clinical isolates and in vivo on infected
wounds in rats. Hypericin NPs demonstrated
superior inhibition of biofilm over planktonic
cells. In vivo wound healing studies in rats
revealed faster healing, better epithelialization,
keratinization, and development of collagen
fibers when hypericin NPs were applied.
Determination of growth factors and inflam-
matory mediators in the wound area confirmed
superior healing potential of nanoencapsulated
hypericin (Nafee et al., 2013).

The effectiveness of 5-aminolevulinic acid�
mediated photodynamic therapy (ALA-PDT) on
methicillin-resistant S. aureus biofilms and
methicillin-resistant S. epidermidis biofilms has
been studied. The drastic reduction in cell sur-
vival within biofilms and the disruption of bio-
films were confirmed microscopically (Li et al.,
2013).

Exploitation of nanoparticulate metals and
metal oxides producing ROS when exposed to
ultraviolet (UV) light, such as titanium dioxide
(TiO2) and zinc oxide (ZnO), are finding
increased use in antimicrobial applications, with
silver metal NPs (5�40 nm) having been reported
to inactivate most microorganisms, including
human immunodeficiency virus type 1 (HIV-1)
(Allaker and Memarzadeh, 2014). Incubation of
P. aeruginosa and S. epidermidis with AgNO3-con-
taining NPs inhibited the amount of biofilm
formed by 98%. Silver NPs reduced exopolysac-
charide content, indicating that biofilm formation
was inhibited, although bacterial viability was
unaffected (Kalishwaralal et al., 2010).

Chitosan-based silver NPs reduced S. aureus
and P. aeruginosa biofilms by 22% and .65%,
respectively. Scanning electron microscopy
confirmed the destruction of the P. aeruginosa
cell membrane, but no cytotoxic effects toward
macrophages were observed (Jena et al., 2012).
Targeting of liposomes with WGA was suc-
cessfully combined with PDT (Babilas et al.,
2010). It was found that WGA-modified DPPC:
DOTAP:DSPE-PEG2000 liposomes were able to
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deliver more sensitizer to the bacterial cells
compared with nontargeted liposomes. This
resulted in the complete eradication of MRSA
and an increased antimicrobial effect on P. aer-
uginosa bacteria in suspension.

11.5.4 Nano-Based Delivery of Novel
Anti-Infectives

Although an individual is helped by antibiotic
treatment, the future public is hurt because the
treatment naturally selects for the evolution of
more prevalent and increased resistance in the
environment (Chatterjee et al., 2008). Limiting
antibiotic use can control the evolution of resis-
tance; such a policy might translate to improved
health outcomes through the discovery of novel
anti-infectives with different modes of action.

The QS of the Pseudomonas quinolone signal
(pqs) is a potential target in P. aeruginosa. PqsR is
a key DNA-binding receptor of this pqs QS sys-
tem that is specific to P. aeruginosa and a critical
regulator that fine-tunes a large set of genes that
encode for virulence factors, such as pyocyanin,
elastase B, and hydrogen cyanide. Thus, PqsR is
considered as an attractive target for the devel-
opment of novel QS inhibitors (Anderson, 2010;
Lu et al., 2014). Moreover, the anti-QS activity of
the Lagerstroemia speciosa extract affected toler-
ance to tobramycin and reduced the expression
of virulence factors such as LasA protease, LasB
elastase, and pyoverdin (Singh et al., 2012).

The exopolysaccharide synthesis genes seem
like a promising potential choice as targets
because these components are probably
required for the maintenance of biofilm forma-
tion and not just for the initial steps of biofilm
formation. However, redundancy of polysac-
charides and the differences between the bio-
synthesis genes in various species are a serious
limitation for possible drug development by
use of this pathway as a target. The antibiofilm
activity of some plant extracts (e.g., Rhodiola
crenulata [arctic root], Epimedium brevicornum

[rowdy lamb herb], and Polygonum cuspidatum
[Japanese knotweed]) have been shown
(Coenye et al., 2012).

Another and possibly more productive
approach would be to develop specific drugs
that interact directly with the components of
the biofilm self-destruction pathway.
Disruption of the biofilm structure could be
achieved via the degradation of individual bio-
film compounds by various enzymes such as
deoxyribonuclease I, lysostaphin (a natural
staphylococcal endopeptidase that can pene-
trate bacterial biofilms), α-amylases, lyase, and
lactonase (Taraszkiewicz et al., 2013). In an
experiment that could serve as a model for this
approach, expression of alginate lyase from a
controllable promoter increased sloughing of
cells from a colony of mucoid P. aeruginosa cells
that overproduced alginate (Boyd and
Chakrabarty, 1994). Genes controlling biofilm
self-destruction might appear to be of more use
than genes involved in biofilm formation.

Antimicrobial peptides, also called host
defense peptides, are an important fraction of
the innate immune response and are produced
by all living organisms. These peptides, such as
defensins, cathelicidins (LL-37), and magainins,
typically show broad and effective antimicro-
bial activity against bacteria, viruses, and fungi.
These evolutionarily conserved peptides have
both hydrophobic and hydrophilic sides that
enable the molecule to be soluble in aqueous
environments, and also to pass through the
lipid-rich membranes (Muñoz-Bonilla and
Fernández-Garcı́a, 2012). Considerable research
has been devoted to the preparation of peptides
maintaining the natural peptide skeleton as
well as non-naturally occurring structures.
Béven et al. (2003) obtained peptides composed
of leucyl and lysyl residues (LK peptides) with
different compositions and sequences. The anti-
bacterial activity of the amphiphilic α-helical
peptides varied in size, with the optimal length
being 15 residues. Its activity is similar to that
of melittin.
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Chitosan also exhibits antibiofilm properties
(Chávez de Paz et al., 2011). Chitosan NPs
were analyzed against 24-h formed biofilms of
Streptococcus mutans. The antimicrobial effect of
chitosan was tested against the three biofilm
layers that could be identified within the
mature biofilm structure: the upper (20 μm),
middle (15 μm), and lower (2 μm) biofilm
layers. High-molecular-weight chitosan dis-
played biofilm reductions of 21.4% (upper
layer), 7.5% (middle layer), and 1.2% (low
layer). Low-molecular-weight chitosan reduced
24-h formed biofilms by 93.6�96.7% in each
biofilm layer (Chávez de Paz et al., 2011).

11.6 BIOFILM TARGETING

Passive targeting of biofilms can be achieved
by hydrogen bonding, as in case of phosphati-
dylinositol liposomes with teichoic acids in the
glycocalix of bacteria (Jones and Kaszuba,
1994). More efficient binding takes place using
liposomes decorated with positively charged
entities such as stearylamine, dimethyldiocta-
decyl ammonium bromide, or 3β-(N(N1N1-
dimethylaminoethane) carbamoyl) cholesterol
(Kaszuba et al., 1997). Cationic liposomes effec-
tively targets several oral and topical infec-
tions; however, cytotoxicity of cationic
molecules like stearylamine should be consid-
ered (Kaszuba et al., 1997; Yoshihara and
Nakae, 1986).

Various approaches to actively target bio-
films have been reported. Immunoliposomes
carrying Streptococcus oralis antibody were
strongly and specifically adsorbed to S. oralis
biofilms compared with other commensal bac-
teria (Robinson et al., 2000). Lectins such as
concanavalin-A (con-A) selectively bind to
α-mannopyranosyl and α-glucopyranosyl resi-
dues that can be found in the extracellular
polysaccharide matrix of S. mutans in the oral
cavity (Strathmann et al., 2002). Con-A-
functionalized liposomes showed higher

growth inhibition compared with untargeted
metronidazole-loaded liposomes; the latter
were more effective than the free drug that
was protected from β-lactamases. Interestingly,
less effective targeting was recognized in case
of bacteria lacking Con-A-binding sites such as
S. epidermidis and Proteus vulgaris (Kaszuba
et al., 1995). Wheat germ agglutinin was
reported to similarly bind N-acetylglucosamine
and N-acetylneuramic acid residues in the
extracellular matrix of many biofilms
(Strathmann et al., 2002).

Lectin-decorated polymeric NPs represent a
promising approach for targeted antimicrobial
therapy (Zhang et al., 2010). Recently, folate-
conjugated PAMAM dendrimers targeting
Chlamydia were significantly localized in the
inflamed tissues where folate receptors are
overexpressed (Benchaala et al., 2014).

11.7 EXPERIMENTAL
EVALUATION OF

NANOCARRIER�BIOFILM
INTERACTION

11.7.1 Microscopical Investigation

Binding of nanocarriers to bacterial mem-
brane can be visualized by various microscopi-
cal techniques. For instance, adsorption of
targeted liposomes to S. epidermidis and S. oralis
was detected by TEM, whereas internalization
of immunogold labeled antibiotics encapsu-
lated in Fluidosomest within bacteria was
observed by SEM (Kaszuba et al., 1997).

11.7.2 Confocal Microscopy

Confocal microscopy has the advantage of
observing adsorption of fluorescent liposomes
to living, fully hydrated biofilms; however,
TEM allows higher resolution at the nanocar-
rier�biofilm interface (Ahmed et al., 2002).
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11.7.3 Flow Cytometry

The increase in fluorescence of a bacterial
population after incubation with fluorescent
nanocarriers, for example, Fluidosomest, can
be detected by flow cytometry and can be
taken as a measure for higher membrane bind-
ing and/or internalization.

11.7.4 Fluorescence Correlation
Spectroscopy

This method allows monitoring of fluores-
cence fluctuations due to diffusion of fluorescent
particles in and out of the focused laser beam of
a confocal microscope. Determination of the dif-
fusion coefficient could be taken as a measure
for particle diffusion in Pseudomonas fluorescens
biofilms (Peulen and Wilkinson, 2011).

11.7.5 Fluorescence Resonance Energy
Transfer

With this technique, nanocarriers were
labeled with two membrane-inserting fluores-
cent probes. The change in fluorescence reso-
nance energy transfer (FRET) after incubation
with bacteria is indicative of nanocarrier fusion
with cell membrane (Forier et al., 2014).

11.7.6 Single Particle Tracking

Another method for the determination of
the diffusion coefficient of NPs inside biofilms
can be achieved by recording a time-lapse
video of the movement of the NPs inside the
biofilm, from which the motion trajectories of
individual particles could be calculated using
image processing. The diffusion coefficient and
mode of motion (free diffusion, anomalous dif-
fusion, or directed motion) can be derived on a
particle-by-particle basis (Saxton, 1997).

11.7.7 Multiple Particle Tracking

The dynamics of particles in CF sputum
were quantified using multiple particle track-
ing. Briefly, 20-s movies were analyzed with
Metamorph software (Universal Imaging,
Glendale, WI) to extract x and y positional data
over time. Time-averaged mean square dis-
placement (MSD) and effective diffusivity (Deff)
for each particle were calculated as a function
of time scale (τ). Bulk transport properties were
calculated by geometric ensemble-averaging of
individual transport rates (Suk et al., 2009).

11.7.8 Optical Tweezers

Optical tweezer instruments use the forces
of laser radiation pressure to trap small parti-
cles. These trapped particles can then be
manipulated and forces of approximately
1�100 piconewtons (pN) on the objects in the
trap can be measured (Kirch et al., 2012). This
concept was applied to investigate the mobility
of NPs in mucus and similar hydrogels as
model systems in an attempt to elucidate the
link between microscopic diffusion behavior
and macroscopic penetration of such gels
(Kirch et al., 2012).

11.8 PHARMACEUTICAL
APPLICATION OF

NANOANTIMICROBIALS

11.8.1 Topical

Treatment of skin infections that develop in
traumatic and surgical wounds or burns is
very challenging. Chitosan and silver NPs
were combined as antimicrobial burn dres-
sings. Synergistic killing of Gram-positive
(MRSA) and Gram-negative (P. aeruginosa,
Proteus mirabilis, Acinetobacter baumannii)
bacteria was observed after 30 min (Huang
et al., 2011).
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The incorporation of the antibacterial agent
triclosan into polymeric micelles of poloxamine
proved to be active in vitro against MRSA and
vancomycin-resistant E. faecalis (VREF) bio-
films compared with the free triclosan
(Chiappetta et al., 2008).

Penicillin-conjugated polyacrylate NPs have
shown in vitro antibacterial activity against
MRSA with no cytotoxicity toward human der-
mal cells and in vivo when applied to a dermal
abrasion murine model (Greenhalgh and
Turos, 2009).

The use of nitric oxide (NO)-releasing silica
NPs to eradicate biofilm growth in wound
infections has been described. Rapid diffusion
of NO into the biofilm matrix probably pro-
vides improved efficacy against biofilm-
embedded bacteria. In vitro grown biofilms of
P. aeruginosa, E. coli, S. aureus, S. epidermidis,
and C. albicans were exposed to NO-releasing
silica NPs. More than 99% of cells from each
type of biofilm were killed as a result of NO
release. Compared with small-molecule NO
donors, the physicochemical properties, for
example, hydrophobicity, charge, and size, of
NPs can be altered to increase antibiofilm effi-
cacy (Hetrick et al., 2009).

11.8.2 Oral

The potential of NPs to control the forma-
tion of biofilms within the oral cavity, as a
function of their biocidal, antiadhesive, and
delivery capabilities, is receiving close atten-
tion. Dental caries and periodontal disease
involve the adherence of bacteria and develop-
ment of biofilms both on the natural and the
restored tooth surface (Allaker and
Memarzadeh, 2014).

Micelles of Pluronic 123-alendronate and
Pluronic P85 containing the hydrophobic anti-
bacterial agent farnesol were proposed for the
prevention of dental caries. These micelles
were capable of preventing S. mutans biofilm

formation on hydroxyapatite discs, even after
extensive washing. The high affinity of alen-
dronate to hydroxyapatite enhanced the strong
binding (Louie et al., 2009). In another study,
nisin-encapsulated liposomes inhibited glucans
production by cariogenic Streptococci on dental
enamel over prolonged periods relative to the
free counterparts (Yamakami et al., 2012).

11.8.3 Pulmonary

To improve the therapeutic efficacy of inhal-
able antibiotics, polymeric and lipid-based NPs
have been developed. Increased antibacterial
activity of inhalable levofloxacin-loaded poly-
meric NPs over the free antibiotic was demon-
strated against E. coli biofilm cells (Cheow et al.,
2010a). In addition, the potential of spray-dried
antibiotic-loaded polycaprolactone NP aggre-
gates was studied for inhaled antibiofilm ther-
apy (Kho et al., 2010). P. aeruginosa is one of the
main infections in CF lungs, antibiotic-loaded
liposomes efficiently reduced the viability of P.
aeruginosa biofilms in vitro, and complete eradi-
cation of P. aeruginosa has been shown in vivo in
murine models (Beaulac et al., 1999).

11.8.4 Urinary Infections

The indwelling urinary catheter is the most
commonly deployed prosthetic medical device.
The risk of infection is related to the length of
time the catheter is in place; for the many
patients catheterized for periods longer than
4 weeks, it is inevitable that bacterial commu-
nities will establish themselves in the bladder.
The biofilms produced by urease-positive
bacteria, such as P. mirabilis, pose particular
threats to the health of catheterized patients.
The urease generates ammonia and creates
alkaline conditions under which calcium and
magnesium phosphates crystallize in the urine
and the biofilm. A strategy to deliver the bio-
cide triclosan to the catheterized bladder have
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been developed. Triclosan prevented catheter
encrustation by P. mirabilis and biofilm forma-
tion by several other common pathogens of
the catheterized urinary tract. However, a
small effect on urease-producing P. aeruginosa,
S. marcescens, or M. morganii was shown (Jones
et al., 2006).

In a similar approach, the prevention of
catheter-related infections could be achieved
by embedding liposomal ciprofloxacin into a
gelatin�polyethylene glycol (PEG) hydrogel
that can be applied to silicone catheter mate-
rial. Ciprofloxacin released over 7 days
allowed complete inhibition of P. aeruginosa
(DiTizio et al., 1998).

11.9 CLINICAL STUDIES AND
MARKETED PRODUCTS

The number of products clearly claiming effi-
cacy against bacterial biofilms is still limited.
However, some liposomal formulations are

developed for the treatment of biofilm infec-
tions and are currently being evaluated in clini-
cal trials (Table 11.1).

11.10 CONCLUSION AND FUTURE
PERSPECTIVES

Advances in the field of biofilm therapy are
tremendous. Nanocarrier-mediated delivery of
antibiotics and/or novel antimicrobials play a
distinct role in terms of improved efficacy and
reduced side effects. Nevertheless, there is still
much to be done. Combinatorial drug therapy is
expected to have higher potency; multiple drugs
acting by different modes of therapy can achieve
synergistic effects and overwhelm microbial
defense mechanisms. For instance, a combina-
tion of antibiotics with novel compounds inter-
fering with biofilm formation can improve the
action of antibiotics and lower bacterial resis-
tance. Meanwhile, the synergy between certain
antibiotics and specific phospholipids that

TABLE 11.1 Marketed Liposomal Formulations for the Treatment of Biofilm Infections

Antibiotic Microorganism Trade name Company Clinical trials

Amikacin P. aeruginosa Arikase Insmed Phase III clinical trials, placed on
hold by FDA due to
carcinogenicity

Ciprofloxacin P. aeruginosa Pulmaquint
Lipoquint

Aradigm, Hayward,
CA, USA

Tobramycin Burkholderia cepacia Fluidosomest Axentis Pharma, Zurich,
Switzerland

Amikacin complicated urinary
tract infections

MiKasome NeXstar Pharmaceuticals,
Inc., Boulder, CO, USA

stopped at Phase II clinical trials

Amphotericin B C. albicans AmBisomes Astellas, Northbrook,
IL, USA

Abelcets Sigma-Tau PharmaSource,
Inc., Indianapolis, IN, USA

Amphotecs BenVenue Laboratories,
Inc., Bedford, OH, USA
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increase cell membrane permeability of bacteria
sounds of interest. Second, decorating NP sur-
face with biofilm and/or bacterial-targeting
moieties would lead to superior selective
binding and, therefore, more effective therapy.
Furthermore, the development of NPs ensuring
microenvironment-sensitive drug release can
minimize premature drug loss before reaching
its target.
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Wróblewski, H., 2003. The antibiotic activity of cationic
linear amphipathic peptides: lessons from the action of

leucine/lysine copolymers on bacteria of the class mol-
licutes. Eur. J. Biochem. 270, 2207�2217.

Biel, M.A., 2010. Photodynamic therapy of bacterial and fun-
gal biofilm infections. Methods Mol. Biol. 635, 175�194.

Biel, M.A., Pedigo, L., Gibbs, A., Loebel, N., 2013.
Photodynamic therapy of antibiotic-resistant biofilms in
a maxillary sinus model. Int. Forum Allergy Rhinol. 3,
468�473.

Boyd, A., Chakrabarty, A.M., 1994. Role of alginate lyase in
cell detachment of Pseudomonas aeruginosa. Appl. Env.
Microbiol. 60, 2355�2359.

Brady, R., Calhoun, J., Leid, J., Shirtliff, M., 2009.
Infections of orthopaedic implants and devices.
In: Shirtliff, M., Leid, J. (Eds.), The Role of Biofilms in
Device-Related Infections. Springer, Berlin, Heidelberg,
pp. 15�55.

Bragg, P., Rainnie, D., 1974. The effect of silver ions on the
respiratory chain of Escherichia coli. Can. J. Microbiol.
20, 883�889.

Cassidy, C.M., Tunney, M.M., McCarron, P.A., Donnelly,
R.F., 2009. Drug delivery strategies for photodynamic
antimicrobial chemotherapy: from benchtop to clinical
practice. J. Photochem. Photobiol. B. 95, 71�80.

Cavalli, R., Gasco, M.R., Chetoni, P., Burgalassi, S.,
Saettone, M.F., 2002. Solid lipid nanoparticles (SLN) as
ocular delivery system for tobramycin. Int. J. Pharm.
238, 241�245.

Cegelski, L., Pinkner, J.S., Hammer, N.D., Cusumano, C.K.,
Hung, C.S., Chorell, E., et al., 2009. Small-molecule
inhibitors target Escherichia coli amyloid biogenesis and
biofilm formation. Nat. Chem. Biol. 5, 913�919.

Charles, S., Vasanthan, N., Kwon, D., Sekosan, G., Ghosh,
S., 2012. Surface modification of poly(amidoamine)
(PAMAM) dendrimer as antimicrobial agents.
Tetrahedron Lett. 53, 6670�6675.

Chatterjee, D.K., Yong, Z., 2008. Upconverting nanoparti-
cles as nanotransducers for photodynamic therapy in
cancer cells. Nanomedicine 3, 73�82.

Chatterjee, D.K., Fong, L.S., Zhang, Y., 2008. Nanoparticles
in photodynamic therapy: an emerging paradigm. Adv.
Drug Deliv. Rev. 60, 1627�1637.

Chávez de Paz, L.E., Resin, A., Howard, K.A., Sutherland,
D.S., Wejse, P.L., 2011. Antimicrobial effect of chitosan
nanoparticles on Streptococcus mutans biofilms. Appl.
Environ. Microbiol. 77, 3892�3895.

Chen, C.Z., Cooper, S.L., 2002. Interactions between dendri-
mer biocides and bacterial membranes. Biomaterials 23,
3359�3368.

Cheng, Y., Burda, C., 2011. Editors-in-Chief: David, L.A.,
Gregory, D.S., Gary, P.W. Eds., 2.01—Nanoparticles
for photodynamic therapy. In: Comprehensive Nano-
science and Technology. Academic Press, Amsterdam,
pp. 1�28.

185REFERENCES

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES

http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref1
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref1
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref1
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref1
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref2
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref2
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref2
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref2
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref2
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref3
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref3
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref3
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref3
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref4
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref4
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref4
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref4
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref108
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref108
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref108
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref5
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref5
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref5
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref5
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref5
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref6
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref6
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref6
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref6
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref6
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref6
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref7
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref8
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref109
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref109
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref109
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref109
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref109
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref109
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref9
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref9
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref9
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref10
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref10
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref10
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref10
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref10
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref11
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref11
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref11
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref11
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref12
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref12
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref12
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref12
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref12
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref12
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref13
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref13
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref13
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref13
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref14
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref14
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref14
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref14
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref14
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref15
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref15
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref15
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref15
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref15
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref16
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref16
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref16
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref16
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref16
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref17
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref17
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref17
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref17
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref17
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref18
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref18
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref18
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref18
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref19
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref19
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref19
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref19
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref20
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref21
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref21
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref21
http://refhub.elsevier.com/B978-0-12-801317-5.00011-6/sbref21


Cheow, W., Chang, M., Hadinoto, K., 2010a. Antibacterial
efficacy of inhalable levofloxacin-loaded polymeric nano-
particles against E. coli biofilm cells: the effect of antibiotic
release profile. Pharm. Res. 27, 1597�1609.

Cheow, W.S., Chang, M.W., Hadinoto, K., 2010b.
Antibacterial efficacy of inhalable antibiotic-
encapsulated biodegradable polymeric nanoparticles
against E. coli biofilm cells. J. Biomed. Nanotechnol. 6,
391�403.

Cheow, W.S., Chang, M.W., Hadinoto, K., 2011. The roles
of lipid in anti-biofilm efficacy of lipid�polymer hybrid
nanoparticles encapsulating antibiotics. Col. Surf. A:
Physicochem. Eng. Asp. 389, 158�165.

Chiappetta, D.A., Degrossi, J., Teves, S., D’Aquino, M.,
Bregni, C., Sosnik, A., 2008. Triclosan-loaded poloxa-
mine micelles for enhanced topical antibacterial activity
against biofilm. Eur. J. Pharm. Biopharm. 69, 535�545.

Coenye, T., Brackman, G., Rigole, P., De Witte, E., Honraet, K.,
Rossel, B., et al., 2012. Eradication of Propionibacterium
acnes biofilms by plant extracts and putative identification
of icariin, resveratrol and salidroside as active compounds.
Phytomedicine 19, 409�412.

Costerton, J.W., Stewart, P.S., Greenberg, E.P., 1999.
Bacterial biofilms: a common cause of persistent infec-
tions. Science 284, 1318�1322.

Cui, Y., Zhao, Y., Tian, Y., Zhang, W., Lü, X., Jiang, X.,
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Nanomaterials for Antibacterial Textiles
Nabil A. Ibrahim

Textile Research Division, National Research Centre, Giza, Egypt

12.1 INTRODUCTION

Hydrophilic natural and regenerated textile
fibers are more susceptible to the growth of
pathogenic and odor-generating bacteria, such
as Gram-negative and Gram-positive bacteria,
and biodeterioration than hydrophobic syn-
thetic ones. Hence, antibacterial finishing of
textile materials becomes extremely important
to cope with the great demands and pressing
needs for functionalized textile products that
can offer improved and durable protection for
both the textile user and textile substrate itself.
Antibacterial finishing agents fall into two cate-
gories based on their mode of action on harmful
bacteria called bacteriostats and bacteriocides.
However, an antibacterial finishing agent can
act in two distinct ways, namely by controlled-
release mechanisms (i.e., leaching types) and by
direct contact (i.e., bacteria have to contact the
immobilized antibacterial agent). Many differ-
ent compounds have been used to impart anti-
bacterial activity to textile materials, including
metals and metal salts, quaternary ammonium
compounds, triclosan, chistosan, N-halamine
and peroxyacid, some synthetic and natural
dyes, immobilized enzymes, and inorganic

nano-structured materials. These antibacterial
agents differ in their chemical structure, anti-
bacterial activity, mode of interaction, applica-
tion methods, and biological activity, taking in
consideration the economic, environment, and
human health concerns and challenges.
Nanomaterials may provide effective solutions
to technological and environmental challenges
in the areas of imparting new functionalities to
textile materials to satisfy the urgent needs for
ecologically smart processes and products and
to consumer’s demands for hygienic clothes
and active wear.

This chapter discusses classification of
textile fibers, textile wet processes and their
environmental concerns, the currently avail-
able antibacterial agents, potential application
of nanomaterials in functional finishes of
textiles, especially antibacterial finish, the
green routes for preparation of key nanomater-
ials, finishing treatments, and mode of action
against pathogenic microorganisms such as
Escherichia coli (G2ve) and Staphylococcus
aureus (G1ve). Finally, environmental issues
related to nanomaterials and standard test
methods are highlighted and future trends are
discussed.
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12.2 TEXTILE FIBERS

The main categories of textile fibers are
natural and human-made. Natural fibers may
be plant fibers such as cotton, flax, or jute, or
protein fibers like wool or silk. Human-made
fibers are broadly classified into regenerated

fibers (e.g., viscose, lyocell) and synthetic fibers
(e.g., polyester, polyamide, polyacrylic, poly-
urethane). Chemical structures of the most
common textile fibers are demonstrated in
Table 12.1 (Cook, 2001; Bide, 2009). However,
blending of textile fibers, especially the natural
and synthetic ones, offers the following

TABLE 12.1 Type and Chemical Structure of the Most Common Textile Fibers

Type of textile Main chemical structure Functional groups

1. NATURAL FIBERS

1.1 Cellulose
e.g., cotton, flax, jute

OH
OH

HO

OH

HO
OH

O
O

O
O

n

aOH

1.2 Proteinic fibers
e.g., wool

–CH CH–

CH–

CO

–CH

CO CO

CO

COCO

NH

NH

NH

CO
Cystine linkage

NH

CO

NH

NH

NH

–CH

CO

NH

–CH

CO

NH

CH–

CO

NH

CH–

CO

NH

NH

CO

NH

NH

CO
Glutamic acid

Aspartic acid Arginine

Salt linkage

Lysine

– +

– +

NH

CH

CH C NHCH2 CH2 CH2 CH2 CHCOO  NH3

CH2 CH2 CH2 CH2 CH2 CH2 CHCOO  NH3
–

– – – – – – – –

– – –

– – – – –

– – – –

CH CH2 CH2 CHS S

aNH2

aOH
aCOOH
aSH

2. MANMADE FIBERS

2.1. Synthetic fibers

Polyester
Polyethylene terephthalate
(PET)

CO
n

COOCH2CH2O

aCOOH
aOH (end groups)
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TABLE 12.1 (Continued)

Type of textile Main chemical structure Functional groups

Polyamide (nylon)

H

N

H

N

O

C

O

C

H

N

O

C

(CH2)6

(CH2)5

(CH2)4 n

n

Nylon 66

Nylon 6

aNH2 (end groups)
aCO NH

Polyacrylonitrile

CN
H

H

C

H

H

C

R

H

CC

H

n
(homopolymer R5CN, copolymer R5COOH)

Anionic sites, e.g., �COOH or
sulfonic

L�Poly (lactic acid)

H

O

O

CH3
n

None

Polyurethane – O – (CH2)n – O – C – NH – (CH2)n - NH – C –

––O ––O -NHCO

o 

2.2. Regenerated fibers

Unmodified
e.g., viscose, lyocell

OH
OH

HO

OH

HO
OH

O
O

O
O

n

aOH

Modified cellulose
e.g., acetate, triacetate

ROH2C
O

O O O
O

n

RO

ROH2COR

RO

OR

Cellulose triacetate (all R = COCH3) and

Cellulose acetate (2/3 R = COCH3, 1/3 R = H)

aOH
aOCOCH3
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advantages (Shore, 1998; El-Moghazy, 2004;
Ibrahim, 2011): (i) avoiding a shortage in natu-
ral fibers and their drastically increasing costs;
(ii) extending the shelf-life time of textile pro-
ducts; (iii) improving performance properties;
and (iv) satisfying the growing needs and
demands of textile users.

12.3 PREPARATORY PROCESSES

Eco-friendly, efficient, and uniform prepara-
tory processes are essential to (Choudhury,
2006a,b): (i) eliminate various impurities such as
sizing agents, noncellulosic impurities
from cotton, vegetable matter, and grease from
wool, as well as oils and spin-finishes from syn-
thetic fibers; (ii) enhance the wettability and
absorbency especially of natural fibers;
(iii) destruct coloring matters to obtain a high
degree of whiteness, especially natural fibers;
and (iv) insure uniform subsequent coloration
and/or finishing processes without seriously
affecting the inherent physico-mechanical

properties of the treated substrates. Fiber type,
yarn and fabric construction, nature, and content
of impurities, as well as the targeted perfor-
mance and functional properties, will dictate the
preparatory stages and sequences, treatment for-
mulations and conditions, used auxiliaries, sub-
sequent wet processes, and the production line
machineries.

12.4 COLORATION PROCESSES

When applied correctly, the preparatory
processes result in marked improvements in
dye receptivity, uniform absorption, high color
yield and fixation, high fastness ratings, and
very good reproducibility. Dyeing processes
include the following main steps: dye transpor-
tation from the dye bath to the fiber surface;
dye adsorption at the fiber surface; and
dye diffusion into the interior followed by dye
fixation. However, textile dyestuffs may be
classified according to their chemical structure
and method of application. Table 12.2

TABLE 12.2 Most Common Textile Fibers, Active Sites, Proper Class of Dyestuff, and Mode of Interaction

Textile fibers Active sites Class of dyestuff Mode of interaction

Cellulosic fibers
Wool

�OH groups
�OH, NH2

Reactive Covalent bonds

Cellulosic fibers �OH groups Direct Hydrogen bonds

Protein fibers,
Polyamide
Polyurethane

�OH, NH2

NH2 end groups
�OCO�NH�

Acid Ionic bonds

Acrylic
Cationic-dyeable polyester

�CN
SO3H or COOH

Basic Ionic bonds

Polyester, cellulose acetates Terminal �OH and
COOH
�OH and OCOCH3

Disperse Hydrophobic, hydrogen bonds and
van der Waals forces

Cellulosic and protein fibers �OH and NH2 Natural Complexation with mordant

Cellulosic fibers �OH Vat (soluble leuco form) In-situ insolubilization by oxidation

Cellulosic fibers �OH Sulfur (soluble leuco form) In-situ insolubilization by oxidation

Cotton, polyester and their
blends
Synthetic fibers

�OH, �COOH Pigment By using suitable binding agent
By incorporation during melt spinning
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demonstrates some of the most common dye
classes, textile fibers, and mode of their interac-
tions (Choudhury, 2006a,b, 2011; Ibrahim,
2011; Lewis, 2011; Koh, 2011).

12.5 ENVIRONMENTAL
CONCERNS

It is well-known that pretreatment and
textile coloration processes create several envi-
ronmental concerns and negative impacts.
Rationalization and optimization of these wet
processes conserve a significant amount of
water/energy/chemicals and, in turn, reduce
the pollution load of the dye house effluent to
be treated. Recommended pollution prevention
measures in pretreatment and coloration pro-
cesses of textile materials include the following
options (Ibrahim, 2011; Lewis, 2011; Kumar
and Choudhury, 2013): (i) better use of
resources and good management of wet pro-
cesses; (ii) optimization and/or modification of
the conventional wet processes; (iii) minimiz-
ing the use of additives and chemicals and
maximizing fixation wash off; (iv) replacement
of hazardous chemicals with eco-friendly alter-
natives; (v) practicing on-site recovery, reuse,
and recovery; (vi) replacement of nonbiode-
gradable textile auxiliaries by biodegradable
ones; (vii) selecting environmentally safe dye-
stuffs for correct first-time dyeing; (viii) appli-
cation of new emerging technologies (e.g.,
biotechnology, plasma technology, super criti-
cal CO2 technology); and (ix) development of
human resources and raising environmental
awareness.

12.6 ANTIBACTERIAL
FUNCTION FINISH

Figure 12.1 shows the key steps in textile
wet processing of the most widely natural (i.
e., cotton, wool) and synthetic (e.g., polyester

fabrics for apparel manufacturing) (Sawhney
et al., 2008; Lam et al., 2012). Chemical finish-
ing is an important component and an inte-
grated stage of textile wet processes for
developing the final fabric properties for dif-
ferent end uses and potential applications.
Efficient and eco-friendly pretreatment and
coloration processes are essential for optimum
finishing results and functional finishing of
textiles (Ibrahim, 2011). Recently, eco-friendly
functional finishing of textiles has gained
great interest to (Holme, 2007; Sawhney et al.,
2008; Kumar and Choudhury, 2013; Chen
et al., 2012; Lam et al., 2012; Köhler and Som,
2013): (i) upgrade existing textile properties;
(ii) develop innovative textile products with
high value added (i.e., better competitive
edge); (iii) cope with the increasing environ-
mental concerns of textile users; (iv) minimize
the ecological impact to the environment and
on human health concerns; and (v) decrease
production and environmental costs to remain
competitive.

Functionalization of textile materials is
accompanied by a significant improvement in
their functional properties like antibacterial
function, UV protection, flame-retardant capabil-
ity, water repellency, water/oil repellency, self-
cleaning status, and wrinkle recovery (Hebeish
and Ibrahim, 2007; Holme, 2007; Sawhney et al.,
2008; Gowri et al., 2010; Chen et al., 2012; Lam
et al., 2012; Kumar and Choudhury, 2013; Köhler
and Som, 2013). This chapter focuses mainly on
antibacterial functional finish of textiles using
nanomaterials by taking into consideration the
increasing demand for hygienic, comfortable,
and active-wear textile products (Gao and
Cranston, 2008) and the significant increase of
the antibacterial textiles market share.

12.6.1 Main Objectives

The growth of microorganisms (e.g., bacte-
ria, fungus, yeast, mold) on textile materials is
accompanied by detrimental effects not only to
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the textile-user (e.g., contamination risks and
generation of unpleasant odor) but also to the
fabric itself (e.g., quality loss, stains, strength
reduction) (Gao and Cranston, 2008; Dastjerdi
and Montazer, 2010). Natural fibers (e.g., cot-
ton and wool) can act as proper media to sup-
port the growth of microorganisms. However,
the extent of contamination and subsequent
attack of microorganisms on most synthetic
fibers (e.g., polyester) are less than that on
natural ones, probably because of their hydro-
phobic nature. Therefore, the most common
objectives of antibacterial functionalization of
textiles are (Höfer, 2006): (i) to avoid

contamination risk and the generation of
unpleasant odors; (ii) to prevent the incidence
of harmful bacteria (e.g., E. coli, S. aureus); and
(iii) to minimize or avoid loss in quality and
mechanical properties of textiles.

12.6.2 Main Requirements

Antibacterial functional finishes of the tex-
tiles must fulfill the following requirements
(Purwar and Joshi, 2004; Williams et al., 2005;
Höfer, 2006; Gao and Cranston, 2008; Dastjerdi
and Montazer, 2010; Lam et al., 2012): (i) must
kill or inhibit the growth of pathogenic and/or

Cotton

Desizing

Scouring

Bleaching

Mercerizing

Wool

Carbonizing

Scouring

Fulling

Bleaching

Polyester

Desizing

Scouring

Printing Dyeing

Mechanical Finishing

Chemical Finishing

Finished Goods

FIGURE 12.1 Flow chart of textile wet
processing.
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odor-causing undesirable bacteria; (ii) highly
efficient against a broad spectrum of harmful
bacteria; (iii) no negative impacts on human
heath, friendly microorganisms, nonpathogenic
bacteria, and the environment; (iv) no adverse
effect on inherent properties and comfort of
the fabric; (v) compatibility with other common
textile finishing agents and/or wet processes
(e.g., dyeing, printing); (vi) cost-effectiveness
and ease of application; and (vii) environmen-
tally safe and no toxic effects for manufacturers
and textile users.

12.6.3 Application Methods or
Techniques

The most important methods or techniques
for conferring antibacterial activity to textiles
may be broadly classified (Vigo, 1994; Mao
and Murphy, 2001; Wallace, 2001; Lee et al.,
2003; Zhang et al., 2003; Lim and Hudson,
2004; Mahltig et al., 2004; Purwar and
Joshi, 2004; Mahltig et al., 2005; Williams et al.,
2005; Höfer, 2006; Gao and Cranston, 2008;
Dastjerdi and Montazer, 2010; Ibrahim et al.,
2010a) as follows: (i) by incorporation of proper
bio-active agents into the polymer melts before
extrusion; (ii) by surface application (e.g.,
chemical grafting); (iii) by exhaustion and/or
pad-dry-cure for natural substrates (e.g., resin
treatment); (iv) by coating technology; (v) by
chemical or physical modification of substrate
and/or the active agent for chemical bonding;
(vi) by spraying or foaming technique; or
(v) by using sol-gel or encapsulation in sol-gel
particles. Selection of the most appropriate
physicochemical (e.g., coating, plasma, or laser
surface treatment, microencapsulation) and/or
chemical (e.g., grafting, cross-linking, covalent
bonding, chelation) methods or techniques is
governed by the chemical nature of the active
agent, the fiber type, the fabric structure, the
available equipment, and the demanded per-
formance properties.

12.6.4 Chemistry and Mode of Action of
Current Antibacterial Agents (Schindler
and Hauser, 2004; Holme, 2007; Gao
and Cranston, 2008; Lam et al., 2012)

Antibacterial agents can act as follows:
(a) by a controlled-release mechanism (leach-
ing type) from the textile materials into their
surroundings, thereby attacking harmful bacte-
ria on the fiber surface or in the surrounding
environment, and most of these agents are not
chemically bonded and show poor durability,
or (b) by direct contact mechanism (nonleach-
ing type) (i.e., bacteria have to contact the func-
tionalized fabric surface), and most of these
agents are chemically immobilized onto the
fabric surface (i.e., good durability, no health
problems, no leaching of hazardous materials
into surroundings). The actual mechanisms by
which antibacterial agents kill or inhibit the
growth of harmful bacteria include cell wall
damage, disruption of cytoplasmic membranes
of bacterial cells via physical and/or ionic phe-
nomena, subsequent release of the cytoplasmic
constituents, inhibition of enzyme action, and
protein or nucleic acid synthesis (Yao et al.,
2003; Schindler and Hauser, 2004; Holme, 2007;
Gao and Cranston, 2008; Lam et al., 2012). The
most common antibacterial agents, appropriate
textile fibers, and their mode of fixation and
action are summarized in Table 12.3.

12.7 ANTIBACTERIALTEXTILES
USING NANOMATERIALS

In recent years, more attention has been
given to the potential applications of innova-
tive technologies, especially nanotechnology,
the wave of future, as well as smart nano-
materials (size range of 1�100 nm) for the
following: (i) enhancing the performance and
functional properties of the current textile pro-
ducts; (ii) developing smart and intelligent
textiles with novel functions; (iii) satisfying the
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TABLE 12.3 Some of the Most Common Used Antibacterial Agents, Appropriate Textile Fibers, and Modes of Their Fixation and Action

Antibacterial
agent Chemical structure Fiber

Mode of
fixation Mode of action Reference

Metals e.g., Ag in ultra-fine metallic particles Synthetic, e.g.,
polyester, nylon

By incorporation
into the polymer
melt before
spinning

Deactivation of
cellular proteins
resulting in cell
damage or
death

Schindler and
Hauser (2004),
Gao and
Cranston (2008),
Ibrahim et al.
(2010b), Lam
et al. (2012),
Ibrahim et al.
(2012a, 2013a,b)

Metallic ions e.g., Ag1, Cu21 Natural, e.g.,
cotton, wool

By binding sites
and chelating
abilities

Quaternary
ammonium
compounds
(QACs)

CH3

CH3

SiO (CH2)3 (CH2)17 CH3

CH3

CH3

CH3

O

N+

O

3-(Trihydroxysilyl) propy (dimethyl-octdecyl
ammonium chloride

Synthetic, e.g.,
polyester, nylon

By ionic
interaction

Membrane
damage and
leakage of intra
cellular
constituents

Kim and Sun
(2001), Schindler
and Hauser
(2004), Zhao and
Sun (2006), Son
et al. (2006), Gao
and Cranston
(2008), Lam et al.
(2012)

e.g., AEM
5700

Natural, e.g.,
wool

By covalent
bond as in case
of modified
wool via its thiol
group

PHMB NH

N
H

N
H

N
H

NH2 
+

 Cl–

n=11-15**

Polyhexamethylene biguanide

Synthetic By crosslinking Via electrostatic
attraction with
the negatively
charged
bacterial cell
surface and
increasing the
permeability of
the cell walls

Schindler and
Hauser (2004),
Kawabata and
Tylor (2004), Gao
and Cranston
(2008), Lam et al.
(2012)

Natural, e.g.,
cellulosic

Through ionic
and hydrogen
bonds

Triclosan OH Cl

ClCl

O

Synthetic, e.g.,
polyester, nylon

Via utilization of
dispersing,
binding and/or
cross-linking
agents

By blocking
lipid-bio
synthesis and
by acting as a
barrier to
microorganism

Kaylon and
Olgun (2001),
Mao and
Murphy (2001),
Lam et al. (2012),
Ibrahim et al.
(2013a,c)

Natural, e.g.,
cotton, wool and
blends
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TABLE 12.3 (Continued)

Antibacterial
agent Chemical structure Fiber

Mode of
fixation Mode of action Reference

Chitosan

HO HOHO
HO

OH

OH

OHOH

O O OO O

NH2 NH2 NH2
n

Synthetic, e.g.,
polyester

By micro encap-
sulation, by
reactive bonding
and/or by cross-
linking or by
plasma
treatment

By inhibiting
the normal
metabolism of
bacteria and
causing death of
their cells due
to its
polycationic
nature

Lim and Hudson
(2003), Gao and
Cranston (2008),
Rinaudo (2006),
Ibrahim et al.
(2013d,e)

Natural, e.g.,
cotton, wool and
blends

N-halamine H3C

N

N
Cl

C

C = O

O

HOH2C
CH3

Dimethylol-5,5-dimethylhydantoin

Synthetic, e.g.,
polyester, nylon

Via covalent
attachment or
grafting onto the
textile

Killing of
bacteria due to
the oxidation
properties of
the halamine
bond (N�Cl)

Sun and Sun
(2001), Schindler
and Hauser
(2004), Qian and
Sun (2004),
Gouda and
Ibrahim (2008),
Ibrahim et al.
(2008)

Natural, e.g.,
cotton, wool

Dyestuffs,
e.g., basic

N
CH3

H3C

N

N CH3

CH3

S
+

Cl–

C.I. Basic Blue 9

Natural, e.g.,
cotton, wool

Ionic links
(between
positively
charged amino
groups and
negatively
charged surface)

Interruption of
all essential
functions of the
cell membrane

Ma et al. (2003),
Ibrahim et al.
(2010c), Lam
et al. (2012),
Shahid et al.
(2013)

Natural

O O OH

O OH O OH

OH OH

Alizarin Pupurin

Madder

Natural, e.g.,
cotton, wool

Complexation
with mordant

Presence of
tannins and
protein-binding
ability of
tannins

Ibrahim et al.
(2009, 2013f)
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TABLE 12.3 (Continued)

Antibacterial
agent Chemical structure Fiber

Mode of
fixation Mode of action Reference

Natural
herbal
products, e.g.,
neem oil and
neem
derivatives

O
O

O

O

O

O

OO

OCH3OHH

H

O

O

H3CO

O
H

HO

OH

Azadirachtin

Cotton based
textiles

By physical
bonding
By cross-linking
or
By
encapsulation

Biological
activity
especially
azadirachtin

Josh et al. (2007),
Ibrahim et al.
(2011), Lam et al.
(2012)

Immobilized
enzymes

Alkaline pectinase, amylase, laccase Cotton Immobilization
onto the ester
crosslinked-
postactivated
cotton, and
coordination on
the preaminated
Cu-chelated
cotton fabrics

The
antibacterial
activity
depends on the
type of
immobilized
enzyme as well
as nature and
structure of
microorganism

Ibrahim et al.
(2007), Gulrajani
and Gupta (2011)



growing needs of textiles users for hygienic
clothing and active wear; and (iv) allowing for
great opportunities and options to develop inno-
vative textile processes and products with high
value added (Mahlting et al., 2005; Hebeish and
Ibrahim, 2007; Sawhney et al., 2008; Black, 2009;
Dastjerdi and Montazer, 2010; Gowri et al, 2010;
Evans et al., 2012; Harifi and Montazer, 2012).
More recently, nanomaterials have used for
imparting limitless functional performance
properties like antibacterial function, UV pro-
tection, flame retardancy, self-cleaning status,
electrical conductivity, super-hydrophilicity or
hydrophobicity, water/oil repellency, and anti-
felting, most likely because of their unique and
novel properties as well as functions (Gulrajani,
2006; Gao and Cranston, 2008; Sawhney et al.,
2008; Black, 2009; Goesmann and Feldmann,
2010; Simoncic and Tomsic, 2010; Joshi and
Bhattcharyya, 2011; Evans et al., 2012; Rizzello
et al., 2013; Windler et al., 2013).

In this chapter, emphasis is given to the
use of nanomaterials as a new generation of
antibacterial agents to: (i) impart higher a stan-
dard of antibacterial functionality and durabi-
lity to textiles and (ii) avoid or minimize the
drawbacks/risks/possible environmental, eco-
logical, and/or economical concerns associated
with the application of the current antibacterial
agents (i.e., as an eco-friendly, feasible, and
promising alternatives).

12.7.1 Greener Nanomaterial
Production (Mahlting et al., 2005;
Dastjerdi and Montazer, 2010;
Goesmann and Feldmann, 2010;
Simoncic and Tomsic, 2010)

The current practices used to synthesize
nanomaterials are (i) grinding (e.g., wet,
dry, reactive); (ii) gas phase techniques (e.g.,
laser ablation or chemical vapor deposition); or
(iii) liquid phase techniques (e.g., sol-gel,
hydrothermal, micro emulsion).

Using homogenous liquid-phase methods
results in permitting the formation of high-
quality nanoparticles of varying compositions,
different ranges of particle sizes and con-
trolled shapes, surface functionality, and
material properties. To avoid or overcome the
negative impacts of using conventional chemi-
cal routes to produce nanomaterials such as
the utilization of hazardous and aggressive
reducing, capping, and/or stabilizing agents,
organic solvent along with higher energy and
materials consumption, it is of a great impor-
tant to search for and develop easy, clean,
nontoxic, and eco-friendly sustainable pro-
cesses for the preparation and implementation
of the demanded nanoparticles relevant to a
given application (Bhattacharya and Gupta,
2005; Dahl et al., 2007; Hu B. et al., 2008;
Sharma et al., 2009; Simoncic and Tomsic,
2010; Abdel-Aziz et al., 2014). Greener synthe-
sis of nanoparticles based on noble metals and
inorganic oxides can be accomplished in the
following ways (Bhattacharya and Gupta,
2005; Dahl et al., 2007; Hu B. et al., 2008;
Emam et al., 2013; Abdel-Aziz et al., 2014):
(i) chemical reduction; (ii) electro-chemical
methods; (iii) bio-based approaches; (iv) green
energy source alternatives; and/ or (v) utiliza-
tion of environmentally benign solvents. It is
expected that application of these routes,
whenever possible and taking into consider-
ation the principle of green chemistry, will
result in: (i) full replacement of hazardous
chemicals and solvents; (ii) rationalization of
materials and energy requirements; (iii) possi-
ble higher yields with minimal waste and
maintenance of product quality, especially in
large scale; and (iv) minimization or preven-
tion of the environmental negative impacts
and health awareness (Dahl et al., 2007;
Hu B. et al., 2008; Ramirez et al., 2009; Sharma
et al., 2009; Abdel-Aziz et al., 2014). The main
greener nano-synthesis approaches along with
some specific examples are demonstrated in
this chapter.
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12.7.1.1 Eco-Friendly Chemical Reduction

Various greener chemical and biological
routes using naturally occurring materials (e.g.,
biodegradable polymers, sugars, plant extract,
microorganism) have been described for prepara-
tion of noble metal and metal oxide
nanoparticles.

12.7.1.1.1 REDUCING SUGARS

Stable Ag-NP’s [Ag0] (with average particle
size of approximately 5.3) were synthesized by
using the reducing sugars (β-D-glucose as a
reductant and soluble starch as a protecting
agent) and water (as a benign solvent) with gen-
tle heating (Raveendran et al., 2003). A general
method for the synthesis of different metal
nanoparticles (i.e., Au0, Ag0, Pt0, and Pd0) using
HAuCl4, AgNO3, H2PtCl6, and PdCl2 metal salts
along with glucose, fructose, and sucrose as
reducing agents was presented by Panigrahi
et al. (2004). Among the nominated sugars, fruc-
tose has been found to be the proper one for
attaining highly stable and smaller nanoparticles
(i.e., Au-NPs [B1 nm], Pt-NPs [B3 nm], Ag-
NPs [B10 nm], and Pd-NPs [B20 nm]). Singh
et al. recently studied the effect of pH on the size
and size distribution of the prepared Ag-NPs
using glucose as a reductant, AgNO3 (a precur-
sor starch) as a stabilizing agent, NaOH as a
reduction accelerator, and water as a solvent.
Two tentative mechanisms were also postulated
(Wang et al., 2005; Singh et al., 2009):

a: Ag1 1 St:OH
Starch

-AgðSt:OHÞ1 (12.1)

2AgðSt:OHÞ11HO:H2CðCHOHÞ4
Glucose

2CHO12OH2-

2AgðSt:OHÞk1HO:H2CðCHOHÞ42COOH
Gluconic acid

1H2O

(12.2)

b: 2Ag112OH2-Ag2O1H2O (12.3)

Ag2O1HO:H2CðCHOHÞ42CHO12St:OH-

2AgðSt:OHÞk1HO:H2CðCHOHÞ42COOH

(12.4)

In 2009, size- and shape-controlled Ag-NPs
and Au-NPs were successfully prepared by
Chairam et al. (2009) using β-D-glucose as an
eco-friendly reducing agent, partially hydro-
lyzed mung bean starch vermicelli as a stabi-
lizing template and green nanoreactor, and
AgNO3 and HAuCl4 � 3H2O as precursor
metal salts with microwave heating. More
recently, the green synthesis of core-shell
Ag/starch NPs (B20 nm) were synthesized
by reducing Ag1 from AgNO3 by glucose
and in the presence of biodegradable starch
as a capping stabilizing agent (Gao et al.,
2011). In 2011, Ag-NPs (20�45 nm) were suc-
cessfully prepared by the sol-gel route using
AgNO3 as a precursor and glucose as an eco-
friendly reducing agent in aqueous medium
according to the following reaction
(Lkhavajav et al., 2011):

2AgNO3 1C6H12O6 1H2O���!mixing

stirring

2Ag0

Colloidal

Ag-NPs

1 C6H12O7
Gluconic
acid

1 2HNO3 (12.5)

12.7.1.1.2 BIOPOLYMERS

Highly stable Au-NPs and Ag-NPs were
prepared by a simple green method using
positively charged chitosan and negatively
charged heparin polysaccharides as reducing/
stabilizing agents by heating aqueous solu-
tions of HAuCl4 and AgNO3, respectively, at
55�C for 2 h and at 70�C for 8 h while stirring
in a water bath. After heating, the solutions
were turned to red and yellow, indicating the
formation of Au-NPs and Ag-NPs, respec-
tively (Huang and Yang, 2004). Both the mor-
phology and size distribution of the
nominated nanoparticles were governed by
the concentration of the used polysaccharides
and the metal salts. Ag-NPs (10�34 nm) were
synthesized by developing a novel one-pot
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green synthetic route using soluble starch as
both the reducing and stabilizing agents,
along with AgNO3, in an autoclave at 15 psi at
121�C for 5 min. The obtained nanoparticles
were stable in aqueous solution for 3 months
at room temperature (Vigneshwaran et al.,
2006a). Additionally, an eco-friendly and sim-
ple method of obtaining Ag-NPs (,15 nm)
with a narrow particle size distribution has
been reported by Darroudi et al. (2011a) by
reducing Ag1 ions in aqueous gelatin (as a
reducing/stabilizing agent) media. The
reported method may extend to other noble
metals (e.g., Au, Pd), most probably because
of the ability of gelatin active sites (e.g., -NH2)
to form gelatin-stabilized nanoparticles such
as (AuNPs-gelatin) in addition to its reducing
power (Zhang et al., 2009). Darroudi et al.
(2010) recently reported the green synthesis of
Ag-NPs (10�20 nm) by glucose reduction of
AgNO3 in the presence of gelatin (HOOC-G-
NH2) as a stabilizer/matrix and NaOH as an
accelerator during the synthesis. The possible
mechanism for Ag-NPs preparation is as
follows:

Ag1ðaq:Þ1HOOC-G-NH2
Gelatin

-½HOOC-G-NH2�1Agðaq:Þ
Gelatinous complex

(12.6)

2½HOOC-G-NH2�1Agðaq:Þ12OH2

1 HOH2CðCHOHÞ4�CHO
Glucose

���!Δ

2½HOOC-G-NH2�1 Ag0

Ag�NPs

1 HOH2CðCHOHÞ4aCOOH
Gluconic acid

1H2O

(12.7)

12.7.1.1.3 NA-CITRATE AND TOLLENS

REAGENT

Ag-NPs (B100 nm) were prepared by chem-
ical reduction of AgNO3 aqueous solution
using Na-citrate (C6H5O7Na3) as a reducing

agent according to the following equation
(Sileikaite et al., 2006):

4Ag1 1C6H5O7Na3 1 2H2O ���!100�C

vigorous
mixing

4Ag0 1C6H5O7Na3H3 1 3Na1 (12.8)

Highly nano-dispersed Ag-NPs (10�50 nm)
were green-synthesized at ambient temperatures
using ascorbic acid, sodium citrate, sodium boro-
hydride, or dimethylamine boran as a reducing
agent, gum Arabic as a dispersing agent, and
AgNO3 as a precursor. Reduction of Ag1 by
using ascorbic acid (C6H8O6) is shown (Sondi
et al., 2003; Ramirez et al. 2009) as follows:

4Ag1 1 C6H8O6

Ascorbic

acid

"2Ag0 1C6H6O7Na6 1 2H1

(12.9)

The greener synthesis of Ag-NPs of con-
trolled sizes by reduction of Tollens reagent,
Ag(NH3)2

1 (aq), using glucose, galactose, malt-
ose, or lactose as an environmentally benign
reducing agent was reported (Panacek et al.
2006; Sharma et al. 2009). Ammonia concen-
tration, pH, as well as type and chemical struc-
ture of the reducing agent affect the average
size of the obtained Ag-NPs. Using maltose
disaccharide as a reducing agent created the
smallest Ag-NPs, with an average size of
25 nm, compared with other reductants. The
possible chemical reaction for reducing Ag1

(aq) to Ag0 is as follows:

AgðNH3Þ12ðaqÞ 1M-CHOðaqÞ
Maltose

���!pH 11:5
Ag0k

1M-COOHðaqÞ

(12.10)

Incorporation of polyvinylypyrrolidone
(PVP-360) or sodium dodecyl sulfate (SDC-sur-
factant) had a positive impact on extending the
stability of shelf life of the prepared Ag-NPs
(Sharma et al., 2009).
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12.7.1.2 Biological Method

12.7.1.2.1 PLANT EXTRACT

Ag-NPs (B90 nm) and Au-NPs (B150 nm)
were prepared by biological reduction of
AgNO3 and Au4Cl4 precursors using Mentha
piperita (Lamiaceae) leaf extract in ambient con-
ditions, most probably because of the presence
of phyto-chemicals in the extract, thereby
reducing Ag1 and Au1 into Ag0 and Au0,
respectively (Ali et al., 2011). A simple green
and cost-effective approach for the synthesis of
Ag-NPs with an average size of 12 nm using
garlic clove extract as a reducing/stabilizing
agent in aqueous solution with constant stirring
at 50�60�C for 30 min was reported (Ahmed
et al., 2011). This was attributed to the presence
of antioxidants within garlic extract and their
positive role in reducing Ag1 (aq) to Ag0.
Moreover, a green biological method for the
synthesis of Ag-NPs using banana peel extract
as a reductant and AgNO3 as precursor in
aqueous medium under various conditions
was demonstrated (Bankar et al., 2010). The
functional groups (e.g., aCOOH, NH2, aOH)
associated with the polymeric materials (e.g.,
lignin, pectin, hemicelluloses) as well as pro-
teinaceous matter components of BP interacted
with Ag1 ions and mediated their reduction to
Ag-NPs under proper conditions. Ravindra
et al. (2010) developed a new green process for
the preparation of Ag-NPs (B20 nm) by using
Eucalyptus citriodora (Neelagiri) and Ficus benga-
lensis (Marri) fresh leaf extract along with
AgNO3 in aqueous solution and without reduc-
ing or stabilizing agents at room temperature
for 2�5 min. Reduction and stabilization of
Ag1 ions were enhanced by functional groups
present in the polysaccharide constituents in
leaf extract. Shankar et al. (2004) demonstrated
a new process for producing Ag-NPs, Au-NPs,
and bimetallic Au/Ag core-shell NPs by the
reduction of AgNO3 and/or HAuCl4 in aque-
ous solutions with neem (Azadirachta indica)
leaf broth. Reduction of the nominated metal

ions to NPs as well as stabilization of these NPs
might be facilitated by the presence of reducing
sugars, terpeoids, and flavanone constituents
in the broth. Using glutathione, an eco-friendly
antioxidant, as an efficient reducing and cap-
ping agent for the synthesis of Ag-NPs
(5�10 nm) and other nanoparticles (e.g., Pd, Pt,
Au), using microwave irradiation (50 W/
30�60 s) was reported (Baruwati et al., 2009).

Using rice wine as a solvent and reductant
along with soda as a base catalyst and protec-
tive agent for greener synthesis (at pH 6.5 and
25�55�C) of Au-NPs was reported by Wu and
Chen (2007). Xiong et al. (2011) reported a new
method for the synthesis of highly
stable dispersion of Cu-NPs (,2 nm) using
L-ascorbic acid as an environmentally benign
reducing and capping agent in aqueous
medium as follows:

L -ascorbic acid1Cu21-dehydroascorbic acid
1Cu0

(12.11)

TiO2-NPs (25�100 nm) were produced by
using aqueous extract (0.3%) prepared from
latex of Jatropha curcas L (Hudlikar et al., 2012).
However, Aloe barbadensis Miller leaf extract
(Sangeetha et al., 2011) or gelatin by the sol-gel
technique (Khorsand et al., 2011) were used for
green synthesis of ZnO-NPs (25�60 nm).

12.7.1.2.2 MICROORGANISMS

Microorganisms (such as bacteria, fungi,
yeast) have been used as potential environmen-
tally benign nanofactories and as alternatives
to the conventional routes to prepare metal
nanoparticles either intracellularly or extracel-
lulary (Dahl et al., 2007; Sharma et al., 2009;
Narayanan and Sakthivel, 2010; Kharissova
et al., 2013). Biosynthesis of metal nanoparticles
is governed by localization of the reductive
components of the cell. Some notable examples
of biosynthesis of metal nanoparticles using
microorganisms include (Beveridge and
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Murray, 1980; Mukherjee et al., 2001; Ahmad
et al., 2005; He et al., 2007; Vigneshwaran et al.,
2007; Parikh et al., 2008; Philip, 2009;
Pugazhenthiran et al., 2009; Narayanan and
Sakthivel, 2010) the following:

a. Intracellular synthesis of Au-NPs by using
Bacillus subtilis 168 or Verticillium sp. (AAT-
TS-4) (Beveridge and Murray, 1980;
Mukherjee et al., 2001), as well as synthesis
of Ag-NPs by using an airborne Bacillus sp.
or Aspergillus flavus (Vigneshwaran et al.,
2007; Pugazhenthiran et al., 2009).

b. Extracellular synthesis of Au-NPs by using
Rhodopseudomonas capsulata, a prokaryotic
bacterium, or by the fungus Trichothecium
sp. (Ahmad et al., 2005; He et al., 2007),
as well as synthesis of Ag-NPs by using a
silver-resistant bacterium Moganella sp. or
the extract of saprophylic straw mushroom
Volvariella volvacea fungus (Parikh et al.,
2008; Philip, 2009).

However, extracellular production of metal
oxides, such as Zn and Cu oxide nanoparticles,
using Streptomyces sps. in aqueous solutions
was reported and the possibility of the reduc-
tion of metal ions was ascribed to the reductase
enzyme (Usha et al., 2010). Moreover, bio-
synthesis of TiO2-NPs (8�35 nm in size) by
using Lactobacillus sp. and baker’s yeast
(Saccharomyces cerevisiae) at room temperature
or by using bacterium B. subtilis (size,
66�77 nm) was reported (Jha et al., 2009).

More recently Ag-NPs have been synthe-
sized by using marine bacterial isolate (Bacillus
sp.), 2�7 nm in size, and used for antibacterial
functionalization of cellulosic fabrics (Abdel-
Aziz et al., 2014).

12.7.1.3 Using of Eco-Friendly Alternative
Solvents

Using supercritical fluids (e.g., SC-CO2) and
ionic liquids (ILs) as benign solvents for the
green synthesis of inorganic nanoparticles has
received increased attention (Antonietti et al.,

2004; Dahl et al., 2007). SC-CO2 has been used
for preparation and deposition of Au-NPs into
low-defection films (Liu et al., 2006). However,
ILs have been used as a reducing and capping
material to prepare Au-NPs (Kim et al., 2006),
as well as to facilitate and drive the synthesis
of ZnO-NPs (Zhou et al., 2005). Careful selec-
tion of the IL anions is a must to ensure more
environmentally friendly synthesis routes
(Dahl et al., 2007). It is expected that utilization
of SC fluids and ILs for synthesis and potential
applications of nanoparticles will ultimately be
useful for large-scale greener production.

12.7.1.4 Using of Electromechanical Routes

In an attempt to search for an attractive/
eco-friendly alternative to the conventional
method for preparing nanoparticles, a number
of R&D activities have utilized electrochemical
routes for: (i) synthesis of ZnO nanostructure
or ZnO thin film (Choi et al., 2002); (ii) synthe-
sis of stable Au complexes (Liu and Chuang,
2003); and (iii) deposition of Au core on titania
shell to form a stable structure (Liu and Juang,
2004) on the laboratory scale.

12.7.1.5 Using Irradiation Methods

Recently, utilization of microwave, ultra-
sonic, gamma ray irradiation, UV irradiation,
and laser ablation physical techniques were
used as alternatives energy sources for facilitat-
ing green synthesis of nanoparticles (Dahl
et al., 2007; Sharma et al., 2009).

12.7.1.5.1 MICROWAVE IRRADIATION

The microwave technique offers numerous
advantages in green preparation of nanoparti-
cles such as lower energy consumption, shorter
reaction times, as well as better yield of size-
controllable nanoparticles, in addition to rapid
and uniform heating. Microwave irradiation
has been used in: (i) the preparation of Au-NPs
(15�20 nm) as well as Ag nanospheres or
nanorods using Na-citrate as a reducing agent
(Liu et al., 2003, 2005); (ii) the production of
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TiO2-NPs (Baldassari et al., 2005; Murugan
et al., 2006); (iii) the green synthesis of very sta-
bilized Ag-NPs with negligible aggregation
using CMS as a reducing/stabilizing agent
along with AgNO3 precursor (Chen et al.,
2008); and (iv) green synthesis of nearly mono-
disperse Ag-NPs in an aqueous medium using
certain amino acids as a reducing agent and
soluble starch as a protecting agent (Hu B.
et al., 2008).

12.7.1.5.2 ULTRASOUND IRRADIATION

Ultrasound irradiation has been used in the
fabrication and deposition of ZnO-NPs
(Perelshtein et al., 2010), Cu-NPs (Perelshtein
et al., 2009), or TiO2-NPs (Perelshtein et al.,
2012) in a one-step process via in situ genera-
tion of the metal oxide NPs and their subse-
quent immobilization on the cotton fabric
surface in a one-step reaction. Sonochemistry
has also been used to produce Au-NPs
(B20 nm) in an aqueous medium without
alcohol or stabilizer (Su et al., 2003). However,
Au-NPs (2�15 nm) were prepared by a combi-
nation of electrochemical oxidation/reduction
and sonochemical reduction in an aqueous
environment and without a stabilizer (Liu
et al., 2004).

12.7.1.5.3 LASER ABLATION

Laser ablation of Au and Ag metals dipped
in water, ethanol, or n-hexane generated Au-
sols and Ag-sols containing approximately
12�20 nm NPs (Compagnini et al., 2002). Laser
irradiation of an aqueous solution of Ag pre-
cursor and surfactant has also been used to
facilitate production of Ag-NPs with well-
defined shape and size distributions and with-
out reducing agents (Abid et al., 2002).
Additionally, preparation of Ag-NPs (B9 to
15 nm) in the gelatin matrix using laser abla-
tion was reported (Darroudi et al., 2011b).
Factors affecting nanoparticle size include type
of liquid (media), energy density, as well as
ablation time (Compagnini et al., 2003).

12.7.1.5.4 UV PHOTOACTIVATION

Pal et al. demonstrated the utilization of the
UV photoactivation technique for the prepara-
tion of Au-NPs in the presence of Na-alginate
as a reducing and stabilizing agent along with
HAuCl4 (precursor) in aqueous solution (Pal
et al., 2005).

12.7.2 Nanocomposites

Twu et al. (2008) developed an eco-friendly
potential process for the preparation of Ag/
chitosan nanocomposites by using AgNO3 as a
precursor and basic chitosan suspension as a
reducing/stabilizing agent. Likewise, Hu Z.
et al. (2008) developed nanocomposites of
chitosan/Ag-oxide as an effective antibacterial
agent. However, the synthesis of the
methylcellulose�Ag nanocomposite, MC-Ag
hybrid nanocomposite, by using MC solution
as a stabilizing and reducing agent along with
AgNO3 at higher pH was presented in 2012
(Maity et al., 2012). Transmission electron
microscope (TEM) analysis demonstrated the
presence of Ag-NPs (B22 nm) in MC-Ag nano-
composite films. Vigneshwaran et al. (2006a)
also studied the preparation of ZnO-soluble
starch nanocomposites (nano-ZnO) to attain
functional nanostructures with great potential
for functionalization of textiles. The average
size of ZnO-NPs embedded in polymer matri-
ces is estimated to be approximately 38 nm.

12.7.3 Antibacterial Functionalization of
Textiles

Currently, application of antibacterial nano-
materials to textile fibers and/or onto fabric sur-
faces has attracted significant attention to:
(i) impart antibacterial activity and prevent the
hazardous effects of harmful bacteria; (ii) avoid
transfer and prevent microbial infection;
(iii) prevent formation and generation of offen-
sive odors; and (iv) minimize or hinder the loss
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of performance properties of textiles such as dis-
coloration, degradation, staining (Höfer, 2006).

A broad range of possible approaches has
been suggested and/or used to load, stabilize,
and incorporate nanomaterials onto and/
within textiles for producing more appealing
and achieving permanent antibacterial func-
tionality without adversely affecting the inher-
ent physico-mechanical and comfort properties
of the treated substrates. There are two
primary options to permit the integration
of antibacterial nanomaterials into textiles: (i)
impregnation or coating the textile materials
with colloidal solution of pre-formed NPs or
(ii) in situ generation of NPs and their subse-
quent deposition on the surface of fabrics in a
one-step process.

12.7.3.1 Application Methods

12.7.3.1.1 BY INCORPORATION

Incorporation of bioactive nanoparticles into
the spinning mass of synthetic fibers such as
Ag-based nanocomposite fillers Ag/Zn and
Ag/TiO2 is performed to functionalize syn-
thetic fibers (Dastjerdi and Montazer, 2010).
Incorporated NPs in the central part of the fila-
ments have no positive impact on the antibac-
terial performance.

12.7.3.1.2 BY IMMOBILIZATION

Immobilization of functional nanomaterials
onto fabric surface is achieved by impregnation
or coating with the colloidal solution of nano-
materials. Ibrahim et al. (2013g) have multi-
functionalized cotton/spandex woven fabrics
by using citric acid (CA) as an eco-friendly
cross-linker as well as spacers for fixing Ag-
NPs and TiO2-NPs onto the treated fabric sur-
face, NaH2PO2 (SHP) as a catalyst, and the
pad-dry-cure technique. Hashemikia and
Montazer (2012) have also produced multi-
functional cotton/polyester knitted fabric
through exhaustion in an ultrasonic bath
containing TiO2-NPs, citric acid, and

Na-hyposphite as a catalyst, followed by dry-
ing and curing. Montazer et al. (2012) have
used Ag-NPs along with 1,2,3,4-butantetracar-
boxylic acid (BTCA) as a cross-linking agent
and SHP as a catalyst by padding technique to
impart antibacterial properties to nylon knitted
fabric without yellowing. Selvam et al. (2012)
have synthesized sulfated β-cyclodextrin cross-
linked cotton fabric using EDTA as a cross-
linker, with improved antibacterial activities
via padding in ZnO, TiO2, and Ag-NP colloidal
solution separately and curing at 120�C for
3 min. A new method to impart durable anti-
bacterial properties to PET fabric via treatment
with cross-linkable polysiloxane along with
nano-sized colloidal-Ag in one or two separate
steps using a pad-dry cure technique has been
investigated by Dastjeradi et al. (2009).
Enhancement antibacterial activity of cotton
fabric by using sericin/TiO2 nanocomposite in
the presence and absence of using CA or
BTCA as a cross-linker by pad-dry-technique
was reported (Doakhan et al., 2013). Moreover,
Vigneshwaran et al. (2006b) have coated fabrics
with ZnO-soluble St �OH nanocomposite using
the pad-dry-cure technique for attaining an
efficient antibacterial functionalization.

12.7.3.1.3 BY PRE-MODIFICATION OF

FABRICS SURFACE

Khalil-Abed et al. (2009) have demonstrated
the positive effect of pre-cationization of cotton
surfaces using 3-chloro-2-hydroxypropyl tri-
methyl ammonium chloride on enhancing the
extent of adsorption of Ag-NPs onto surface of
fibers as well as imparting strong antibacterial
activity against E. coli bacteria. Enzymatic pre-
treatment of wool/polyester fabric blends with
protease and then lipase to hydrolyze the wool
and polyester surfaces, respectively, followed
by dipping into an ultrasound bath containing
TiO2-NPs along with BTCA and curing at
180�C for 1�5 min to attain remarkable multi-
functional properties (i.e., self-cleaning, anti-
bacterial, and UV protection) were also
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performed by Montazer and Seifollahzadeh
(2011). Gorensek et al. (2010) have introduced
plasma surface modification using Ar/N2 (50/
50%) plasma to enable greater adhesion of Ag-
NPs to raw PET fabric, which in turn enhances
the antibacterial activity of the modified sub-
strate. In addition, Abdel-Aziz et al. (2014)
have pretreated cellulosic fabrics with O2

plasma for surface modification followed by
treatment with biosynthesized Ag-NPs for
attaining remarkable and durable antibacterial
activity against S. aureus (G1ve) and E. coli
(G2ve) bacteria.

12.7.3.1.4 BY IN SITU SYNTHESIS AND

DEPOSITION

Recently, many trials have been focused on
the investigation of the in situ generation of
nanoparticles (e.g., Ag-NPs, Cu-NPs) and their
subsequent deposition onto cotton fabrics by
using chitosan as a chelating agent and Na-
citrate as a reductant, as in the case of Ag-NPs
(Thomas et al., 2011), or onto cotton bandages
by sonochemical irradiation, as in case of Cu-
NPs (Perelshtein et al., 2009).

12.7.3.1.5 BY MULTIFUNCTIONALIZATION IN

A ONE-STEP PROCESS

Recently, some studies have focused on
imparting multifunctional properties alone or
in combination with coloration properties of
cellulose-containing fabrics in a one-step pro-
cess. Some specific examples of these applica-
tions in the field of textile wet processing
include: (i) multifunctional finishing of cellu-
losic/polyester blends using Ag-NPs/PVP and
ZnO-NPs/HBPAA hybrids along with citric
acid as an eco-friendly cross-linking agent
(Ibrahim et al., 2013e); (ii) simultaneous func-
tionalization and pigment coloration of cellu-
losic/wool blends using TiO2-NPs along a
proper polyacrylate binding agent (Ibrahim
et al., 2013h); (iii) development of multifunc-
tion cellulosic pigment prints using Ag-, ZnO-,
ZrO2-, and TiO2-NPs individually and in the

presence of different binding agents (Ibrahim
et al., 2013i); (iv) enhancing antibacterial func-
tionality of pigment printed cotton, linen, and
viscose cellulosic fabrics by using an Ag-NPs/
PVP hybrid (Ibrahim et al., 2013a); (v) com-
bined antibacterial finishing and pigment
printing of cotton/polyester blends using
Ag-NPs/HBPAA (Ibrahim et al., 2013j); (vi)
reactive dyeing and antibacterial finishing of
cellulosic fabrics using Ag-NPs loaded on
HBPAA (Ibrahim et al., 2012c) in one step; (vii)
imparting multifunctional properties to
cellulose-containing fabrics using poly (acrylic
acid)/poly(ethylene glycol) adduct along with
Ag-NPs or TiO2-NPs (Ibrahim et al., 2012b);
and (viii) upgrading of antibacterial, UV pro-
tection, and self-cleaning properties of cotton
fabrics by treatment with silver-, silica-, and
titania-based sols by the dip-coating method
(Onar et al., 2011).

12.7.4 Mode of Action

The antibacterial effect of a biocidal agent
against harmful microorganisms such as bacte-
ria is generally a direct consequence of its abil-
ity to: (i) interact with the outer cell wall;
(ii) interact with cytoplasmic membrane; and/
or (iii) interact with cytoplasmic constituents
(e.g., nucleic acid, various enzymes, ribosomes).
All these interactions lead to the damage of spe-
cific target sites within the cell or cause overall
damage of the bacterial cell or even death of the
microorganism (Maillard, 2002).

12.7.4.1 Ag-NPs

Ag-NPs have been known to be effective
biocides against a wide range of microorgan-
isms such as: (i) bacteria (e.g., E. coli, S. aureus
[G1ve]); (ii) fungi (e.g., Candida albicans,
Aspergillus niger); (iii) viruses (e.g., hepatitis B,
HIV-1); and (iv) yeast (Marambio-Jones and
Hoek, 2010). The most common mechanisms of
the antibacterial activity of Ag-NPs proposed
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to date are: (i) cell wall damage and increase of
cell membrane permeability; (ii) accumulation
in the cell membrane, passing through it and
disturbing its proper functions; (iii) gradual
release of free Ag1 ions in the bacterial cells
followed by generation of reactive oxygen spe-
cies (ROS) in the presence of dissolved oxygen
(Dastjeradi et al., 2009; Ibrahim et al., 2012b;
Radetic, 2013):

O2ðaqÞ 1 4H3O
1 1 4Ag0-Ag1ðaqÞ 1 6H2O (12.12)

H2O1
1

2
O2 ���!

Ag1

H2O1 O½ � (12.13)

and (iv) interaction of uptaken Ag1 ions with
sulfur-containing proteins in the cell and
phosphorous-containing compounds like DNA,
thereby disrupting ATP production and DNA
replication, and finally leading to cell death
(Maillard, 2002; Morones et al., 2005; Marambio-
Jones and Hoek, 2010; Rai et al., 2009; Radetic,
2013). However, factors affecting the biocidal
activity of AgNPs include particle size, stability,
particle shape, surface chemistry, and capping
agents (Marambio-Jones and Hoek, 2010).

12.7.4.2 Metal Oxide-NPs

The antibacterial activity of metal oxide NPs
(e.g., ZnO, TiO2) is related to their photocataly-
tic nature and their ability to photogenerate
electrons and holes under UV/vis irradiation
and subsequent generation of extremely ROS
(e.g., �OH; �O2

2 ;H2O2, single oxygen) as
follows:

MO-NPs1hυ ���!UV=Vis

irradiation
h1 1 e2 (12.14)

H2O1h1-dOH1H1 (12.15)

O2 1 e2-dO2
2 1H1-HOd

2 (12.16)

2HOd
2-O2 1H2O2 (12.17)

thereby inhibiting the normal metabolism of
bacteria, oxidizing organic components in the
bacteria cell, and finally leading to the death of

bacteria (Erem et al., 2011; Montazer and
Pakdel, 2011; Selvam et al., 2012; Ibrahim et al.,
2013c). However, the abrasion effect of MO-
NPs on contact with the membrane cell wall
results in cell damage, alteration of cell wall
permeability, and release of Mn1 ions, which
cause the death of bacteria (Erem et al., 2011;
Ibrahim et al., 2013c).

12.8 POTENTIAL IMPLICATIONS

Potential applications of nanotechnology
and utilization of nanomaterials in the textile
fields for producing highly functional value-
added textiles that are on the market today
with properties such as antimicrobial function,
UV protection, self-cleaning ability, flame pro-
tection, water repellency/oil repellency, insect
repellency, super hydrophobicity, as well as
functionalized nanofibers for advanced appli-
cations are now growing. However, the grow-
ing public concerns about the possible negative
impacts and potential risks of preparation and
application of nanomaterials on the environ-
ment, human health and safety, and sustain-
ability (EHS/S) aspects have dramatically
increased. It is suspected that engineered nano-
particles (ENPs) could be unintentionally liber-
ated from nanoproducts because of external
impacts during the life cycle and then could
adversely affect EHS/S requirements (Morose,
2010; Chen et al., 2012; Köhler and Som, 2013).
The EHS/S negative impacts of nanomaterials
can derive from selection of starting materials,
NP preparation route, textile treatment pro-
cesses, extent of fixation, and finally subse-
quent use and disposal of the textile materials.
The scientific knowledge regarding ENP toxic-
ity, extent, and mechanism of their liberation
during the life cycle of the product, the possi-
ble side effects, the potential risks, and their
fate after release are insufficient and scarce.
Köhler and Som (2013) have proposed the fol-
lowing precautionary and preventative
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measures to avoid or minimize EHS/S risks
during the life cycle of nano-textiles: (i) in situ
generation of ENPs or using ENPs in liquid or
encapsulated form during the production
phase; (ii) search for ENP-free alternatives (i.e.,
source reduction to minimize the exposure to
the textile user during the use phase);
(iii) make sure that the loaded ENPs are per-
manently fixed onto the textile product by
functionalization to avoid recycling and dis-
posal problems without adversely affecting the
desired properties; (iv) reduce resource con-
sumption as well as waste generation (Morose,
2010); and (v) highlight principles and favor-
able conditions for responsible manufacturing,
handling, and use of ENPs, as well as disposal
of nanomaterials containing textiles.

12.9 EVALUATION OF
ANTIBACTERIAL EFFICACY

Various test methods have been developed
to demonstrate the antibacterial efficacy of
functionalized textiles against E. coli (G2ve)
and S. aureus (G1ve) bacteria as test microor-
ganisms. These tests broadly fall into two cate-
gories (Höfer, 2006; Gao and Cranston, 2008;
Lam et al., 2012): (i) the agar diffusion test,
expressed as zone of inhibition, as a prelimi-
nary qualitative methods (standard methods:
AATCC 147-2004 and JIS L1902-2002 and SN
195920-1992) and (ii) suspension tests,
expressed as bacteria counting, give a quantita-
tive assessment of efficacy antibacterial treat-
ment after incubation (standard methods:
AATCC 100-2004 and JIS L1902-2002 and SN
195924-1992).

12.10 FUTURE SCOPE

Application of green chemistry principles to
nanoscience is highly demanded and still a
challenge for future development of

environmentally friendly antimicrobial textiles.
The development and production of novel,
green, cost-effective functionalized nanomater-
ials, as well as their innovative diverse applica-
tion for large-scale production, taking into
consideration EHS/S concerns, are still a chal-
lenge for further development in the near
future.

The future development of the textile and
apparel industry, especially at the level of
SME, will strongly depend on adoption and
implementation of emerging technologies,
building new technology capabilities, and
transferring these high technologies into inno-
vative/multifunctional/value-added textile
products that meet the emerging eco-labeling
standards. Additionally, there is an urgent
need for sharing knowledge, exchanging best
practices, engaging with the textile industry,
facilitating the take-up of new technologies
and innovations to make the emerging technol-
ogies more affordable, and supporting collabo-
ration between international and national
standardization bodies to promote synergy in
handling EHS/S risks throughout the product
life cycle and to help the transition to more
sustainable, resource-efficient, and green mar-
kets for nano and smart-textiles.
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Höfer, D., 2006. Antimicrobial textiles—evaluation of their
effectiveness and safety. Curr. Probl. Dermatol. 33,
42�50.

Holme, I., 2007. Innovative technologies for high perfor-
mance textiles. Color. Technol. 123, 59�73.

Hu, B., Wang, S.B., Wang, K., Zhang, M., Yu, S.H., 2008.
Microwave assisted rapid facile “green” synthesis of
uniform silver-nanoparticles: self assembly into

multilayered films and their optical properties. J. Phys.
Chem. C 112, 11169�11174.

Hu, Z., Chan, W.L., Szeto, Y.S., 2008. Nanocomposite of
chitosan and silver oxide and its antibacterial activity.
J. Appl. Polym. Sci. 108, 52�56.

Huang, H., Yang, X., 2004. Synthesis of polysaccharide sta-
bilized gold and silver nanoparticles: a green method.
Carbohyd. Res. 239, 2627�2631.

Hudlikar, M., Joglekar, S., Dhaygude, M., Kodam, K., 2012.
Green synthesis of TiO2 nanoparticles by using aqueous
extract of Jatropha curcas L. latex. Mater. Lett. 75,
196�199.

Ibrahim, N.A., Gouda, M., El-shafei, A.M., Abdel-Fatah, O.
M., 2007. Antimicrobial activity of cotton fabrics con-
taining immobilized enzymes. J. Appl. Polym. Sci. 104,
1754�1761.

Ibrahim, N.A., Aly, A.A., Gouda, M., 2008. Enhancing the
antibacterial properties of cotton fabrics. J. Ind. Text. 37,
203�212.

Ibrahim, N.A., Gouda, M., Husseiny, Sh. M., El-Gamal, A.
R., Mahrous, F., 2009. UV-protecting and antibacterial
finishing of cotton knits. J. Appl. Polym. Sci. 112,
3589�3596.

Ibrahim, N.A., Amr, A., Eid, B.M., El Sayed, Z.M., 2010a.
Innovative Multifunctional treatments of ligno-
cellulosic jute fabric. Carbohyd. Polym. 82, 1198�1204.

Ibrahim, N.A., Fahmy, H.M., Abdel Rehim, M., Sharaf, S.S.,
Abo-Shosha, M.H., 2010b. Finishing of cotton fabrics
with hyperbranched poly (ester-amine) to enhance their
antibacterial properties and UV protection. Polym.
Plastic Technol. Eng. 49, 1279�1304.

Ibrahim, N.A., Mahrous, F., El�Gamal, A.R., Gouda, M.,
Husseiny, S.M., 2010c. Multifunctional anionic cotton
dyeings. J. Appl. Polym. Sci. 115, 3249�3255.

Ibrahim, N.A., 2011. Dyeing of textile blends. In: Clark, M.
(Ed.), Handbook of Textile and Industrial Dyeing, vol.2:
Applications of Dyes. Woodhead Publishers,
Cambridge, pp. 147�172.

Ibrahim, N.A., Eid, B.M., El-Zairy, E.R., 2011. Antibacterial
functionalization of reactive-cellulosic prints via inclu-
sion of bioactive neem oil/βCD complex. Carbohyd.
Polym. 86, 1313�1319.

Ibrahim, N.A., Eid, B.M., El-Batal, H., 2012a. A Novel
approach for adding smart functions to cellulosic fab-
rics. Carbohyd. Polym. 87, 744�751.

Ibrahim, N.A., Eid, B.M., Youssef, M.A., El-Sayed, S.A.,
Salah, A.M., 2012b. Functionalization of cellulose-
containing fabrics by plasma and subsequent metal salt
treatments. Carbohyd. Polym. 90, 908�914.

Ibrahim, N.A., Amr, A., Eid, B.M., Mohammed, Z.E.,
Fahmy, H.M., 2012c. Poly (acrylic acid)/poly (ethylene
glycol) adduct for attaining multifunctional cellulosic
fabrics. Carbohyd. Polym. 89, 684�660.

212 12. NANOMATERIALS FOR ANTIBACTERIAL TEXTILES

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES

http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref33
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref33
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref33
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref33
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref34
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref34
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref34
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref34
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref34
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref34
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref35
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref35
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref35
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref35
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref36
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref36
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref36
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref37
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref37
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref37
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref38
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref38
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref38
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref38
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref38
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref38
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref39
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref39
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref39
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref39
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref40
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref40
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref40
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref40
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref40
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref41
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref41
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref41
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref42
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref42
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref42
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref42
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref43
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref43
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref43
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref43
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref44
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref44
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref44
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref44
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref44
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref44
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref45
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref45
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref45
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref45
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref45
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref46
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref46
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref46
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref46
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref47
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref47
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref47
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref47
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref48
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref48
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref48
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref49
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref49
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref49
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref49
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref49
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref49
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref50
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref50
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref50
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref50
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref51
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref51
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref51
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref51
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref52
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref52
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref52
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref52
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref52
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref52
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref53
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref53
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref53
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref53
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref53
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref54
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref54
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref54
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref54
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref55
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref55
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref55
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref55
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref55
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref56
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref56
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref56
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref56
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref57
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref57
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref57
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref57
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref57
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref57
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref58
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref58
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref58
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref58
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref58
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref59
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref59
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref59
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref59
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref59
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref60
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref60
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref60
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref60
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref60
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref60
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref61
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref61
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref61
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref61
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref62
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref62
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref62
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref62
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref62
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref63
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref63
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref63
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref63
http://refhub.elsevier.com/B978-0-12-801317-5.00012-8/sbref63


Ibrahim, N.A., Eid, B.M., Abou Elmaaty, T.M., Abd El-
Aziz, E., 2013a. A smart approach to add antibacterial
functionality to cellulosic pigment prints. Carbohyd.
Polym. 94, 612�618.

Ibrahim, N.A., Eid, B.M., Youssef, M.A., Ameen, H.A.,
Salah, A.M., 2013b. Surface modification and smart
functionalization of polyester containing fabrics. J. Ind.
Text. 42, 353�357.

Ibrahim, N.A., Abou Elmaaty, T.M., Eid, B.M., Abd El-
Aziz, E., 2013c. Combined antimicrobial finishing and
pigment printing of cotton/polyester blends. Carbohyd.
Polym. 95, 379�388.

Ibrahim, N.A., Khalil, H.M., El-Zairy, E.M.R., Abdalla, W.
A., 2013d. Smart options for simultaneous functionaliza-
tion and pigment coloration of cellulosic/wool blends.
Carbohyd. Polym. 96, 200�210.

Ibrahim, N.A., Eid, B.M., Youssef, M.A., Ibrahim, H.A.,
Ameen, H.A., Salah, A.M., 2013e. Multifunctional fin-
ishing of cellulosic/polyester blended fabrics.
Carbohyd. Polym. 97, 783�793.

Ibrahim, N.A., El-Zairy, M.R., El-Zairy, W.M., Ghazal, H.
A., 2013f. Enhancing the UV-protection and antibacte-
rial properties of polyamide-6 fabric by natural dyeing.
Text. Light Ind. Sci. Technol. 2, 36�41.

Ibrahim, N.A., Amr, A., Eid, B.M., Almetwally, A.A.,
Mourad, M.M., 2013g. Functional finishes of stretch cot-
ton fabrics. Carbohyd. Polym. 98, 1603�1609.

Ibrahim, N.A., Khalil, H.M., El-Zairy, E.M.R., Abdalla, W.
A., 2013h. Smart options for simultaneous functionaliza-
tion and pigment coloration of cellulosic/wool blends.
Carbohyd. Polym. 96, 200�210.

Ibrahim, N.A., Eid, B.M., Abd El-Aziz, E., Abou Elmaaty,
T.M., 2013i. Functionalization of linen/cotton pigment
prints using nano-structure materials. Carbohyd.
Polym. 97, 537�545.

Ibrahim, N.A., Abou Elmaaty, T.M., Eid, B.M., Abd El-
Aziz, E., 2013j. Combined antimicrobial finishing and
pigment printing of cotton/polyester blends. Carbohyd.
Polym. 95, 379�388.

Jha, A.K., Prasad, K., Kulkarni, A.R., 2009. Synthesis of
TiO2 nanoparticles using microorganisms. Colloid Surf.
B-Biointerfaces 71, 226�229.

Josh, M., Ali, S.W., Rajendran, S., 2007. Antibacterial finish-
ing of polyester/cotton blend fabrics using neem
(Azadirachta indica): a natural bioactive agent. J. Appl.
Polym. Sci. 106, 793�800.

Joshi, M., Bhattcharyya, A., 2011. Nanotechnology—a new
route to high performance functional textiles. Text.
Prog. 34, 155�233.

Kawabata, A., Tylor, J.A., 2004. Effect of reactive dyes upon
the uptake and antibacterial action of poly (hexamethy-
lene biguanide) on cotton, part I: effect of bis (mono-
chlorotriazinyl) dyes. Color Technol. 120, 213�219.

Kaylon, B.D., Olgun, U., 2001. Antibacterial efficacy of tri-
closan incorporated polymer. Am. J. Infect. Control. 29,
124�125.

Khalil-Abed, M.S., Yazdanshenas, M.E., Nateghi, M.R.,
2009. Effect of cationization of silver nanoparticles on
cotton surface and its antibacterial activity. Cellulose.
16, 1147�1157.

Kharissova, O.V., Dias, H.V.R., Kharisov, B.I., Pérez, B.O.,
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13.1 INTRODUCTION

Nanoscale science shows growing potential
not only in industry but also in biological and
medicinal applications. Nanomedicine is a
relatively new part of medicine dealing with
nanoparticles that can be used for disease detec-
tion, prevention, and treatment of dangerous
diseases such as cancer (Yang et al., 2012).
Inorganic nanoparticles have many different
applications in medicine, including their use
as drug (Hajipour et al., 2012) or gene delivery
complexes, therapeutic hyperthermia agents,
and contrast agents in diagnostic systems.

Modern imaging techniques based on nanoparti-
cles allow detection of changes in tissues and
organs. For example, magnetic particles are an
appropriate approach in both imaging and tar-
geted transport of drugs. In addition, a combina-
tion of magnetic particles and quantum dots
(QDs) facilitates accurate localization of a tumor.

In vivo imaging is used for noninvasive evalu-
ation of structure and body organ function in a
living organism. There are many techniques
including optical fluorescence, positron emis-
sion tomography (PET), single photon emission
computed tomography (SPECT), magnetic
resonance imaging (MRI), magnetic resonance
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spectroscopy (MRS), and computed tomography
(CT) to investigate the anatomical or functional
changes in tissues. In these techniques, contrast
agents provide the imaging signal, for example,
fluorophores for optical imaging, radioisotopes
for SPECT, and paramagnetic particles for MRI
and high-density molecules for CT.

MRI is one of the most powerful and noninva-
sive diagnostic techniques for living organisms
based on the interaction of protons with the
surrounding molecules of tissues. The first MRI
contrast agents were paramagnetic complexes of
gadolinium (Gd31) and manganese (Mn21) (Kim
et al., 2009; De et al., 2011). Recently, magnetic
nanoparticles (MNPs) were also considered as
contrast agents for MRI because they take
advantage of property changes that occur when
materials are nano-scaled (Cormode et al., 2013).
In vivo investigations of bacterial infections
previously relied mostly on bioluminescence
imaging; however, in vivo bacteria tracking
(Hoerr et al., 2013) or monitoring of progress of
bacterial diseases (Ali et al., 2014) by MRI has
been utilized. The fluorescence microscopy and
flow cytometry are based on fluorescence marks
utilizing externally added fluorophores that
selectively bind to specific targets in tissues.
The near-infrared region of the spectrum
especially offers certain advantages for photon
penetration and semiconductor QDs are now
used for conjugation to targeting molecules
(Leblond et al., 2010) as well as bacteria imaging
(Wang et al., 2011; Zhu et al., 2012; Ong et al.,
2014). Very often, multimodal imaging is used
because a combination of two or more techniques
can bring better results reducing disadvantages,
which one of the techniques can possess.
The combination improves diagnostic and
therapeutic monitoring abilities. Most popular
nanostructured multimodal imaging probes are
combinations of MRI and optical imaging modal-
ities (Kim et al., 2009).

Nanoparticles can also be used for targeted
transport of drugs in organisms with the aim
to reduce side effects of drugs, improve

effectiveness, and increase circulation in the
blood stream. Liposomes are the oldest and the
most common type of lipid-based nanostructures
used for biomedical applications (Allen and
Cullis, 2013). Liposomes have the advantage of
being able to contain hydrophobic drugs at the
lipid bilayer itself and hydrophilic drugs inside
the lipid bilayer; furthermore, cationic liposomes
electrostatically bind anionic nucleic acids to
their surface (Namiki et al., 2011). Delivery
devices made from polymers are an attractive
option because they degrade and gradually dis-
appear after delivery. Of these polymers, poly
(ε-caprolactone), poly(lactic acid), poly(glycolic
acid), and their copolymers have been among
the most extensively researched due to their
biocompatibility, biodegradability, and regula-
tory approval (Brewer et al., 2011). Other poly-
mers based on biological polysaccharides have
been extensively investigated, including chito-
san, cyclodextrin, and dextrans (Malam et al.,
2009). Carbon nanotubes have also attracted
attention because of their unique properties as
one of the most promising nanomaterial for a
variety of biomedical applications. Application
of carbon nanotubes for the delivery of drugs to
their site of action has become one of the main
areas of interest of many researchers (Madani
et al., 2011; Zhang et al., 2013).

13.2 SYNTHESIS OF METAL
NANOPARTICLES,

CHARACTERIZATION, AND
MODIFICATION

In the past few years, MNPs have become a
very useful tool in a variety of research areas
such as biotechnology, biomedicine, MRI, in
waste water treatment, and in information tech-
nology. The superparamagnetic nanoparticles
have a fast response to a magnetic field. They
randomize their directions and become neutral
again almost immediately after the field is
turned off because the thermal energy will flip

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES

218 13. COMPLEXES OF METAL-BASED NANOPARTICLES



the dipoles in random directions (Jeong et al.,
2007; Lu et al., 2007). Magnetic particle size,
biocompatibility, and monodispersity are criti-
cal parameters determining their use in bio-
medical applications (Tartaj et al., 2003). There
are different synthesis methods such as co-pre-
cipitation, thermal decomposition, micro-emul-
sion, sol�gel, or microwave synthesis. Co-
precipitation is a convenient way to synthesize
iron oxides (either Fe3O4 or γ-Fe2O3) from aque-
ous Fe21/Fe31 salt solutions by the addition of a
base under inert atmospheres at room tempera-
ture or at higher temperatures (Lu et al., 2007).
For example, ultra-small magnetite particles
(2�4 nm) can be prepared by reaction of FeCl3
and FeCl2 aqueous solutions with a concentration
ratio of 2:1 and drop-by-drop addition into
200 mL of an alkali solution under vigorous stir-
ring for 40 min at a controlled temperature (20�C,
40�C, 60�C, or 80�C). Particles show high crystal-
linity and superparamagnetism (Wu et al., 2008).
Nigam et al. (2011) developed a single-step pro-
cess for preparation of biocompatible citric acid-
�functionalized Fe3O4 aqueous colloidal MNPs.
Citrate-stabilized MNPs could offer an effective
tool for hyperthermia treatment. Positively
charged drugs can be trapped onto the surface of
negatively charged nanoparticles through electro-
static interactions. Drug-bound molecules can
then be released in the acidic environment of the
tumor (Nigam et al., 2011; Behdadfar et al., 2012).

Thermal decomposition is another synthesis
route for smaller nanoparticle preparation.
For example, with decomposition of metal acet-
ylacetonates in boiling organic solvents in the
presence of stabilizing surfactants, the uniform
MNPs can be prepared (Roca et al., 2006;
Behdadfar et al., 2012). MNPs approximately
9 nm in size have been synthesized in water
using the hydrothermal reduction method in
the presence of citric acid as a nonexpensive
and nontoxic reducing agent and stabilizer
(Behdadfar et al., 2012).

In the absence of any surface coating, MNPs
have hydrophobic surfaces with a large surface

area-to-volume ratio. Due to the hydrophobic
interactions, the particles agglomerate and form
large clusters, resulting in increased particle
size and thus sometimes lose the superpara-
magnetic properties. For effective stabilization
of MNPs, often a coating is desirable. The
coating procedure can be performed either
during or after the synthesis of the particle. The
coating also provides required properties for
subsequent bioconjugation and further functio-
nalization. Various biological molecules such
as antibodies, proteins, targeting ligands, and
others may be bound to the surfaces of nano-
particles by chemically coupling via amide or
ester bonds to make the particles target-specific
(Akbarzadeh et al., 2012).

In general, synthesis of different kinds of
nanoparticles is as follows: any synthesis starts
with a mixture of metal salts and usually
capping ligands, after which the addition of a
reducing agent or a change in pH causes
formation of nanoparticles. Sometimes light irra-
diation, heating, or microwaves are necessary for
synthesis. For example, syntheses of gold nano-
particles in water solution are based on the
Turkevich method (Turkevich et al., 1951). A
solution of chloroauric acid is heated to boiling
and sodium citrate is added, reducing the gold
ions and forming nanoparticles in a few minutes.
The resulting citrate-capped nanoparticles are in
a narrow size range and, according to the condi-
tions, particles in the range of 15�150 nm can be
produced. The citrate-capped gold nanoparticles
are not too stable, but the capping citrate can be
easily displaced with the desired coating mate-
rial to make stable, biocompatible nanoparticles.
The Turkevich method can be modified and thus
nanoparticles of different shapes, such as nanor-
ods or stars, can be prepared (Jana et al., 2001;
Nehl et al., 2006). Gold nanoparticles can be
covered with a gadolinium complex of cysteine
diethylenetriaminepentaacetic acid because sul-
fur binds to gold very strongly (Park et al., 2010).
MRI-active gold nanoparticles were also
prepared directly by reduction of chloroauric
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acid in water in the presence of a thiol-
containing gadolinium complex (Alric et al.,
2008; Park et al., 2008; Cormode et al., 2013).

Nanoparticles can be prepared using vari-
ous physicochemical methods (Mahl et al.,
2012), but their synthesis using nontoxic and
environmentally friendly methods is attrac-
tive, especially if they are intended for inva-
sive applications in medicine. Several
methods have been developed for biological
or biogenic synthesis of nanoparticles from
salts of the corresponding metals. Thus,
microorganisms, plants, plant tissue, fruits,
plant extracts, and marine algae can be used
to produce nanoparticles. The reducing agents
involved include the various water-soluble
plant metabolites (e.g., alkaloids, phenolic
compounds, terpenoids) and coenzymes.
Silver and gold nanoparticles have been the
particular focus of plant-based syntheses.
Extracts of a diverse range of plant species
have been successfully used in making nano-
particles (Mittal et al., 2013).

The optical properties of QDs depend on their
size and their composition, which allows the
tuning of the emission wavelength. Organic
solvents or water can be used for synthesis of
QDs. In the case of organic solvents, QDs are cov-
ered with hydrophobic ligands and ligand substi-
tution is then necessary to prepare biocompatible
QDs for medicinal purposes. As an example of
organic solvent preparation is the hot injection
method (Park et al., 2007); dimethyl cadmium
and trioctylphosphine selenide are injected into
the hot (300�C) trioctylphosphine oxide (TOPO)
solvent. The resulting QDs are capped with
TOPO and are dispersible in organic solvents.
QDs can be prepared under reflux that requires a
long reaction time and there are many surface
defects on synthesized QDs that result in lower
photoluminescence quantum yield. That is why
the microwave synthesis is very often used for
production of high-quality QDs in a much short-
er time (Zhu et al., 2002; Huang and Han, 2010).

The size of QDs can be easily tuned by changing
the parameters of the microwave heating. The
growth of the QDs stops when the microwave
irradiation is turned off and the product is cooled
down. The most frequent types of QDs synthe-
sized using microwave irradiation are CdTe,
CdSe, Zn12xCdxSe, and ZnSe. These QDs are
mostly covered with thiol ligands such as mer-
captopropionic acid, mercaptosuccinic acid, or
glutathion (Qian et al., 2006; Ryvolova et al., 2012;
Krejcova et al., 2013).

13.3 INTERACTION OF METAL
NANOPARTICLES WITH CELL
COMPONENTS AFFECTING

CELLULAR PROCESSES

Sondi and Salopek-Sondi (2004) were among
the first to describe silver nanoparticles (AgNPs)
activity against Escherichia coli and to propose
a likely explanation of observed effects. The
authors revealed formation of “pits” in the bacte-
rial cell wall and accumulation of AgNPs in the
cellular membrane that led to an increase of its
permeability and eventually to the death of bac-
terial cells. Also, they attempted to understand
their mechanism of action. Presently, there are
three main explanations that have been pro-
posed to describe the antibacterial activity:
(i) direct interaction of AgNPs with the bacterial
cell membrane, causing subsequent membrane
damage and complexation with components
located inside the cells; (ii) interaction with thiol
(2SH) groups and production of reactive oxygen
species (ROS) (Banerjee et al., 2010); and
(iii) release of silver ions that inhibit respiratory
enzymes and also generate ROS (Pal et al., 2007).

Size-dependent activity of AgNPs was
reported in many articles with smaller NPs
having higher activity; this result may be
explained by a relative increase in contact sur-
face area (Liu et al., 2010). Shameli et al. (2012)
demonstrated the antibacterial activity of
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different sizes of AgNPs in polyethylene glycol
against Gram-positive (Staphylococcus aureus)
and Gram-negative (Salmonella typhimurium)
bacteria by the disc diffusion method.
They reported the significant inhibition in
growth of both these pathogens and concluded
that the antibacterial activities of AgNPs in
polyethylene glycol can be modified by con-
trolling the size of nanoparticles because the
activity of AgNPs decreases with the increase
in the particle size.

Similarly, in bacteria, disturbances in mem-
brane penetration may also lead to internalization
of nanoparticles and subsequent intracellular
effects, including ROS generation, interaction
with �SH groups, inhibition of protein synthesis,
and interaction with phosphorus-containing
molecules, such as DNA.

The general understanding of the mode of
action of AgNPs is that the NPs become
attached to the sulfur-containing proteins on
the bacterial cell wall, leading to increased
permeability of the membrane, and finally
causing cell death (Banerjee et al., 2010). In
addition, Ag1 ions have been reported to
induce generation of intracellular ROS in bac-
terial cells (Morones et al., 2005). A few
reports have suggested Ag1 ions as the
actual biocidal species, which are provided
by active surfaces of AgNPs and silver oxide
present on the surfaces of these nanoparti-
cles. The silver ions enter the bacterial cells,
where they are reduced as the cell attempts
to remove them from the cell interior, eventu-
ally leading to cell destruction (Smetana
et al., 2008). However, Banerjee et al. (2010)
have recently demonstrated that AgNPs less
than 10 nm in diameter make pores in the
bacterial cells walls, thereby releasing the
cytoplasmic content to the medium and lead-
ing to the cell death without affecting the
intracellular and extracellular proteins and
nucleic acids of the bacterium (Banerjee et al.,
2010). A schematic summary of multiple

bacterial actions of Ag1 ions or AgNPs is
shown in Figure 13.1.

13.4 BIOCHEMICAL MECHANISM
OF TOXICITY TO PROKARYOTIC

CELLS

Use of metal nanoparticles represent a suitable
tool for protection against bacterial infection,
which is big threat for the human body and its
immune system. It can lead to removal of extrem-
ities. Bacterial infections are caused by a wide
range of pathogenic bacteria like Staphylococcus
(its resistant varieties MRSA, VRSA), E. coli, and
Streptococcus. Staphylococci dispose with the resis-
tance to many antibiotic drugs like β-lactam anti-
biotics; especially dangerous varieties are
methicillin-resistant S. aureus (MRSA) and
vancomycin-resistant S. aureus (VRSA). Because
of the increasing resistance ability of bacteria, it is
necessary to focus research on the search for new
antimicrobial drugs (Chudobova et al., 2014b).
Substitutions for antibiotics must be bactericidal
and safe for the human body at the same time.
Mechanisms of inhibition must be different from
that of antibiotics.

Toxicity of metal nanoparticles is caused by
interaction of specific metals with cell structures
(Rouch et al., 1995). Metals enter the cell in two
different ways (Nies and Silver, 1995).
Nonspecific transporters allow metals to enter
the cell via chemoosmotic gradient; this way
allows transporting of heavy metals as well
(Schreurs and Rosenberg, 1982). This path pro-
vides fast transport of metal to the cells through
the plasmatic membrane (Nieboer and
Richardson, 1980). It is able to transport metal
nanoparticles from the cell in case of excess.
This system is called “open gate,” and it
explains the cause of the metal toxicity. Another
type of metal transport is specific, slower than
“open gate,” consumes energy, and is used only
when necessary (lack of nutrients) (Nies, 1999).
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The main mechanism of metal toxicity—lipid
peroxidation—involves the reaction of oxygen
with polyunsaturated fatty acids (parts of cell
membrane), which forms oxygen radicals. Other
structures of the cells interact and are damaged
by oxygen radicals.

13.5 OXIDATIVE STRESS AND
FORMATION OF ROS BY METAL

NANOPARTICLES

The most widely known bactericidal mecha-
nism of the silver ion is its interaction with the
thiol groups of the L-cysteine residues of pro-
teins and consequent inactivation of their enzy-
matic functions (Liau et al., 1997). Although

some other bactericidal mechanisms of silver
ions such as the release of potassium (Russell
and Hugo, 1994) and bonding to DNA
(Arakawa et al., 2001) have also been reported,
intracellular ROS generation by silver ions is
strongly supported by the following reasons:
(i) silver ions were found to induce an increase
in the respiration rate because of the uncoupling
of the respiratory chain, followed by cessation
of respiration (Matsumura et al., 2003; Holt and
Bard, 2005) and (ii) the interaction between sil-
ver ions and the thiol group could interrupt
essential enzymes in the respiratory chain, such
as NADH and succinate dehydrogenase,
thereby obstructing adequate electron transfer
to oxygen (Bragg and Rainnie, 1974; Messner
and Imlay, 1999). Although these are plausible
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FIGURE 13.1 AgNPs showing multiple bactericidal actions. Adapted from Rai et al. (2012).
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reasons for ROS generation, very little experi-
mental evidence of silver-induced intracellular
ROS generation and consequent bactericidal
activity have been demonstrated. These
mechanisms of the silver effect can be exerted
in combination or otherwise, specifically in cer-
tain conditions where one mechanism occurs
but the other does not, for example, thiol inter-
action but no ROS generation in anaerobic
conditions. Therefore, to fully develop the anti-
microbial activity of silver ions, more research
to quantify the contribution of each mechanism
and to determine the interrelations between the
mechanisms is necessary. However, these
attempts are still restricted by the limited
understanding of silver�ion-mediated intracel-
lular ROS generation.

ROS are a group of short-lived reactive oxi-
dants that include the superoxide radical (O2

2 ),
hydroxyl radical (OH), hydrogen peroxide
(H2O2), and singlet oxygen (1O2). ROS can be
generated directly or indirectly inside cells,
and oxidative stress results from an imbalance
between ROS generation and cellular defensive

functions, including those of antioxidant
enzymes and antioxidants. Oxidative stress
engenders many problems in cells, such as pro-
tein damage, DNA damage, and lipid peroxi-
dation (Sies, 1997), and it is the major
mechanism for bacterial killing by many drugs
and antibiotics (Kohanski et al., 2007).

E. coli has been widely used as a model sys-
tem to study the oxidative stress�related bac-
tericidal phenomenon. E. coli has two distinct
oxidative stress�sensory systems, namely,
SoxR and OxyR, which are sensor-regulator
proteins that respond to superoxide radicals,
nitric oxide, and hydrogen peroxide by activat-
ing the defense regulon genes (Bauer et al.,
1999; Storz and Imlay, 1999; Pomposiello and
Demple, 2001). SoxR, a superoxide and nitric
oxide radical sensor protein, induces only one
gene, soxS, on exposure to superoxide radicals
and nitric oxide. The SoxS protein acts as a
transcription factor and then activates a set of
superoxide-inducible genes, including sodA
(superoxide dismutase), acnA (aconitase A),
and nfo (endonuclease IV) (Figure 13.2).

SoxR
inactive

SoxR
active

soxR

soxR

soxS

soxS

soxR

SoxS

Superoxide
Nitric oxide

Superoxide
dismutase

Endonuclease IV

Efflux pumps

G6PD

micF
Increased resistance

to redox-cycling agents,
antibiotics and macrophage-

generated nitric oxide

FIGURE 13.2 The soxRS regulon.
The soxRS locus is composed of the
divergently transcribed soxR and soxS
genes. The SoxR protein is produced
constitutively and is activated on
exposure to superoxide-generating
agents or nitric oxide (NO). The oxi-
dized form of SoxR enhances the tran-
scription of the soxS gene, the product
of which is also a transcriptional acti-
vator. The SoxS protein activates tran-
scription of genes that increase the
resistance to oxidants. Additionally,
activation of the SoxS-regulated genes
increases the resistance to antibiotics
and macrophage-generated NO.
G6PD, glucose-6-Pdehydrogenase.
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However, OxyR is activated by hydrogen
peroxide and alkyl hydroperoxide, and it
induces the expression of genes, including
oxyS (small regulatory RNA), katG (catalase),
ahpCF (hydroperoxide reductase), grxA (glutar-
edoxin I), and gorA (glutathione reductase).
The activities of these sensor proteins have
been assayed, mostly by using the reporter
fusions of their direct targets, that is, soxS and
oxyS promoters, to monitor the intracellular
ROS generation (Koo et al., 2003).

13.6 ANTIBACTERIAL EFFECT OF
METAL NANOPARTICLES IN
COMPLEX WITH CHITOSAN

Nanotechnology represents the ability to
design, manipulate, and model functionalities
on the nanometer scale. This discipline includes
the study of nanoparticles, which can be classi-
fied as particles with a size less than 100 nm.
Such particles with an antimicrobial function
have received considerable attention within a
range of diverse fields, including medicine and
dentistry. For example, the antimicrobial prop-
erties of metal nanoparticles have been sug-
gested to be due to their size and high surface-
to-volume ratio. In theory, these characteristics
should allow them to interact closely with
microbial membranes and thus elicit an antimi-
crobial effect that is not solely due to the release
of metal ions (Allaker and Memarzadeh, 2014).

Metal nanoparticles interact with cellular
components (DNA, RNA, and ribosomes), deac-
tivate, and effectively inhibit the cellular pro-
cesses (Das et al., 2013). From the point of view
of antimicrobial activity, the excellent results
exhibit the metal nanoparticles at nanomolar
concentrations. It is necessary to obtain the cor-
rect dimensions of the nanoparticles to avoid
agglomeration, which significantly reduce the
antimicrobial effect. The general mechanism of
metal nanoparticle action has not been fully
understood. However, several theories are

known on the basis of damage of the microbial
enzymes by the release of metal ions, change in
the integrity of the membrane, penetration into
the bacterial cytoplasm, and accumulation in the
periplasmic space or the formation of ROS by
the effect of metal nanoparticles. Metal nanopar-
ticles display more antimicrobial effects on G1

bacteria than on G2 bacteria. The effects are
reflected by inhibition of cell division. The aim
of this study is to compare the antimicrobial
properties of different types of metal nanoparti-
cles (silver, selenium, copper, or zinc nanoparti-
cles) on the bacterial strains S. aureus and E. coli.

13.6.1 Chitosan

Chitosan is a cationic polysaccharide poly-
mer composed of glucosamine and N-acetyl
glucosamine linked with a β-1-4-glycosidic
linkage obtained from chitin by deacetylation
of chitin in the presence of alkali (Crini and
Badot, 2008; Bonilla et al., 2013). Chitin is a bio-
polymer presented in the exoskeleton of crusta-
ceans such as crabs, shrimp, and crawfish
(Choi et al., 2001; Andrews et al., 2002). The
positive charge of chitosan affords the polymer
numerous physiological and biological proper-
ties (Honary et al., 2011). It is a biopolymer
that is biocompatible and can be degraded by
enzymes in the human body and the degrada-
tion products are nontoxic. Chitosan films and
complexes have a great potential to be used as
active material in medicine because of its anti-
microbial activity, nontoxicity, and low perme-
ability to oxygen (Kanatt et al., 2012). It has
attracted considerable interest because of its
antimicrobial and antitumor activities and its
immune-enhancing effects (Suzuki et al., 1986;
Jeon et al., 2001; No et al., 2002).

The exact mechanism for the antibacterial
activity is not yet fully understood. Some studies
have suggested that a positive charge on the
NH1

3 group of the glucosamine monomer at
pH ,6.3 allows interactions with negatively
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charged microbial cell membranes that lead to
the leakage of intracellular constituents
(Papineau et al., 1991; Sudarshan et al., 1992;
Helander et al., 2001; Liu et al., 2004).

Other studies suggest that polymer exhibits
antimicrobial activity by binding to the nega-
tively charged bacterial cell wall, followed by
attachment to the DNA, inhibiting its replica-
tion (Kurita et al., 1993). Also, the molecular
weight and concentration of the used chitosan
influences the antimicrobial effect (Honary
et al., 2011; Sanchez-Gonzalez et al., 2011).
For improvements in the bioactivity of chito-
san, it is often combined with other bioactive
materials such as drugs. However, there is no
direct evidence for such effect.

In the study by Banerjee et al. (2010), synergy
in antimicrobial activity of a chitosan�AgNP
composite in the presence of molecular iodine
was reported. Green fluorescent protein expres-
sing recombinant E. coli bacteria have been used
to test the efficacy and establish the mechanism
of action. Experimental evidence indicated signif-
icantly high bactericidal activity of the nanocom-
posite in the presence of iodine due to the
composite, chitosan, AgNPs, or iodine only.
Transmission electron microscopy measurements
revealed attachment of bacteria to the composite.
In addition, flow cytometry results supported
definite occurrence of cell wall damage of the
bacteria treated with the composite in the
presence of iodine. Further, the nanocomposite
and iodine combination was found to exert
ROS-generated oxidative stress in the cytoplasm
of bacterial cells, leading to cell death.
Elucidation of the mechanism of synergy due to
three potential antibacterial components sug-
gested that on the surface of AgNPs, molecular
iodine possibly generated iodine atoms, thus
contributing to free radical�induced oxidative
stress, whereas chitosan and AgNPs facilitated
the process of cell killing and thus collectively
enhanced the potency of antimicrobial effects at
the lowest concentrations of individual compo-
nents (Figure 13.3).

In another study, Mathew and Kuriakose
(2013) investigated the antibacterial effect of
AgNP encapsulated in chitosan against S. aureus
and E. coli and against fungal species such as
Aspergillus flavus and Aspergillus terreus. This
study showed that AgNP encapsulated in
chitosan can be used for antibacterial and anti-
fungal applications. In a further study, hybrid
ZnO/chitosan nanoparticles were generated on
cotton fabrics, and they showed higher antimi-
crobial activity against S. aureus and E. coli
when compared with ZnO NPs alone (Petkova
et al., 2014).

13.7 EFFECT OF METAL
NANOPARTICLES IN SPECIFIC

EXAMPLES

13.7.1 Silver Nanoparticles

More than 1,300 nanotechnology-enabled
products have already entered the market.
Silver is well-known for its significant antimi-
crobial activity and therapeutic potential. By
far, the most commonly utilized commercial
nanomaterials are antimicrobial AgNPs
(Klasen, 2000; Silver, 2003; Ip et al., 2006). The
release of silver ions by the nanoparticles has
been proposed, and these ions can interact
with many vital enzymes and inactivate them
(Shi et al., 2004). Silver ions enter the bacterial
cell; they inhibit several functions in the cell
and damage the cell membrane. Even low
concentrations of silver are very effective as a
germicidal agent. The antimicrobial effect of
silver ions or AgNPs was confirmed by several
studies (Chudobova et al., 2013a, b, 2014a).

There is a wide range of microorganisms
sensitive to silver. Silver has been identified to
possess a good potential for treating cancer.
Long-term exposure of AgNPs larger than 20 nm
to eukaryotic cells may affect them negatively. A
combination of AgNPs with a biopolymer like
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chitosan is a possible solution for its eukaryotic
or prokaryotic toxicity (Chudobova et al., 2013b).

It was observed that AgNPs can be used
as an effective growth inhibitors for various
microorganisms, and AgNPs possess high anti-
bacterial activity against Gram-positive and
Gram-negative bacteria (Hetrick et al., 2008;
Chudobova et al., 2013a, b, 2014a). An effective
biocidal concentration has a nanomolar level,
in contrast to a micromolar level, of silver ions.
Silver particles without coating are highly reac-
tive and easily oxidized by air, leading to loss
of dispersibility and antimicrobial effects (Kim
et al., 2007; Sharma et al., 2009). It is possible to
stabilize bare silver particles against degrada-
tion by bonding with other agents.

13.7.2 Selenium Nanoparticles

Selenium is an essential micro-mineral ele-
ment that is relatively deficient in most areas

of the world. Selenium has a large number of
biological functions in the human organism.
The most important and known action is its
antioxidant effect because it forms selenocysteine,
part of the active center of the glutathione peroxi-
dase enzyme (Kryukov et al., 2003). In these
enzymes, selenium is a catalyst of the oxidation
of glutathione and the reduction of hydrogen
peroxide to water. Its functions include regula-
tion of metabolism, improvement of immunity,
enhancement of reproductive performance, can-
cer prevention, resistance to free radicals, detoxi-
fication of some heavy metals, and prevention of
some local epidemic diseases (Navarro-Alarcon
and Lopez-Martinez, 2000; Mater et al., 2005).

Selenium is a naturally occurring essential
element that is needed for a healthy life; the
FDA recommends daily intake of selenium. A
deficit of selenium is associated with an
increased risk of mortality, poor immune func-
tion, and cognitive decline. Selenium particles
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FIGURE 13.3 Schematic representation of the proposed mechanism of antibacterial activity of the iodinated
chitosan�AgNP composite. Adapted from Banerjee et al. (2010).
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are able to damage bacterial biofilm and inhibit
bacterial growth (Tran et al., 2009; Tran and
Webster, 2011; Chudobova et al., 2014a).
Selenium atoms or complex substances can gen-
erate a superoxide that is toxic to cancer cells,
bacteria, and viruses (Spallholz et al., 2001).

Selenium-modified materials are able to
show antimicrobial effects (Chudobova et al.,
2014a). Selenium has been studied for various
medical applications and as a potential mate-
rial for orthopedic implants (Perla and
Webster, 2005) and anticancer applications.
Selenium as a dietary supplement has been
demonstrated to reduce the risks of various
types of cancers, including prostate cancer,
lung cancer, and esophageal and gastric-
cardiac cancers (Clark et al., 1996, 1998; Wei
et al., 2004; Rayman, 2005; Yang et al., 2009).
Selenium-enriched probiotics have been shown
to strongly inhibit the growth of pathogenic
E. coli in vivo and in vitro.

13.7.3 Copper Nanoparticles

Copper nanoparticles demonstrate extraordi-
nary performance as antibacterial and antimi-
crobial agents (Majzlik et al., 2010, 2011).
Nanoparticles are transferred to various
substrates to be used in practical applications.
The most commonly used substrates are poly-
meric beads prepared from methacrylic acid
and divinylbenzene, silica-coated hollow poly-
styrene beads, polystyrene�divinylbenzene ion
exchangers, activated carbon granules, carbon
aerogels, and silica beads. These substrates have
been impregnated ex situ with metal nanoparti-
cles (Khare et al., 2014). Copper nanoparticles
play a dual role: (i) they act as an antibacterial
agent, although less effectively than other metal
nanoparticles and (ii) they enhance the porosity
(internal surface area and pore volume) in the
beads such that the dispersed AgNPs in the
beads are relatively more accessible to bacteria
(Khare et al., 2014).

In comparison with silver, few studies have
reported the antimicrobial properties of cop-
per. Copper may have a similar principle of
action as that of silver; however, the precise
mechanism regarding how copper nanoparti-
cles cause activity against microorganisms is
unclear. As with silver, it is thought that cop-
per acts by combining with the �SH groups of
key microbial enzymes. Studies demonstrated
superior antimicrobial activity of copper nano-
particles against E. coli and spore-forming
Bacillus subtilis compared with AgNPs (Allaker
and Memarzadeh, 2014).

In recent studies, AgNPs were also used to
prepare a metal-doped TiO2 photocatalyst for
bacterial (E. coli) disinfection under visible light
irradiation. However, AgNPs are expensive. The
use of a cheaper metal, such as copper, instead
of expensive silver in a metal-doped TiO2

photocatalyst without a significant decrease in
the disinfection activity could contribute to the
development of cheaper photocatalysts for prac-
tical uses. Copper ions and copper nanoparticles
have exhibited high antibacterial activity against
a wide range of bacteria, including Salmonella
enterica, Campylobacter jejuni, E. coli, Listeria mono-
cytogenes, and S. aureus. Copper is also an essen-
tial metal element for human health and is
considered a low-toxicity metal in human
organisms and is used in intrauterine devices
(Pham and Lee, 2014).

Copper nanoparticles can be easily mixed
with polymers and are relatively stable in
terms of both chemical and physical properties.
They may be particularly valuable antimicro-
bial agents because they can be prepared with
extremely high surface areas of unusual crystal
morphologies (Nezhad et al., 2014).

13.7.4 Zinc Nanoparticles

Zinc is an important trace element in the
human body. Zinc shows attractive antimicrobial
properties that are utilized in several
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pharmaceutical and cosmetic products. Zinc is
also an endogenous metal that is involved in
many physiological phenomena. It is involved
in vivo in more than 300 enzymatic reactions as a
cofactor (Haase et al., 2008). The proposed
mechanisms of antibacterial activity with respect
to zinc nanoparticles include generation of ROS
and damage to the cell membrane with subse-
quent interaction of the nanoparticle with the
intracellular contents (Allaker and Memarzadeh,
2014). Zinc is commonly used in the pharmaceu-
tical industry as carrying agents, smoothing
agents, and a protective coating. It is commonly
used to treat diaper rash, acne, and minor burns
(Arad et al., 1999). An advantage of zinc is its
low price and easy clearance (Sawai et al., 1998).
The mechanism of antimicrobial toxicity of zinc
is caused by the generation of hydrogen perox-
ide (Sawai et al., 1995). It was found that this
method could be applied as a simple means of
inferring and classifying the influences and dam-
age induced by physical and chemical stresses,
because each stress induces different changes in
the sensitivities of bacterial cells to antibiotics
(Tapiero and Tew, 2003).

Recent studies confirm the higher concentra-
tion of zinc nanoparticles for growth inhibition
and the killing effect against a range of patho-
gens including E. coli and MRSA.

13.8 CONCLUSION

The demand for antimicrobial agents with
the same effect as antibiotic drugs is rapidly
increasing. Metal nanoparticles dispose antimi-
crobial properties, leading to reduction in the
risk of bacterial infection. Currently, testing for
their antimicrobial efficacy is incorporated into
a range of studies performed by research
groups worldwide. Potential toxicity of metal
nanoparticles to eukaryotic cells can be solved
by the formation of a complex with a biopoly-
mer substance like chitosan. The future of

nanotechnology and the use of metal nanopar-
ticles in practice will be directed to ensure
maximal antimicrobial effects with minimal
toxicity for the host organism.
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14.1 INTRODUCTION

In 2011, UNAIDS announced a target of
reaching 15 million people with antiretroviral
treatment by 2015. If this promise is reached,
then it is estimated that up to 12 million infec-
tions and more than 7 million deaths can be
averted by 2020. The total number of new
infections would be reduced to more than half
by 2015 if this attempt is successful. The treat-
ment is mainly based on the use of approved
conventional oral solid dosage forms of
antiretrovirals.

HIV mainly infects immune cells (e.g.,
T4-lymphocyte), which have CD4 receptors on
their surface, because this protein helps viruses
to bind to cells and replicate once HIV DNA is
integrated in the cell’s DNA. Other organs that
are infected by HIV are lymph nodes, brain,
kidney, lungs, genitals, and others. The infec-
tion cycle of HIV includes five steps: binding,

reverse transcription, integration, transcription
and translation, viral assembly and maturation.
In the binding stage, HIV binds to a CD41/CC
chemokine receptor CCR5 or the CXC chemo-
kine receptor or CXCR4 surface receptor, and it
activates other proteins on the cell’s surface,
which allows the HIV envelope to fuse to the
cell. The entire entry process is completed
within 1 h of virus contact with the cell.
Antiretroviral drugs which stop this binding
are called as entry inhibitors. In the reverse-
transcription stage, the viral capsid that con-
tains the RNA and important enzymes are
released into the host cell. A viral enzyme
called reverse transcriptase makes a DNA copy
of the RNA. This new DNA is called “proviral
DNA.” Nucleoside reverse-transcriptase inhibi-
tors (NRTIs) and non-nucleoside reverse-
transcriptase inhibitors (NNRTIs) class drugs
are used to stop this transcription, thereby
avoiding further new infection. In the third
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stage, called integration, the formed HIV pro-
DNA is then transported to the cell’s nucleus.
The viral enzyme called integrase hides the
proviral DNA in the cell’s DNA. Integration
can be blocked by integrase inhibitors. In
the fourth stage of transcription and transla-
tion, generally occurs over the next 10�15 h
of infection, the strands of viral pro DNA in
the nucleus separate and special enzymes
create a complementary strand of mRNA.
Transcription can be blocked by new class of
drugs called antisense antivirals or transcrip-
tion inhibitors (TIs). In the translation part,
each mRNA strand orders production of a cor-
responding string of new viral protein chains
that are required to make a copy of new HIV
virus. In the last stage of viral assembly and
maturation, long strings of proteins are cut
into smaller proteins of different functional

group-like structural elements of new HIV by a
viral enzyme called protease, whereas others
become enzymes, such as reverse transcriptase.
These new viral particles are assembled with
all components; they bud off the host cell and
create a new virus. The virus then enters the
maturation stage, where the processing of
viral proteins takes place. Viral assembly can
be blocked by protease inhibitors (PIs). Few
industries are involved in development of anti-
HIV drugs called maturation inhibitors. The
first approved antiretroviral was introduced in
1996; since then, almost 30 FDA-approved anti-
retroviral drugs are available (Figure 14.1).

In 2012, almost 9.7 million people received
antiretroviral therapy. However, in 2013 only
34% (32�37%) of the 28.6 million people received
treatment. According to 2012, an estimated 35.3
(32.2�38.8) million people were living with HIV

Entry inhibitors
CD4binding agents

(Pro-542, BMS-378806 TNX-355)
CCR5 binding agents

PSC/ AOP / NNY-RANTES TAK-779,
Maraviroc, Pro-140
Fusion inhibitors

Enfuvirtide, T-1249, 5-Helix 

Reverse transcriptase
NNRTI: delavirdine, efavirenz, etravirine, nevirapine,
rilpivirine, emivirine
NRTI: abacavir, lamvudine, didanosine, stavudine,
emitricitabine, entecavir, zidovudine, tenofovir, stampidine

Integration inhibitors
Eivetegravir, Raltegravir, MK-
2048

Transcription
inhibitors
ALX40-4C, CGP64222, L50,
RNAi, DRB

Protease inhibitor
Atazavir, fosamprenavir,
ritonavir, lopinavir,
nelfinavir, saquinavir,
indinavir

Virus assembly
and production
Bovirimat, vivecon

FIGURE 14.1 HIV replication cycle and categories of drugs developed to control the particular stage of cycle.
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globally. However, there has been a 33% decline
in new infections (2.3 million in 2012) globally
compared with 2001 (3.4 million). A decline in
the number of AIDS deaths have also seen, with
1.6 million AIDS deaths in 2012 (2.3 million in
2005). This is because of an increase in access to
life-saving antiretroviral therapy compared with
previous years using when various HIV/AIDS
health programs were used. In 2012, an esti-
mated US $18.9 billion was available for HIV
programs in low-income and middle-income
countries—a 10% increase since 2011 (da Costa
et al., 2012; UNAIDS, 2013). The good news is
that new infections and HIV/AIDS related
deaths are declining, but there are still several
unanswered questions regarding drug resistance
in this population and whether HIV can be
completely cured or if it remains in a latent stage.
There are links between cured infections, new
infections, and mother-to-child disease transmis-
sion. The duration of treatment and role of HIV
programs have been debated.

14.2 CURRENTANTIRETROVIRAL
CHEMOTHERAPY

As discussed earlier, anti-retrovirals are distrib-
uted into six distinct classes based on their
molecular mechanism and resistance profiles
(Table 14.1). FDA-approved antiretrovirals
include: (i) NRTIs; (ii) NNRTIs; (iii) integrase
inhibitors; (iv) PIs; (v) fusion inhibitors; and
(vi) co-receptor antagonists. A new class of
antiretroviral called maturation inhibitors is under
research. Antiretrovirals are prescribed as single
drugs or as combinations depending on the dis-
ease stage and severity.

The development of reverse-transcriptase
inhibitors and protease transcriptases began in
the mid -1990s has revolutionized the overall
efficacy and durability of antiretroviral therapy.
Highly active antiretroviral therapy (HAART), a
combination antiretroviral treatment approach,
dramatically suppresses viral replication and
reduces the plasma HIV-1 viral load to ,50

RNA copies/mL, resulting in a significant
reconstitution of the immune system. A com-
bination of three drugs was found to be more
effective than two-drug regimens. It is esti-
mated that one mutation is introduced for every
1,000�10,000 nucleotides synthesized, resulting
in 1�10 mutations in each viral genome with
every replication cycle. The accumulation of
latent virus in cellular compartments and organ
reservoirs significantly contributes to the patho-
genic disease state in a later stage of treatment.

The small-molecule and antibody-based
attachment inhibitors like BMS-378806 and TNX-
355 can target Gp120 and CD4. Both these
compounds have been tested in clinical trials;
however, they have not been approved for
human use. Gp41 and CCR5 are targets for
fuzeon and maraviroc, which belong to the
fusion inhibitor and small-molecule CCR5
chemokine receptor antagonist class. HIV
maturation is effectively blocked by inhibitor
betulinic acid by attacking the viral plasma
membrane, which is currently a widely studied
area. At the molecular level, resistance mainly
occurs by amino acid substitutions such as L100,
K101, K103, E138, V179, Y181, and Y188 in the
NNRTI-binding pocket of reverse transcriptase.
HIV-1 protease initiates the cleavage of the viral
gag and gag-pol polyprotein precursors during
virion maturation. For PI resistance, mutations
occur at sites like D30N, G48V, I50V, V82A, or
I84V. These molecular targets can be used in
developing new antiretrovirals. Three antago-
nists named VCV, MVC, and Aplaviroc showed
promising results in humans by affecting virus
replication (Arts and Hazuda, 2012). Gag pro-
teins of HIV are held together by zinc finger and
are involved in binding and assembly of viral
RNA in new virus. These zinc fingers are located
in cellular proteins and are functioned to capture
zinc ions, thereby contributing to the capacity of
the protein to bind to RNA or DNA. The special
class of antiretroviral called zinc finger inhibitors
is being developed. Zinc fingers can prevent Gag
protein functioning, stop capturing, and packag-
ing of new HIV genetic material. Thereby, zinc
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TABLE 14.1 List of Antiretroviral Drugs Used in HIV/AIDS Chemotherapy

Drug Brand name Manufacturer

NRTIs

Emtricitabine, FTC Emtriva Gilead Sciences

Tenofovir disoproxil fumarate and
emtricitabine

Truvada

Tenofovir disoproxil fumarate, TDF Viread

Lamivudine, 3TC Epivir GlaxoSmithKline

Lamivudine and zidovudine Combivir

Abacavir and lamivudine Epzicom

Abacavir sulfate, ABC Ziagen

Zidovudine/azidothymidine/AZT/ZDV Retrovir

Abacavir, zidovudine, and lamivudine Trizivir

Enteric coated didanosine/ddI EC Videx EC Bristol-Myers Squibb

Didanosine, dideoxyinosine, ddI Videx

Stavudine, d4T Zerit

Zalcitabine, dideoxycytidine, ddC Hivid Hoffmann-La Roche

NNRTIs

Rilpivirine Edurant Tibotec Therapeutics

Etravirine Intelence

Delavirdine, DLV Rescriptor Pfizer

Efavirenz, EFV Sustiva Bristol-Myers Squibb

Nevirapine, NVP Viramune (immediate release) Boehringer Ingelheim

Viramune XR (Extended Release)

PIs

Atazanavir sulfate, ATV Reyataz Bristol-Myers Squibb

Tipranavir, TPV Aptivus Boehringer Ingelheim

Indinavir, IDV, Crixivan Merck

Saquinavir mesylate, SQV Invirase Hoffmann-La Roche

Lopinavir and ritonavir, LPV/RTV Kaletra Abbott Laboratories

Ritonavir, RTV Norvir

Darunavir Prezista Tibotec, Inc.

Nelfinavir mesylate, NFV Viracept Agouron Pharmaceuticals

Fosamprenavir Calcium, FOS-APV Lexiva GlaxoSmithKline

Amprenavir, APV (no longer marketed) Agenerase

(Continued)
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fingers help disruption of the nucleocapsid of
HIV, which leads to the production of a dysfunc-
tional virus that cannot infect new cells.

Gilead Sciences Inc. services the major portion
of the world’s HIV/AIDS drug needs and in
2010 achieved $6.3 billion in drug sales, repre-
senting almost 40% of the market. They have
approximately 60 HIV drugs in various stages of
development. GlaxoSmithKline is another big
pharma company that is active in the antiretrovi-
ral field; the new drug dolutegravir, an integrase
inhibitor also known as S/GSK1349572, recently
entered the market. Tivicays (dolutegravir) was
approved by the US FDA and by Health Canada
in 2013. In late 2013, based on the results of four
pivotal phase III studies of dolutegravir, the
Committee for Medicinal Products for Human
Use (CHMP) of the European Medicines Agency
(EMA) issued a positive opinion to regulatory
authorities. Immunomedics Inc. has collabora-
tions with Karolinska Institute in Sweden regard-
ing a new class of antiretroviral drugs that

prevent further viral infection. In developing
countries, generic versions of antiretroviral drugs
including zidovudine, didanosine, stavudine,
and lamivudine are being produced and, accord-
ing to GBI Research, they are estimated to have
represented 46% of the global HIV market in
2010. The current market growth of 7% during
2011�2018 has been forecasted. Stribild is a mul-
ticlass combination drug with Elvitegravir that is
boosted with cobicistat; it is a once-per-day pill
made by Gliead Sciences. Selzentry UK-427857
developed by Pfizer comprises maraviroc and is
the first CCR5 receptor antagonist on the market.
This entry inhibitor blocks entry of HIV from
entering white blood cells. Raltegravir (Isentress,
formerly MK-0518), an integrase inhibitor, was
launched by Merck & Co. In 2011, it received
approval for pediatric use in a 2013 (phase II
trial), its effects in multiple sclerosis were evalu-
ated. New products are being launched and
clinical trials are being performed; however, all
of them are based on a conventional oral solid

TABLE 14.1 (Continued)

Drug Brand name Manufacturer

FUSION INHIBITORS

Enfuvirtide, T-20 Fuzeon Hoffmann-La Roche and
Trimeris

ENTRY INHIBITORS—CCR5 CORECEPTOR ANTAGONIST

Maraviroc Selzentry Pfizer

HIV INTEGRASE STRAND TRANSFER INHIBITORS

Raltegravir Isentress Merck & Co., Inc.

Dolutegravir Tivicay GlaxoSmithKline

HAART COMBINATION PRODUCT

Efavirenz, emtricitabine, and tenofovir
disoproxil fumarate

Atripla Bristol-Myers Squibb and
Gilead Sciences

Emtricitabine, rilpivirine, and tenofovir
disoproxil fumarate

Complera Gilead Sciences

Elvitegravir, cobicistat, emtricitabine,
tenofovir disoproxil fumarate

Stribild

abacavir sulfate, dolutegravir sodium,
lamivudine (ABC/DTG/3TC)

Triumeq ViiV Healthcare/GlaxoSmithKline
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dosage form and none of them is based on a
nanotechnology approach.

14.3 NANOTECHNOLOGY IN HIV
CHEMOTHERAPY—WHY?

Looking at the major failures in clinical trials,
it seems that vaccine research will take another
one or two decades to find a safe and effective
candidate that would reach the market.
Currently, there is no ideal cure for HIV/AIDS.
The complete eradication of the virus from the
body is not possible with the currently available
antiretroviral therapies. As stated, combination
antiretroviral therapy can dramatically improve
treatment, but it has certain limitations such as
lifetime therapy, major side effects, and ineffec-
tiveness in virus resistance cases. HAART is
manly associated with major adverse effects
and co-infections cause increased rates of heart
disease, diabetes, liver disease, and cancer.
Nanotechnology-based specific treatments can
be used to cure HIV infections and co-
infections. A virus in the latent state in CD41 T
cells and cells of the macrophage�monocyte
lineage cannot be killed by HAART and needs
special delivery systems that can reach these
cellular and organ sites. The other organs
that harbor latent HIV are lymphoid tissue,
testes, liver, kidney, lungs, gut, and the central
nervous system (CNS). In the past two decades,
rigorous research and development has been
performed in the area of microbicides, resulting
in many effective topical microbicides candi-
dates that are currently in clinical trials.

Nanotechnology is a widely studied and eval-
uated platform in an emerging multidisciplinary
field of science. It allows engineering and manu-
facturing of drug delivery systems within a nano-
meter range and sometimes allows flexibility to
experiment at the atomic and molecular levels. It
has been revolutionized over the decades in
main disease areas such as photodynamic ther-
apy, gene therapy, immunotherapy, vaccinology,
and cancer therapy. Many contributions have

been made by laboratory research regarding
exploring the potential of nanotechnology for
the treatment and prevention of HIV/AIDS.
However, there are several challenges and ques-
tions concerning the potential of nanotechnology
to provide more effective treatments for HIV/
AIDS. Nanotechnology is being explored for anti-
retroviral therapy (oral/parenteral/transdermal
route/pulmonary), vaccine delivery, and micro-
bicides. Novel approaches for identifying new
antigens and adjuvants for better HIV therapy
are being studied; these approaches mainly suffer
from drug delivery and formulation stability
issues. Now is the time to explore nanotechnolo-
gical platforms and their potential in HIV
treatment and prevention. HIV/AIDS therapy
desperately needs nontoxic, sustained drug
release systems that are effective during viral
latent stages to avoid lifetime antiretroviral ther-
apy. Targeting at the cellular and organ levels
could solve many issues related to current single-
dose therapy and HAART. A number of research
groups have evaluated and are evaluating the
potential of nanoparticles (Figure 14.2) for HIV

BCS-1

Emitricitabine
Zidovudine
stavudine

BCS-2
Efavirenz
Nevirapine
Dapivirine
Rilpivirine
Raltegravir
Ritonavir

BCS-3

Tenofovir
Maraviroc
Abacavir
Lamivudine

BCS-4
Etravirine

Nanocrystals
Polymeric nanoparticles
Solid lipid nanoparticles

Nanostructured lipid carriers
Micelles

Liposomes
dendrimers

Gold/silver, iron,
calcium and silica

nanoparticles

FIGURE 14.2 Overview of antiretroviral drugs classi-
fied as per the biopharmaceutical classification system
(BCS) system and literature reported nanotechnology-
based drug delivery systems developed for antiretrovirals.
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therapy at preclinical stages; however, no efforts
have been successful in reaching clinical trials.
Overall, the nanoparticle platform shows promis-
ing results and it is worth exploring its potential
at preclinical and clinical levels. The role of nano-
particles and their specific benefits have been
evaluated individually.

14.4 NANOPARTICLE RESEARCH

14.4.1 Drug Targeting and Prolong
Circulation

Drug targeting entails accumulation of a drug
at a particular organ or cell. The prolonged resi-
dence of the drug in systemic circulation
involves the stealth nature of the system
(Figure 14.3). Both approaches provide unique
benefits and have limitations. Several attempts
are made to use this type of targeting or pro-
longed circulation for antiretroviral drugs. In a
recent study, rilpivirine (TMC278) nanosus-
pensions, 200 nm, are prepared and are stabi-
lized by polyethylene�polypropylene glycol
(poloxamer 338) and polyethylene glycolylated
(PEGylated) tocopheryl succinate ester (TPGS
1000) (van’t Klooster et al., 2010). A single-dose

administration of the drug in the form of
nanosuspensions in dogs and mice resulted in
release over 3 months in dogs and 3 weeks in
mice. This formulation can offer lower dosing
frequencies and can help to improve adherence.
Nanosuspension is a widely studied platform
for treatment of infectious and noninfectious dis-
eases (Shegokar, 2013). Lipoid E80 stabilized
indinavir nanosuspension could deliver the
drug to various tissues when loaded into macro-
phages and injected intravenously to mice. An
increased amount of drug was found in the
lungs, liver, and spleen. However, the single
dose of the nanoparticle-loaded macrophages
showed significant antiviral activity up to 14
days in the brain when administered intrave-
nously in an HIV-infected mouse model (Dou
et al., 2007).

The mannose- and galactose-coated stavu-
dine liposomes (size, 100�200 nm) showed
improved cellular uptake compared with free
drugs. A significantly higher amount of the
drug is found in liver, spleen, and lungs (Garg
et al., 2006). Similar attempts were also made
for zidovudine. A mannose-targeted zidovudine
liposome resulted in increased accumulation in
lymph nodes and spleen (Jain et al., 2008; Kaur
et al., 2008). An in vitro study show that a

Antiretroviral
nanocarriers

Slow release in
blood

Endocytosis

Nanoparticle
degradation in
lysosomes Antiretroviral

drug release

Intracellular
HIV

Endocytic
vesicle

PEGylate NP escape phagocytosis and
remain in circulation

FIGURE 14.3 Mechanisms of drugs targeting 1) uncoated nanoparticles and 2) long circulation (PEGylation) of antiretro-
virals using nanotechnology-based drug delivery systems.
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mannose-targeted poly (propyleneimine) efavir-
enz dendrimer can effectively deliver the drug
to human monocytes/macrophages and showed
almost 12-fold increase in cellular uptake com-
pared with free drugs (Dutta et al., 2007).
The tetra-peptide tuftsin (Thr�Lys�Pro�Arg)
decorated dendrimer was effective for targeting
macrophages (Dutta et al., 2008). In vitro experi-
ments showed sixfold prolonged release and 34-
fold increase in cellular uptake. An anti-HIV
effect of the surface-modified dendrimer was
seven fold higher than that for free drugs.

Another attempt was made to target
macrophages, which serve as a major reservoir
for HIV. A peptide-based nanocarrier was devel-
oped where a drug is conjugated to the backbone
of peptide�PEG and N-formyl-methionyl-leucyl-
phenylalanine (fMLF). An fMLF is a bacterial
peptide sequence for which macrophages express
a receptor. Surface-modified, fMLF-targeted
peptide�PEG nanoparticles resulted in increased
cellular uptake and accumulation in liver, kidney,
and spleen compared with uncoated nanoparti-
cles (Wan et al., 2007).

14.4.2 Drug Solubility Enhancement

Wet milling technique is used to dimunate
particles, thereby increasing the surface area and
solubility. Ritonavir nanosuspension was pro-
duced by bead milling technique in the presence
of poloxamer 407. Ritonavir drug particle size
was reduced from 52 μm to 385 nm with PDI
of 0.268 (2 25.4 mV) after 2 h of milling at
3,000 rpm. The drug solubility was significantly
increased after milling and was found to be
1.62 mg/mL. Nanosuspension was resistant to
the dilution and freeze�thaw experiment. The
drug release profile from nanosuspension was
much faster (91% in 60 min) compared with (28%
in 60 min) that of pure drug (Prakash et al., 2013).

Efavirenz is a BCS class II drug, has low
solubility of 0.9 μg/mL, and has a low intrinsic
dissolution rate of 0.037 mg/cm2/min. It was co-
processed with sodium lauryl sulfate (SLS) and

polyvinylpyrrolidone (PVP) co-micronization to
improve dissolution properties. The final particle
size of drug processed with SLS was much smal-
ler compared with PVP, and both sizes existed in
the micron range. Both materials formed a
hydrophilic layer around the insoluble drug par-
ticles, resulting in several times higher dissolu-
tion compared with unprocessed drug (da Costa
et al., 2013). Madhavi et al. prepared solid disper-
sions of Efavirenz by using the solvent evapora-
tion method using PEG 6000 at a different ratio.
Drug release was significantly increased from
16% to 70% when converted to solid dispersions,
and the proposed effect could be due to the
encapsulation of amorphous particles into the
hydrophilic matrix (Madhavi et al., 2011).

Natural biopolymer obtained from seeds of
Buchanania lanzan was used as a stabilizer to
form zidovudine nanosuspension. The solvent
evaporation method was used to formulate
nanosuspensions (Tyagi and Madhav, 2013).
At the end of 8 h, up to 85�95% release was
obtained depending upon the composition of
formulation. Unfortunately, no information on
solubility was discussed in this article. Another
antiretroviral drug saquinavir possesses only
4% of bioavailability; to enhance its in vivo
effects, it was encapsulated in a nanostruc-
tured lipid carriers (NLCs) (165 nm) by a
high-pressure homogenization technique. The
permeability of saquinavir was significantly
increased when tested in an enterocyte-like
model (Caco-2 monolayers) and the FAE
monolayers (Caco-2/Raji cell co-culture)
model. The size-dependent accumulation was
observed in Caco-2 cells. According to the
author, it is the first kind of mechanistic study on
NLC transport across intestinal models in vitro
(Beloqui et al., 2013). The antiretroviral drug
nevirapine was processed as nanosuspensions
(457 nm) by Shegokar and Singh (2011a) using
high-pressure homogenization. The nanosus-
pension showed improved bioavailability in
Wistar rats and improved accumulation in pri-
mary macrophages due to increased drug
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solubility (Shegokar and Singh, 2011b).
Nanosuspensions were scaled-up to pilot scale
using varied capacity homogenizers and were
compared with milling technique (Shegokar
et al., 2011a,b). Nanosuspensions were further
converted into dry powder by fluid bed drying
for oral application for parenteral application
(after reconstitution with water for injection) by
lyophilization. The stability of nanosuspensions
upon sterilization was also studied (Shegokar
and Singh, 2012a).

Other solubility enhancement attempts were
made for ritonavir (Fukushima et al., 2008;
Ilevbare et al., 2013; Rodriguez-Spong et al.,
2008; Sinha et al., 2010), nevirapine (Raju et al.,
2014), efavirenz (Alves et al., 2014; Chiappetta
et al., 2011), 5-chloro-3-phenylsulfonylindole-2-
carboxamide (Obitte et al., 2013), and lopinavir
(Jain et al., 2013).

14.4.3 Transport Across Blood�Brain
Barrier

SLNs of stavudine (175�393 nm) on oral
administration of a single dose of 4 mg/kg
body weight showed accumulation in tissues of
heart, liver, spleen, lung, kidney, brain, GI
track, muscle, bone marrow, and lymph node.
The main organ includes kidney, liver, lymph
nodes, and spleen. The levels detected for
nanoparticles are much higher than that for
pure drug. Nanoparticles crossed the
blood�brain barrier (BBB) and showed drug
levels (689 ng) 2 h after administration. The
total amount of stavudine in liver, spleen,
lungs, bone marrow, and lymph nodes was
approximately 60% of the total dose after 2 h
and was only 19% for pure drug. Lipid nano-
particles increased the cellular uptake and
organ targeting when drug was encapsulated
(Dandagi et al., 2012). Nevirapine nanosuspen-
sions surface-modified with bovine serum albu-
min (BNS) showed superior accumulation
in brain compared with uncoated drug. The
drug levels lasted for more than 24 h in brain.

The AUC(brain)-to-AUC(blood) ratio of BNS
was found to be 9.33. The formulation BNS
showed almost 21-fold enhancement in gamma
count at the end of 1 h (with AUC0�24 of
194.74 counts h/g) with prolonged MRT of
7.043 h. The clearance rate was observed to be
very slow for the nanosuspension coated with
serum albumin. None of the other nanosuspen-
sion formulations (coated with PEG, dextran)
showed levels in the brain. In another study,
saquinavir was delivered to brain microvascular
endothelial cells in the form of transferrin-
conjugated quantum rods (Mahajan et al., 2010),
nevirapine as transferrin decorated PLGA nano-
particles to the brain (Kuo et al., 2011), and
methyl methacrylate�sulfopropyl methacrylate
nanoparticles surface-modified with RMP-7 to
deliver stavudine, delavirdine, and saquinavir
across the BBB (Kuo and Lee, 2012).

14.4.4 Toxicity Reduction and Dose
Reduction

Various attempts were made to encapsulate
antiretroviral drugs into nanoparticles, thereby
increasing the efficacy and targeting that
resulted in an ultimate effective dose required to
reduce the viral burden. Some of these studies
include poly(lactide-co-glycolide) nanoparticles
containing ritonavir, lopinavir, and efavirenz,
amorphous dispersion of efavirenz prepared
using spray-drying technology, solid dispersions
by solvent evaporation, and physical mixture
methods using PEG as the hydrophilic carrier
(Maı́ra Assis da Costa et al., 2013).

Shegokar et al. encapsulated stavudine into
solid lipid nanoparticles (SLNs) to target the
viral reservoirs and to reduce toxicity associated
with pure drug. Lipid nanoparticles were pre-
pared by hot pressure homogenization at labora-
tory scale and scaled up successfully at pilot
batch size (Shegokar et al., 2011a,b), and were
stable for more than 3 years at room tempera-
ture and refrigeration conditions. The studies on
cellular uptake and in vivo biodistribution
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showed enhanced cellular uptake and targeting
potential for both coated (with albumin, dextran,
and PEG) and uncoated solid lipid nanoparticles
(Figure 14.4). An acute toxicity study showed no
signs of abnormal behavioral or physiological
changes after dose administration over the
observation period of 14 days. The acute dose
toxicity experiment confirmed that at 25-times
higher dose than that of the therapeutic dose of
the developed lipid formulations had no phar-
macotoxic signs, rendering them pharmacologi-
cally safe. None of the animals from repeated
dose toxicity studies showed abnormal behav-
ioral or physiological changes on the day of
dose administration and thereafter over the
period of 28 days. The histological observations
on day 28 confirmed complete recovery of the
animals, as evident from absolutely normal con-
ditions of the tissues. The developed uncoated
and coated lipid nanoparticles were safe for
administration over the required therapeutic
schedule, with few mild and self-limiting patho-
logical effects (Shegokar and Singh, 2012b).

Polylysine heparin�functionalized solid
lipid nanoparticles (fSLNs; 153 nm, 251 mV)
were developed as a vaginal microbicide by a

layer-by-layer deposition method. At selected
concentrations, more than 80% cell viability
was observed compared with the positive con-
trol. The LDH membrane integrity assay
showed very low levels, whereas positive con-
trol showed 15% LDH release. The developed
nanoparticles were found to be less toxic com-
pared with the positive control. This effect is due
to the entrapment of the drug in the lipidic bio-
degradable matrix (Alukda et al., 2011). Kasongo
et al. (2011b) developed NLC composed of
Precirols ATO 5 and Transcutols HP for deliv-
ery of didanosine to the CNS. In vitro protein
adsorption studies showed incorporation of ddI
in NLC to facilitate brain targeting. Data
obtained from 2D PAGE analysis revealed that
DDI-loaded NLC preferentially adsorb proteins
in vitro that are responsible for specific brain
targeting in vivo (Kasongo et al., 2011a).

However, efavirenz nanosuspensions pre-
pared by freeze-drying techniques showed
improved bioavailability, thereby improving
targeting and reducing resultant doses (Patel
et al., 2014). da Costa et al. (2012) observed an
improvement in dissolution of efavirence after
co-micronization with polyvinyl pyrrolidone

0

5

10

15

20

25

30(A) (B)

%
 c

el
lu

la
r 

up
ta

ke

Drug solution SLN Surface modified SLN

FIGURE 14.4 Photomicrograph of primary macrophages after uptake of stavudine lipid nanoparticles at 30 min (A)
and percentage of cellular uptake of uncoated and surface-modified (coated) drug-loaded lipid nanoparticles (B).
A histopathology photomicrograph of the spleen in the left corner of the graph shows no sign of pathology in the spleen
after repeated administration of uncoated lipid nanoparticles for 28 days.

242 14. NANOTECHNOLOGY—IS THERE ANY HOPE FOR TREATMENT OF HIV INFECTIONS OR IS IT SIMPLY IMPOSSIBLE?

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES



(PVP) and sodium lauryl sulfate. Efavirenz solid
lipid nanoparticles of 124 nm showed fast
absorption in vivo (Gaur et al., 2014). Nelfinavir
mesylate (pKa 14) nanocrystals 1192 740 nm/
23 mV in size were prepared by the ball milling
(30 min) technique to improve bioavailability
profile, which is associated with solubility
enhancement. Nanosuspensions were stabilized
by poloxamer 407, and could successfully stabi-
lize drug particles as dispersions and also on
redispersion when freeze-dried using mannitol
as cryoprotectant. The solubility of the drug was
increased to 8 mg/mL, a two-times higher
increase (Naresh et al., 2013). Nevirapine nano-
suspensions (772 nm) prepared by solvent evapo-
ration method, showed improved drug release
(Chowdary, 2013). Rit-NLC was prepared by
sonication method and freeze-dried in the pres-
ence of mannitol (6%, w/v) for oral delivery sys-
tem (Walimbe et al., 2012). Unfortunately, no
information on in vivo data is reported; it is
expected that the lipid carrier helps to reduce
associated toxicity in vivo.

14.4.5 Metallic Nanoparticles in
Chemotherapy

Different types of fullerene-based (C-60) struc-
tures, dendrimers, and inorganic nanoparticles,
such as gold and silver, showed promising anti-
HIV activity. However, these effects are limited
to in vitro studies in inhibiting HIV replication.
The reported metals for anti-HIV action are sil-
ver (Lara et al., 2010; Galdiero et al., 2011), gold
(Vijayakumar and Ganesan, 2012), and copper
(Mastro, 2010). Readers are requested to refer
other chapters in this book which covers use of
metallic nanoparticles in HIV therapy.

14.4.6 Gene Therapy

Gene therapy is another promising
approach for treatment of HIV/AIDS therapy,
using nucleic acid�based compounds like

DNA, siRNA, RNA decoys, ribozymes, and
aptamers or protein-based fusion inhibitors
and zinc-finger nucleases. It can also be used
to interfere with viral replication. Viral vectors
and RNAi can target the various stages of the
viral replication cycle or can be directed to the
cellular targets like CD4, CCR5, and/or
CXCR4. A fusion protein with a peptide trans-
duction domain was used to deliver siRNA to
T cells and resulted in CD4-specific and CD8-
specific siRNA responses and showed no
adverse effects. Single-walled carbon nano-
tubes showed 90% knockdown of CXCR4 and
60% knockdown of CD4-specific siRNA in
human T cells and peripheral blood mononu-
clear cells. Amino-terminated carbosilane den-
drimers (with interior carbon silicon bonds)
was successfully tested for delivery of siRNA to
HIV-infected lymphocytes and showed promis-
ing results. Gene therapy can exhibit synergistic
effects if used in combination with chemother-
apy or as an adjuvant therapy. Nanoparticles
play important role in gene therapy.

14.4.7 Immunization

This approach involves use of immunomodu-
latory agents to modulate an immune response.
The most common approach is by delivery
of cytokines like IL-2, IL-7, and IL-15 or
antigens. PEG stabilized poly(propylene sulfide)
polymer nanoparticles and cross-linked polymer
nanoparticles with a pH-responsive core and
hydrophilic charged shell. Nanoparticles of
the co-polymer poly(D,L-lacticide-co-glycolide)
are used as a platform for immunization therapy.
HIV p24 protein adsorbed on the surface of sur-
factant free anionic poly(D,L-lactide) (PLA) nano-
particles showed efficient delivery of antigens
and enhanced cellular and mucosal immune
responses. A successful example of nanoparticles
that reached clinical trials is the DermaVir patch.
It has targeted nanoparticles composed of poly-
ethyleimine mannose, glucose, and HIV antigen
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coding DNA plasmid B100 nm in size, and it
has now entered phase II trials. Preclinical stud-
ies and phase I clinical trials confirmed safety
and tolerability of the DermaVir patch.

14.4.8 Vaccines

The preventive HIV/AIDS vaccine suffers
from various challenges like viral strain and
sequence diversity, viral evasion of humoral and
cellular immune responses, and lack of methods
to elicit broadly reactive neutralizing antibodies
and cytotoxic T cells. In addition to formulation
and stability issues of the nanoparticulate drug
delivery system in body fluids, nanoparticles
present a major opportunity for delivery of anti-
gen, initiation of immune responses, and can be
adapted for various routes of administration.
Currently, various lipid-based systems have
been explored for HIV/AIDS vaccine delivery.

In one study, nasal immunization of mice
with the HIV gp160 protein liposome com-
posed of cholesterol, sphingomyelin, phospha-
tidylethanolamine, phosphatidylcholine, and
phosphatidylserine resulted in high titers of
gp160-specific neutralizing antibody responses.
In another study, the HIV gp41 proteins
were delivered in the form of liposomes
(110�400 nm), which exhibited strong antibody
responses in mice and rabbits. Immunization
with CpG ODN delivered through lipo-
somes (made of 1-(2-[oleoyloxy] ethyl)-2-oleyl-
3-(2-hydroxy-ethyl) imidazolinium chloride
(DOTIM) and cholesterol). Nanoemulsion
(B350 nm) composed of cetylpyridinium chlo-
ride and soybean oil was used for delivery of
gp120 protein through the nasal route. Both
forms elicited strong immune responses.
Another candidate, MF59, in the form of nanoe-
mulsion is approved for its use in more than 20
countries as an adjuvant for an influenza vac-
cine. Polymeric nanoparticles based on PLA
and PLGA were used to deliver protein and

DNA showed strong cytotoxic T-cell responses.
Surface modification with p24 and gp120 pro-
teins on PLA nanoparticles exhibited high anti-
body titers. In a separate study, polystyrene
nanospheres (B350 nm) coated with inacti-
vated HIV particles were used for nasal immu-
nization (Miyake et al., 2004). Figure 14.5 lists
vaccine candidates presently being tested in
various phases of clinical trials.

14.4.9 Microbicide

There are more than 40 microbial candidates
in preclinical trials and almost 12 candidates
in clinical trials. The first dendrimer-based
microbicide gel tested clinically, SPL7013
(Vivagel, Starpharma Holdings Ltd., Melbourne,
Australia), is a lysine-based dendrimer with
naphthalene disulfonic acid surface groups and
can be engineered with optimized potency
against HIV and HSV89. In a phase I clinical
trial, it was found to be safe and well tolerated in
healthy women, with no evidence of systemic
toxicity or absorption. PSC-RANTES encapsu-
lated PLGA nanoparticles; B260 nm is being
explored for use as a microbicide. A similar type
of polymeric nanoparticles is also used for
delivery of siRNA and showed sustained gene
silencing for up to 14 days. Beta-cyclodextrin-
based (beta-CD) drug delivery system was
used to improve solubility of UC781. Various
antiretroviral drugs showed their presence in
development of microbicide, including ritonavir,
tenofovir, and stavudine (Cohly et al., 2003).

Chinsembu and Hedimbi (2009) gathered
information on 36 plant families containing 46
plant species with known anti-HIV active com-
pounds and known modes of action. Topical
microbicides that can be self-administered are
being developed as a subset of pre-exposure pro-
phylaxis strategies that together with vaccines
might significantly reduce HIV infection.
Praneem is a combination of herbal extracts that
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has undergone phase I and phase II safety and
acceptability studies (Weblink1). Similarly,
another polyherbal cream and stavudine micro-
bicidal gel showed promising HIV activity
(Talwar et al., 2008; Shegokar and Singh, 2015).
All of the studied candidates are conventional.
Nanotechnology can offer enhanced activity if
encapsulated in polymeric or lipidic form.
Herbal candidates are no exceptions if formula-
tion issues are solved. Use of nanotechnology in
developing herbal microbicides is in the prelimi-
nary stages and is expected to increase in coming
years.

14.5 INDUSTRYAPPROACH AND
COMMERCIALIZATION SUCCESS

In the past decades, nanotechnology has
been rigorously explored for its effectiveness
in diagnosis, treatment, and monitoring of
disease. Different types of nanoparticle delivery
systems are in their infancy, whereas liposomes
and polymer-based nanoparticles are being used
in various approved therapies including cancer.
At Liverpool University, SLNs are developed
using freeze-drying or spray-drying of emul-
sions. These antiretroviral drug nanoparticles
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FIGURE 14.5 Overview of vaccine candidates in clinical trials for prophylaxis of HIV/AIDS.
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can reduce overall drug dose and offer benefits
for pediatric administration. These nanoparticles
are robust during large-scale GMP production
and stability testing at different storage condi-
tions to support clinical documentation in
2014 (Weblink2). Recently, two global pharma-
ceutical companies have developed once-per-
month long-acting nanoformulations for use in
chronic diseases like HIV. Two of such
HIV drugs are now in later stages of develop-
ment. Many active firms, such as AbbVie,
ViiV Healthcare, Merck & Co., Inc., Janssen
Therapeutics, Bristol-Myers Squibb, Gilead
Sciences, Inc., Salix Pharmaceuticals, Inc., and
Vertex Pharmaceuticals, Inc., are active in the
area of antiretrovirals.

One phase I/II clinical trial was listed on the
NCT database during April 2014; it evaluates
the effect of nanoparticle-based vaccine candi-
dates in seropositive patients by targeting the
HIV Tat Protein (EVA TAT). The trial is spon-
sored by Bioantech (trial number NCT01793818).
This trial is conducted using volunteers under-
going antiretroviral treatment at three different
doses and placebo; the volunteers have had
undetectable viremia (,40 copies/mL) and CD4
cell levels .350/mm3 for at least 1 year. In early
HIV infection, HIV-1 Tat protein is secreted and
is assumed to protect HIV-1-infected cells from
the cellular immune response. Developing a
synthetic nanovaccine called Tat Oyi could neu-
tralize the antibodies against Tat variants repre-
sentative of the five main HIV-1 subtypes and
can eliminate virus-infected cells.

The research phase generally costs $30 mil-
lion; this cost is double in the early development
phase and seven- to eight-times higher in the
late development phase. Nanotechnological sys-
tems need a one-time investment during the
early research phase because of the use of
sophisticated and advanced equipment and
techniques. Major players in the vaccine market
are Sanofi, GSK, Merck & Co. Inc., Wyeth, and
Novartis, followed by Crucell, Medimmune,
Sinovac, and Solvay.

HIV latent reservoirs at anatomical (lym-
phoid tissue, testes, liver, kidney, lungs, the
gut, and the brain) and organ sites are not
reachable by current therapies. Among them,
microphages mainly contribute to the genera-
tion of elusive mutant viral genotypes by
serving as the host for viral genetic recombi-
nation. Current therapy suffers challenges
such as poor eradication of the virus from
these reservoirs and longer duration of treat-
ments, resulting in low patient adherence and,
most importantly, resistance against certain
drugs. Literature data showed successful tar-
geting of anatomical and organ reservoirs by
using nanocrystals, lipid nanoparticles, and
polymeric nanoparticles. Various nanomater-
ials such as fullerenes, dendrimers, silver, and
gold nanoparticles have shown anti-HIV
effects in vitro. Gene therapy based on siRNA
is in its infancy and initial results are promis-
ing for HIV/AIDS treatment. Single-walled
nanotubes, dendrimers, fusion proteins, and
peptide�antibody conjugates have all been
used for delivery of siRNA to HIV-specific
cells. Immunotherapy using DNA plasmid
encapsulated in nanoparticles delivered
through mannose-targeted polyethyleimine is
in phase II clinical trials. Local therapy using
microbicides is explored with the use of nano-
particles to enhance prophylactic effects, for
example, VivaGel, dendrimer-based micro-
bicide gel, and polymeric nanoparticles for
delivery of CCR5 inhibitor PSC-RANTES.

14.6 CONCLUSION AND
PERSPECTIVES

Vaccination is the most effective way to con-
trol HIV/AIDS, but it would take another
decade or more for a suitable vaccine candi-
date to reach the market. Until then, the only
available single drug or multiple drug therapy
has to play an important role. It takes more
than 8 years for only 1 out of 1,000 compounds
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to cross the gate of the laboratory to clinical
trials (toxicity and efficacy) in humans, and
only one out of few selected compounds gets
final approval. These new patented com-
pounds come at a much higher cost to the
patient. In some countries like South Africa,
India, and Brazil, governments gave permis-
sion to manufacturers to infringe on foreign
patents and produce low-cost versions of anti-
retrovirals without affecting functionality.
Recently, many major pharmaceutical compa-
nies have lowered the prices of their drugs in
selected countries. This ensures that the patient
at least has access to affordable antiretroviral
therapy. Issues like large dose, poor patient
adherence and efficacy, and high toxicity after
oral administration of antiretrovirals remain
and can only be remedied by intelligent nano-
particle design. Research performed until now
shows that nanoparticles have the potential to
reduce dosing frequency and toxicity, and can
target particular organs or cells and eradicate
viral reservoirs if administered parenterally,
which is debated all the time. The advantages
offered by the nanoparticle platform are worth
to explore with a limited production cost
increase. Nanoparticles might serve as the best
way to improve patient compliance, for exam-
ple, sustained delivery systems by reducing
dosing frequency and maybe duration of treat-
ment (not long) and improvement in efficacy
of antiretrovirals. However, the fear of HIV
transmission after parenteral administration of
nanoparticles needs to be judged by experts
from all disciplines and must be discussed
from all aspects. Furthermore, exhaustive pre-
clinical and clinical data are required to justify
the arguments regarding the administration
of nanoparticles in HIV/AIDS patients. Future
collaborations of clinicians, scientists, and
regulatory bodies might bring hope for using
nanoparticles in HIV therapy. The research
outcome is still very positive and hope still
exists regarding the entry of nanoparticle-
based formulations in clinical trials soon.
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15.1 INTRODUCTION

Neurological illness is the initial manifestation
of AIDS in up to 20% of patients, and more than
50% of all AIDS patients experience some form
of neurological abnormality at some point dur-
ing the disease (Gendelman et al., 1997; Ozdener,
2005, Trujillo et al., 2005; Hult et al., 2008;
Vivithanaporn et al., 2011; Ganau et al., 2012;
Sagar et al., 2014). The most prominent form of
neurological complication associated with HIV-1
infection, excluding opportunistic infections,
is a syndrome of combined cognitive and motor
dysfunction, referred to as either AIDS/HIV

encephalopathy or AIDS dementia complex
(ADC) or HIV-associated neurological disorders
(Price and Spudich, 2008; Vivithanaporn et al.,
2011; Ganau et al., 2012; Sagar et al., 2014). HIV-
associated neurological disorders (HAND)
are common among HIV patients, and although
the clinical and pathological manifestations of
HAND have been well-characterized, the patho-
genesis of this progressive central nervous
system (CNS) disorder remains undefined. The
pathogenesis of HAND may be partly attributed
to infiltration of the CNS by HIV-1-infected
mononuclear cells because the transmigration
of HIV-1-infected monocytes and lymphocytes
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across the blood�brain barrier (BBB) into the
CNS is a prerequisite for the development of
HIV-associated encephalitis (HIVE) (Ricardo-
Dukelow et al., 2007; Wu et al., 2000; Worthylake
and Burridge, 2001). The passage of HIV-
infected monocytes or neurotoxins into the brain
is a highly regulated process involving a com-
plex network of cells of the CNS including brain
microvascular endothelial cells (BMVECs) that
form the microvasculature of the BBB, astrocytes,
perivascular cells, and microglia. Interactions
between the activated microglia and macro-
phages, endothelial cells, and astrocytes enhance
neuroinflammation through signaling events
that modulate TJ and affect BBB permeability
and, consequently, viral load in the CNS. Both
chronic inflammation and systemic HIV infec-
tion contribute to the disruption of the BBB,
further promoting neurotoxicity.

Despite the success of highly active antire-
troviral therapy (HAART) that has resulted in
increased life expectancy, there continues to be
a high incidence of the more common subsyn-
dromal neuropsychological and neurocognitive
disorders (HAND) in HIV-1-infected patients
(Valcour et al., 2004; Wojna and Nath, 2006;
Ances and Ellis, 2007), HIV1 patients who are
relatively healthy and respond well to HAART
by immunological suppression as reflected by
the improvement in their virologic factors such
as CD41 may continue to be at risk for HAND.
HAART that has proven most effective in
reducing systemic viral loads in HIV-infected
subject has been unable to purge the HIV virus
from quiescent reservoirs such as the brain,
where the virus is believed to be sequestered
for long periods of time. The reduced efficacy
of HAART to treat HIV sequestered in the
brain is because HAART does not have a direct
effect on the HIV-associated inflammatory
response, ARV drugs do not cross the BBB in
significant amounts, thereby reducing its effi-
cacy on latent viral reservoirs and additionally
causing emergence of ARV drug-resistant viral
strains, limited BBB permeability, and the short

half-life and low bioavailability of ARV drugs.
Thus, the structural and functional complexity
of BBB is the main impediment to effective
ART to the CNS.

Targeted drug delivery using multimodal
nanotechnology promises a novel approach in
treating neuro-AIDS. Multimodality allows
combination of therapeutic and novel diagnos-
tic agents, with the provision of controlled
drug delivery and real-time monitoring of
drug action. The versatile targeting ability
of drug-doped nanoparticles can be exploited
for drug delivery across the BBB in a sustained
manner and specific targeting to viral sites
within the CNS. Nanotechnology-mediated
drug delivery across the BBB has been pio-
neered by Kreuter (2014), who demonstrated
brain-specific targeting of surfactant-coated
polymeric nanoparticles after their systemic
administration. However, this approach often
caused irreparable damage to the BBB, allow-
ing hazardous agents such as neurotoxins to
infiltrate the brain from general circulation.
Pardridge (2003a,b) was first to demonstrate
active diffusion of systemically delivered lipo-
somal vehicles into the brain via targeting
certain receptors (e.g., transferrin receptors,
insulin receptors) that are overexpressed on
the apical surface of the BBB. We and others
have incorporated transferrin and folates and
other peptides such as Angiopep-2 and TAT
on the surface of nanoparticles, facilitating BBB
permeability via binding of these ligands to
receptors present on the BMVECs, which con-
stitute the BBB (Rao et al., 2009; Mahajan et al.,
2012a,b). Kanmogne et al. (2012) showed nano-
constructs containing antiretroviral drugs are
packaged into mononuclear phagocytes (MP)
and can transverse through the human brain
microvascular endothelial cells (HBMEC) that
constitute the BBB via cell-to-cell contact, and
these nanoconstructs had minimal cytotoxicity
and incorporation of folate coating on these
nanoconstructs, further improving their BBB
transversing ability.
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Several studies have shown that the nano-
particles are able to transverse the BBB
(Mahajan et al., 2008, 2010, 2012a; Bonoiu et al.,
2009; Rao et al., 2009; Wong et al., 2010, 2012;
Saxena et al., 2012; Pilakka-Kanthikeel et al.,
2013; Gidwani and Singh, 2014). The BBB
shields the brain from toxic substances in the
blood, supplies brain tissues with nutrients,
and filters harmful compounds from the brain
back to the bloodstream. The close interaction
between BMVEC and other components of the
neurovascular unit (astrocytes, pericytes, neu-
rons, and basement membrane) ensures proper
function of the CNS. Transport across the BBB
is strictly limited through physical (tight junc-
tions [TJs]) and metabolic barriers (enzymes,
diverse transport systems). The BBB is a limit-
ing factor for the delivery of therapeutic agents
into the CNS. BBB breakdown or alterations
in transport systems play an important role
in the pathogenesis of many CNS diseases,
including neuro-AIDS. The TJs play an impor-
tant role in the regulation of the structural and
functional integrity of the BBB. Nanoparticles
can effectively cross various in vitro and in vivo
BBB models by endocytosis and/or transcy-
tosis, and current nanotherapeutic strategies
are based on increasing drug trafficking
across the BBB, improving targeting specificity
in the CNS by using novel targeting moieties,
improving BBB permeability, and reducing neu-
rotoxicity of these various nanoformulations.
Despite these studies, not much information
is available on TJ modulation by nanoparticles
commonly used in HIV-1 nanotherapeutics.
This chapter highlights the effect of nanoparticle
modulation of the BBB and its implication for
CNS nanotherapeutics, discussed in the context
of neuro-AIDS. A better understanding of how
these commonly used nanoparticles modulate
TJ expression, thereby affecting the transport of
the drug nanoformulation across the BBB and
allowing the development of nanotherapeutics
to improve the BBB permeability and targeted
therapy to the CNS.

15.2 HIV-1 RESERVOIR IN THE
BRAIN

A latent HIV-1 virus reservoir exists in
the brain, mainly in the form of resting CD41 T
cells; however, subpopulations of monocytes,
macrophages, dendritic cells, NK cells, and mast
cells have been reported to harbor the virus
(Chun et al., 2000). The latent HIV reservoirs in
the CNS serve as major depot for HIV persis-
tence; therefore, effective nanotechnology-based
approaches to eradicate HIV could provide
valuable steps toward HIV eradication. Latently
infected cells are in cellular quiescence, and anti-
gen stimulation or cytokine induction reacti-
vates the latent provirus, leading to viral
replication and reinfection. This reservoir pre-
vents the total eradication of the virus. As a
result, the infection is converted into a chronic
disease; therefore, to achieve HIV eradication
in infected patients, ART has to be combined
with drugs that reactivate the dormant viruses.
Histone deacetylase (HDAC) inhibitor and
protein kinase C activator bryostatin-2 have
recently been combined in a nanoformulation
that also contains an ARV drug in an attempt to
produce a particle capable of both activating
latent virus and inhibiting viral spread (Choi
et al., 2011; Kovochich et al., 2011). Thus, nano-
technological approaches that provide improved
methods for activating latent HIV and simulta-
neously inhibit viral replication are an ideal
therapeutic strategy to target HIV in sequestered
sites. especially the brain.

15.3 CHARACTERISTICS OF
NANOPARTICLES THAT ENHANCE

THEIR APPLICABILITY TO
BIOMEDICAL APPLICATION

The advent of nanomaterials has revolution-
ized the field of medicine (in both diagnosis
and therapy) because of their robustness,
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safety, and, most importantly, multimodality,
that is, the ability to perform multiple functions
in the same agent. Advantages that nanoparti-
culate imaging agents have over traditional
molecular imaging agents are as follows: (i)
they provide a tunable, fluorescent chassis on
which targeting agents (antibodies, peptides, or
small molecules) can be added or changed to
suit a specific need; (ii) they allow for multi-
modality (e.g., optical, MR, and radionuclide)
imaging, thus permitting cross-evaluation for
the same nanoparticle across different imaging
platforms; (iii) they can be functionalized with
both imaging and therapeutic abilities; (iv) they
may be designed to provide salutary benefits
related to pharmacokinetics by renal or fecal
excretion; (v) they are of sufficient size to per-
mit multivalency and, therefore, have the
potential for higher affinity binding than stan-
dard agents; and (vi) they enable imaging from
the single cell level to the entire intact organism
in vivo.

Antiretrovirals either alone or in combina-
tion can be encapsulated or chemically linked
to the surface of nanoparticles, which then
offer more stability to encapsulated drugs in
biological fluids and also protect the encapsu-
lated drugs against enzymatic degradation.
Because of their small size, they can be taken
up by cells in systemic circulation or even
cells such as BMVEC that line the BBB,
whereas larger particles are often precluded
by a barrier such as the BBB. Further, nanoma-
terials can provide improved drug delivery
by virtue of their robustness, safety, and mul-
timodality or multifuctionality. The multi-
functional nanoparticle can simultaneously
carry therapeutic agents, targeting molecules
such as conjugated antibodies and imaging
signal-contrast agents. Nanoparticles can be
used for delivery of antivirals to targeted
infected cells within reservoirs by virtue of
targeting agents and molecules, and these
nanoparticles can also act as imaging agents
that allow for real-time tracking of the drug

within cells. Nanotechnology-based delivery
systems enhance the distribution of hydro-
phobic and hydrophilic drugs into and within
tissue compartments; this ability renders them
appropriate for clinical use in HIV-1 therapeu-
tics. To have clinical applicability, nanoparti-
cles should have certain characteristics.
Nanoparticles used in biomedical applications
are solid colloidal particles typically in the
size range of 10�100 nm. Typically, if they are
designed as nonspherical (rod like), this can
dramatically extend the particle’s circulation
time in vivo. If particles are spherical and are
in the range of 100�200 nm in size, then they
have the highest potential for prolonged circu-
lation because they are large enough to avoid
uptake in the liver but small enough to avoid
filtration by the spleen. To modulate the bio-
distribution profile of nanoparticles, that is,
to increase their circulating time in vivo, parti-
cles must avoid being taken-up by the liver
and the spleen. This is accomplished by engi-
neering the particle such that the particle
size is ,200 nm while maintaining its two-
dimensional structure; however, its accumula-
tion in the liver must be prevented while still
allowing the nanoparticles to navigate the
sinusoids of the spleen. The surface chemistry
of the nanoformulation heavily influences the
process of opsonization, which allows the
nanoparticle to evade capture by the reticulo-
endothelial system (RES). The use of specific
cellular targeting ligands, which will then
bind cell surface receptors of specific cells in
the CNS, to which therapy is directed to, is
also a necessary characteristic. Few types of
nanoparticles have already been synthesized
and used as drug carriers or targeted contrast
agent for targeted drug delivery across the
BBB, which are mainly lipid- or polymer-
based (Table 15.1). However, poor efficiency
of CNS-specific delivery, triggering of immu-
nogenic reactions, and capture by nontarget
sites such as liver and spleen have been some
of the major limitations with such systems
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that have significantly slowed the progress
of nanodelivery to the brain. The use of
high-quality inorganic nanoparticles as targeted
delivery vehicles to facilitate the transmigration
of specific molecules through BBB may open
new avenues that can expedite CNS-specific
drug delivery. The use of inorganic nanoparti-
cles as high-resolution image-contrast agents as

well as drug/gene delivery vehicles for numer-
ous biological and biomedical applications has
become an area of intense research focus over
the past decade (Bruchez Jr. et al., 1998; Chan
and Nie, 1998; Pardridge, 2003a,b; Vinogradov,
2004, Costantino et al., 2005; Tiwari and Amiji,
2006; Yong et al., 2007). Inorganic nanoparticles
offer several advantages over polymeric and
liposomal carriers, such as ultrasmall size,
robust composition, nonantigenicity, and sus-
tained release of therapeutics. The nanoparticle
surface can be functionalized with a variety of
biomolecules for the purpose of evading cap-
ture by the RES as well as delivery across bio-
logical barriers and target specificity.

Gold nanoparticles (GNPs) and nanorods
(GNRs) have wide-ranging applications in the
biomedical sciences because of their biocompati-
bility and ease of bioconjugation. The use of
GNRs as multimodal probes for numerous bio-
logical and biomedical applications has become
an area of intense research over the past decade
(Shah M et al., 2014; Majdalawieh et al., 2014).
GNPs and GNRs have valuable qualities such
as low toxicity, low immunogenicity, and excel-
lent biocompatibility (Majdalawieh et al., 2014).
Their surfaces can be easily modified to incor-
porate a high cationic charge, which in turn is
capable of forming electrostatic complexes with
anionic polynucleotides (DNA and RNA).

We previously reported on the use of high-
quality quantum rods (QRs) as targeted probes
to study the transmigration of specific molecules
through the BBB (Xu et al., 2008). The use of
nanoparticles as luminescent probes for numer-
ous biological and biomedical applications is
an area of intense research focus (Bruchez Jr.
et al., 1998; Chan and Nie, 1998). QRs are bright,
photostable CdSe/ZnS fluorescent nanocrystals
that exhibit tunable emission properties for
a wide range of color possibilities. QRs offer
several advantages over organic dyes, includ-
ing increased brightness, stability against
photobleaching, excitation within a broad spec-
tral range, and a tunable and narrow emission

TABLE 15.1 Nanocarriers Used in HIV-1 Therapeutics
Directed to the CNS

Nanoparticle type Key references

Natural biodegradable
polymers: Chitosan

• Ramana et al. (2014)
• Aghasadeghi et al.

(2013)
• Giacalone et al.

(2013)
• Belletti et al. (2012)
• Al-Ghananeem et al.

(2010)
• Yang et al. (2010)
• Föger et al. (2007)
• Nayak et al. (2009)

Synthetic biodegradable
polymers:

Poly(L-lactide) or
Poly(lactide-co-glycolide)
based nanoparticles

• Chaowanachan et al.
(2013)

• Mainardes and
Gremião (2012)

• Shibata et al. (2013)
• Kreuter (2013)
• Rao (2008)
• Mahajan et al. (2014)

Dendrimers • Gajbhiye et al. (2013)
• Jiménez et al (2010)

Solid polymeric nanoparticles • Kuo and Lee (2012)
• Kuo and Chung

(2012)
• Kuo and Chen (2006)
• Kuo and Su (2007)
• Kuo and Kuo (2008)
• Lin (2012)

Inorganic nanoparticles • Mahajan et al. (2010)
• Bonoiu et al. (2009)

Magnetoelectric nanoparticles • Nair et al. (2013)
• Pilakka-Kanthikeel

et al. (2013)

Liposomes • Pinzón-Daza (2013)
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spectrum. The QR surface can be functionalized
with a variety of biomolecules and have shown
the potential to dramatically outperform conven-
tional organic dyes in the imaging of cellular and
subcellular structures and in a variety of bioas-
says such as immunostaining and reporter gene
expression.

Because of the apprehension in the pharma-
ceutical industry and the US Food and Drug
Administration (FDA) regarding the use of
inorganic metal-based nanoparticles in thera-
peutics, more research is now being focused on
using biodegradable nanoparticle-based thera-
peutics. A similar trend is observed for HIV
therapeutics as well. Biodegradable nanoparti-
cles consist of those derived from natural and
synthetic polymers. Chitosan is a fully biode-
gradable and biocompatible natural polymer.
Chitosan occurs naturally in fungal cell walls
and crustacean shells. Chitosan has been inves-
tigated extensively as a potential drug carrier
because of its biocompatibility. The degree
of deacetylation and the molecular weight of
chitosan can be altered to obtain different
physicomechanical properties, and studies
have shown that they can be used as drug
delivery systems (Föger et al., 2007; Nayak
et al., 2009; Al-Ghananeem et al., 2010; Yang, L.
et al., 2010, Belletti et al., 2012; Ramana et al.,
2014; Aghasadeghi et al., 2013). Biodegradable
synthetic polymers such as poly(L-lactide)-
based or poly(lactide-co-glycolide)-based nano-
particles are derived via a synthetic route via
ring opening polymerization (ROP) and click
chemistries designed to achieve well-defined
cationically modified poly-lactides (CPLAs).
Typically, these well-defined CPLAs are suc-
cessfully obtained through thiolene reaction
of a tertiary amine-based thiol with an allyl-
functionalized polylactide. The extent of cat-
ionic modification with tertiary amines can be
effectively controlled by adjusting the feed
ratio of reagents (Li et al., 2011). After cationic
substitution, the remaining allyl groups will
be modified using thiol-PEG. PEGylation will

result in a “polymeric brush” that will shield
the hydrophobic and cationic groups within
the polymer to generate a stealth imaging and
gene delivery system that can permeate across
the BBB to reach the CNS (Li et al., 2011;
Lu et al., 2005). These CPLAs demonstrated
significant hydrolytic degradability and rela-
tively low cytotoxicity. A biodegradable nano-
platform using CPLAs as scaffolds for drug
delivery is a design that satisfies the essential
requirements of safe and efficient nanocarriers.
Moreover, additional ligands can be added
to nanoplexes to target them to specific cells
and tissues of interest. We previously reported
that the efficiency of nanoplex-mediated gene
silencing is significantly better than that
achieved with commercial siRNA delivery
agents (Bonoiu et al., 2009). The biodegradable
nanoplex protects the drug from degradation
by virtue of its attachment to the polymeric
scaffold that prevent its degradation by the
extracellular matrix (ECM), intracellular
enzymatic degradation, and the acidic endoso-
mal environment. Cellular uptake of this
nanoplex is enhanced by a net positive surface
charge on the protonable amine in the nano-
carrier that can act as a weak base to absorb
protons generated by ATPase, thereby facilitat-
ing endosomal escape and improvement of
the transfection efficiency of the nanoplex.
Aerosolization of this biodegradable nanocar-
rier for intranasal delivery to the CNS to cir-
cumvent the BBB is an ARV drug delivery
strategy that remains to be explored.

Multifunctional NPs can be fabricated using
the biodegradable polymer poly(lactic-co-gly-
colic acid) (PLGA). The PLGA-based NPs can
increase the efficacy of ARV treatments
because of the sustained release of the thera-
peutic agent from stable nanoparticles. They
can improve pharmacokinetic and pharmaco-
dynamic profiles. Important features of PLGA-
based nanoformulation for antiretroviral drug
delivery are as follows: (i) its biodegradability
and biocompatibility are well-established in
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several preclinical studies; (ii) the FDA has
approved its use in drug delivery systems
for parenteral administration; therefore, it can
quickly move to phase III clinical trials;
(iii) PLGA has well-described formulations and
methods of production that can be adapted to
drugs that are hydrophilic or hydrophobic
small molecules or macromolecules; (iv) PLGA
protects the antiretroviral drug from degrada-
tion; (v) it allows sustained release of the ARV
drug from the nanoformulation; and (vi) PLGA
also allows the modification of its surface prop-
erties to allow better interaction with biological
ligands such as antibodies and other targeting
peptides. PLGA NPs have been used as vac-
cine adjuvants in HIV vaccines and in conjunc-
tion with other HIV drugs (Pawar et al., 2013).

15.4 NANOTECHNOLOGY-BASED
HIV THERAPEUTICS

Several nanotechnology-based systems
have been explored for HIV therapeutics.
Nanotechnology-based HIV therapy offers
unique advantages like enhancement of bio-
availability, water solubility, stability, and tar-
geting ability of ARV drugs. Nanoparticles
used in HIV therapeutics mainly include lipo-
somes, organic and inorganic nanoparticles,
polymeric micelles, and dendrimers (Sharma
et al., 2012; Parboosing et al., 2012; Mahajan
et al., 2012a,b; Ramana et al., 2014; Date and
Destache, 2013; Martinez-Skinner et al., 2013;
Siccardi et al., 2013; Giacalone et al., 2013;
Kumar et al., 2014 ). We have shown significant
uptake of a quantum rod-transferin-Saquinavir
(QR-Tf-Saquinavir) conjugate by BMVECs,
along with a marked decrease in HIV-1 viral
replication in the PBMCs treated with this
(QR-Tf-Saquinavir) nanoconjugate (Mahajan
et al., 2010). Additionally, we have stably incor-
porated the antiretroviral drug, Amprenavir,
within a transferrin (Tf)-conjugated quantum
dot (QD), and evaluated its BBB transversing

ability and analyzed its antiviral efficacy in
HIV-1-infected monocytes (Mahajan et al.,
2012a,b). Although these antiretroviral delivery
approaches using inorganic nanoparticles
show promise, barriers to the clinical transla-
tion of these nanoformulations are rooted in
the fact that these inorganic nanoparticles in
larger sustained doses may cause significant
cytotoxicity; therefore, current ARV nanother-
apy approaches are focused on using biode-
gradable nanoparticles that have no significant
toxicity in vivo. Recently, magnetic nanoparti-
cles have been used as carriers to improve
the delivery of nanoformulated ARV drugs
across the BBB (Nair et al., 2013). ARVs with
different physicochemical properties can be
encapsulated individually into nanoparticles to
potently inhibit HIV. Dash et al. (2012) recently
showed that combination therapy or nano-
ART, wherein ART such as Atazanavir and
ritonavir was formulated in a poloxamer-188,
which is a nonionic triblock copolymers that
has surfactant properties that make them use-
ful in increasing the miscibility of two sub-
stances with different hydrophobicities, has
significant antiretroviral and neuroprotective
activities in vivo in humanized NOD/scid-IL-
2Rgc (NSG) mice, concluding that nano-ART
has translational potential with sustained and
targeted efficacy with limited toxicity. Dual tar-
geting of the anti-HIV drug zidovudine (ZDV)
via sialic acid�conjugated mannosylated poly
(propyleneimine) (PPI) dendritic nanocon-
structs also showed enhanced biocompatibility
and site-specific delivery of the antiretroviral
drug ZDV (Gajbhiye et al., 2013). Recent
studies by Destache et al. (2009) showed that
three antiretroviral drugs, ritonavir, lopinavir,
and efavirenz, could be conjugated to PLGA
(cART-NPs), and that sustained release of these
antiretrovirals was observed from PLGA
NP for 28 days without any noticeable toxicity
(Destache et al., 2009). The same group dem-
onstrated that in HIV-1-infected H9 mono-
cytic cells treated with cART-NPs subcellular
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fractionation, these cells contained significantly
higher nuclear, cytoskeleton, and membrane
antiretroviral drug levels compared with cells
treated with ARV drug alone. cART-NPs effi-
ciently inhibited HIV-1 infection and transduc-
tion, thus demonstrating the efficacy of the
PLGA NP formulation in inhibiting HIV-1 rep-
lication (Shibata et al., 2013). Chaowanachan
et al. (2013) showed that antiretroviral drugs
with different physicochemical properties such
as Saquinavir, Efavirenz, and Tenofovir can be
encapsulated individually into PLGA nanopar-
ticles to potently inhibit HIV. Kuo and Su
(2007) demonstrated that nanoparticles synthe-
sized using a combination of three biodegrad-
able components and the antiretroviral drug
saquinavir (SQV) are encapsulated within the
particle core, which is composed of PLGA to
form SQV-PLGA NPs, and the surface of SQV-
PLGA NPs was grafted successively with
hydrophilic polyethyleneimine (PEI) and poly-
(γ-glutamic acid) (γ-PGA). They showed that
this nanoparticulate carrier system proved effi-
cacious in delivering antiretroviral drugs
across the BBB (Kuo and Chen, 2006; Kuo and
Su, 2007; Kuo and Kuo, 2008; Kuo and Yu,
2011; Kuo and Chung, 2012; Kuo and Lee,
2012). In addition to CNS delivery of a nano-
formulation that encapsulates the ARV drug,
other nanotechnology-based strategies that can
modulate the permeability of the BBB can facil-
itate the crossing-over of the ARV drugs from
systemic circulation to the CNS. We have pre-
viously shown that a stable complex between
MMP-9-specific siRNA and a QD can be
formed that protects the MMP-9 siRNA from
biological degradation. Treatment of BMVEC
with this QD-MMP-9-siRNA (nanoplex) down-
regulated the expression of the MMP-9 gene,
and this silencing of MMP-9 gene expression
resulted in the upregulation of ECM proteins
like collagen I, IV, V, and a decrease in endo-
thelial permeability, as reflected by reduction
of transendothelial resistance across the BBB,
demonstrating that such strategies could be

used to modulate the permeability of the BBB
(Bonoiu et al., 2009).

Thus, nanotechnology can revolutionize the
field of HIV medicine not only by improving
diagnosis but also by improving delivery of anti-
retrovirals to targeted regions in the body, and
by significantly enhancing the efficacy of the
currently available antiretroviral medications.

15.5 THE BLOOD�BRAIN BARRIER

The BBB is a critical interface. It acts as a
physical and metabolic barrier between the
CNS and the peripheral circulation that serves
to regulate and protect the microenvironment
of the brain. The primary function of the nor-
mal BBB is to establish and maintain homeosta-
sis in the CNS (Bradbury, 1993). The BBB is not
rigid and comprises dynamic vessels that are
capable of responding to rapid changes in the
brain or blood. The BBB is composed of spe-
cialized brain capillary endothelial cells and
astrocytic end feet that enhance the differentia-
tion of the BBB endothelium. The BBB is com-
posed of at least three types of cell-to-cell
junctional structures between adjacent endo-
thelial cells and/or between endothelial cells
and astrocytes, the gap junctions, adherens
junction, and the TJs. The high expression of TJ
proteins is a special characteristic of the BBB.

15.6 IN VITRO MODEL OF THE
HUMAN BBB

Several in vitro tissue culture systems have
been developed to reproduce the physical
and biochemical properties of the intact BBB.
However, most of these systems lack essential
features that are characteristic of the in vivo
BBB. There is a considerable interest in estab-
lishing in vitro BBB cell culture models for
several reasons, including studying drugs
that penetrate the BBB and understanding how
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dysfunction of the BBB is involved in the path-
ogenesis of various neurological diseases. A
good in vitro BBB model used to study neuro-
AIDS must reproduce the salient features of
the in situ BBB and also must allow for manip-
ulations to enable the researcher to mimic neu-
ropathogenic process. In our laboratory, we
have validated the transwell co-culture models
(Persidsky and Gendelman, 1997; Persidsky
et al., 2000, 2006a,b; Mukhtar and Pomerantz,
2000) that use primary normal human astro-
cytes (NHAs) and BMVECs, both of which are
cell types that constitute the in vivo BBB and
are grown to confluence on a PET membrane
insert, thus providing an opportunity to exam-
ine the expression of TJ proteins, permeability,
and transmigration of different leukocyte
populations under different experimental sti-
muli. The in vitro BBB system we use has been
extensively used and well-validated by several
researchers (Persidsky and Gendelman, 1997;
Persidsky et al., 2000, 2006a; Mukhtar and
Pomerantz, 2000). This in vivo BBB model
uses primary cultures of both BMVECs (Cat#
ACBRI-376) and NHAs (Cat# ACBRI-371),
which were obtained from Applied Cell
Biology Research Institute (ACBRI, Kirkland,
WA). Characterization of BMVECs demon-
strated that .95% cells were positive for
cytoplasmic von Willibrand factor/factor VIII.
BMVECs were cultured in CS-C complete
serum-free medium (ABCRI, Cat# SF-4Z0-500)
with attachment factors (ABCRI, Cat# 4Z0-210)
and Passage Reagent Groupt (ABCRI, Cat#
4Z0-800). NHAs were cultured in the CS-C
medium, supplemented with 10 μg/mL human
epidermal growth factor, 10 mg/mL insulin,
25 μg/mL progesterone, 50 mg/mL transferrin,
50 mg/mL gentamicin, 50 μg/mL amphoteri-
cin-B, and 10% FBS. NHAs were characterized
on the basis of .99% of these cells being posi-
tive for glial fibrillary acidic protein (GFAP).
Both BMVECs and NHAs were obtained at
passage 2 for each experiment and were used
for all experiments between 2 and 8 passages

within the 6 to 27 cumulative population
doublings. The BBB model used consists of
two-compartment wells in a six-well culture
plate, with the upper compartment separated
from the lower by a 3-μM polyethylene tere-
phthalate (PET) insert (surface area5 4.67 cm2).
The BMVECs were grown to confluency on the
upper side of the insert, and a confluent layer
of NHAs was grown on the underside. The
formation of a functional and intact BBB takes
a minimum of 5 days, which can be confirmed
by determining the transendothelial electrical
resistance (TEER) value. TEER across the
in vitro BBB is measured using an Ohm meter
(Millicell ERS system; Millipore, Bedford, MA,
Cat# MERS 000�01). Electrodes were sterilized
using 95% alcohol and rinsed in distilled water
before measurement. A constant distance of
0.6 cm was maintained between the electrodes
at all times during TEER measurement.

15.7 ROLE OF TJ PROTEIN IN BBB
PRESERVATION

Endothelial TJs that are present between
BMVECs that constitute the BBB form a
diffusion barrier that selectively exclude most
blood-borne substances from entering the
brain. Astrocytic end feet tightly sheath the
vessel wall and are critical for the induction
and maintenance of the TJ barrier (Ballabh
et al., 2004; Persidsky et al., 2006b). TJs of the
BBB play a critical role in controlling cellular
traffic into the CNS (Annunziata et al., 1998;
Aurrand-Lions et al., 2000, 2001; Andras et al.,
2003, 2005). Neuroinflammation as a result of
viral�host interactions leads to breakdown of
the BBB and subsequent dysfunction of the
CNS. In HIV-1-infected patients, there is an ini-
tial breach in the BBB that also permits the
influx of soluble, circulating HIV-1 proteins
that may cause neurotoxicity (Kanmogne et al.,
2002, 2005, 2007). The major molecular compo-
nents of the TJ include the transmembranous
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and structural proteins, occludin, JAM, and
claudins, and the submembranous peripheral
ZO proteins (Annunziata et al., 1998; Furuse
et al., 1998, 1999; Andras et al., 2003, 2005).
ZO proteins are essential for targeting TJ
structures, and they are linked to the actin
cytoskeleton and related signal transducing
mechanisms critical for TJ function (Tsukita
et al., 1997). JAM proteins are not connected to
the ancillary proteins of the cytoplasm, but
they affect passage of cells when endothelial or
mononuclear cells are activated (Andras et al.,
2003, 2005). TJ and ZO are highly sensitive
to the microenvironment and respond to
inflammatory cytokines in vitro, resulting in
an alteration in the subcellular localization
and dissociation of the occludin/ZO complex,
which are associated with an impaired BBB.

15.8 KEY TJ PROTEINS—JAM-2,
ZO-1, CLAUDIN-5, AND OCCLUDIN

TJ formation and disruption are processes
that involve a complex interaction between
different TJ proteins and can be modulated by
HIV-1 viral proteins (Andras et al., 2003, 2005).
Occludin is a 60-kDa integral membrane pro-
tein shown to be functionally important
for barrier function; specifically, occludin plays
a key role in the redox regulation of TJs
(Balda et al., 1996). Claudins constitute a large
family of 20- to 27-kDa membrane proteins
(with four transmembrane domains) expressed
in TJs. Brain endothelial cells predominantly
express claudin-3 and claudin-5 and signifi-
cantly contribute to TJ formation and BBB
integrity (Morita et al., 1999; Wolburg et al.,
2003). In addition to occludin and claudins,
JAM proteins, although not essential to TJ for-
mation in endothelial cells, are involved in the
facilitation of assembly of TJ components and
in the establishment of cell polarity. Increased
transmigration in vitro across endothelial cells
overexpressing JAM-2 at intercellular contacts

and regulation of paracellular permeability by
JAM-2 were observed by Aurrand-Lions et al.
in 2000. Under physiological conditions, phos-
phorylation regulates the maintenance and
assembly of TJs. Excessive or unregulated
phosphorylation leads to decreased expression
of occludin at the TJ, resulting in increased
BBB permeability. However, excessive phos-
phorylation of ZO-1 does not decrease ZO-1
expression; rather, inflammation results in
an increase in ZO-1 expression, which is
attributed to an increase in ZO-1 transcription
(Wong, 1997). Claudin expression remains
unchanged despite an inflammation stimulus,
suggesting its involvement as a major protein
in maintaining TJ integrity (Huber et al., 2001).
Several claudin variants exist; however,
claudin-5 plays a key role in TJ integrity at the
BBB (Huber et al., 2001). Several studies high-
light the complex yet variable role of these
TJ proteins in maintaining BBB integrity under
neuroinflammatory conditions (Balda et al.,
1996; Morita et al., 1999; Wolburg et al., 2003).

15.9 MECHANISMS OF TJ
MODULATION

The function of TJs and their regulation
may involve specific expression of junctional
proteins or distinct activation events, which
regulate the stability of these TJs. Important
cell�cell adhesive events between transmi-
grating leukocytes and the apical junction com-
plex and the subsequent signaling events result
in transmigration across the BBB. Disruptions
of the TJ involve the phosphorylation of
myosin light chain (MLC) and the regulation
of TJ proteins (Huber et al., 2001). MLCK is a
Ca21-calmodulin�dependent multifunctional
enzyme that plays a critical role in cellular
migration. It regulates the contractile interac-
tion between actin microfilaments and myosin
by phosphorylating the MLC during non-
muscle cell contraction, cytokinesis, stress fiber
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formation, and cell motility. Phosphorylation
of MLC results in cytoskeletal alterations, and
these cytoskeletal alterations and modulation
of TJ proteins result in BBB impairment. We
have shown that morphine and HIV-1 viral
protein tat alone and in combination result in
the initiation of an inflammatory response
that releases pro-inflammatory cytokines,
which stimulate intracellular calcium release
and MLCK activation, and modulates changes
in the expression of cytoskeletal/TJ proteins,
resulting in alterations in BBB integrity,
thereby enhancing leukocyte migration across
the in vitro BBB (Mahajan et al., 2008). BBB
integrity is sensitive to the phosphorylation
state of specific residues within myosin regu-
latory light chain (RLC), and its activation
can lead to BBB dysfunction, thereby promot-
ing leukocyte migration across the BBB. An
increase in MMP-9 activity at sites of BBB
disruption exhibiting leukocyte infiltration
has been reported (Yang, Y. et al., 2007).
A recent study has shown that myosin light
chain kinase (MLCK) significantly reduced the
inductive effect of TGF-β1 on MMP-9 synthesis
(Sinpitaksakul et al., 2008), demonstrating
that TGF-β1 induced MMP-9 through MLCK
activation. Additionally, Rho GTPases have
been reported to play an important role in the
adhesion of transmigrating leukocytes to the
BBB and their subsequent diapedesis across
the BBB (Persidsky et al., 2006b).

15.10 EFFECT OF NANOPARTICLES
ON TJ PROTEINS IN BMVEC

CULTURES

Transport of drugs across the BMVEC
occurs through traversing occludins and clau-
dins in the TJs or by attaching drugs to the
existing BBB transporter systems. The BBB
allows small molecules to enter the CNS and,
typically, potential CNS drugs have large
structures; therefore, utilization of nanocarriers

for transport of CNS drugs that use the existing
BBB transporter system such as receptor
endocytosis or transcytosis is most common.
Recently, Alyautdin et al. (2014) showed that
the inulin spaces after intravenous injection
of polysorbate 80-coated nanoparticles were
increased by 1% compared with controls, indi-
cating that there is no large-scale opening
of the TJs of the brain endothelium by the
polysorbate 80-coated nanoparticles. Limited
information is available regarding the effect of
nanoparticles on TJ modulation. Although
many studies have reported the role of TJs
in BBB integrity, not much information is
available with respect to how nanoparticles
affect TJ expression and related signaling
mechanisms involved in TJ modulation,
cytoskeletal reorganization, and the complex
protein�protein interactions necessary for the
maintenance of TJ integrity. We evaluated
the effects of four different types of nanoparti-
cles (chitosan, PLGA, CPLA, GNR, and QR)
commonly used in neurotherapeutics on ZO-1,
JAM-2, claudin-5, and occludin expression.
Further, we also examined if these nanoparti-
cles altered BBB integrity by measuring the
TEER across the BBB using a well-established
in vitro BBB model. We evaluated the effect of
four different nanoparticles, chitosan, PLGA,
CPLA, GNR, and QR, on TJ expression.
BMVECs were treated with 3�5 mg/mL
concentrations of chitosan, PLGA, CPLA,
GNR, and QR for 48 h, and the gene expression
levels of TJ proteins such as claudin-5, JAM-2,
ZO-1, and occludin were quantitated using
real-time quantitative polymerase chain reac-
tion (QPCR). Figure 15.1A�D shows that
there was no significant change in the gene
expression levels of TJ proteins claudin-5,
JAM-2, ZO-1, and occludin as compared
with the untreated control. Further, we treated
the in vitro BBB model with the same nano-
particles for a period of 48 h and did not
observe any change in BBB permeability
as assessed by measuring the TEER across
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the BBB (Figure 15.2). We also determined the
cell viability of the BMVECs before and after
treatment with the nanoparticles to determine
if the nanoparticles had any cytotoxic effects.
Typically, 10,000 BMVECs suspended in
100 μL of media were incubated for 48 h with
the chitosan, PLGA, CPLA, GNR, and QR
nanoparticles in a 96-well plate at doses
(B3�5 mg/mL) that are typically used for pre-
paring the nanoformulation. At the end of the
incubation period, 10 μL of MTT reagent (Cat#
30�1010 K; ATCC) was added to the cells,
followed by incubation for B3 h, which was
followed by addition of a detergent solution to

lyse the cells and solubilize the colored crys-
tals. The amount of color produced was
directly proportional to the number of viable
cells. Colorimetric detection was performed at
a wavelength of 570 nm. MTT cell proliferation
assay measures the reduction of a tetrazolium
component [MTT-3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, a tetrazole]
into an insoluble formazan product by the
mitochondria of viable cells. The results of
our MTT assay showed that BMVECs treated
with chitosan, PLGA, CPLA, GNR, and QR
nanoparticles for 48 h showed no significant
cytotoxicity. All these data indicate that these
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FIGURE 15.1 Effect of nanoparticles on TJ expression. BMVECs were treated with 3�5 mg/mL concentrations of chitosan,
PLGA, CPLA GNR, and QR for 48 h, and the gene expression levels of TJ proteins such as claudin-5, JAM-2, ZO-1, and
occludin were quantitated using real-time QPCR. Figure 15.1A�D: There was no significant change in the gene expression
levels of TJ proteins claudin-5, JAM-2, ZO-1, and occludin as compared with the untreated control.

262 15. NANOTHERAPEUTIC APPROACH TO TARGETING HIV-1 IN THE CNS

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES



nanoparticles by themselves are nontoxic and
do not affect BBB integrity at the concentra-
tions tested; these concentrations are typically
used in drug nanoformulations and therefore
are ideal nanocarriers for antiretroviral drugs.

15.11 CONCLUSION

Targeting HIV sequestered in sanctuary sites
such as the brain remains a formidable chal-
lenge in HIV therapeutics. However, nanotech-
nology approaches have shown tremendous
promise because of their ability to prolong sys-
temic circulation, cross the BBB, provide spe-
cific cell targeting, enhance intracellular drug
levels in the CNS, and reduce the inherent tox-
icity of many antiretroviral drugs. Design and
development of an ideal nanoformulation for
CNS therapeutics require an interdisciplinary

effort with expertise from nanochemists, bio-
medical engineers, biologists, biomedical scien-
tists, and clinicians. Expertise in identification
of biological targets, colloidal chemistry,
drug�drug interactions, and associated renal-
hepato toxicity are key to developing a new
nanotherapeutic drug. Synthesis strategies
should be focused on developing nontoxic,
biocompatible, and biodegradable nanoparti-
cles that overcome nonspecific organ uptake
and RES. Extensive safety and toxicological
studies need to be performed in parallel
with biodistribution studies. Several antiretro-
viral drug�based nanoformulations are at
various preclinical stages of study; however,
no successful clinical trials that use nanoformu-
lations have been reported. Rigorous pharma-
codynamics and pharmacokinetic studies are
needed before using these antiretroviral drug-
based nanoformulations. Additionally, issues
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FIGURE 15.2 Effect of nanoparticles on BBB integrity. Using a well-validated in vitro BBB model, we evaluated the
effect of chitosan, PLGA, CPLA GNR, and QR nanoparticles on BBB integrity as assessed by measuring the TEER across
the BBB. Our data show no significant change in TEER values between the nanoparticle-treated BBB as compared with the
untreated BBB.
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regarding HIV latency and the effects of long-
term accumulation of these nanoparticles in
the CNS have stalled their clinical utility. We
believe that an understanding of the structure
and physiology of the BBB, utilization of biode-
gradable nanomaterial as nanocarriers and
development of specific strategies to target spe-
cific CNS cells, sustain drug release strategies,
and create ease of administration of nanofor-
mulations will be key to the development of a
nanoformulation to treat neuro-AIDS.
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A Novel Fungicidal Action of Silver
Nanoparticles: Apoptosis Induction

Won Young Lee and Dong Gun Lee
School of Life Sciences and Biotechnology, College of Natural Sciences,

Kyungpook National University, Daegu, Republic of Korea

16.1 INTRODUCTION

Because of the appearance of microorganisms
that are insensitive to conventional drugs, the
unique properties and wide application of silver
and silver compounds have attracted research-
ers from all over the world to study their
effective antimicrobial activities (Klasen, 2000;
Sharma et al., 2009; Hwang et al., 2012b). Silver-
based antiseptics that may have
broad-spectrum activity against bacteria, fungi,
and viruses are much less likely to induce
microbial resistance than conventional antibio-
tics (Jones et al., 2004). In particular, silver
nanoparticles (nano-Ag) are most promising
because they show good antimicrobial proper-
ties due to their large ratio of surface area to
volume; these properties are used as bacteri-
cide on burn wounds, fillers in dental cavities
to prevent infection, thin coats on medical
devices to prevent microbial biofilm formation,
in air and water purification systems, in
wastewater treatment plants, and in food pro-
cessing for controlling microbial contamination

(Jain and Pradeep, 2005; Kumar et al., 2008;
Parashar et al., 2011; Soni et al., 2010). Silver is
also known as being nontoxic and safe to the
human body at lower concentrations, unlike
other metal nanoparticles (Oberdörster et al.,
2005; Gurunathan et al., 2009).

It is generally accepted that nano-Ag act in
three main ways with the microorganism to
produce antimicrobial effects: interacting with
membrane or cell wall (Yamanaka et al., 2005;
Kim et al., 2009); binding with DNA (Yang
et al., 2009); and having an effect on microbial
proteins (Yamanaka et al., 2005). Recently,
nano-Ag have been reported to exert antimi-
crobial activity against yeast via a different
mechanism known as apoptosis (Hwang et al.,
2012b).

As important regulators of yeast apoptosis,
the accumulation of intracellular reactive oxygen
species (ROS) has been widely recognized as a
crucial factor of cell death and has been
connected to many of the known apoptotic path-
ways in yeast (Benaroudj et al., 2001; Carmona-
Gutierrez et al., 2010). In this chapter, it is
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introduced to address the relationship between
ROS and apoptosis in Candida albicans, which is
one of the most successful opportunistic patho-
gens in humans and causes life-threatening
contagious infections with high mortality rates
(Hwang et al., 2012b). Additionally, the cells
undergoing nano-Ag-induced apoptosis
experience particular phenomena, including
ROS production, phosphatidyl serine exposure,
cytochrome c release, mitochondrial membrane
depolarization, caspase activation, DNA frag-
mentation, nuclear condensation, and cell cycle
arrest (Figure 16.1) (Madeo et al., 1997; Bortner
and Cidlowski, 2007). Furthermore, the synergis-
tic effects of nano-Ag with conventional antibio-
tics were investigated (Hwang et al., 2012a) and

it was confirmed that nano-Ag have
notable antimicrobial effects for clinical
application.

16.2 ROS ACCUMULATION

Yeast cells produce ROS from intracellular
metabolites under normal physiological condi-
tions, but cellular damage that these can cause
is prevented by antioxidant machinery that
neutralizes the ROS and repairs molecular
damage or degrades oxidized molecules.
However, when the cells are placed under spe-
cific stress conditions, ROS accumulates and
consequently exceeds the antioxidant system of

Cytochrome C

Mitochondria
Metacaspase

DNA fragmentation factor

Nucleus

Mitochondrial membrane
depolarization

Reactive oxygen species

Chromatin condensation

DNA fragmentation

Cell cycle arrest

&

Phosphatidylserine
externalization

Apoptosis

Silver nanoparticles

FIGURE 16.1 Apoptotic phenotypes in yeast cells (Cho et al., 2012). The•OH formation by nano-Ag in C. albicans trig-
gers mitochondrial dysfunction and promotes the release of proapoptotic factors. Thereafter, metacaspase activation, an
important regulator in the induction of apoptosis, induced many apoptotic phenotypes.
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the cells (Costa and Moradas-Ferreira, 2001).
The superfluity of ROS, such as hydrogen
peroxide (H2O2), nitric oxide (NO), superoxide
anion (O2

2 ), and hydroxyl radicals (dOH), is
observed in almost every apoptotic scenario
and regulates the apoptosis as early signal
mediators (Madeo et al., 1999; Fröhlich and
Madeo, 2000).

Apoptosis induced by nano-Ag triggered
accumulation of ROS (Hwang et al., 2012b),
and intracellular levels of ROS could be
detected by dihydrorhodamine-123 (DHR-123).
DHR-123 is a ROS-sensitive dye that easily
enters a cell with lipophilic property, localizes
to the mitochondria, and oxidizes to the highly
stable, fluorescent derivative rhodamine-123
by mitochondrial ROS (Sakurada et al., 1992;
Ranganathan et al., 2009). Cellular ROS levels
indicate a significant increase in the fluorescent

signal that reflects ROS production in
C. albicans cells treated with nano-Ag (Figure
16.2A) (Hwang et al., 2012b). This observation
shows the activity of nano-Ag for chemically
generated ROS.

Through Fenton and Habor�Weiss reactions,
oxygen radicals convert to dOH, and dOH can
be fatal when it reacts indiscriminately with cel-
lular components such as unsaturated fatty
acids, amino acid residues, and DNA (Rollet-
Labelle et al., 1998; Perrone et al., 2008). Because
dOH has been suggested to be a common media-
tor of apoptosis in many studies (Haruna et al.,
2002), it is necessary to observe dOH formation
during apoptosis (Lee et al., 2012). Using 30-
(p-hydroxyphenyl) fluorescein (HPF), a cell-
permeable and fluorescent probe oxidized by
dOH with high specificity (Setsukinai et al.,
2003), reactive dOH formation was shown in
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FIGURE 16.2 (A) Flow cytometric analysis of ROS accumulation in nano-Ag-treated (blue) and H2O2-treated (red solid
line) C. albicans cells stained with DHR-123. (B) Increased intracellular •OH in C. albicans was detected by flow cytometry
using HPF assay. (a) Untreated cells, (b) cells exposed to nano-Ag, (c) cells exposed to nano-Ag with thiourea, and (d) cells
exposed to H2O2 (Hwang et al., 2012b).
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C. albicans cells treated with nano-Ag (Figure
16.2B) (Hwang et al., 2012b). To determine
whether dOH formation was essential for yeast
apoptosis induced by nano-Ag, thiourea, which
acts as a dOH scavenger, was also treated. The
dOH seems to occupy most of the total ROS pro-
duced by nano-Ag, suggesting that dOH is a cru-
cial component of ROS-induced apoptosis
(Hwang et al., 2012b).

16.3 PHOSPHATIDYL
SERINE EXPOSURE

Phosphatidyl serine is predominantly ori-
ented toward the cytoplasm distributed on the
compositional asymmetry of phospholipids
within the cytoplasmic membrane, which is
maintained by the ATP-binding cassette trans-
porters in C. albicans (Cerbón and Calderón,
1991). The normal distribution of this lipid on
the inner leaflet of the membrane bilayer is
then disrupted because of stimulation of
enzymes such as flippases or scramblase,
which can move phosphatidyl serine in both
directions across the membrane, and inhibition
of aminophospholipid translocases, which
returns the lipid to the inner side of the mem-
brane (Verhoven et al., 1995). Because this
phospholipid is translocated to the outer leaflet
during early stages of apoptosis in response to
particular calcium-dependent stimuli (Martin
et al., 1995), the phosphatidyl serine exposure
serves as a sensitive marker for early stages
of yeast apoptosis. With a double staining
method using fluorescein isothiocyanate
(FITC)-Annexin V, which binds to outer leaflet
phosphatidyl serine with high affinity in the
presence of Ca21, and propidium iodide (PI),
which is an intact membrane-impermeable
dye, apoptotic cells can be distinguished from
late apoptosis and necrotic cells (Smrz et al.,
2007; Cho et al., 2012). Early apoptotic cells can
only be stained with Annexin V-FITC, whereas
late apoptotic and necrotic cells stain with both

Annexin V-FITC and PI. As shown in Figure
16.3, the cell population in the lower right (LR)
quadrant, which indicates the proportion of
early apoptotic cells (Annexin V�positive/PI-
negative), increased after treating the cells with
nano-Ag but the fluorescent intensity of PI did
not change. Curiously, the percentage of nano-
Ag treated with thiourea did not increase as
significantly as when treated solely with nano-
Ag. From the distinct difference, it was con-
firmed that nano-Ag led to the translocation of
the membrane phosphatidyl serine from the
inner leaflet to the outer leaflet of the plasma
membrane without damaging the plasma
membrane permeability and that the genera-
tion and accumulation of intracellular ROS,
specifically hydroxyl radicals, induced by
nano-Ag was related to an apoptotic mecha-
nism in C. albicans cells (Hwang et al., 2012b).

16.4 MITOCHONDRIAL
DYSFUNCTION

Release of cytochrome c from the mitochon-
drial membrane to the cytosol is a crucial event
in apoptotic cell death. Bax channel is formed
on the outer mitochondrial membrane in
response to various apoptotic signals. This
mitochondrial apoptosis-induced channel facil-
itates release of cytochrome c from the mito-
chondria to the cytosol (Dejean et al., 2006).
Cytochrome c, which is a small heme protein
loosely associated with the inner membrane of
the mitochondrion, is an essential component
of the respiratory chain that acts as an electron
carrier. This hemoprotein is also an intermedi-
ate in apoptosis. During the early phase of apo-
ptosis, mitochondrial ROS production is
stimulated, and cytochrome c is then detached
from the mitochondrial inner membrane and
can be extruded into the soluble cytoplasm
through pores in the outer membrane (Liu
et al., 1996; Orrenius and Zhivotovsky, 2005).
When the cytochrome c is released into the
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cytosol, it is reduced because of the loss of the
oxidase activity, and then caspase is activated
as a representative of the other apoptotic pro-
teases (Pereira et al., 2007). The amount of cyto-
chrome c was detected in the cytosolic buffer
medium after the cells were treated with
nano-Ag, suggesting that nano-Ag may trigger
cytochrome c�mediated intrinsic apoptosis
(Figure 16.4A). Also, the addition of thiourea
to yeast cells treated with nano-Ag, which do
not usually produce hydroxyl radicals, exhib-
ited reduced cytochrome c release compared
with those treated with only nano-Ag (Figure
16.4A) (Hwang et al., 2012b).

In many cases, the opening of the transition
pore of the mitochondrial membrane induces
the collapse of the mitochondrial membrane

potential, which can be detectable with JC-1
(5,50,6,60-tetra-chloro-1,10,3,30-tetraethylbenzimi-
dazolylcarbocyanine chloride). JC-1 has advan-
tages over other cationic dyes in that it can
selectively enter into mitochondria and revers-
ibly change color from red to green as the
membrane potential decreases (Sampson et al.,
2010). The ratio of green to red fluorescence is
dependent only on the membrane potential
and not other factors such as mitochondrial
size, shape, and density, which may influence
single-component fluorescence signals. As
shown in Figure 16.4B, each nano-Ag or H2O2

treatment induced a significant decrease in
mitochondrial membrane potential, whereas
treatment with nano-Ag and thiourea appeared
to have only a slight effect. This result suggests
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FIGURE 16.3 Phosphatidyl serine externalization, which is observed at an early stage of apoptosis, was shown by
Annexin V-FITC and PI staining. (a) Untreated cells, (b) cells exposed to nano-Ag, (c) cells exposed to nano-Ag with thio-
urea, and (d) cells exposed to H2O2. The bottom bar graph shows the percentage of apoptotic cells (Hwang et al., 2012a,b).
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that nano-Ag induce the breakdown of ΔΨm,
which is a critical step in cells that are under-
going apoptosis and in the loss of mitochon-
drial permeability (Hwang et al., 2012b).
In addition, it can be inferred that nano-Ag
induce apoptosis through the formation of
dOH and that dOH dissipates the balance of
the mitochondrial membrane acting in an
important role in the apoptotic process.

16.5 CASPASE ACTIVATION

Caspases (cysteine-dependent aspartate-
specific proteases) are essential in cells for apo-
ptosis and have been termed executioner pro-
teins for their roles in the cell. They are
regulated at a posttranslational level, ensuring
that they can be rapidly activated. They are
first synthesized as inactive pro-caspases that
consist of a prodomain, a small subunit, and a
large subunit. Initiator caspases possess a lon-
ger prodomain than the effector caspases,

whose prodomain is very small. The prodo-
main of the initiator caspases contains domains
that enable the caspases to interact with other
molecules that regulate their activation. The
activation of caspase is thought to be asso-
ciated with cytochrome c release, and they
play a major role in the apoptotic signaling
pathway in the early stages of the apoptotic
signaling network (Yuan and Horvitz, 2004;
Zivna et al., 2010). There are metacaspases in
fungi, that is orthologs of caspase in animals
(Barroso et al., 2006), and that is considering
involved in nano-Ag-induced cell death in
C. albicans.

The accumulation of intracellular ROS caused
by nano-Ag induces the activation of metacas-
pase, and metacaspase activation can inhibit var-
ious cellular fundamental processes, including
DNA replication, mitochondrial function, and
RNA and protein stability (Uren et al., 2000;
Madeo et al., 2002). Metacaspase activity can be
detected with FITC-VAD-FMK, which enters the
cell and binds specifically to the activated
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FIGURE 16.4 (A) Detection of cytochrome c release from nano-Ag-treated C. albicans mitochondria using Western blot-
ting method. (B) JC-1 staining assay with C. albicans cells. (a) Untreated cells, (b) cells exposed to nano-Ag, (c) cells exposed
to nano-Ag with thiourea, and (d) cells exposed to H2O2 (Hwang et al., 2012b).
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caspases (Wu et al., 2010). Fluorescence analysis
of the cells treated with nano-Ag shows signifi-
cant green fluorescence in the FITC-VAD-
FMK�loaded cells and the number of activated
metacaspases decreased, which also reduced
dOH formation in thiourea-treated cells (Figure
16.5A) (Hwang et al., 2012b).

16.6 DNA FRAGMENTATION AND
CHROMOSOME CONDENSATION

DNA fragmentation and nuclear condensa-
tion can be features of late apoptosis (Wadskog
et al., 2004). The activation of caspase protein
vitalizes nuclease in yeast cells, such as DNA
fragmentation factor DFF40 in mammalians
(Liu et al., 1999). Chromatin DNA during apo-
ptosis is broken into short fragments by acti-
vated endonucleases and is located in the
margin of nuclei. As DNA cleavage exposes
more abundant free 30-OH termini, it can be

detected by terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling
(TUNEL) assay, which labels modified nucleo-
tides catalyzed by terminal deoxynucleotidyl
transferase (Phillips et al., 2003). The TUNEL
method is a fast and sensitive way to visualize
DNA fragmentation in individual cells with
fluorescence microscopy (Ribeiro et al., 2006).
In yeast cells, apoptotic phenotypes (TUNEL-
positive) were observed with a fluorescence
microscope, which indicated DNA fragmenta-
tion and margination (Figure 16.5B) (Hwang
et al., 2012b).

Chromatin condensation can be visualized
by fluorescence microscopy after 40-6-diamidi-
no-2-phenylindole (DAPI) staining. DAPI, a
cell-permeable fluorescence dye, is commonly
used to analyze nuclear morphologic changes
such as chromosome condensation and frag-
mentation at late-state apoptosis because of its
strong binding ability to A�T-rich regions in
DNA (Kapuscinski, 1995). DAPI staining of the

FIGURE 16.5 (A) Effect of nano-Ag on the activity of metacaspase in C. albicans. (B) DNA fragmentation was visualized
by TUNEL assay. (C) Using DAPI staining, nuclear condensation was observed in nano-Ag-treated C. albicans (Hwang
et al., 2012b).
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yeast cells treated with nano-Ag showed more
concentrated and split fluorescence intensity,
indicating a greater degree of nuclear conden-
sation of C. albicans cells compared with intact
nuclei of normal control cells (Figure 16.5C)
(Hwang et al., 2012b).

16.7 CELL-CYCLE ARREST

In some studies, nano-Ag have shown the
ability to arrest the cell cycles during the
G2/M phase in yeast, and there are many
reports demonstrating G2/M phase�mediated
apoptosis (Phillips et al., 2003; Kim et al., 2009).
Damaged DNA needs to be restored by the
cells’ own repair systems, and cell division is
arrested by cell-cycle checkpoint regulation to
provide more time for repair before the critical
phases of DNA replication (Kaufmann and
Paules, 1996). To understand the effects on the
cell-cycle progress of C. albicans, the cells were
cultured in the presence or absence of nano-Ag
and their DNA content was determined by
staining with PI.

As shown in Figure 16.6, the yeast cells in
the G2/M phase considerably increased,

whereas that in the G1 phase significantly
decreased in the presence of nano-Ag (Kim
et al., 2009). These data suggest that nano-Ag
inhibited some cellular processes that are
involved in normal bud growth correlated
with DNA damage. In addition to PI stain-
ing, cell-cycle arrest is also confirmed indi-
rectly by DAPI staining (Daniel and
DeCoster, 2004). Although the cell division is
arrested, chromosomes remain condensed
and inhibition of growth occurs. Through
DAPI staining, condensation of chromosomes
can be detected, indicating replication arrest,
and the results strongly support that nano-
Ag trigger cell-cycle arrest�mediated apopto-
sis in C. albicans cells due to the intracellular
dOH accumulations.

16.8 SYNERGISTIC EFFECT OF
SILVER NANOPARTICLES

To approach practical use in the medical
field, the synergistic effects of silver nanoparti-
cles were also investigated in many studies
with some conventional antibiotics against
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FIGURE 16.6 The effects of nano-Ag on the process of the cell cycle of C. albicans. (A) The FACS diagram of the cell
cycle. FL2-H indicates the fluorescent intensity of PI, and the y-axis indicates cell number (events). (B) A histogram of the
percentages of the cell cycle (Kim et al., 2009).
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bacteria strains (Hwang et al., 2012a; Ghosh
et al., 2013; Markowska et al., 2014).

Minimum inhibitory concentration (MIC)
and fractional inhibitory concentration index
(FICI) were used to confirm antibacterial sus-
ceptibility and synergistic effects (Table 16.1)
(Hwang et al., 2012a). The results of the combi-
nation assay are presented in Table 16.2
(Hwang et al., 2012a). All combinations were

shown to be effective. By reducing the viability
of bacteria strains at a lower concentration,
these synergistic activities of silver nanoparti-
cles in the presence of conventional antibiotics
are also possible.

Kohanski et al. (2007) suggested an intriguing
mechanism of antibiotics for killing bacteria.
They showed that three major bactericidal anti-
biotics stimulate dOH formation in bacteria, and

TABLE 16.1 Antibacterial Activity of Nano-Ag Against Human Pathogenic Bacteria (Hwang et al., 2012a)

MIC (μg/mL)

Species Nano-Ag Ampicillin Chloramphenicol Kanamycin

GRAM-POSITIVE

E. faecium ATCC 19434 0.25 2 4 2

S. aureus ATCC 25923 0.5 4 2 4

S. mutans KCTC 3065 2 2 4 4

GRAM-NEGATIVE

E. coli O-157 ATCC 43895 0.5 4 2 4

E. coli ATCC 25922 2 8 4 4

P. aeruginosa ATCC 27853 0.5 2 1 2

TABLE 16.2 Activities of Combinations of Nano-Ag and Antibiotics (Hwang et al., 2012a)

Species

FICI (μg/mL)

Nano-Ag1 ampicillin Nano-Ag1 chloramphenicol Nano-Ag1 kanamycin

GRAM-POSITIVE

E. faeciumATCC 19434 0.375 (S) 0.375 (S) 0.75 (PS)

S. aureus ATCC 25923 0.5 (PS) 0.75 (PS) 0.375 (S)

S. mutans KCTC 3065 0.375 (S) 0.5 (PS) 0.375 (S)

GRAM-NEGATIVE

E. coli O-157 ATCC 43895 0.5 (PS) 0.5 (PS) 0.5 (PS)

E. coli ATCC 25922 0.375 (S) 0.5 (PS) 0.375 (S)

P. aeruginosa ATCC 27853 0.5 (PS) 0.375 (S) 0.375 (S)

S, synergistic; PS, partially synergistic.

FICI5 (MICDrug A in combination/MICDrug A alone)1 (MICDrug B in combination/MICDrug B alone).
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this toxic chemical contributes to the killing effi-
ciency of lethal antibiotics. They also suggested
that bactericidal antibiotics induce bacterial cell
death, exhibiting physiological and biochemical
hallmarks of apoptosis in bacteria (Dwyer et al.,
2012). Based on these studies, it can be con-
cluded that generation of dOH is a common
mechanism of bacterial cell death caused by
antibiotics. Nano-Ag have are capable of dOH
generation, and each of the two different classes

of bactericidal antibiotics, including ampicillin
and kanamycin, induced dOH formation in the
study of synergistic effects with conventional
antibiotics of nano-Ag, indicating that dOH is
an important cause of synergistic effects (Figure
16.7) (Hwang et al., 2012a).

In this study, the antibacterial effects of
nano-Ag and its synergistic capacity against
various representative pathogenic bacteria
were confirmed. Furthermore, the generation
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FIGURE 16.7 dOH production, determined by the HPF staining method, after addition of nano-Ag alone or in combi-
nation with other conventional antibiotics. (A) Enterococcus faecium, (B) Staphylococcus aureus, (C) Streptococcus mutans,
(D) Escherichia coli O-157, (E) E. coli ATCC 25922, and (F) Pseudomonas aeruginosa. Treatments were (a) nano-Ag alone, (b)
ampicillin, (c) chloramphenicol, (d) kanamycin, (e) nano-Ag1 ampicillin, (f) nano-Ag1 chloramphenicol, and (g) nano-Ag1

kanamycin (Hwang et al., 2012a).
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of hydroxyl radicals and the malfunction of
protective action are important factors in nano-
Ag antibacterial effects and synergism. The
findings in this study support the idea that
nano-Ag have considerably more effective anti-
microbial activity and deserve further investi-
gation regarding clinical applications in
pathogenic fungal cells.

16.9 CONCLUSION AND
FUTURE PROSPECTS

Among the different antimicrobial agents,
silver has been most extensively studied and
has been used since ancient times to fight infec-
tions and prevent spoilage. The antibacterial,
antifungal, and antiviral properties of silver
ions, silver compounds, and silver nanoparti-
cles have been extensively studied. Silver is
also nontoxic to humans in minute concentra-
tions. Microorganisms are unlikely to develop
resistance against silver as compared with anti-
biotics, because silver attacks a broad range of
targets in the microbes.

Recently, many studies demonstrated that
nano-Ag promote apoptosis in C. albicans via
intracellular dOH accumulation. Ultimately,
nano-Ag disrupt mitochondrial membrane
integrity, trigger cytochrome c release, activate
metacaspase, and induce DNA. Although the
mechanisms of nano-Ag in mitochondria-
dependent apoptosis in C. albicans have not
been fully elucidated, some reports support
that nano-Ag induce programmed cell death
through ROS accumulation, especially dOH
generation, which deserves further study to
provide elaboration of the apoptosis mechan-
isms of nano-Ag. Also, combination use of
existing antimicrobial agents and nano-Ag can
be an effective strategy for antibiotic-resistant
pathogens. Many studies indicate that nano-Ag
have considerable effective antimicrobial activ-
ity and are worthy of further investigation for
clinical applications.
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17.1 INTRODUCTION

The oral cavity is an environment that favors
the colonization and the development of a wide
variety of microorganisms, including bacteria
and fungi. Among the fungi found in the oral
cavity, Candida species are the most abundant
and relevant (Rautemaa and Ramage, 2011),
and they are generally identified as commensals
on the tongue, palate, and buccal mucosa of
healthy adults (Jewtuchowicz et al., 2007).
The translation of commensal to opportunistic
Candida may be associated with host factors and
the pathogenic attributes of the microorganism
itself. It is probable that no form of Candida

infection can start in the absence of underlying
pathology (Soysa et al., 2008).

Of all the Candida species, C. albicans is
considered to be the most virulent and the main
species associated with oral Candidosis,
because of its capacity to change from blasto-
spore to the hyphae (Samaranayake et al., 2009).
Nevertheless, other non-C. albicans Candida
(NCAC) species such as Candida glabrata,
Candida tropicalis, Candida parapsilosis, Candida
dubliniensis, and Candida krusei have also been
isolated and are involved in human diseases
(Weems, 1992). These Candida species have
an attribute of virulence in common: the ability
to form structured aggregates of cells called
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biofilms (Jakubovics and Kolenbrander, 2010).
Biofilms may be defined as microbial commu-
nities adhered to biotic or abiotic surfaces in an
aqueous environment and surrounded by a
matrix of exopolymeric material (Costerton
et al., 1999). Oral pathologies such as periodon-
tal disease, caries, endodontic infection, and
oral candidosis are related to biofilm formation
(Beikler and Flemmig, 2011).

In general, for Candida species, biofilm for-
mation occurs as a result of a sequence of events:
attachment of blastospores to the surface; cell
proliferation and well-organized colony forma-
tion; matrix production with differentiation into
a mature three-dimensional structure consisting
of yeasts, pseudohyphae, and hyphae embedded
within extracellular matrix; and, finally, detach-
ment of biofilm cells (Chandra et al., 2001a;
Seneviratne et al., 2008). Mature Candida biofilms
exhibit a heterogeneous and complex architec-
ture with water channels, which facilitate the
transport of nutrients (Hawser and Douglas,
1994; Chandra et al., 2001a).

According to Chandra et al. (2001a), Candida
biofilm formation was also described on the
polymethylmethacrylate (PMMA) surface and
occurs in three stages: (i) early (0�11 h), charac-
terized by adhesion and development of blas-
tospores into microcolonies; (ii) intermediate
(12�30 h), represented by bilayered structure-
containing yeasts and young hyphae and by the
emergence of extracellular matrix production;
and (iii) maturation (31�72 h), in which a dense
network of yeasts, pseudohyphae, and hyphae
is encased by a thick layer of extracellular
matrix, forming structures with complex archi-
tectures. Candida biofilm formation using in vivo
models seems to proceed similarly (Andes et al.,
2004; Nett et al., 2010).

Oral candidosis related to biofilm formation
may be divided into primary and secondary
classes (Samaranayake and Yaacob, 1990). When
the infection is confined to oral and perioral
tissues, it is classified as primary; when the
oral candidosis is a reflex of systemic Candida

infections, it is categorized as secondary.
Moreover, a group of diseases with multi-
factorial etiology called “Candida-associated
lesions” was described and included angular
cheilitis, median rhomboid glossitis, linear
gingival erythema, and Candida-associated den-
ture stomatitis (Samaranayake et al., 2009).
Frequently, patients with these oral candidosis
may have symptoms of pain, dysgeusia, oral dis-
comfort, and repulsion to food (Samaranayake
et al., 2009).

Candida-associated denture stomatitis is a
well-known recurring oral disease that is char-
acterized by biofilm development in the region
between the denture base and the inflamed
mucosa supporting the upper denture (Budtz-
Jorgensen, 2000). This pathological condition is
found in approximately 11�67% of complete
denture wearers (Arendorf and Walker, 1987)
and its etiology is multifactorial, including
continuous use of drugs, nutritional deficien-
cies, precarious denture hygiene, continuous
denture wearing, trauma, smoking, and oral
bacteria (Budtz-Jorgensen and Bertram, 1970;
Webb et al., 1998). Although C. albicans is the
most commonly isolated yeast in denture
stomatitis, C. glabrata has been isolated from
80% of patients with the highest degree of
mucosal inflammation (Coco et al., 2008).
C. albicans and C. glabrata are able to colonize
acrylic surfaces and co-exist in dual species
biofilms without antagonism (Silva et al., 2013).
This fact may enhance the virulence of these
species. Because C. glabrata is deprived of
hyphae, it may use the hyphae of C. albicans as
a scaffold to penetrate into host tissues (Silva
et al., 2011).

In clinical terms, several antifungal drugs are
available for the management of oral candi-
dosis. These include the polyenes (nystatin
[NYT] and amphotericin B), the azoles (micona-
zole, clotrimazole, ketoconazole, itraconazole,
and fluconazole), allylaminesthiocarbamates,
morpholines, DNA analog 5-fluorocytosine, and
caspofungins (Soysa et al., 2008; Samaranayake
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et al., 2009). Chlorhexidine digluconate (CHG)
(0.2 or 2%) is also used for treatment of oral
Candida infections (Samaranayake et al., 2009).
However, even with various drugs available,
treatment failure and recurrence of infections
are not uncommon because the effective con-
centration of antifungal drugs may have its
availability reduced because of the diluent
effect of saliva and the cleansing activity of
the oral musculature (Samaranayake et al.,
2009). In addition, of major clinical signi-
ficance in this context is the resistance/
tolerance of Candida biofilms to conventional
therapy. Various studies have shown that
Candida biofilms are tolerant to the commonly
used antifungal drugs (Chandra et al., 2001b;
Bagg et al., 2003; Hasan et al., 2009; Watamoto
et al., 2009; Fonseca et al., 2014).

Many different mechanisms have been pro-
posed to clarify Candida biofilm resistance, such
as the robust biofilm architecture, decreased
metabolic activity, altered gene expression, the
extracellular matrix, the presence of “persister
cells,” and higher antioxidative capacities (Mah
and O’Toole, 2001; Ramage et al., 2005;
Seneviratne et al., 2010). Thus, this process is
multifactorial and the accurate mechanism by
which Candida species in the biofilm mode can
acquire resistance remains to be understood.

17.2 SILVER NANOPARTICLES
AGAINST CANDIDA BIOFILMS

17.2.1 Influence of Stabilizing Agent and
Diameter on SN Antibiofilm Activity

The effect of silver nanoparticles (SNs)
with different diameters (5, 10, and 60 nm) stabi-
lized with two types of agents, ammonia (NH3)
and polyvinylpyrrolidone (PVP), against
C. albicans and C. glabrata mature biofilms was
assessed by Monteiro et al. (2012b). Although
NH3 stabilizes SNs by the formation of soluble
diammine silver complexes, which trap free

silver ions responsible for nanoparticle growth
(Gorup et al., 2011), the polymers of the PVP
group bond on the SN surfaces through the
nitrogen atom in their molecule (Kvı́tek et al.,
2008), resulting in flocculation. However,
despite the flocculation, the SNs stabilized by
this polymer are separated from each other
through the chain of the polymer molecule, and
this process allows the interaction of SNs with
the cell wall of microorganisms due to their high
surface energy and mobility (Kvı́tek et al., 2008).

It was observed that regardless of the diame-
ter and type of stabilizing agent, SNs were very
effective against C. glabrata biofilms, with signifi-
cant total biomass reduction at SN concentra-
tions $1.6 μg/mL (Monteiro et al., 2012b). For
this Candida species, all SN colloidal suspensions
displayed biomass reductions of approximately
90% at SN concentration of 108 μg/mL.
Contrarily, for C. albicans biofilms, there was
some increase in biofilm biomass when com-
pared with untreated biofilms, including differ-
ent particle sizes and stabilizing agents
(Monteiro et al., 2012b). It is believed that these
differences in biomass reduction have occurred
because of the different biofilm architectures.
Regarding cell viability for both species tested,
significant reductions in the number of biofilm
viable cells for SN concentrations $13.5 μg/mL
were found. Moreover, using SNs (at 216 μg/
mL) of 5 nm and stabilized with PVP, there
were reductions of 3.36 log10 and 4.24 log10 in
the number of biofilm cells for C. albicans and
C. glabrata, respectively (Monteiro et al., 2012b).

However, the main finding of this study
was that the nanoparticle size and the type of
stabilizing agent did not interfere with SN
efficacy in decreasing total biomass and culti-
vable cells of Candida biofilms. This has pro-
bably occurred because of the tendency of
agglomeration of SNs when in contact with
biofilms (Figure 17.1). Interactions of SNs with
Escherichia coli biofilm promoted aggregation of
particles and an increase in nanoparticle size
by a factor of 40 (Choi et al., 2010). Scanning
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electron microscopy (SEM) observations also
revealed aggregates of SN attached to the
Candida biofilm matrices (Monteiro et al.,
2013a). Biofilm traits, such as oxygen availabil-
ity, substrate, pH range, and extracellular poly-
meric substances composition, may influence
aggregation, dissolution, and diffusive trans-
port of SNs (Stewart and Franklin, 2008). Thus,
in Candida biofilms, SN aggregation may cause
an increase in nanoparticle size, making it
impossible to note an inverse relationship
between SN size and antifungal activity.

Finally, these findings support the idea that
the original size of the synthesized

nanoparticles may be different from that
observed when they are in contact with
Candida biofilms, regardless of the type of sta-
bilizing agent. Therefore, the size of SN and
the type of stabilizing agent are not essential to
their positive effect against C. albicans and C.
glabrata biofilms.

17.2.2 Influence of Chemical Stability
of SN on Candida Biofilms

The temperature and the immersion
medium (ionic strength, composition, and pH)

FIGURE 17.1 SEM images showing the structure of Candida albicans (A and C) and C. glabrata (B and D) mature bio-
films before (A and B) and after (C and D) treatment with SN. Note clusters of SN in contact with Candida biofilms (C and
D). Magnifications: 3 1,000 (A and B); 3 7,000 (C and D).
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are factors that may have an effect on the size,
rate of dissolution, aggregation, and, conse-
quently, stability of SNs (Kittler et al., 2010;
Gorup et al., 2011; Adegboyega et al., 2013). In
view of the therapeutic potential of SN, and
considering that the loss of the chemical stabil-
ity might reduce their effectiveness against
biofilms, a study was conducted to verify
whether heating or changing the pH of a SN
stock solution, as well as the treatment period,
would affect the antibiofilm activity of SN
against biofilms of C. albicans and C. glabrata
(Monteiro et al., 2014b).

Several parameters were evaluated regarding
SN (at 54 μg/mL) stability, namely temperature
(50�C, 70�C, and 100�C), pH (5.0 and 9.0), and
time of contact (5 and 24 h) with mature
biofilms grown on acrylic resin specimens.
Surprisingly, SN colloidal suspensions heated at
50�C and 70�C for 30 min did not display modi-
fications in their absorption spectra as com-
pared with the nonheated SN suspension. This
fact pointed out that these colloidal suspensions
remained stable after heating. However, the col-
loidal suspension heated at 100�C exhibited
changes in the color and in the particle size dis-
tribution, which were evident by the shift of the
absorption peak maximum toward a higher
wavelength and the peak broadening of the
ultraviolet/visible spectra, suggesting that this
suspension was destabilized (Monteiro et al.,
2014b). In addition, heating SN at 50�C, 70�C,
and 100�C did not compromise the effectiveness
of SN against Candida biofilms because, in gen-
eral, there was no significant influence on total
biomass or biofilms cell viability.

Regarding the experiments performed to
assess the efficacy of SN colloidal suspensions
with different pH, it should be mentioned that
varying the pH (from 7.0 to 5.0 or 9.0) resulted
in appearance of dark aggregates or flocs set-
tled on the bottom of the vessel, evidencing
instability of SN at both acidic and basic pH.
Nevertheless, the findings also showed that the
variations in pH did not impair or improve the

effectiveness of SN in reducing the number of
cultivable cells of C. albicans and C. glabrata
biofilms. On the contrary, the pH modifications
produced significant increases (ranging from
25% to 42.9%) in the total biofilm biomass of
C. glabrata (Monteiro et al., 2014b). Thus, based
on the results of the chemical stability through
changes in temperature and pH, it seems that
the use of stabilized or destabilized SNs may
not be crucial to their effect against C. albicans
and C. glabrata biofilms.

Finally, the comparison between the treat-
ment periods (5 and 24 h) revealed significant
differences for the biomass of C. glabrata
biofilm and for the number of cultivable cells
of C. albicans biofilm, with better results for the
shorter treatment period for all (Monteiro
et al., 2014b). A treatment period of 5 h was
probably not enough to cause extensive aggre-
gation of SN, which may have facilitated the
antibiofilm action of these nanoparticles.
Clinically, these findings are positive because
shorter exposures to SNs may avoid problems
associated with silver toxicity on human cells.

17.2.3 Effect Against Adhered Cells and
Biofilms

The effect of SN against adhered cells and
biofilms of Candida species was first reported
by Monteiro et al. (2011). In this study, SNs
(average diameter, 5 nm) were synthesized by
silver nitrate reduction with sodium citrate and
stabilized with ammonia. Then, these nano-
particles were applied (during 24 h) to adhered
cells (2 h) or biofilms (48 h) of C. albicans and
C. glabrata previously developed in 96-well
microtiter plates.

The results for adhered cells showed a
significant reduction in the total biomass and
in the number of cultivable cells for SN concen-
trations at or higher than 3.3 μg/mL for both
species. So, SNs showed the ability to inhibit
biofilm formation when applied to already
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adhered cells. It is also important to mention
that the effective SN concentration against
adhered cells is lower than the toxic concentra-
tion of SNs against human cells (Carlson et al.,
2008; Panácek et al., 2009).

Importantly, SN were more effective in
reducing the number of cells and total biomass
when applied to adhered cells than to pre-
formed Candida biofilms (Monteiro et al., 2011).
Because the adhesion phase contains a lower
cell mass (Seneviratne et al., 2009) due to the
incipient production of the extracellular matrix,
the action of SNs may have been facilitated in
this situation.

Regarding preformed Candida biofilms, the
highest SN concentration tested (54 μg/mL) sig-
nificantly reduced the number of cells and total
biomass only for C. glabrata strains (Monteiro
et al., 2011). In general, C. glabrata biofilms have
reduced thickness, are less profuse, and are
devoid of hyphae compared with C. albicans
biofilms (Samaranayake et al., 2005; Seneviratne
et al., 2010). Consequently, all these features can
help to explain the better effect of SN against
C. glabrata biofilms, which is still of major clini-
cal importance because this species is known to
be resistant to conventional antifungal drugs,
making it difficult to eliminate.

Furthermore, the effective SN concentra-
tion against preformed C. glabrata biofilms
(54 μg/mL) can be considered low when
compared with the concentrations of con-
ventional antifungal drugs normally tested.
For instance, fluconazole at concentrations
ranging from 50 to 1,250 μg/mL was ineffective
against C. glabrata biofilms (Fonseca et al.,
2014), whereas high concentrations of mico-
nazole (2,081 μg/mL) resulted in a significant
reduction in the number of cultivable cells for
C. albicans, C. glabrata, C. krusei, C. parapsilosis,
and C. tropicalis biofilms (Vandenbosch et al.,
2010).

To know the antibiofilm spectrum of action
of SN, the influence of the intermediate and
maturation stages of biofilm development in

the susceptibility of C. albicans and C. glabrata
biofilms to SN was also investigated (Monteiro
et al., 2014c). Here, Candida biofilms were
developed on acrylic surfaces for 24 h (inter-
mediate stage) and 48 h (maturation stage)
and treated with SN at 54 μg/mL for 5 h.
Comparisons between intermediate and
mature biofilms treated with SN did not
display significant differences in the reduction
of total biomass and number of cultivable cells.
Consequently, the stages of biofilm develop-
ment analyzed (intermediate and maturation)
did not interfere on the susceptibility of
Candida biofilms to SN. This fact may guide the
use of SN to prevent biofilms to reach more
advanced phases of growing and to combat
preformed mature biofilms, expanding the
clinical applicability of SN in the control of oral
Candida infections.

Another important finding was that the
pretreatment of Candida biofilms with SN signif-
icantly reduced the subsequent adhesion capa-
city of C. albicans and C. glabrata viable cells to
human epithelial cells and polystyrene surfaces
(Monteiro et al., 2014a). The reductions in the
capacity to adhere to HeLa cells and polysty-
rene ranged from 40% to 86% when both bio-
films were pretreated with SN at 54 μg/mL.
The adhesion of Candida to HeLa cells is regu-
lated by proteins called adhesins (Miyauchi
et al., 2007), whereas the adhesion to inert sur-
faces (polystyrene) is mainly commanded by
physicochemical properties (surface hydropho-
bicity and electrostatic interactions) of the mate-
rial and yeast cell surfaces (Rotrosen et al.,
1986). In this context, it is believed that the
reasons for the reductions observed are the
binding of SN to adhesins present in the yeast
cells and the reduction in the relative cell
surface hydrophobicity promoted by the action
of SN. These findings highlight the potential
use of SN in controlling the dissemination of
Candida infections because the cells released
from biofilms exposed to SN may lose their
ability to colonize and infect other areas.

288 17. SILVER NANOPARTICLES TO FIGHT CANDIDA COINFECTION IN THE ORAL CAVITY

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES



17.2.4 Effect on Extracellular Matrix
Composition and Structure of Candida
Biofilms

One of the factors that may contribute to
the resistance of Candida biofilms is the pres-
ence of extracellular matrix or extracellular
polymeric substances (EPS) (Mah and O’Toole,
2001). The biofilm matrices are biopolymers of
microbial origin that the cells are encased in;
therefore, they are considered the “house of
biofilm cells” (Flemming et al., 2007). The
matrix is composed of several proteins, carbo-
hydrates, phosphates (Baillie and Douglas,
2000; Blankenship and Mitchell, 2006), and
extracellular DNA (Martins et al., 2010), and
the proportion of each component varies with
the growth medium, environmental conditions,
and species (Conover et al., 2011).

Antifungal drugs may bind to constituents
of the extracellular matrix of Candida biofilms,
preventing the drug from reaching the cells
in the deeper layers of the biofilm (Vediyappan
et al., 2010). Therefore, strategies focusing on
eradication of extracellular matrix may collabo-
rate in controlling Candida infections associated
with biofilms.

SNs were applied on mature C. albicans and
C. glabrata biofilms for 24 h, and thereafter
extracellular matrices were extracted from bio-
films and analyzed chemically in terms of pro-
teins, carbohydrates, and DNA. Moreover, the
structures of Candida biofilms after treatment
with SNs were observed by SEM and epifluor-
escence microscopy (Monteiro et al., 2013a).

For C. glabrata, it was possible to observe
significant reductions in the matrix protein and
DNA contents when biofilms were treated
with SN at 54 μg/mL (Monteiro et al., 2013a).
Because silver has affinity for proteins (Furno
et al., 2004) and for phosphate groups present
in the DNA molecule (Rai et al., 2009), it pro-
bably promotes cell lysis, release of intracel-
lular constituents, and precipitation of a part of
released protein and DNA. Surprisingly, the

phenomena described were not noted for pro-
tein and DNA contents of C. albicans biofilms
(Monteiro et al., 2013a).

In addition, after treatment with SN at
54 μg/mL, both C. albicans and C. glabrata
displayed significant increases in total carbohy-
drate content compared with the untreated
biofilms (Monteiro et al., 2013a). The increase
observed was higher for C. glabrata biofilm, on
which SNs are more effective in reducing total
biomass and number of viable cells (Monteiro
et al., 2011, 2013a). Therefore, it was hypothe-
sized that the increases in carbohydrate content
may be related to changes in the cell wall and
secretion of their carbohydrates.

However, SEM observations showed that
untreated C. albicans biofilm consisted of a
mixture of yeasts and hyphae surrounded by
a thick extracellular matrix. After treatment
with SNs at 54 μg/mL, the resulting biofilm
presented a much less compact structure and
lower amounts of extracellular matrix
(Monteiro et al., 2013a). For C. glabrata, the
untreated biofilm revealed a multilayer com-
posed entirely of yeasts, whereas the biofilm
exposed to SNs displayed a more compact
structure and had a thinner layer of yeasts
covering the surface than the untreated biofilm
(Monteiro et al., 2013a). Additionally, in both
C. albicans and C. glabrata biofilms, it was possi-
ble to observe some clusters of SNs attached to
the biofilm matrices and to the fungal cells.
Epifluorescence microscopy images demon-
strated that, in general, the amount of fluores-
cence and cell walls stained with Calcofluor
white decreased with the increase in the SN
concentration for C. albicans and C. glabrata bio-
films, suggesting that SNs induced damage in
the walls of biofilm cells (Monteiro et al., 2013a)
(Figure 17.2). Accordingly, SN has the potential
to affect the matrix composition and structure
of Candida biofilms, and this may be associated
with the mechanisms of fungicide action of SN.

Another study (unpublished data) evaluated
the influence of extracellular matrix amount on
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the antifungal activity of SN against single and
mixed biofilms of C. albicans and C. glabrata.
Single and mixed biofilms of Candida species
were formed under agitation of 10 rpm (to
form a lower amount of extracellular matrix)
and 120 rpm (to form a higher amount of extra-
cellular matrix) on the surfaces of acrylic resin
specimens and then were exposed to different
concentrations of SN for 24 h. The results indi-
cated that the amount of extracellular matrix
interfered in the effectiveness of SN in reduc-
ing the total biofilm biomass. However, regard-
ing cultivable cells quantification, Candida
biofilms formed with different incubation con-
ditions (10 and 120 rpm) showed no differences
in susceptibility to SN. Additionally, the
amount of extracellular matrix may depend on
the agitation speed during biofilm formation as
well as the species and strains tested.

17.2.5 Combination of SN with
Conventional Antifungal Drugs

Recently, an in vitro study (Silva et al., 2013)
compared the antifungal effects of NYT and
SN (both at 100 μg/mL) on preformed single-
species and dual-species (C. albicans and
C. glabrata) biofilms on acrylic resin surface

under conditions that attempted to mimic the
oral environment. The findings of this work
highlighted that C. albicans and C. glabrata colo-
nized the acrylic surfaces in the presence of arti-
ficial saliva and co-existed in dual-species
biofilms without antagonism. This fact strength-
ens the occurrence of oral candidosis related to
the presence of these two Candida species.
Additionally, C. albicans displays significant
differences in relation to C. glabrata, including
cell size, morphology, and biochemistry. In gen-
eral, C. glabrata cells are smaller (1�4 μm) than
C. albicans cells (4�6 μm) and exhibit a narrower
spectrum of carbohydrate utilization (Fidel
et al., 1999). Thus, the frequent co-infection of
C. albicans and C. glabrata in cases of oral candi-
dosis may be explained in terms of these differ-
ences, seeing that they limit the competition
between microorganisms, allowing both species
to inhabit similar oral niches (Silva et al., 2013).

Results also revealed that NYT and SN
inhibited C. albicans and C. glabrata biofilms in
terms of total biomass and number of cultiva-
ble cells. Both agents promoted significant
decrease in total biomass, and SN were more
effective against single C. glabrata biofilms than
NYT. Regarding the number of cultivable cells,
SN were less active on single C. albicans bio-
films and on mixed species biofilms than NYT

FIGURE 17.2 Epifluorescence microscopy images of Candida albicans (A) and C. glabrata (B) mature biofilms after expo-
sure to SN. The arrows suggest that SN induced damage (pores) to cell walls of biofilm cells.
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(Silva et al., 2013). However, because the inhib-
itory effects of SN were significant, its use as
an alternative treatment for oral candidosis
should be considered.

SNs were tested in combination with
conventional antifungal drugs at low concen-
trations against Candida biofilms to increase
the drug efficacy and to reduce their adverse
effects (Monteiro et al., 2013b). SNs at 13.5
and 27 μg/mL were combined with NYT at
13.5 and 216 μg/mL or with CHG at 9 and
37.5 μg/mL, generating a total of eight differ-
ent drug combinations. Thus, C. albicans and
C. glabrata mature biofilms were grown in
wells of 96-well microtiter plates in the pres-
ence of artificial saliva and after they were
treated with these drug combinations.

With regard to the total biomass reduction in
C. albicans biofilms, no synergistic effect was
noted for all drug combinations, but the effects
were additive and the combinations of SN at
13.5 and 27 μg/mL with CHG at 37.5 μg/mL
promoted the highest reductions (B70%) in
total biomass. For C. glabrata biofilms, all combi-
nations of SN with NYT and the combination of
SN at 13.5 μg/mL with CHG at 9 μg/mL
showed synergistic activity, achieving reduction
in the biofilm biomass in more than 84%
(Monteiro et al., 2013b).

However, SNs at 13.5 μg/mL, when
combined with NYT or CHG, proved a syner-
gistic effect against C. albicans biofilm cells, and
the highest decrease in the number of cells
(.6 log10-fold) was achieved by the combi-
nation of SNs at 27 μg/mL with NYT at
216 μg/mL. Further, for C. glabrata biofilms,
the combinations of SNs at 13.5 and 27 μg/mL
with CHG at 9 μg/mL displayed synergistic
activity, whereas all other drug combinations
showed an additive effect with decrease in the
number of biofilm cells of approximately
5 log10-fold (Monteiro et al., 2013b).

Interestingly, SEM observations revealed
that the majority of C. albicans biofilm disrup-
tion was found when SNs at 13.5 μg/mL were

combined with CHG at 37.5 μg/mL. This resul-
tant biofilm showed few yeasts and deformed
and elongated hyphae. With respect to the
ultrastructure of C. glabrata biofilm, the com-
bination of SNs at 27 μg/mL with CHG at
9 μg/mL resulted in a biofilm completely dis-
rupted and constituted by few sparse yeasts
(Monteiro et al., 2013b).

It is believed that the synergism between
SNs and NYT or CHG is due to both different
and similar mechanisms of drugs action. Both
NYT and CHG promote disruption of the yeast
cell membrane, with the consequent alteration
of cell permeability and escapement of cell
constituents (Kuyyakanond and Quesnel, 1992;
Ellepola and Samaranayake, 2000). SNs have
high surface-to-volume ratio, which improves
the interaction between particles and cells
(Baker et al., 2005). These nanoparticles bind
to sulfur-containing proteins, resulting in
defects in the cell membrane, interact with
phosphorus-containing compounds like DNA
(preventing cell reproduction), and attack the
respiratory chain, causing the cell death
(Monteiro et al., 2009; Rai et al., 2009).
Therefore, the disruption of the cell membrane
performed by NYT and CHG may help the
entrance of SN into the cytoplasm, where these
nanoparticles reach their targets.

In a clinical context, this combination of
SN with NYT and CHG is very important
because the concentrations of conventional
antifungals tested are much lower (32�1,682
folds) than those found in commercial pro-
ducts. Additionally, it was not possible to
observe antagonism between the combinations
evaluated (Monteiro et al., 2013b).

17.2.6 Incorporation of SN into
Denture Acrylic Resin

Considering that Candida infections involv-
ing oral mucosa represent a challenge for
the dental field, the incorporation of SN into
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PMMA used as denture base (Monteiro et al.,
2012a) has been developed (Figure 17.3) as a
method to prevent these infections.

An in vitro study conducted by Monteiro
et al. (2012a,b) assessed a denture base acrylic
resin-containing SN through morphological
analysis by checking the distribution and
dispersion of these particles in the polymer
and by testing the silver release in deionized
water at different time periods. SN were syn-
thesized through the reduction of silver nitrate
with sodium citrate and added to the monomer
of the acrylic resin at 0.05%, 0.5%, and 5%,
based on the polymer mass. Then, the acrylic
specimens were immersed in deionized water
and kept at 37�C under agitation for 7, 15, 30,
60, and 120 days. After each period of time, the
amount of silver released was measured by
atomic absorption spectroscopy. Moreover,
SEM was used to analyze the morphology of
the nanocomposites generated before and after
120 days of immersion in water.

Interestingly, the results did not reveal the
presence of silver in deionized water, even after
the immersion of nanocomposites for 120 days.
Additional tests were performed to verify
whether SN would be released in artificial saliva.

Again, silver was not detected in this medium
by the atomic absorption spectroscopy analysis,
which is very sensitive (Monteiro et al., 2012a).

SEM images of the PMMA/SN nanocompo-
sites showed that SN were well-adhered to the
surface of the PMMA matrix, before and after
storage in deionized water. It was verified that
before 120 days of storage, the higher the con-
centration of SN incorporated into PMMA, the
higher the distribution of the nanoparticles and
the lower their dispersion into the polymeric
mass (Monteiro et al., 2012a). However, after
120 days of storage in water, SN were found
on the polymer surface, regardless of the SN
concentration added to the PMMA. SN proba-
bly migrated from the interior to the surface of
the polymer, where the energy is high enough
to accommodate a large concentration of them.

Finally, preliminary antimicrobial and
mechanical tests of the PMMA/SN nano-
composites demonstrated that they had good
efficacy against C. albicans biofilm formation,
mainly the nanocomposite containing 5% of
SN. Similar values of flexural strength were
also observed between the nanocomposites
and the control group (PMMA without SN)
(Monteiro et al., 2012a).

FIGURE 17.3 SEM images showing the surface (A) and the interior (B) of the PMMA/silver nanocomposite after 120
days of immersion in deionized water. The arrows indicate SN. Most of the nanoparticles are distributed in (A), and very
few particles are visualized in (B). Magnifications: 3 79,980 (A); 3 7,240 (B).
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17.3 CONCLUSIONS AND
FUTURE PERSPECTIVES

Based on available literature regarding the
effect of SN against C. albicans and C. glabrata,
it may be concluded that the size of SN and the
type of stabilizing agent do not interfere in the
antifungal activity against biofilms of these
species; the temperature and pH variations of
SN do not influence their effectiveness against
the viable cells of mature Candida biofilms; SN
are more effective against Candida-adhered
cells than against their mature biofilms; SN
interfere with the extracellular matrix composi-
tion of mature Candida biofilms in terms of
protein, carbohydrate, and DNA, and with the
ultrastructure of these biofilms; SN combined
with either NYT or CHG show synergistic
antibiofilm activity against mature Candida bio-
films; and SN remain adhered to PMMA even
after 120 days of storage in deionized water.

In view of all these attributes it is possible to
consider that SN can be used as an alternative
treatment for oral candidosis. However, further
research is needed to elucidate the exact
mechanisms by which adhesion capacity of
Candida cells is decreased after treatment with
SN, the cytotoxicity/genotoxicity of SN alone
or combined with conventional antifungal
drugs, the longevity of SN formulation under
oral conditions, and the physical, mechanical,
and microbiological properties of the nanocom-
posites generated by the incorporation of SN
into denture acrylic resin.
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Nanomedical Therapeutic and
Prophylaxis Strategies Against

Intracellular Protozoa in the Americas
Maria Jose Morilla and Eder Lilia Romero

Programa de Nanomedicinas, Departamento de Ciencia y Tecnologı́a,

Universidad Nacional de Quilmes, Buenos Aires, Argentina

18.1 INTRODUCTION

Therapeutics and prophylaxis of tumor and
infections using three-dimensional nanoobjects
(metal and oxides nanoparticles [NPs], poly-
meric and lipid NPs, nanocapsules, dendri-
mers, micelles, liposomes, and other vesicles
up to 200�300 nm size, referred to here as
NPs) are the most important applications of
nanomedicine. Bare NPs or NP-loaded active
principles (apis) (also known as nonbiological
complex drugs [NBCDs]) constitute the so-
called nanomedicines. Pharmacokinetics and
biodistribution of api in NBCDs do not depend
on the chemical structure, but rather on the
structural features of the NPs. NPs of adequate
size, shape, and surface can surpass anatomical
and phenomenological barriers, protecting and
enabling the passage of apis across gastrointes-
tinal mucus, skin, and blood�brain barriers.
Because eukaryotic cells can recognize and

take-up NPs by means of endocytic mechan-
isms, nanomedicines are used for targeted
delivery of foreign, highly charged, and/or
high-molecular-weight apis such as proteins
and nucleic acids to cells, modifying their sub-
sequent intracellular processing pathway. The
targeted delivery of proteins to antigen-
presenting cells (APC), however is the core of
NP-mediated prophylactic strategies. Overall,
NPs enable cell targeting of poorly bioavail-
able, labile in circulation, poorly cell-penetrating,
and/or nonselectively biodistributed apis. More
specifically, nanomedicines provide an advan-
tage for standard low-molecular-weight (LMW)
apis by reducing their renal excretion and/or
hepatic degradation, leading to prolonged circu-
lation times. Nanomedicines also reduce the
volume of distribution of apis, leading to less
accumulation in healthy nontarget tissues (“site-
avoidance drug delivery”), improvement in the
ability of apis to accumulate at pathological sites
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(“site-specific drug delivery”) and improvement
in the therapeutic index of apis by increasing
their accumulation at the target site and/or
reducing their localization in potentially endan-
gered healthy organs. In addition, NBCDs assist
LMW (chemo-)therapeutic agents in overcoming
several additional barriers such as vascular
endothelium, perivascular space, cellular mem-
brane, nuclear membrane, and blood�brain bar-
rier, which impair the access to pathological
sites. In sum, nanomedicines help to overcome
the so-called clinical barriers such as low efficacy,
high toxicity, the need for hospitalization, and/
or frequent administration, as well as low cost-
effectiveness (Rizzo et al., 2013). Excluding
the targeting to intravascular sites, the selective
distribution of intravenously administered
nanomedicines necessitates a suitable anatomo-
pathological environment with characteristics
such as increased vascular permeability (accom-
panied or not by impaired lymphatic drainage).
The presence of the target site having
determined tissue/cell activity or ligand expres-
sion does not help improve selectivity, but the
cell uptake of nanomedicines can be improved.
Infections are usually accompanied by inflam-
mation that, as in solid tumors, generally pres-
ent leaky blood vessels. This fact, as opposed to
the vasculature in the majority of healthy
tissues, allows for the extravasation of NPs with
sizes of up to 400 nm. Nanomedicines are gen-
erally able to accumulate both effectively and
selectively at such pathological sites by means
of a mechanism known as the enhanced perme-
ability and retention (EPR) effect. Besides the
enhanced leakiness of tumorous and inflamed
blood vessels, the EPR effect is also based on the
fact that solid tumors tend to lack functional
lymphatics, thereby limiting the removal of
extravasated NPs from the target site. Because
EPR-mediated drug targeting exclusively relies
on the pathological properties of the target tis-
sue, that is, enhanced leakiness and poor lym-
phatic drainage, it is generally referred to as
passive drug targeting. Active drug targeting,

however, relies on the use of antibodies, pep-
tides, or sugar moieties, which are physically or
chemically incorporated into nanomedicine for-
mulations to facilitate localization to and/or
uptake by target cells.

Various vascular mediators commonly found
in inflammation and cancer contribute to the
EPR effect. These mediators include vascular
endothelial growth factor (VEGF), which
enhances the vascular permeability of normal
blood vessels as well as that of tumor vessels,
with this process partly involving endothelial
nitric oxide synthase (eNOS) and thus NO; acti-
vated cyclooxygenase-1, interferon-γ (IFN-γ),
inducible NOS (iNOS), and other cytokines such
as tumor necrosis factor-α (TNF-α), transform-
ing growth factor-β (TGF-β), interleukin-2 (IL-2),
and IL-8 also affect normal blood vessels.

Among the various requirements for and
factors influencing the EPR effect, the most
important is having a molecular size larger
than 40 kDa (larger than the renal clearance
threshold). However, this requirement is only
partly valid, because size alone is not sufficient
for the EPR effect to occur. Certain heavy mac-
romolecular complexes have a short half-life in
circulation and do not passively accumulate
despite the EPR context. Hence, the circulating
nanomedicines must avoid the interaction with
blood components (causing, for instance, cell
lysis) or blood vessels and minimize antigenic-
ity to reduce clearance by the reticulo-
endothelial system. The surface charge of
nanomedicines has to be weakly negative to
near neutral. The time required to achieve
accumulation has to be longer than several
hours in systemic circulation in mice, with dis-
tinct accumulation seen at 30 min; this leads to
a retention time of days to weeks. This is in
great contrast to passive targeting of LMW api,
which are rapidly cleared and enter the
systemic circulation in a few minutes. This is
the case of LMW contrast agents used in angi-
ography, which are taken-up in the tumor
tissue by passive targeting but not retained.
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Similarly, arterial injection of LMW anticancer
agents, although they hit the tumor by the first
path effect, is not retained in tumor tissue;
therefore, there is not much clinical benefit.
Unfortunately, a major difference between
tumors and inflammation related to infections
is the clearance rate of extravasated macromo-
lecules such as plasma proteins, lipid particles,
or nanomedicine, resulting in prolonged reten-
tion time in tumor tissue compared with that
in inflamed normal tissue (Maeda et al., 2013).

Currently, nearly 120 therapeutic and pro-
phylactic nanomedicines are in clinical trials;
there are already 70 products on the market for
cancer, cardiovascular, neurodegenerative,
musculoskeletal, and inflammatory diseases. In
this chapter, the question posed by the treat-
ment and prophylaxis of the main parasitosis
of the Americas—leishmaniasis and Chagas
disease—using nanomedicines are addressed.

18.2 LEISHMANIASIS

The different clinical manifestations of leish-
maniasis are cutaneous leishmaniasis (CL; with
ulcerative skin lesions), mucocutaneous leish-
maniasis (MCL; destructive mucosal inflamma-
tion), and visceral leishmaniasis (VL), and they
are dependent on the infecting leishmania
genus (Table 18.1).

Once injected in the skin by the bite of a
vector sand fly of Lutzomia or Phlebotomus
genus, leishmania promastigotes invade local
phagocytic host cells. Inside the cells, the pro-
mastigotes transform into amastigotes, which
survive in the harsh environment of phagolyso-
somes. After a brief period during which amas-
tigotes multiply, promastigotes are released
in a cell burst and dissemination to local or
distant phagocytes occurs. Liver, spleen, and
bone marrow macrophages are colonized in

TABLE 18.1 Characteristics of Leishmaniasis and Chagas Disease

Disease Causative agent Numbers Drugs used and adverse reactions

Leishmaniasis Leishmania spp. 1.5 million and 500,000 new
cases of CL and VL occur each
year, respectively.

CL heals by reepithelization with
scarring, but it is treated to avoid
disfiguring lesions; MCL can
produce potentially life-threatening
inflammatory disease and must be
treated; VL is mortal if untreated.

L. donovani and L. infantum
(old world); L. chagasi (new
world) cause VL.

Endemic in 98 countries in
Asia, Africa, South and Central
America and southern Europe.

Pentavalent antimonials (Sbv)
(meglumine antimoniate and
sodium stibogluconate) first line for
some forms. Disadvantages:
resistance, administered parenterally
daily for 3 weeks.

L. major, L. tropica, and
L. aethiopica (old world);
L. mexicana, L. amazonensis,
L. braziliensis, L. panamensis,
and L. guyanensis (new world)
cause CL

Opportunistic infection in HIV
patients, potentially fatal. HIV
infection increase 10�100 folds
the risk of development of VL

Miltefosine, paromomycin,
pentamidine and AmB (Fungizone,
micellar formulation of AmB and
deoxycholate) used as second-line
drugs, also are highly toxic and need
parenteral administration.

Lipid-based AmB formulations have
reduced nephrotoxicity of AmB.

(Continued)
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VL, and skin macrophages and dendritic cells,
including Langerhans cells, are colonized in
CL, together with lymph nodes and mucosas
cells in MCL. The intracellular location of
amastigotes within phagolysosomes is the
main structural and phenomenological barrier
to overcome by leishmanicidal drugs.

Therapy for leishmaniasis depends on its
clinical manifestation (Table 18.1). Today, the
intravenous infusion of liposomal amphoteri-
cin (AmB; AmBisome) has become the stan-
dard treatment for the lethal VL and the basis
for new short course treatments.

18.2.1 Nanomedical
Therapeutic Strategies

18.2.1.1 Visceral Leishmaniasis

18.2.1.1.1 NANOMEDICINES BASED ON AmB

18.2.1.1.1.1 PARENTERAL ROUTE The high
activity in animal models of VL of intravenous
liposomal formulations of Sbv and AmB was
known since the mid-1970s because of their

direct uptake by liver and spleen macrophages.
AmBisome—a brand name for liposomal
AmB—was reported to eliminate liver para-
sites to the same extent, but faster than free
Sbv. AmBisome is effective in cases of Sbv

unresponsiveness in Leishmania infantum and
Leishmania donovani foci and is recommended
for the treatment of VL in immunosuppressed
patients (Abeer et al., 2012). Although present-
ing significant regional variation, AmBisome is
more efficacious and less toxic than other AmB
lipid-based formulations (Table 18.2) (Bern
et al., 2006). The main limitation for the use of
AmBisome, however, is its high cost (Olliaro
et al., 2009); even a single dose (5 mg/kg 97.5%
cure rate in VL patients in India) is still consid-
ered expensive. AmBisome requires a cold
chain and is not stable at temperatures above
25�C (Croft and Olliaro, 2011). Even minor
alterations in the molar ratios of the drug to
phospholipids or the process of manufacture
may affect the performance of liposomal
AmB formulations. Cheaper, nonbioequiva-
lent generic versions of AmBisome have been

TABLE 18.1 (Continued)

Disease Causative agent Numbers Drugs used and adverse reactions

Chagas disease T. cruzi 10�12 million people infected
in endemic areas of Latin
America. 15,000 deaths
each day.

BNZ and NFX active in acute
(up to 80% of cures) and early
chronic phases (up to 60% cures),
are contraindicated in pregnancy.

Infection becoming
increasingly prevalent in
Europe and United States.

Two randomized trials are in the
process to provide evidence
regarding the evolution of mild or
advanced heart disease in chronic
patients treated with BNZ.

BNZ adverse effects: dermatitis with
cutaneous eruptions, myalgias,
arthralgias and lymphadenopathy;
polyneuropathy, paresthesias and
polyneuritis; bone marrow
disorders, such as thrombopenic
purpura, and agranulocytosis; and
genotoxicity.

300 18. NANOMEDICAL THERAPEUTIC AND PROPHYLAXIS STRATEGIES

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES



produced. For instance, Anfogen has a chemi-
cal composition similar to AmBisome, but its
different manufacture produces liposomes
with significantly different efficacy and toxicity
(Olson et al., 2008).

Aiming to increase its activity and reduce its
toxicity, the performance of AmB within differ-
ent NPs has been recently screened in preclini-
cal models (Table 18.3).

AmB loaded in poly(lactide-co-glycolide-
polyethilenglycol [PLGA-PEG]) (Kumar et al.,
2014) and in phosphoserine-coated gelatin NPs
for specific targeting to macrophages (Khatik
et al., 2014), showed higher activity than free
AmB. In both cases the inhibition of parasite

burden was not higher than 93% and the activi-
ties were not compared with AmBisome.

Increased phagocytosis, production of proin-
flammatory cytokines (IL-6, IL-1b, and TNF-α),
and oxidate species (reactive oxygen species
[ROS] and nitric oxide species) in Leishmania-
infected phagocytes accompany parasites elimi-
nation. AmB-loaded chitosan nanocapsules
showed higher in vivo activity than AmBisome
and Fungizone because of the upregulation of
TNF-α, IL-12, and iNOS, along with chitosan-
mediated downregulation of TGF-β, IL-10, and
IL-4 (Asthana et al., 2013). In the same sense,
lipo-polymerosomes of glycol chitosan�stearic
acid copolymer-containing AmB showed higher

TABLE 18.2 Lipidic AmB Formulations Used in the Clinics

Name Composition Size

LD50 mice

(mg/kg) Manufacture

AmBisome Hydrogenated soy phosphatidylcholine
(HSPC): cholesterol (chol):
distearoylphos-phatidylglycerol
(DSPG): AmB (2:1:0.8:0.4 molar ratio)
(unilamellar liposomes)

80 nm .175 Gilead Sciences,
USA

Abelcet Dimyristoylphosphatidylcholine
(DMPC):
Dimyristoylphosphatidylglycerol
(DMPG): AmB (7:3:10 molar ratio)
(ribbon-like complex)

1.6�11 μm, with
90% , 6 μm

.40 Enzon
Pharmaceutical,
USA

Amphocil
amphotec

Cholesteryl sulfate: AmB (1 :1 molar
ratio) (lipid complex, colloidal
dispersion)

1006 22 nm 36 Three Rivers
Pharmaceuticals,
USA

Fungisome Phosphatidylcholine: chol (7:3 molar
ratio) AmB/lipid 2.2% (multilamellar
liposome)

Convert to small
unilamellar vesicles
through 45 min
sonication 0.0884�3 μm

17.6 Lifecare
Innovations, India

Amphomul Similar to Amphocil Bharat Serums and
Vaccines Limited,
India

Phosome No data CIPLA, India

Anfogen Similar to AmBisome, but
manufactured differently

111 nm 10 Genpharma,
Argentina
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TABLE 18.3 Nanomedicines Based on AmB

Formulation Composition Efficacy and toxicity Reference

Lipo-
polymerosomes

Self-assembly of synthesized glycol
chitosan�stearic acid copolymer and
cholesterol. 240 nm, 127 mV Z potential

L. donovani-infected hamsters Gupta et al.
(2014a)

Inhibited 78.66% splenic parasite
burden. Fungizone and AmBisome
caused 56.54% and 66.46% inhibition,
respectively, in L. donovani-infected
hamsters. Less toxicity in vitro than
Fungizone and AmBisome

Gupta et al.
(2014b)

Gelatine NP 1,2-Diacyl-sn-glycero-3-phospho-L-serine
(PS)-coated gelatin NP

Inhibited 85.3% splenic parasitic burden
in L. donovani-infected hamsters.
Noncoated NPs and AmB caused 71.0%
and 50.5% inhibition, respectively.

Khatik et al.
(2014)

PLGA-PEG NP 30 nm Inhibited 93% splenic parasite burden,
AmB caused 74.42% inhibition

Kumar et al.
(2014)

Chitosan
nanocapsule

AmB-containing Tween 80 and soya
lecithin as surfactants and with soya
bean oil as core covered by chitosan.
146 nm, 129 mV Z potential

Inhibited 86% splenic parasite burden
in L. donovani-infected hamsters
(1 mg/kg for 5 consecutive days i.p.).
AmBisome and Fungizone caused
69.8% and 55.5% inhibition,
respectively. Nanocapsules were less
toxic than Fungizone and AmBisome on
J774A macrophages and erythrocytes.

Asthana
et al. (2013)

AmB
deoxycholate NP

AmB NP. 10�20 nm Inhibited 92.18% splenic parasite
burden in L. donovani-infected hamster
(5 mg/kg for 5 consecutive days i.p.).
Fungizone caused 74.57% inhibition.

Manandhar
et al. (2008)

ED50 for intracellular amastigotes in
peritoneal macrophage and J774
cells was significantly less than the
required dose of Fungizone
(0.0027 vs. 0.0426 μg/mL and
0.0038 vs. 0.0196 μg/mL).

Manandhar
et al. (2014)

Carbon
nanotubes

AmB attached to amino-terminated
carbon nanotubes diameter
B40�70 nm, length B2�8 μm

Inhibited 89.85% splenic parasite
burden in L. donovani-infected
hamsters (5 mg/kg for 5 consecutive
days i.p.). AmB caused 68.97%
inhibition. No hepatic and renal toxicity
was observed up to 20 mg/kg

Prajapati
et al. (2011)

Inhibited 98.2% splenic parasite burden
in L. donovani-infected hamster
(15 mg/kg for 5 consecutive days
orally). Oral miltefosine and AmBisome
(5 mg/kg i.p.) caused 80.6% and 97.6%
inhibition, respectively.

Prajapati
et al. (2012)

(Continued)
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in vivo activity than AmBisome, upregulation of
TNF-α, IL-12, IFN-γ, and iNOS, and down-
regulation of TGF-β, IL-10, and IL-4 (Gupta
et al., 2014b). However, lectin-functionalized
lipo-polymerosomes showed higher accumula-
tion in macrophage-rich organs (liver, spleen,
lung) and higher activity as compared with non-
functionalized lipo-polymerosomes, AmBisome,
and Fungizone (Gupta et al., 2014a).

Converting AmB deoxycholate (1�2 μm)
into NPs by applying high-pressure milling
homogenization showed greater efficacy than
conventional AmB (Manandhar et al., 2008).
However, only in vitro leishmanicidal activity
has been reported (Manandhar et al., 2014).

Intraperitoneal and oral administration of
AmB covalently bound to functionalized car-
bon nanotubes showed leishmanicidal activity
in vivo. However, toxicity, biopersistence, and
biodegradability carbon nanotubes remain a
matter of major concern.

In a different approach, AmB attached to poly
(N-(2-hydroxypropyl)methacrylamide, HPMA)-
polymer through a degradable GlyPheLeuGly
linker (cleaved by cathepsin B in phagolyso-
somes) showed potent leishmanicidal activity
in vivo, although it was less active than
AmBisome (Nicoletti et al., 2009). Conjugation of
poly(HPMA)-AmB with the bisphosphonate

alendronic acid did not increase the leishmanici-
dal activity (Nicoletti et al., 2010).

18.2.1.1.1.2 ORAL ROUTE Except miltefo-
sine, all current leishmanicidal drugs are
administered by parenteral routes because of
their poor aqueous solubility and bioavailabil-
ity. New approaches aimed to change the
administration route have recently been
described. For instance, to enhance its oral
absorption and minimize its side effects, AmB
was formulated in self-emulsions loaded in
PLGA or polymer�lipid NPs.

Self-emulsifying AmB formulations (triglyc-
eride [Peceol]), surfactant (Gelucire 44/14) and
co-surfactant (vitamin E-polyethylene glycol
succinate [vitamin E-TPGS]), improved the oral
absorption (Wasan et al., 2009a). The AmB self-
emulsion at 10 mg/kg twice daily for 5 days
inhibited 99.5% of parasitemia (Wasan et al.,
2009b), whereas five daily doses of 3 mg/kg of
oral miltefosine inhibited 47.5% of liver
parasites, and a single intravenous dose of
AmBisome of 2 mg/kg completely eradicated
liver parasites (Wasan et al., 2010). Moreover,
the cytotoxicity against renal cells of the AmB
self-emulsion was significantly lower than
those of AmBisome and Fungizone (Leon et al.,
2011), whereas in vivo the renal toxicity was

TABLE 18.3 (Continued)

Formulation Composition Efficacy and toxicity Reference

Poly(HPMA)�
polymer
conjugates

HPMA-AmB Inhibited 93.8% and 99.6% hepatic
parasite burden at 1 and 3.0 mg/kg
i.v. administered respectively, in
L. donovani-infected Balb/c mice.
AmBisome inhibited 99.9% at both
doses. Favorable cytotoxicity profile
compared with AmB and Fungizone,
and comparable with AmBisome.

Nicoletti
et al. (2009)

HPMA-AmB-alendronic acid Conjugates of AmB (1.0 mg/kg)
containing 0% and 1.8% of alendronic
acid displayed 77% and 67.9% hepatic
parasite burden inhibition, respectively

Nicoletti
et al. (2010)
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avoided (Ibrahim et al., 2012). The formula-
tions showed good stability at 30�C and 43�C.

AmB-PLGA NPs stabilized with vitamin
E-TGPS reduced AmB nephrotoxicty by oral
and intravenous routes as compared with
Fungizone. AmB-NPs exhibited an eight-fold
increase in oral bioavailability compared with
Fungizone and reduced liver parasite burdens
(Italia et al., 2012).

AmB loaded into polymer�lipid hybrid NPs
(lecithin anionic core coated with cationic type
A gelatin to impart stability in the gastrointesti-
nal tract [AmB-LAGNPs]) exhibited a 4.69-fold
increased oral bioavailability as compared with
free AmB (Jain et al., 2012). AmB-LAGNPs
showed significantly lesser blood urea nitrogen
and plasma creatinine levels as compared with
free AmB and Fungizone, but comparable with
that of Fungisome, after intravenous adminis-
tration. However, AmB-LAGNPs has not been
tested in the VL model.

Finally, a cochelate complex of AmB (precip-
itation of AmB with phosphatidylserine and
Ca12, bioral amphotericin B) highly effective in
treating murine candidiasis and aspergillosis
by oral route has completed phase I trials
(Delmas et al., 2002). Moreover, the in vitro
activity of AmB cochleate against Leishmania
chagasi was found to be similar to that of
Fungizone (Sesana et al., 2011), but it has not
been tested in the VL model.

18.2.1.1.2 NANOMEDICINES BASED ON SbV

Dogs are the main urban reservoirs of
L. infantum and represent the major source of
contagion for the vectors by virtue of the
high prevalence of infection and intense
cutaneous parasitism. Achieving the complete
cure of dogs with VL, or at least the blockade
of infectivity to the sand flies vector, is a
great challenge. Treatment of dogs naturally
infected by L. infantum with four or six intra-
venous doses of liposomal Sbv (distearoylpho-
sphatidylcholine [DSPC]/chol/dicetylphosphate

[DCP] 5:4:1 molar ratio, 400�1,200 nm;
6.5 mg Sbv/kg at 4-day intervals) promoted
both long-term parasite suppression and reduc-
tion of infectivity to sand flies (Da Silva et al.,
2012). However, parasites remained in the
spleen, bone marrow, and skin of treated dogs.
Mixed formulations of Sbv-containing plain
(200 nm) and PEGylated liposomes (DSPC/
chol/DCP/distearoylphosphatidyl-ethanolamine-
polyethylene glycol 2000 [DSPE-PEG] 4.53:4:
1:0.47 molar ratio; 180 nm) showed improved
targeting of Sbv to the bone marrow of dogs
after intravenous administration. The mixed
formulation promoted parasite suppression to
a higher extent in both spleen and bone marrow
of L. infantum�infected Balb/C mice compared
with PEGylated or conventional liposomes
alone (Azevedo et al., 2014). However, the
activity of these formulations in infected dogs
remains to be tested.

A different approach showed that only one
intravenous administration of cationic liposomes
(egg phosphatidylcholine: stearylamine [SA])
containing Sbv suppressed liver (93�97%),
spleen (96�98%), and bone marrow (84�86%)
parasitic load in Balb/C mice infected with Sbv-
resistant L. donovani strains, which were compa-
rable with Fungizone (2 mg/kg) (Roychoudhury
et al., 2011). Interestingly, in comparison with
AmB, mice treated with cationic liposomes were
more resistant to reinfection and treated mice
showed enhanced T-cell proliferation, persistent
IgG1 levels, increased IgG2a, and upregulated
IL-12, IFN-γ, and TNF-α production in
leishmania-pulsed splenocytes.

18.2.1.1.3 NANOMEDICINES BASED ON

DRUGS OTHER THAN AmB AND SbV

Nonapproved leishmanicidal drugs such as
furazolidone, buparvaquone, and bisnaphthali-
midopropyldiaaminooctane improved their
performance compared with free drugs
when loaded in liposomes and PLGA NPs,
respectively (Tempone et al., 2010, Reimão
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et al., 2012; Costa Lima et al., 2012). The anti-
tumoral doxorubicin loaded into nanocapsules
(oil core of soyabean oil, Span 80/Tween 80,
covered by protamine sulfate and sodium
alginate and grafted with phosphatidylserine)
accumulated in macrophage-rich organs (liver
and spleen) in Wistar rats and inhibited splenic
parasitic burden by 85.23% in L. donovani�
infected hamsters after intraperitoneal admin-
istration (250 mg/kg/day, 4 consecutive days).
Noncoated nanocapsules and free doxorubicin
caused only 72.88% and 42.85% parasite
inhibition, respectively (Kansal et al., 2012).
Further, doxorubicin loaded into alginate-
coated nanocapsules despite upregulated T-cell
responses, NO production, and enhanced levels
of iNOS, TNF-α, IFN-γ, and IL-12 only caused
72.88% inhibition of splenic parasitic burden in
infected hamsters (Kansal et al., 2013).

18.2.1.2 Cutaneous Leishmaniasis

18.2.1.2.1 NANOMEDICINES BASED ON AmB

BY PARENTERAL ROUTE

Parenteral administration of Sbv to treat
severe CL caused by Leishmania species with
the potential to disseminate and of MCL CL
are recommended to expedite healing, reduce
the risk of scarring, prevent parasite dissemi-
nation, and reduce chance of relapse (Sundar
and Chakravarty, 2013).

Although short-term treatments with
AmBisome (3 mg/kg for 5 consecutive days
and at day 10) were shown to be effective and
better tolerated than Sbv against CL caused by
Leishmania braziliensis (Solomon et al., 2013),
there is no available data regarding optimum
dosage regimen and extension of treatment.

Only one work has showed that AmB encap-
sulated in PLGA NPs reduced the number of
parasites on the paw of L. amazonensis�infected
C57BL/6 mice after four intraperitoneal admin-
istrations (6 mg/kg on days 1, 4, and 7, and
2 mg/kg on day 10) to the same extent as free

AmB administered for 10 days (2 mg/kg/day)
(De Carvalho et al., 2013). Mixed PLGA NP
with magnetic NP (maghemite) to control the
release of AmB by magnetohyperthermia did
not improve the results.

18.2.1.2.2 NANOMEDICINES BASED ON

PAROMOMYCIN BY TOPICAL ROUTE

For uncomplicated “Old World” CL, the
WHO recommends local chemotherapy (e.g.,
intralesional Sbv, topical paromomycin, cryo-
therapy, or thermotherapy). For “New World”
CL, systemic treatment is preferred because
self-healing is rare and the evolution of the dis-
ease is potentially severe. Local therapy should
not only be able to eliminate the parasite and
prevent the risk of dissemination but also be
able to reduce the scar formation and
disfigurement.

An overview of 14 randomized controlled
trials concluded that the activity of 15% paro-
momycin ointment associated with the perme-
ation enhancer methylbenzethonium chloride
(12%) was similar to that of intralesional oint-
ment Sbv in Leishmania major infections (Kim
et al., 2009). However, local side effects are fre-
quently observed because of the permeation
enhancer. A cream containing paromomycin
and gentamicin (WR279,396) showed high cure
rates (94% versus 71% placebo) in patients
with L. major with only mild local irritation
(Ben Salah et al., 2009). However, efficacy of
both treatments was inferior in treating New
World CL. Topically applied dispersion of
Amphocil in 5% ethanol has been successful in
treatment of L. major�infected patients in Israel
(Zvulunov et al., 2003). However, clinical trials
addressed with topical AmB did not provide
sufficient evidence for their use in CL.

The use of NPs for the topical treatment
of CL has been recently reviewed by Moreno
et al. (2014). NPs can increase the amount
of the loaded drug arriving at the dermis
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and modulate the permeation rate, can target
drugs near the parasite, and can have immu-
nomodulatory properties or wound-healing
capabilities.

Only flexible liposomes have shown signifi-
cant reduction of lesion size in CL models. For
instance, topical application of liposomes con-
taining paromomycin (SoyPc: chol: propilen-
glycol: vitamin E, 15:27:0.3 w/w B500 nm)
twice per day for 4 weeks showed significant
reduction of lesion size in L. major�infected
mice that were completely cured 8 weeks later
(Jaafari et al., 2009). Currently, this formulation
is in clinical trial to test its efficacy in
combination with systemic Sbv for the treat-
ment of CL caused by Leishmania tropica.
Recently, topical application of transfersomes
containing paromomycin (SoyPc: sodium cho-
late: ethanol 20:2:5 w/w, 200 nm) twice per
day for 4 weeks caused significant reductions
in the lesion sizes and lower parasite burden
in spleen in L. major�infected mice compared
with paromomycin cream (Bavarsad et al.,
2012). Using a similar approach (Carneiro
et al., 2010) showed that 300�500 nm fluid
liposomes containing paromomycin enhanced
in vitro drug permeation across stripped skin
and improved the in vivo antileishmanial activ-
ity in L. major�infected mice.

18.2.1.2.3 NANOMEDICAL PHOTODYNAMIC

THERAPY

Photodynamic therapy (PDT) is based on
the use of photosensitizers that are excited by
light to produce ROS in the presence of oxy-
gen. Because of the accessibility of skin to irra-
diation from laser or incoherent light sources,
PDT has been used with variable outcomes in
experimental and clinical settings against CL
(Van Der Snoek et al., 2008). Analysis of 49
trials confirmed the efficacy of a weekly
session of PDT with 5-aminolevulinic acid
(5-ALA) or its derivative methyl-ALA (MAL)
for 4 weeks against L. major infections. A com-
parison of PDT with topical treatment of

paromomycin daily for 28 days in Iran showed
higher cure rates in the PDT group and the
prevention of scarring was similar between
them, with absence of recurrences and good
cosmetic results. A recent study has corrobo-
rated the efficacy of PDT based on methylene
blue to treat CL caused by Leishmania amazo-
nensis (Song et al., 2011).

Regarding the use of NPs to increase the
delivery of photosensitizer to infected macro-
fages, in vivo studies are still lacking. Our
research group has shown that anti-amastigote
activity of hydrophobic Zn phthalocyanine
against intracellular L. braziliensis was signifi-
cantly increased when loaded in ultradeformable
liposomes (SoyPc: sodium cholate, 6:1 w/w)
because of the increased skin penetration
and uptake by infected cells of these liposomes
(Montanari et al., 2010). An improved formula-
tion containing total polar lipids (TPL) extracted
from the hyperhalophile archaea Halorubrum
tebenquichense that were more extensively taken-
up by macrophages eliminated intracellular
L. braziliensis amastigotes, without reducing the
viability of host cells, keratinocytes, and bone
marrow�derived dendritic cells on visible light
illumination (0.2 J/cm2) (Perez et al., 2014). In
vivo topical application of these liposomes for
5 days on L. braziliensis�infected Balb/c mice
followed by 15 min of sunlight irradiation pro-
duced a significant reduction of lesion size
(unpublished results).

Incorporation of another photosensitizer,
chloroaluminum phthalocyanine, in ultrade-
formable liposomes also increased the
anti-Leishmania panamensis amastigote activity
on illumination (17 J/cm2) (Hernández et al.,
2012). However, the treatment was equally
toxic for macrophages and amastigotes. Other
liposomal formulation (DMPC: chol: DSPG
2:1:0.8 molar ratio) also increased the effec-
tiveness of carbaporphyrin dimethyl ketal on
intracellular amastigotes of L. amazonensis
on 2 h of visible light illumination (Taylor
et al., 2011).
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18.2.1.2.4 METALLIC AND METAL OXIDE NPs

Macrophages produce a high level of ROS to
kill microbial agents. However, ROS produc-
tion is inhibited in infected macrophages by
Leishmania parasites, which leads to its survival
inside macrophages. Metallic NPs are able to
produce ROS; hence, metallic NPs were pro-
posed to overcome the inhibition of ROS pro-
duction by Leishmania in macrophages.

Only two works tested in vivo activity of
metallic NPs. The first work showed that
topically applied silver NPs were ineffective
in reducing mean size of lesions of
L. major�infected Balb/c mice (Nilforoushzadeh
et al., 2012). Their low penetration across the
skin could explain their inefficacy against
Leishmania in vivo. However, intraperitoneally
administered Bacillus sp. biosynthesized Se NPs
at nontoxic doses (5 or 10 mg kg/day) for 14
days before infection and delayed the develop-
ment of lesions in L. major�infected Balb/c mice
(Beheshti et al., 2013). Daily intraperitoneal
administration of Se NPs for 14 days to infected
animals not only significantly decreased the
lesion sizes compared with the control group
but also completely abolished these lesions.

In vitro, AgNP inhibited the survival of
L. tropica amastigotes, an effect that was more
significant in the presence of UV light and in
the absence of macrophages cytotoxicity
(Allahverdiyev et al., 2011). TiO2 NP doped
with Ag (to pull light absorption into visible
light) inhibited survival of L. tropica and
L. infantum amastigotes 2-fold and 2.5-fold in
the dark, whereas visible light-exposed TiAg-
NPs inhibited them 4-fold and 4.5-fold, respec-
tively (Allahverdiyev et al., 2013). The authors
propose that TiAg-NP and visible light can be
further used for treatment of CL, whereas TiAg-
NPs alone can be used for VL treatment. Finally,
Jebali and Kazemi (2013) showed that different
NPs (Ag, Au, TiO2, ZnO, and MgO) presented
leishmanicidal activity against intracellular
amastigotes of L. major in the dark that was

increased under UV illumination. However, all
NPs showed toxicity on host macrophages.

18.2.2 Nanomedical Prophylactic
Strategies

A mass vaccination of the population of an
endemic area would be the most cost-effective
tool to diminish Leishmania burden. The feasi-
bility of developing a vaccine against CL has
been sustained by the fact that long-lasting
protection was observed on recovery from CL
or by leishmanization (LZ; inducing the infec-
tion by injecting live virulent parasites).

The protection is chiefly mediated through
upregulation of protective cytokines (IFN-γ, IL-
12, IL-2, and TNF-α), with concomitant down-
regulation of disease-promoting cytokines such
as TGF-β, IL-10, and IL-4. The first generation
of leishmania vaccines consisting of whole-cell
autoclave-killed L. major mixed with BCG have
reached phase 3 trials but failed to show
enough efficacy (54%) (Mutiso et al., 2010).
However, recombinant second-generation vac-
cines and third-generation DNA vaccines
achieved mean parasite load reductions of 68%
and 59%, respectively, in animal models, but
their success in field trials has not been
reported yet (Palatnik-De-Sousa, 2008).

One limitation of recombinant antigens (Ag)
is their poor immunogenicity that requires
adjuvants to enhance the immune responses.
Adjuvants approved for human use (alum,
monophosphoryl lipid A [MPL], AS04, and
MF59) enhance antibody production but are
limited in their ability to induce cellular immu-
nity. In that sense, NPs can enhance and/or
facilitate the uptake of Ag by APC (dendritic
cells or macrophages), may serve as a depot for
controlled release of Ag, can protect the integ-
rity of Ag against degradation, and can poten-
tially cross-present Ag to generate cytotoxic
T lymphocytes against intracellular pathogens
(Oyewumi et al., 2010).
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The performance of different NPs was thor-
oughly described recently (Doroud and Rafati,
2012). Here, we describe novel approaches to
improve the protective immune response by
loading Ag within NPs to further develop a Th1
response (Table 18.4). For instance, Bhowmick
et al. (2010) showed that cationic SA containing
MLV loaded with L. donovani promastigote
membrane Ag induced almost complete protec-
tion, as well as significantly high delayed-type
hypersensitivity (DTH) (index of cell-mediated
immunity), IgG2a antibodies, and IFN-γ.
Liposomal Ag demonstrated durable cell-
mediated immunity, and mice challenged 10
weeks after vaccination could resist infection.
Ravindran et al. (2010) also showed that SA
liposomes loaded with soluble leishmania Ag
(SLA) provided significant protection against
murine VL compared with BCG and PPL plus
trehalose dicorynomycolate (MPL-TDM toll-like
receptor agonists) as adjuvants. Liposomes
reduced parasite loads by 93% and 98% in liver
and spleen, respectively, and produced the
highest levels of IgG2a, IFN-γ, and DTH
responses, together with lowest IL-4.

SA liposomes loaded with SLA plus MPL-
TDM subcutaneously or intraperitoneally
administered induced high levels of short-term
(89%) and long-term (86%) protection in the
liver and spleen (87% and 83%, respectively)
(Ravindran et al., 2012). SLA entrapped in lipo-
somes alone or SLA mixed MPL-TDM elicited
partial protection. Highest levels of DTH were
exhibited by mice immunized with liposomal
Ag injected subcutaneously in combination
with MPL-TDM. Protection was sustained up
to 12 weeks, and infection was controlled for at
least 4 months of the challenge. Immunization
increased IFN-γ and IgG2a production even 4
months after the challenge infection and
decreased IL-4 production. Taken together,
results suggest these represent a good vaccine
formulation for the induction of durable pro-
tection against L. donovani, but if administered
to humans through a more friendly route.

However, cationic SLN (containing the syn-
thetic quaternary ammonium DOTAP—an
active stimulator of dendritic cells resulting in
extracellular signal-regulated kinase activation
and β-chemokine induction) loaded with
pDNA encoding CpG motifs (able to trigger
plasmacytoid dendritic cells) and L. major cys-
teine proteinases showed high protection levels
with specific Th1 immune response (Doroud
et al., 2011a). Mice vaccinated with cationic
SLN-containing cysteine proteinases without
the C-terminal extension increased the specific
Th1 immune response and caused parasite
inhibition (Doroud et al., 2011b). Interestingly,
PLGA nanospheres loaded with autoclaved
L. major induced strong protection against a
challenge with small increase in footpad thick-
ness. Surprisingly, a reverse effect on protec-
tive immune response was seen in the
presence of Quillaja saponins as inmunomodu-
lator (Tafaghodi et al., 2010). Alginate micro-
spheres loaded with CpG-ODN and
autoclaved L. major induced the lowest lesion
development with significantly high IgG2a/
IgG1 ratio and IFN-γ (Tafaghodi et al., 2011).

DOTAP containing liposomes loaded with
nuclease-sensitive phosphodiester CpG-ODN
and SLA caused smaller footpad swelling and
parasite loads, higher IFN-γ, together with an
increase of two-fold in the IgG2a/IgG1 ratio as
compared with controls (Shargh et al., 2012).
After immunization, an early IL-4 response in
the spleen cells was increased, but it decreased
significantly 9 weeks after infection. Authors
claimed that the early IL-4 production did not
hinder the Th1 response, which is crucial for
the priming of long-term CD81 T-cell memory
responses. The same cationic liposomes but
complexed with cationic polymer (protamine)
condensing CpG-ODN mixed with leishmania
parasites induced a milder leishmania lesion
and a minimum number of L. major in the spleen
and lymph nodes, accompanied by a Th1 type
of immune response with a preponderance
of IgG2a isotype (Alavizadeh et al., 2012).
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TABLE 18.4 Nanomedical Prophylaxis Strategies Against Leishmaniasis

Carrier type, composition, size

and Z potential Antigen

Immunization protocol /animal

model/dose Route Challenge Reference

Liposomes eggPC:chol:

SA 7:2:2 molar ratio, 306 nm

SLA L. donovani Three doses at 2-week intervals,

Balb/c mice 20 μg SLA

i.p. i.v. 23 107

promastigotes, 10 d

after last booster

Ravindran et al. (2010)

Liposomes eggPC:chol:

SA 7:2:2 molar ratio mixed with

MPL-TDM, 330 nm B40 mV

SLA L. donovani Days 0 and 22, 15 μg SLA s.c. i.p. i.v. 23 107

promastigotes,

10 days or 12 weeks

after last booster

Ravindran et al. (2012)

Liposomes DSPC:chol:SA,

7:2:2 molar ratio, MLV, 40�50 mV

SLA L. donovani 3 doses at 2 week intervals, Balb/

c mice at 20 μg
i.p. i.v. 23 107

promastigotes, 10

days after last booster

Bhowmick et al. (2010)

Type I, II, and III

cysteine proteinase

2 dose at 2-week interval,

hamster at 2.5 μg of each protein

s.c. Intracardially 2.53 107

promastigotes 10 d

after last booster

Das and Ali (2014)

Liposomes, DOTAP:chol 1:1

molar ratio with CpG-ODN,

200�500 nm B60 mV

SLA L. major 3 times at 2-week intervals, Balb/

c mice, 25 μg SLA-10 μg CpG-

ODN

s.c. SC, in the left

footpad, 13 106

promastigotes,

2 weeks after the

last booster

Shargh et al. (2012)

Liposomes, DOTAP:chol

with protamine CpG, 58 mV

live L. major parasites 13 106 parasites, Balb/c mice s.c. None Alavizadeh et al. (2012)

Liposomes, DOTAP:chol 1:1

molar ratio, 100 nm, 32 mV

SLA 3 doses at 3-week intervals Balb/

c mice, 50 μg
s.c. SC in the right

footpad with 13 106

L. major promastigotes

Firouzmand et al. (2013)

Chitosan NPs 250�300 nm SODB1 3 doses at 3-week intervals Balb/

c mice

s.c. Danesh-Bahreini et al.

(2011)

PLGA NPs with DOTAP

300�450 nm, 20�30 mV

KMP-11 and pDNA

encoding KMP-11

Days 0, 14, and 28, Balb/c

mice 100 μg pDNA or prime

with 30 μg pDNA NPs and d

21 10 μg KMP-11 NPs with

25 μg CPG-ODN

i.m. intra der mal Intradermal

L. braziliensis with

sand fly saliva

Santos et al. (2012)

Alginate microspheres

and CPG-ODN, 1.8 μm
Autoclaved L. major 3 times at 3-week intervals,

Balb/c mice at 180 μg parasites

s.c. SC into the footpad,

promastigotes 3 weeks

after last booster

Tafaghodi et al. (2011)

Cationic SLN DOTAP 0.4%w/v,

cetyl palmitate, chol, Tween 80,

3.2:1 molar ratio, 240 nm,

B25 mV

pDNA encoding

cysteine proteinase

Days 0 and 21, 50 μg each pDNA Right-hind foot pad 3 weeks after booster Doroud et al. (2011a,b)

DPPC, dipalmitoylphosphatidylcholine; chol, cholesterol; eggPC, eggphosphatidylcholine; DOTAP, di-octadecenoyl-trimethylammonium-propane; SA, stearylamine; DSPC, distearoylphosphatidylcholine;

DDAB, dimethyldioctadecylammonium (bromide salt); DCP, dicetylphosphate.



These results suggested that immune modula-
tion using NPs might be a practical approach to
improve the safety of LZ.

Interestingly, mice immunized with DOTAP
liposomes without any additive and containing
SLA showed significantly smaller footpad
swelling and the lowest spleen and footpad
parasite burden after the challenge, accompa-
nied by the high IFN-γ, lower IL-4 level, and
higher IgG2a antibody titer than that of control
groups (Firouzmand et al., 2013).

DOTAP containing PLGA NP loaded with
pDNA encoding for 11 kDa kinetoplastid
membrane protein (KMP-11, a strong inducer
of IFN-γ production by cells from cured
patients; pDNA/DOTAP/PLGA) were used to
immunize mice by heterologous prime-boost
regimen (pDNA/DOTAP/PLGA NPs followed
by a boost with PLGA NPs-loaded KMP-11
protein plus CpG-ODN) (Santos et al., 2012).
An increased level of IL-2 and IFN-γ ascribed
to DOTAP and TNF-α production due to CpG
motifs were found. Mice challenged with
L. braziliensis in the presence of sand fly saliva,
mimicking the context of natural infection,
showed a significant reduction in parasite load
as well as an increased IFN-γ expression; how-
ever, immunization did not prevent lesion
development.

However, chitosan NP-containing recombi-
nant Leishmania superoxide dismutase B1
(SODB1) was used to obtain sustained release
of the Ag, aiming to develop a single-dose vac-
cine (Danesh-Bahreini et al., 2011). It was
found that both single-dose and triple-dose
vaccinations were equally effective for induc-
ing cell-mediated immunity compared with the
control group (soluble SODB1).

Finally, SA liposomes containing a cocktail
of recombinant type I, type II, and type III cys-
teine proteinase mixed with MPL-TDM
reduced the organ parasite burden by 1013-fold
to 1016-fold and increased the disease-free
survival to 80% for hamsters for at least up to
6 months after L. donovani infection (Das and

Ali, 2014). Robust secretion of IFN-γ and IL-12,
along with concomitant downregulation of Th2
cytokines, was observed in cocktail vaccinates,
even 3 months after infection. Although the
mouse serves as a good animal model for dis-
secting the protective immune responses with
the available immunological reagents, murine
infection is usually self-curing and differs from
human VL. In contrast, hamsters closely mimic
clinical symptoms of human VL, characterized
by severe immunosuppression and develop-
ment of progressive fatal infection when chal-
lenged with L. donovani.

18.3 CHAGAS DISEASE

The flagellate protozoan Trypanosoma cruzi is
transmitted to humans by the feces of hema-
tophagous reduviidae bugs vectors. After
entering the wounded skin or mucosal mem-
brane, the circulating extracellular forms of
T. cruzi, trypomastigotes, may invade different
cell types. Inside the cell cytoplasm, the trypo-
mastigotes transform into amastigotes that
multiply by binary fission producing cell lysis,
releasing new trypomastigotes into the blood
stream that can invade any nucleated cell.
After a generally asymptomatic acute phase
(characterized by high parasitemia, with the
presence of trypomastigotes in blood) lasting
from a few weeks to several months, the infec-
tion is well-controlled by the host immune sys-
tem. In the absence of specific treatment, the
infection may remain asymptomatic. However,
nearly one-third of the infected persons may
develop clinical manifestations of different
degrees of severity, which include cardiomy-
opathy, fatal heart failure, and digestive tract
abnormalies such megacolon and megaesopha-
gus. The irreversible structural damage to the
heart, the esophagus, and the colon and severe
disorders of nerve conduction in these organs,
is caused by the intracellular amastigotes.
Similar to leishmania, these cytoplasmatic

310 18. NANOMEDICAL THERAPEUTIC AND PROPHYLAXIS STRATEGIES

NANOTECHNOLOGY IN DIAGNOSIS, TREATMENT AND PROPHYLAXIS OF INFECTIOUS DISEASES



amastigotes represent the major structural and
phenomenological barriers that antichagasic
drugs have to overcome.

Benznidazole (BNZ) and nifurtimox (NFZ)
are the only drugs used to treat the acute phase
of Chagas (Table 18.1), with the BNZ being less
toxic and also capable of reducing the severity
of the associated inflammatory processes of
patients with chronic disease. However, the
toxicity of BNZ arising from its metabolization
and the incapacity to completely eliminate the
intracellular parasites—failure to cure the
chronic phase—remain unsolved challenges of
treatment for adults. Despite its extensive oral
bioavailability (.90%), BNZ exerts relatively
poor in vivo antichagasic activity. Effectively, if
well more than 40% of the drug is bound to
plasma proteins exhibiting a half-life of
12�15 h, during which it acts against the trypo-
mastigotes, its apparent volume of distribution
(Vap) is 0.56 L/kg. Such low Vap value
indicates a poor tendency to penetrate the
body tissues and to remain in the vascular
compartment. Moreover, because BNZ is a
class III (high solubility and low permeability)
drug, its low permeability would explain its
low antiparasitic activity in the chronic phase,
which is the most prevalent presentation. To
overcome its poor permeation across the
plasma membrane, a huge concentration gradi-
ent is required for BNZ to gain access to the
cytoplasmic amastigotes. Both low Vap and
permeability, together with extensive intracel-
lular metabolization resulting in toxic metabo-
lites for the host, are major drawbacks of BNZ.

18.3.1 Nanomedical Therapeutic
Strategies

18.3.1.1 Nanomedicines Based on BNZ

The first attempts to increase the efficacy of
BNZ by loading it into liposomes failed. For
instance, BNZ loaded in liposomes (HSPC:
chol: DPPG, 2:2:1 molar ratio) by intravenous

administration (0.4 mg/kg, twice per week for
3 weeks) did not decrease parasitemia of mice
infected with T. cruzi RA strain (Morilla et al.,
2004). The hydrophobic BNZ in the bilayer of the
uptaken liposomes was trapped within the endo-
lysosomal pathway, which impaired its access to
the cell cytoplasm. To escape from the endo-lyso-
somes, the hydrophilic 2-nitroimidazole etanida-
zole loaded into the inner space of pH-sensitive
liposomes (dioleoylphosphatidylethanolamine
[DOPE]: cholesteryl hemisuccinate [CHEMS],
6:4 mol:mol, B400 nm) was used. At a pH less
than 5 or 6, a phase transition from bilayer to
inverted hexagonal phase II is triggered, which is
responsible for the fusion of liposomes with the
endo-lysosomal bilayers. As a result, the etanida-
zole is released to the cytoplasm. Intravenous
administration of pH-sensitive liposomes con-
taining etanidazole (3 days per week for 3 weeks)
significantly decreased the parasitemia of T. cruzi
RA strain�infected Balb/c mice, whereas 180-
fold higher dose of free etanidazole failed to
reduce the parasitemia (Morilla et al., 2005).

18.3.1.2 Nanomedicines Based on AmB

Early studies by Yardley and Croft (1999)
showed that AmBisome at a single dose of
25 mg/kg suppressed the acute infection of mice
infected with T. cruzi Tulahuen strain. Twelve
years later, the efficacy of AmBisome was tested
again in a different experimental setting in
which immunosuppression with cyclophospha-
mide was induced to assess the cure rate and the
efficacy in chronically infected animals.

In one of the first studies, Balb/CJ mice
infected with 1,000 trypomastigotes of the
Tulahuen strain received six intraperitoneal
injections of AmBisome at 25 mg/kg adminis-
tered on alternate days starting on the first day
after infection (dpi 1) either during the acute
phase (dpi 10) or during the chronic phase (dpi
45), or during both phases (dpi 10 and 45)
(Cencig et al., 2011). AmBisome prevented
death in the acute phase and drastically
reduced parasite loads in heart, liver, spleen,
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skeletal muscle, and adipose tissues in
acute and chronic infection, but it failed to
completely cure animals. Importantly, the
treatment given during the chronic phase only
significantly reduced parasitic loads in cardiac
tissue. However, treatment during the acute
and chronic phases did not present significant
advantages over the chronic treatment.

The lack of complete cure was ascribed to
the preferential tropism of the Tulahuen strain
for muscle tissues. The authors predict a bene-
ficial effect of AmBisome treatment in T. cruzi
congenital infection, in which parasites are
preferentially targeted to the liver by the fetal
circulation, because the early treatment was
able to drastically reduce parasite loads in liver
and spleen and allowed survival of all infected
animals. However, AmBisome is preferentially
taken-up by liver, spleen, and lungs as long as
it is intravenously administered, but not if it is
intraperitoneally injected.

More recently, Balb/CJ mice acutely or
chronically infected (1,000 trypomastigotes) of
either a BNZ-susceptible (Tulahuen) or a par-
tially resistant BNZ (Y) strain of T. cruzi were
treated with suboptimal doses of Ambisome
(five intraperitoneal administrations 25 mg/kg
every day for the chronic phase and on alter-
nate days for the acute phase) in combination
with BNZ (100 mg/kg for 20 days in acute
phase and 10 days in chronic phase; subopti-
mal received half the doses) (Cencig et al.,
2012). It was found that the combination did
not cure acutely or chronically infected mice.
Despite these discouraging results, the thera-
peutic failure of the two approaches using
Ambisome was probably attributable to the
nonoptimal route of administration because
the intraperitoneal instead of the intravenous
route was chosen.

18.3.1.3 Nanomedicines Based on
Sesquiterpene Lychnopholide

Lychnopholide (LYC) is a chemically
unstable natural product with low aqueous

solubility, high lipophilicity, and in vitro anti-
T. cruzi activity. LYC loaded in poly(lactic
acid)-co-polyethylene glycol (PLA-PEG) nano-
capsules (105 nm) were tested on an acute
model of murine infection. Swiss mice infected
with the Y strain and treated with 20 consecu-
tive intravenous doses starting at 7 dpi (pre-
patent period) at 2 mg/kg/day achieved 100%
of cure, whereas those treated with BNZ
(50 mg/kg/day) achieved 75% of cure
(Branquinho et al., 2014). Free LYC reduced the
parasitemia and improved mice survival, but
no mice were cured. Authors suggested that
LYC-PLA-PEG nanocapsules would exert at
the same time for sustained (drug-associated
plasma half-life is prolonged) and passive tar-
geted delivery (nanocapsules extravasate to
infected tissues and are taken up by infected
macrophages at the inflammatory sites).
However, the sustained delivery could also be
achieved by a patch or subcutaneous depot,
avoiding the problem of the PEGylated formu-
lation that could cause complement activation-
related pseudo allergy effect (CARPA effect)
once intravenous injected. However, treatment
is more effective when the highest number of
blood trypomastigotes is exposed to drug and
immediately after the rupture of highest num-
ber of pseudocists (in the pre-patent period) at
the longest period of treatment (20 days).
Hence, the role of a passive targeted delivery
was likely negligible.

18.3.2 Nanomedical Prophylactic
Strategies

A preventive Chagas vaccine would be cost-
effective even when transmission to humans
and prevalence of infection are low, and even
for a vaccine of moderate protective efficacy
(Lee et al., 2010). A therapeutic vaccine admin-
istered alone or in combination with BNZ may
greatly improve the prognosis for Chagasic
patients by increasing treatment efficacy,
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reducing its duration and cost, or at least
delaying disease progression to advanced
stages and heart failure, and could potentially
prevent congenital Chagas disease if used dur-
ing pregnancy (Dumonteil et al., 2012).

A vaccine against T. cruzi requires the acti-
vation of a Th1 immune profile with the stimu-
lation of CD81 T cells. In addition, a very
stable formulation is required for a vaccine to
be efficiently distributed in remote rural areas.

A wide range of prophylactic and therapeu-
tic vaccines have been evaluated in mice, from
the use of whole parasites, to purified or recom-
binant proteins, to viral vectors and DNA vac-
cines; however, few of these candidates have
been recently evaluated in dogs (animal model
of chronic disease). With respect of the use of
NPs, only proteoliposomes and archeosomes
have been tested in acute animal models.

PS proteoliposomes containing multiple par-
asite proteins solubilized in SDS (dipalmitoyl-
phosphatidylcholine: dipalmitoyl-PS: chol
5:2:15 w:w, 200 nm) were once intraperitone-
ally administered to Balb/c mice, which for 4
weeks were challenged with 300 trypomasti-
gotes of Y strain (Migliaccio et al., 2008).
Results show that PS proteoliposomes do not
induce complete protection from death in
mice, but they are able to significantly delay
their death.

Archeosomes are vesicles enclosed by one or
more bilayers prepared with TPL extracted
from microorganisms that belong to the
Archaea domain. These lipids are structurally
very different from lipids of organisms from
the Eukarya and bacteria domain: the glycerol
backbone is ether-linked to saturated isopren-
oid chains, mainly phytanyls and diphytanils,
in an sn-2,3 enantiomeric configuration.
Archaeosomes are more avidly internalized by
macrophages and APC than liposomes
(Krishnan et al., 2001; Perez et al., 2014). After
subcutaneous administration in mice, archeo-
somes are potent adjuvants for the induction of
Th1, Th2, and CD81 T-cell responses to the

entrapped soluble Ag (Krishnan and Sprott,
2008). We showed that three administrations of
archeosomes containing 12.5 μg of soluble
T. cruzi proteins (days 0, 14, 21) in C3H/HeN
mice generated higher levels of circulating
antibodies than those measured in the sera
from animals receiving the Ag alone, with a
dominant IgG2a isotype associated with Th1-
type immunity (Higa et al., 2013). Immunized
mice displayed reduced parasitemia during
infection and were protected against the lethal
challenge (intraperitoneal administration of 150
trypomastigotes of Tulahuen strain; 100% sur-
vival of animals immunized with archeosomes
at 30 dpi versus 100% mortality of control
groups at 25 dpi). From the point of view of
possible large-scale production, archeosomes
can be produced by scalable techniques from
sustainable sources and are highly stable (the
isoprenoid chains are resistant to peroxidation,
the ether linkages are resistant to hydrolysis,
and the sn-2,3 stereoisomers are resistant to
hydrolysis by stereospecific phospholipases).

18.4 CONCLUSIONS

The evolution of therapeutic and prophylac-
tic nanomedical strategies against neglected
diseases such as leishmaniasis and Chagas dis-
ease is undoubtedly slow. Despite its efficacy
against VL, AmBisome is unaffordable for
underdeveloped countries. Extensive efforts to
replace AmBisome with new AmB formula-
tions have not accessed the clinic yet.
Nanonization of Fungizone could be the more
rapid strategy to reach patients, assuming the
NPs are highly cost-effective and structurally
stable. However, the activities of NPs used in
most of the preclinical studies were not com-
pared with AmBisome, and animal models and
doses lacked standardization. Some of them
were administered intraperitoneally, which is an
unsuitable route of administration for humans.
Other less invasive formulations, such as oral
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self-emulsifying AmB, seem to be promising
because of their efficacy, cost-effectiveness, and
stability. A potential issue could be the toxic and
immunological responses to NPs, which have
not been addressed yet. The development of
delivery strategies based on drugs different than
AmB will take more time, because their use as
leishmanicidals is not approved and because the
drugs could be highly toxic, such as the cardio-
toxic doxorubicin (maximal recommended accu-
mulated dose 450 mg/m2).

Overall, no preclinical approaches using
NPs—except the clinical outcomes of topical
liposomal paromomicyn on CL that remain to
be published—have entered clinical trials yet.
However, safety and penetration into the blood
stream of metallic NPs and effectivity of PDT
with NPs in animal models remain to be
shown. Preclinical vaccination strategies
against leishmaniasis show encouraging
results, such as subcutaneous application of SA
liposomes against VL and the use of pDNA
within SLN against CL.

Finally, Chagas disease remains the most
neglected of the parasitosis, with scarce preclini-
cal approaches testing the efficacy of nanomedi-
cines against acute phase murine models. Except
our own research, a single approach using nano-
particulate material as an adjuvant that provided
modest results has been tested so far. In this
scenario, the poor interest in using nanomedi-
cines against neglected diseases is attributable to
affordability issues, lack of technical knowledge,
and the absence of strategic health plans by the
governments of the endemic countries.
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