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cellular repairs at the molecular level. In his pre-
scient 1959 talk,  “ There ’ s plenty of room at the 
bottom, ”  he proposed using machine tools to make 
smaller machine tools, which could be used in turn 
to make still smaller machine tools, and so on all 
the way down to the atomic level  [1] . Feynman 
was clearly aware of the potential medical applica-
tions of the new technology he was proposing. 
As perceived by Feynman, it is extremely likely 
that nanomedicine, a multidisciplinary fi eld that 
embraces biology, chemistry, physics, engineering, 
and materials science, will play a major role in the 
betterment of the human condition. 

 Nanomedicine offers examples of how nano-
technological tools are being utilized in biomedical 
research. The overall goal of nanomedicine is the 
same as it always has been in medicine: to diagnose 
as accurately and early as possible, to treat as effec-
tively as possible without side effects, and to evalu-
ate the effi cacy of treatment noninvasively. The 
promise that nanotechnology brings is multifac-
eted, offering not only improvements to current 
techniques but also providing entirely new tools 
and capabilities. By manipulating drugs and other 

    1.1    Introduction 

 Nanotechnology (the Greek word  nano  means 
 “ dwarf ” ) is the creation and utilization of materi-
als, devices, and systems through the control of 
matter at the nanometer - length scale, i.e., at the 
level of atoms, molecules, and supramolecular 
structures. It is the popular term for the construc-
tion and utilization of functional structures with at 
least one characteristic dimension measured at 
nanometer scale  –  a nanometer (nm) is one - billionth 
of a meter (10  − 9    m). This is roughly four times the 
diameter of an individual atom. The width of DNA 
is approximately 2.5   nm and protein molecules 
measure 1 – 20   nm. It is essential to understand 
nanomaterials and their properties in order to 
develop innovations in biological systems and 
medicine. However, it is only in the last 5 years that 
a new branch of science, known as  “  nanomedicine , ”  
has emerged as a distinct fi eld, and it has since 
grown exponentially. The late Nobel physicist 
Richard P. Feynman had the visionary idea that 
tiny nanorobots could be designed, manufactured, 
and introduced into the human body to perform 
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tions  [2 – 8]  including biosensing, imaging, and 
drug delivery (see Fig.  1.1 ). As all the properties of 
nanomaterials are size -  and shape - dependent, the 
study of methods for their preparation is one of the 
primary research areas. Traditionally, synthetic 
approaches to nanomaterials have been divided 
into two categories:  “ top - down ”  and  “ bottom - up. ”  
A typical  “ top - down ”  procedure  –  also called a 
physical method  –  involves the mechanical grind-
ing of bulk material and the subsequent stabiliza-
tion of the resulting nanosized particles by the 
addition of colloidal protecting agents  [9 – 10] . A 
 “ bottom - up ”  procedure attempts to build nanoma-
terials and devices one molecule/atom at a time, 
much in the same way that living organisms syn-
thesize macromolecules. In this chapter we provide 
an overview of synthetic approaches to carbon -
 based nanomaterials, wet chemical methods for 
the fabrication of metallic nanoparticles (NPs) that 

materials at the nanometer scale, their fundamen-
tal properties and bioactivity can be altered. These 
tools can permit control over characteristics of 
drugs or agents such as solubility, blood pool 
retention times, controlled release over short or 
long durations, environmentally triggered con-
trolled release, or highly specifi c site - targeted 
delivery. Furthermore, by using nanometer - sized 
particles, the increased functional surface area per 
unit volume can be exploited in various ways. This 
chapter presents some of the more recent successes 
in applying various nanomaterials and tools in the 
biomedical fi eld. It also gives researchers a com-
prehensive overview of the present status and sug-
gests future directions for employing nanomaterials 
to attain as yet unmet biomedical goals. 

 The unique optical, magnetic and electronic 
properties of nanomaterials provide promising 
platforms for a wide variety of biomedical applica-

     Fig. 1.1     Biomedical applications of nanoparticles.  (For a colour version of this fi gure, please refer to colour plate section 1.)   
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for anticancer therapy  [43 – 45] , antioxidant and 
antiapoptotic agents for the treatment of amyo-
trophic lateral sclerosis  [46]  and Parkinson ’ s 
disease  [47] , and in many other applications.  

   ●       Carbon nanotubes  (CNTs) :  CNTs are one of the 
most widely used nanomaterials because of 
their remarkable physical, chemical, and bio-
logical properties. There are two classes of 
CNTs: single - walled (SWCNTs) and multi -
 walled (MWCNTs). Theoretically, nanotubes 
are viewed as rolled - up structures of single or 
multiple sheets of graphene to give SWCNTs 
and MWCNTs, respectively. These one -
 dimensional carbon allotropes have a large 
surface area, high mechanical strength with 
ultra - light weight, rich electronic properties, 
and excellent chemical and thermal stability. 
Because of their unique physiochemical proper-
ties, researchers have been exploring their 
potential in biological and biomedical applica-
tions  [48 – 54] . CNTs can easily be surface func-
tionalized to bind proteins and nucleic acids, 
and hence are emerging as novel components 
in nanoformulations for the delivery of thera-
peutic molecules  [5, 55] .  

   ●       Nanodiamond particles (NDP):  Diamond NPs 
have been investigated as single - particle bio-
markers for fl uorescence imaging  [56 – 58] . The 
surface of NDP can be functionalized to bind 
proteins and nucleic acids, allowing NDP to be 
used as a carrier for pharmaceutical agents or 
oligonucleotides  [59 – 62] .  

   ●       Graphene:  The distinct structural properties of 
graphene, in particular its high aspect ratio, 
propensity to functional modifi cation, unique 
electronic and optical properties, as well as its 
potential biocompatibility, makes it an extremely 
attractive candidate for biomedical applications 
such as biosensor development, imaging, drug 
delivery, bacterial inhibition, and photothermal 
therapy  [16, 63 – 72] .  

   ●       Quantum dots  (QDs) :  QDs are semiconductor 
nanocrystals with spatially confi ned excitation 
states. Crucial for their biological applications 
is the need to coat them with other materials to 
allow their aqueous dispersion and to prevent 
leakage of the toxic heavy metals. QDs have 
been widely used in imaging and cell labeling 
either  in vitro  or  in vivo   [73 – 75] . QDs have also 
been successfully used to quantify fl uorescence 

rely on the chemical reduction of metal salts, and 
biocompatible synthesis procedures for quantum 
dots and other biomedically important nanomate-
rials. A large variety of stabilizers such as donor 
ligands and surfactants, as well as surface modifi -
cations or functionalization, are used to control the 
growth of the primarily formed nanoclusters and 
to prevent them from agglomerating  [11 – 16] . 
Depending upon the nature of the materials and 
their unique properties, nanomaterials can be cat-
egorized as follows.  

    ●       Metallic NPs:  Among the different nanomateri-
als employed in biomedical research, metallic 
NPs have proved to be the most convenient and 
suitable. Based on their unique optical, physi-
cal, and electrical properties, metallic NPs have 
found signifi cant applications in a wide spec-
trum of biomedical utilities such as imaging, 
sensing, drug delivery, and gene targeting  [17 –
 22] . Reports from our laboratory and others 
suggest that some of these NPs also have sig-
nifi cant therapeutic potential  [23 – 38] . Their 
applications are constantly increasing in view 
of the relatively lesser toxicity reported with 
these NPs. In the second section of this chapter 
we discuss biomedically important and exten-
sively studied metallic NPs such as silver and 
gold nanoparticles.  

   ●       Carbon - based nanomaterials:  Carbon nano-
materials (CNs) include fullerenes, nanotubes, 
nanodiamonds (ND), and graphene.  

   ●       Fullerenes:  Fullerenes are novel carbon allo-
tropes with a polygonal structure made up 
exclusively of 60 carbon atoms. Soluble deriva-
tives of fullerenes such as C60, with a soccer 
ball – shaped arrangement of 60 carbon atoms 
per molecule, show great promise as pharma-
ceutical agents. Nanostructures are character-
ized by the presence of numerous points of 
attachment whose surfaces can be function-
alized for tissue binding. These derivatives, 
many of which are already in clinical trials, 
have good biocompatibility and exhibit low 
toxicity even at relatively high dosages. Fuller-
ene compounds can be employed as antiviral 
agents, most notably against human immuno-
defi ciency virus  [39] , antibacterial agents (e.g., 
 Escherichia coli   [40] ,  Streptococcus   [41] ,  Mycobac-
terium tuberculosis   [42] ), photodynamic agents 
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changing the relative infl uence of interfacial prop-
erties and bulk properties through the characteris-
tic dimensions of the components. The principal 
parameters of NPs are their shape, size, and the 
morphological substructure. 

 As most properties of metallic NPs are size -  and 
shape - dependent, methods for their preparation 
are one of the primary areas of interest for nano-
scientists. Nanostructured metal colloids could be 
obtained by  “ top - down ”  and  “ bottom - up ”  ap -
proaches as discussed in Introduction section. Syn-
thesis of biocompatible or biogenic NPs is one of 
the major challenges to be overcome so as to realize 
their biomedical application. In this context, some 
major advances have been made by employing 
methods based on chemical reactions in solution 
(often termed  “ wet chemistry ” ). A wet chemical 
procedure involves growing nanoparticles in a 
liquid medium containing various reactants, in 
particular reducing agents such as sodium borohy-
dride  [29] , potassium bitartrate  [90] , methoxypoly-
ethylene glycol  [91] , or hydrazine  [92] . However, 
in most of these procedures the strong chemical 
reductants have now been replaced by more bio-
compatible reagents such as glucose. Stabilizing 
agents such as donor ligands, polymers, and sur-
factants are often employed to prevent NPs from 
agglomerating and to make them easily miscible 
under cellular conditions. A surfactant is a mole-
cule that is dynamically adsorbed to the surface of 
the NPs under the reaction conditions. It must be 
mobile enough to provide access for the addition 
of monomer units, while remaining stable enough 
to prevent the aggregation of NPs. Some examples 
of suitable surfactants or stabilizing agents include 
alkyl thiols, phosphines, phosphine oxides, phos-
phates, amides or amines, carboxylic acids, sodium 
dodecyl benzyl sulfate, or polyvinyl pyrrolidone 
 [12, 13, 92] . As most of the surfactants used have 
low compatibility with cells and tissues, bovine 
serum albumin is a popular choice for use as a 
stabilizing agent. Scientists have recently endeav-
ored to make use of microorganisms as possible 
eco - friendly nanofactories for the synthesis of 
metallic NPs  [93]  such as cadmium sulfi de  [94] , 
gold  [95] , and silver  [96] . In recent years, metallic 
NPs and their alloys have been studied extensively 
in various fi elds such as sensor technology 
 [18] , optical devices  [3] , catalysis  [97] , biological 
labeling  [98] , drug delivery systems  [21] , and 

in  in situ  hybridization signals  [76, 77] , as well 
as in charge transfer – based biosensors  [78] , 
drug delivery  [79] , and photodynamic therapy 
 [80] .  

   ●       Other biomedically important nanomaterials:  
Apart from the nanomaterials discussed above, 
various other nanoparticles have widespread 
acceptance in the biomedical fi eld, including 
magnetic nanoparticles, which provide many 
exciting opportunities in biomedical applica-
tions. The ease of optimization of size accord-
ing to requirement, manipulability by external 
magnetic force, contrast enhancement in mag-
netic resonance imaging (MRI), and other such 
desirable properties of magnetic NPs have 
recently been exploited in various applications 
in the fi eld of biology and medicine, including 
protein purifi cation, drug delivery, imaging, 
tagging, sensing, and separation  [81, 82] .  

   ●       Polymeric nanoparticles  are colloidal struc-
tures composed of synthetic or semisynthetic 
polymers. Polymers such as polysaccharide 
chitosan – polylactic acid, polylactic acid cogly-
colic acid, poly - caprolactone, and chitosan 
nanoparticles have been used as drug carriers 
 [83 – 85] . The drug is dissolved, entrapped, 
encapsulated, or attached to a nanoparticle 
matrix.  

   ●       Liposomes  are nanoparticles comprising a 
lipid bilayer membrane surrounding an 
aqueous interior. The amphiphilic molecules 
used for the preparation of these molecules 
have similarities between the biologic mem-
branes and so have been used for improving 
the effi cacy and safety of new drugs  [86 – 88] .  

   ●       Solid lipid nanoparticles  have been proposed 
as a new type of colloidal drug carrier system 
suitable for intravenous administration  [89] . 
The system consists of spherical solid lipid par-
ticles in the nanometer range, which are dis-
persed in water or in surfactant solution.     

   1.2    Metallic  NP s 

 Among the different nanomaterials used in bio-
medical research, metallic NPs have proven to be 
the most convenient and suitable. The properties 
of NPs depend on their structure and composition, 
and can typically be engineered or modifi ed by 
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particle surface upon excitation with electromag-
netic radiation, which contributes to their unique 
optical properties. At specifi c wavelengths of light, 
the surface plasmons are driven into resonance and 
the AgNPs have a distinct color that is a function 
of their size, shape, and environment. The plasmon 
resonance of silver NPs is responsible for the 
yellow color of the solution. Any visible change in 
the color of NPs in solution typically indicates a 
change in the extent of aggregation of these NPs. 
The peak absorption wavelength of AgNPs is in 
the range of 405 – 430   nm and is evidence for the 
formation of AgNPs.   

 As described in previous reports, we have suc-
cessfully synthesized biocompatible AgNPs with 
enhanced stability and signifi cant antibacterial 
activity by using glucose as the reducing agent  [24]  
and bovine serum albumin as the stabilizing agent 
 [101] . As mentioned above, another approach to 
the synthesis of biocompatible silver NPs that is a 
biogenic process involves the utilization of micro-
organisms. Several attempts have been made in 
this direction. When the bacterium  Pseudomonas 
stutzeri  AG259, isolated from a silver mine, is 
placed in a concentrated aqueous solution of silver 
nitrate, it brings about reduction of Ag  +   ions and 
the formation of AgNPs of well - defi ned size and 
distinct topography within its periplasmic space 
 [102] . Ahmad  et al . (2003) and Nanda and Sarava-
nan (2009) have also successfully synthesized silver 
NPs using the fungus  Fusarium oxysporum   [96]  and 
the bacterium  Staphylococcus aureus   [103] , respec-
tively. Based on their unique physiochemical prop-
erties, AgNPs have found signifi cant applications 
in a wide spectrum of biomedical utilities such as 
imaging and therapeutics, especially as antimicro-
bial agents. 

   1.2.1.1    Antimicrobial  p roperties 

 Silver nanoparticles have been shown to exhibit 
signifi cant antimicrobial activity as well as enhanc-
ing the action of conventional antibiotics  [104] . 
They have cidal activity against several bacterial 
species, and are in fact more effi cient and broad -
 spectrum than the majority of conventional antibi-
otics. Recent studies have also shown that nanosilver 
has higher microbicidal activity than ionic silver. 
The study demonstrated the ability of colloidal 
silver to inhibit the growth and multiplication of 

treatment of some cancers  [99] . Metallic NPs are 
suitable as markers for the optical detection of bio-
molecules due to their excellent SPR (surface 
plasmon resonance) properties. Reports from our 
laboratory and others suggest that some of these 
NPs can also have signifi cant therapeutic potential 
as antimicrobial  [24, 29]  and antiplatelet agents  [23]  
as well as for the stabilization of proteins, drug 
delivery, and photothermal tumor ablation. These 
are extremely promising prospects in the fi eld of 
health and medicine. Here we discuss the biomedi-
cal applications of two extensively exploited metal-
lic NPs: silver and gold. 

   1.2.1    Silver  NP s and  t heir 
 b iomedical  a pplications 

 Nanosilver particles are generally smaller than 
100   nm and contain 20 – 15,000 silver atoms (see Fig. 
 1.2 ). Silver NPs (AgNPs) have been receiving con-
siderable attention as a result of their unique physi-
cal, chemical, and biological properties, and have 
found important applications in optics, electronics, 
and medicine. In addition, nanosilver has innate 
antimicrobial  [24, 29]  and antiparasitic activity 
 [100] . Silver NPs support surface plasmons, attrib-
uted to the collective oscillation of electrons on the 

     Fig. 1.2     Transmission electron micrograph showing silver 
nanoparticles.  
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Efforts have been made to understand the underly-
ing molecular mechanism of such antimicrobial 
actions. In this report we have for the fi rst time 
shown that silver NPs can change the protein 
profi le of bacteria by interacting with protein mol-
ecules that are involved in bacterial cell signaling. 
Bactericidal properties of the NPs are related not 
only to the direct effects of silver NPs accumulating 
intracellularly or at the cell membrane, but also 
to the ionic or dissolved silver derived from 
NPs, which also possesses signifi cant antibacterial 
properties.   

 In addition, NPs of silver also exhibit antiviral 
and antifungal properties. It has been reported by 
Elechiguerra  et al . (2005) that AgNPs in the size 
range 1 – 10   nM bind with HIV - I in a size - dependent 
fashion  [26] . These authors have shown that silver 
NPs inhibit HIV - 1 infection in CD4  +   MT - 2 cells and 
cMAGI HIV - 1 reporter cells. Kim  et al . evaluated 
the effi cacy of AgNPs as an antifungal agent against 
yeast  [29] .  

   1.2.1.2    Bio -  i maging 

 Due to good surface characteristics, ease of prepa-
ration, and easily accessible excitation wavelengths 
in the visible range, silver is the most preferred 
metallic substrate for surface enhanced Raman 
spectroscopy (SERS). SERS is a powerful and sensi-
tive analytical tool for the detection and identifi ca-
tion of a wide range of molecules and is even 
suitable for single molecule detection. Due to its 
high sensitivity and the fact that water has very 
weak Raman scattering, SERS has been recognized 
as one of the most effective tools for biomolecule 
detection. Aqueous solutions of AgNPs have been 
extensively used for identifying proteins, studying 
the interactions of various drugs with proteins for 
drug discovery, understanding the effects of pH 
and other factors on the conformation of proteins, 
for DNA detection at concentrations down to 
10  − 13    M, for developing microarray type gene 
probes, and for biodetection and biolabeling. Novel 
fabrication techniques to develop unique nano-
structured silver - based SERS substrates to fully 
exploit the tremendous potential of SERS in bio-
medical research are currently ongoing. Metal -
 enhanced fl uorescence (MEF) is the increase in 
fl uorescence emission intensity of fl uorescent 
molecules when placed near metallic NPs. The 

bacterial strains including those that are multi - drug 
resistant. The antimicrobial activity of colloidal 
silver particles is infl uenced by the dimensions as 
well as the shape of the particles; the bactericidal 
activity increasing with a decrease in size of the 
particles. Recently one group has successfully syn-
thesized AgNPs having broad - spectrum activity 
with effi cacy against both Gram - positive and 
Gram - negative bacteria  [104] . Thus, NPs of silver 
have extensively been investigated for their anti-
bacterial properties. Considerable efforts have been 
made to explore this activity through electron 
microscopy, which has revealed a size - dependent 
interaction of AgNPs with bacteria  [105] . The study 
concluded that nanosilver particles mainly in the 
size range of 1 – 10   nm attach to and disrupt the cell 
membrane. They were also found distributed 
within the cell, affecting other important cell organ-
elles. NPs of silver have been used as a medium for 
antibiotic delivery, and to synthesize composites 
for use as disinfecting fi lter and coating materials 
 [32] . However, the bactericidal properties of these 
NPs depend on their stability in the growth 
medium, since this provides a greater retention 
time for bacterium – nanoparticle interaction. It has 
proved challenging to prepare NPs of silver stable 
enough to signifi cantly restrict bacterial growth. In 
our earlier report  [24] , we demonstrated the syn-
thesis of highly stable NPs of silver endowed with 
signifi cant antibacterial properties (see Fig.  1.3 ). 

     Fig. 1.3     Dose - dependent inhibition of growth rate ( μ ) of 
different bacterial strains by silver nanoparticles.  
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quantum yield, excitation rate, and photostability 
of weakly fl uorescing species can be signifi cantly 
increased by silver nanoparticles. Therefore, MEF 
could considerably improve the performance of 
current fl uorescence - based techniques by using 
silver NP - coated substrates and could make a 
signifi cant impact in areas such as drug discov-
ery, high throughput screening, immunoassays, 
clinical diagnostics, and protein – protein detection. 
Aptamer - based silver nanoparticles are used in 
intracellular protein imaging and single NP spec-
tral analysis, where the AgNPs act as an illumio-
phore and the aptamer as a biomolecule - specifi c 
recognition unit  [106] .  

   1.2.1.3    Therapeutics 

 Nanosilver is also used as a biocide to prevent 
infection in burns, traumatic wounds, and diabetic 
ulcers  [37] . Other uses include improved surface 
coating for indwelling catheters and other medical 
devices implanted on/within the body  [38] . Tian 
 et al . investigated the effect of AgNPs on wound 
healing and scar tissue formation using thermal 
injury, diabetic wound, and chronic wound models 
in mice  [107] . This study also demonstrated the 
effi cacy of AgNPs in controlling local and systemic 
infl ammatory responses following burn injury by 
cytokine modulation. Recently, we have for the 
fi rst time shown that nanosilver has innate anti-
platelet properties and that it effectively prevents 
integrin - mediated platelet responses, both  in vivo  
and  in vitro , in a concentration - dependent manner 
(see Fig.  1.4 )  [23] . Our fi ndings further suggest that 
these NPs do not possess any lytic activity against 
platelets and hold the potential to be promoted as 
antiplatelet/antithrombotic agents after a careful 
evaluation of toxic effects. Thus, nanosilver is 
expected to have increasing applications in medi-
cine and related disciplines.     

   1.2.2    Gold  n anoparticles and  t heir 
 b iomedical  a pplications 

 In past decades, gold NPs (AuNPs) have aroused 
considerable interest and have been explored as a 
model platform for biomedical research because of 
their unique physical and chemical properties  [4, 
17,108, 109] . Gold particles are inert, which makes 

them relatively more biocompatible. The synthesis 
of AuNPs with diameters ranging from a few to 
several hundred nanometers is well established in 
aqueous solution as well as in organic solvents. 
Like AgNPs, AuNPs are synthesized through a 
chemical reduction method. In a typical synthesis, 
gold salts such as HAuCl 4  are reduced by the addi-
tion of a reducing agent that leads to the nucleation 
of Au ions to NPs. Turkevich  et al . (1951) for the 
fi rst time synthesized the colloidal gold Au 0  from 
Au III  by using citric acid as the reducing agent 
 [110] , a method that is still used nowadays after 
subsequently replacing the citrate ligand of these 
AuNPs with the appropriate ligands of biological 
interest  [19] . Recent modifi cations of the Turkevich 
method have allowed better size distribution and 
size control within the 9 – 120   nm range  [111] . In 
addition, stabilizing agents are also required, 
which are either adsorbed or chemically bound to 
the surface of the AuNPs. These agents (also known 
as surfactants) are typically charged, so that like -
 charged NPs repel each other, rendering them col-
loidally stable. Although AuNPs can be stabilized 
by a large variety of stabilizers (ligands, surfac-
tants, polymers, dendrimers, biomolecules, etc.), 
the most robust AuNPs, discovered by Giersig and 
Mulvaney (1993), were stabilized by thiolates using 
the strong Au – S bond between the soft acid Au 
and the soft thiolate base  [112] . Along these lines, 
by far the most popular synthetic method using 
such sulfur coordination for AuNP stabilization is 
the Shiffrin – Brust biphasic synthesis using HAuCl 4 , 
a thiol, tetraoctylammonium bromide, and NaBH 4  
in water – toluene, yielding thiolate - AuNPs  [113] . 
Since the solubility of these AuNPs is controlled by 
the solubilizing properties of the terminal group of 
the thiolate ligands, AuNPs can be transferred 
from an aqueous phase to an organic phase or  vice 
versa  by appropriate ligand exchange. 

 Water - soluble AuNPs typically contain termi-
nal carboxylate groups at their periphery. The 
carboxyl group is used to attach to the amino 
groups of biomolecules using 1 - ethyl - 3(3 - dimeth-
ylaminopropyl) - carbodiimide - HCl (EDC)  [114] . 
With related strategies almost all kinds of bio-
logical molecules can be attached to the particle 
surface. Although such protocols are relatively 
well established, bioconjugation of Au nanoparti-
cles is still not trivial and characterization of the 
synthesized conjugates is necessary, in particular 
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this regard, the particles are directed and enriched 
at the region of interest and provide contrast for 
the observation and visualization of this region. 

 Gold particles strongly absorb and scatter visible 
light. Upon absorption, the light energy excites the 
free electrons in Au particles to a collective oscilla-
tion, the so - called surface Plasmon resonance 
(SPR). Generally, the optical properties of small 
metal NPs are dominated by SPR  [19, 116, 117] . For 
gold, it happens that the resonance frequency is 
governed by its bulk dielectric constant and lies in 
the visible region of the electromagnetic spectrum 

to rule out aggregation effects or non - specifi c 
binding during the conjugation reaction. In par-
ticular, the number of attached molecules per gold 
nanoparticle is only a rough estimate in many con-
jugation protocols, as no standard method for 
determining the surface coverage of particles mod-
ifi ed with molecules has yet been established  [115] . 
Interestingly, it is possible to synthesize not only 
spherical AuNPs but also other geometries such as 
rod - shaped particles or hollow shells by using the 
appropriate techniques. Au nanoparticles have 
been primarily used for labeling applications. In 

     Fig. 1.4     Transmission electron micrographs demonstrating inhibition of platelet activation by silver nanoparticles.  
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high contrast. AuNPs can be used for single -
 particle tracking of membrane molecules and also 
as a contrast agent in X - rays. Like silver NPs, the 
surface of AuNPs is modifi ed with ligands that can 
specifi cally bind the analyte. Upon binding to the 
Au particle, the Raman signal of the analyte is dra-
matically enhanced and allows for its detection. 
Recent developments include AuNPs modifi ed 
with Raman - active reporter molecules for the 
detection of DNA or proteins.  

   1.2.2.2    Therapeutics 

 AuNPs have long been used for the delivery of 
molecules into cells. For this purpose the molecules 
are adsorbed on to the surface of the Au particles 
and the whole conjugate is introduced into the 
cells. In gene therapy, DNA is introduced into cells, 
which subsequently causes the expression of the 
corresponding proteins. AuNPs have been used 
to deliver anticancer drugs specifi cally to cancer 
tissue. The drug delivery applications do not 
exploit any special property of gold particles other 
than the fact that they are small, colloidally stable, 
relatively easy to conjugate with ligands, and inert, 
and thus are relatively biocompatible. 

 In addition, AuNPs can be exploited in cancer 
treatment based on their photothermal properties. 
When gold particles absorb light, the free electrons 
in the gold particles are excited. Excitation at the 
plasmon resonance frequency causes a collective 
oscillation of the free electrons. Upon interaction 
between the electrons and the crystal lattice of the 
gold particles, the electrons relax and the thermal 
energy is transferred to the lattice. Subsequently 
the heat from the gold particles is dissipated into 
the surrounding environment. Au particles can 
thus be heated by the absorption of light, whereby 
the absorbed light energy is converted into thermal 
energy. Due to the heat generated by the gold par-
ticles, the surrounding cancerous tissues can be 
destroyed locally without exposing the entire 
organism to elevated temperatures  [86 – 88] . Fur-
thermore, gold nanoshells are suffi ciently large 
(about 100 – 300   nm in diameter) to have SPR peaks 
in the NIR region that will provide better tissue 
penetration. In a pioneering study, human prostate 
cancer cells incubated with gold nanoshells were 
found to undergo photothermally induced mor-
bidity upon exposure to NIR light  [120] .  

 [117] . Because NPs have a high surface area to 
volume ratio, the plasmon frequency is exquisitely 
sensitive to the dielectric (refractive index) nature 
of its interface with the local medium. Any change 
in the environment of these particles (surface mod-
ifi cation, aggregation, medium refractive index, 
etc.) leads to colorimetric changes in the disper-
sions  [19, 118] . Due to coupling of the plasmons, 
assemblies (or aggregations) of AuNPs are often 
accompanied by distinct color changes from red 
(dispersed) to blue (aggregated). AuNPs have 
optical, electronic, catalytic, and biocompatible 
properties and potentially high surface reactivity 
compared with other metallic NPs. 

   1.2.2.1    Bio -  i maging 

 AuNPs are a very attractive contrast agent as they 
can be visualized using a variety of techniques. The 
most usual detection techniques are based on the 
interaction between AuNPs and light. The absorp-
tion and scattering of electromagnetic radiation by 
noble metal NPs are strongly enhanced. These 
unique properties provide the potential for design-
ing novel optically active reagents for molecular 
imaging. In  in vitro  studies, gold nanorods act as 
novel contrast agents for molecular imaging  [119] . 
Two - photon luminescence imaging of cancer cells 
has been achieved using gold nanorods. They have 
also been reported to be valuable for cell imaging 
using techniques such as dark fi eld light SPR scat-
tering. The use of near - infrared (NIR) - absorbing 
gold nanoparticles can signifi cantly enhance the 
image contrast due to the more substantial differ-
ences in optical absorption than the endogenous 
tissue chromophores. Gold NPs are also used in  in 
vivo  imaging. 

 Beyond the applications for visible light imaging, 
Au particles also provide excellent contrast for 
TEM (transmission electron microscopy) imaging 
with high lateral resolution. Unlike fl uorescence 
labeling, contrast enhancement in TEM using Au 
particles is more stable, as it does not suffer from 
photobleaching, which is a major limitation for 
fl uorescence - based methods. In addition, better 
lateral resolution with high contrast can be obtained 
with TEM imaging. In immunostaining, molecules/
structures are labeled with an excess of Au nanopar-
ticles so that virtually all entities are labeled (pos-
sibly with several markers) in order to provide 
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2004 publication of Novoselov, Geim  et al .  [125] , 
where the authors reported a simple, easily repro-
ducible technique for the preparation of high -
 quality monolayer and few - layer graphene fl akes. 
Graphene is the name given to a fl at monolayer of 
carbon atoms tightly packed into a two - dimensional 
(2D) honeycomb lattice. Graphene is the basic 
building block of other important allotropes; it 
can be stacked to form 3D graphite, rolled to form 
1D nanotubes, and wrapped up to form 0D 
fullerenes. 

 In this chapter we briefl y discuss the biocom-
patible synthesis, applications, and toxicity of 
CNTs and graphene, while further details of these 
and other carbon - based nanomaterials will be 
dealt with comprehensively in Chapter  25 . Gener-
ally, three techniques are being used to produce 
CNTs: carbon arc - discharge  [124] , laser - ablation 
 [126] , and chemical vapor deposition (CVD)  [127] . 
Novoselov  et al .  [125]  fi rst demonstrated the re -
peatable synthesis of graphene through exfolia-
tion and this is still the most popular technique for 
graphene synthesis, although efforts are being 
made to develop new processing routes for the 
effi cient large - scale synthesis of graphene. Gener-
ally, the exfoliation can be performed either 
mechanically or chemically  [128] . The primary 
advantage of chemical exfoliation over the mechan-
ical approach lies in its high - yield and scalability. 
In general, graphene is synthesized by the Brodie 
 [129] , Staudenmaier  [130]  or Hummers method 
 [131] , or some variation of these methods. As 
the present chapter focuses on the biomedical 
applications of CNTs and graphene, we do not 
have room to describe all the existing methods for 
the preparation of CNTs. Therefore, we discuss 
here the advances being made to enhance the 
biocompatibility of CNTs and grapheme, which 
can then easily be administered under  in vivo  
conditions. 

 For biological and biomedical applications of 
CNs, it is extremely important for them to be com-
patible with biological systems, and it is desirable 
that they should be water - dispersible and non -
 toxic. Further, there is a growing need to develop 
biologically benign CNs using nature - friendly syn-
thesis procedures to address the possible environ-
mental concerns about the widespread use of CNs. 
The recent expansion in methods to chemically 

   1.2.2.3    Diagnosis 

 AuNPs as a class of nanomaterials with many 
unique properties such as colorimetric conductiv-
ity and nonlinear optical properties, have been 
explored for their potential applications in biomo-
lecular detection. AuNPs can be used to quantita-
tively detect nucleic acids and proteins in clinical 
samples. For example, a DNA - based method for 
rationally assembling gold nanoparticles into mac-
roscopic materials has been reported by Mirkin 
and co - workers  [18, 22, 118] . For protein detection, 
an aggregation - based immunoassay for antipro-
tein A using gold nanoparticles has been devel-
oped  [121] . The hyper - Rayleigh scattering signals 
of aggregated gold nanoparticles labeled with 
immunoglobulin G could be used to quantify 
antibody/antigen in aqueous solution  [122] . These 
two methods could only detect proteins at the 
microgram level, which limits their applications in 
immunoassay, especially for early cancer diagno-
sis. AuNPs can also be used for the transfer of 
electrons in redox reactions to detect analytes 
which are substrates to redox enzymes. Due to 
their small size, gold particle - based sensors could 
have a signifi cant impact in diagnostics.    

   1.3    Carbon -  b ased  n anomaterials 

 Carbon nanostructures have been at the forefront 
of nanoscience for at least 25 years, since the dis-
covery of a novel form of carbon called fullerene 
in 1985 by Kroto and co - workers  [123] , which was 
recognized with a Nobel Prize for Chemistry in 
1996. Since then a large family of new carbon mate-
rials has been discovered. The most well - known 
form of fullerene is the buckyball (C60), which is 
made of 20 hexagons and 12 pentagons of carbon 
atoms. Almost 6 years later, carbon nanotubes 
(CNTs), which are considered a new form of fuller-
enes, were discovered by Sumio Iijima  [124] . Thus, 
only three - dimensional (diamond, graphite), one -
 dimensional (nanotubes), and zero - dimensional 
(fullerenes) allotropes of carbon were known. 
Although the nanocarbon community had grown 
rapidly due to the addition of fullerene - based 
researchers, and later CNT - based researchers, gra-
phene  per se  did not attract much interest until the 
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biomedical utilities such as sensing, imaging, and 
therapeutics. 

   1.3.1    Biosensors 

 The electronic properties of CNs have been exten-
sively exploited in biosensors. The charge trans-
port properties of CNs make them suitable for 
application in a variety of biosensors. To under-
stand the potential of CNs in biosensor applica-
tions, it is necessary to consider the electronic 
properties of CNs. The integration of biomole-
cules with CNs enables the use of such hybrid 
systems as electrochemical biosensors (enzyme 
electrodes, immunosensors, or DNA sensors) and 
active fi eld - effect transistors. The nanometer 
dimensions of the CNs, together with the unique 
electronic structure of a graphene sheet, render 
the electronic properties of these nanostructures 
highly unusual. The specifi c advantage of CNTs for 
integrating biomolecules is their small size, allow-
ing these nanoelectrodes to be plugged into loca-
tions where the use of electrochemistry would 
otherwise be impossible, such as inside proteins 
 [134 – 136] . One of the opportunities that CNTs 
will provide is a more effi cient way of communi-
cating to the outside world the activity of biologi-
cal molecules used in biosensors  [137] . Typically 
this communication is achieved via the transfer of 
electrons. CNT - based sensors have been developed 
to detect a wide array of biological species includ-
ing glucose, neurotransmitters, toxins, proteins, 
and DNA  [138, 139] . Several studies have estab-
lished the utility of graphene - based biosensors 
using different redox probes such as H 2 O 2 , NADH, 
and ascorbic acid  [140 – 144] . Graphene - based bio-
sensors have been employed for sensing several 
important biomolecules including glucose, DNA, 
dopamine, and alcohol  [63, 64] . In a recent study, 
cytochrome c was immobilized on a graphene -
 coated electrode, which was then utilized in the 
sensing of nitric oxide. This illustrates how a 
graphene - coated electrode with an antibody or 
enzyme immobilized on its surface can be utilized 
in sensing the corresponding antigen or substrate. 
This substantially widens the possible array of 
biomolecules that can be detected by graphene -
 based biosensors. Graphene can also serve as an 

modify and functionalize CNs has made it possible 
to solubilize and disperse CNs in water, thus 
opening the pathway for their facile manipulation 
and processing in physiological environments 
 [132, 133] . In this section, we focus exclusively on 
methods that have been successfully applied to the 
modifi cation of CNs with biomolecules. These 
methods can be divided into three main approaches, 
depending on the nature of the linkage between 
biomolecules and CNs, i.e., covalent attachment 
(chemical bond formation)  [133] , non - covalent 
attachment (physical absorption), or a hybrid 
approach. The most common method, and proba-
bly one of the simplest methods of covalent func-
tionalization of CNs, involves reactions with 
carboxylic acid ( – COOH) residues. Biomolecules 
can be linked to carboxylic acid - functionalized 
carbon nanotubes and graphene sheets after their 
activation with  N  - hydroxy succimide (NHS) using 
standard carbodiimide (EDC) peptide coupling 
chemistry protocols. The strong non - covalent inter-
actions between CNs and certain aromatic and/or 
hydrophobic molecules can also be utilized to 
provide a platform for further functionalization 
with biomolecules. Polyethylene glycol (PEG) can 
be used to non - covalently coat carbon nanotubes 
and prevent non - specifi c protein absorption  [48 –
 55] . These PEG - coated carbon nanotubes can then 
be further chemically modifi ed to provide sites for 
chemical or affi nity - based linking to proteins. In 
addition, to make GO (graphene oxide) colloidal 
solutions more biocompatible and easier to admin-
ister under  in vivo  conditions, PEG can also be cova-
lently grafted onto hydroxyl and carboxylic groups 
of GO with the help of 1,1 - carbonyldiimidazole 
 [66, 67] . Hence, PEGylation of CNs could prove to 
be a valuable tool in improving the biocompatibil-
ity of CNs. 

 All the carbon nanomaterials have very interest-
ing physicochemical properties, such as an ordered 
structure with high aspect ratio, ultra - light weight, 
high mechanical strength, high electrical conduc-
tivity, high thermal conductivity, metallic or semi-
metallic behavior, and large surface area. In the last 
few years, several studies have been proposed, 
indicating potential applications of CNs  [48 – 72] . 
Based on their unique optical, physical, and electri-
cal properties, carbon nanostructures have found 
signifi cant applications in a wide spectrum of 
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fl uorescein - functionalized PEGylated graphene 
oxide (GO) exhibits excellent fl uorescent proper-
ties, and that it can be effi ciently taken up by cells 
and serve as a fl uorescent nanoprobe suitable for 
imaging. Sun  et al .  [7]  have shown that GO sheets 
are photoluminescent in visible and infrared 
regions, and such intrinsic photoluminescence can 
be employed for live cell imaging in the near -
 infrared range without signifi cant background. In 
a recent study we investigated the intrinsic fl uores-
cence of individual GO sheets using fl ow cytome-
try  [155] . Upon excitation with a 488   nm laser most 
of the GO emitted fl uorescence in all the three 
channels in a fl ow cytometer, with relatively stron-
ger signal in the FL3 channel than in FL1 and FL2. 
This observation could lead to the effective analy-
sis of graphene – cell interactions using fl ow cytom-
etry. The inherent optical properties and stable 
nature of GO suspension promise increasing future 
applications in the areas of cellular imaging and 
drug delivery.  

   1.3.3    Therapeutics 

 CNs can be excellent tools in drug delivery owing 
to their small size, large surface to volume ratio, 
and tendency for non - covalent interaction with 
drug molecules. CNTs have been extensively inves-
tigated as drug carriers. In recent years, different 
strategies have been developed to conjugate drug 
molecules to CNTs either through covalent binding 
or non - covalent adsorption. Covalently bound 
drug molecules are linked to the functional groups 
on CNT or to the polymer coating of CNTs. Aro-
matic drugs with a fl at structure can be adsorbed 
on the surface of CNTs by  Π  –  Π  stacking. CNT -
 based drug carriers have been further utilized for 
 in vivo  cancer treatment in animal models. CNT –
 ligand bioconjugates have been widely utilized for 
cell - specifi c targeted delivery of drugs in both  in 
vitro  experiments and some  in vivo  models. 
Antibody - conjugated PEGylated GO has been 
shown to be effective in the targeted delivery of 
anticancer drugs to tumor cells  [65, 67] . More 
importantly, a recent study has shown that potent 
water - insoluble anticancer drugs could be ren-
dered therapeutically useful by complexing with 
PEGylated GO  [67] . Besides drug delivery, SWNTs 
and GO can also be utilized as photothermal 

excellent candidate for microbial detection and 
diagnosis  [16] . 

 Apart from electrochemical analyzers, biosen-
sors based on the principle of fl uorescence reso-
nance energy transfer (FRET) have also utilized 
GO to detect thrombin, DNA – DNA hybridization, 
and tumor markers  [145 – 147] . Also, with advances 
in graphene functionalization and chemical modi-
fi cation techniques, the array of applications for 
graphene in biosensors is bound to increase 
dramatically.  

   1.3.2    Bio -  i maging 

 The intrinsic optical properties of SWNTs and GO 
make them suitable for use as optical probes. Both 
SWNTs and GO display optical absorption in the 
visible as well as the near - infrared (NIR) range. 
These nanomaterials exhibit strong resonance 
Raman scattering, high optical absorption, and 
photoluminescence in the NIR range, all of which 
have been utilized for imaging in biological systems 
 in vitro  and  in vivo . Raman microscopy has been 
employed to image SWNTs in liver cells, as well as 
tissue slices  [148, 149] . Weisman and co - workers 
(2007) demonstrated nanotube - based biomedical 
imaging inside a living animal  [150] . In this study, 
the biodistribution of SWNTs in live  Drosophila  
larvae was monitored by the nanotube fl uores-
cence signals through NIR fl uorescence micros-
copy. Recently, a research group successfully used 
RGD - conjugated PEGylated SWNTs as Raman 
probes for  in vivo  tumor imaging in live mice  [151, 
152] . 

 The high optical absorption of SWNTs can also 
be utilized in photoacoustic imaging, where sound 
waves are generated as a result of local heating by 
the absorption of laser light. Photoacoustic imaging 
has a higher spatial resolution than traditional 
ultrasound, and deeper tissue penetration than 
fl uorescence imaging  [153] . De La Zerda  et al . used 
RGD - conjugated SWNTs as the contrast agent for 
photoacoustic molecular imaging of cancer in a 
mouse tumor model  [154] . This work opens up 
new opportunities for  in vivo  biological imaging 
using SWNTs. 

 Graphene can also be used for cellular imaging 
based on its unique optical properties. A recent 
study by Peng  et al .  [66]  demonstrated that 
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The liquid precursors in earlier reports were 
extremely toxic and unstable  [170] , but have since 
been replaced by less harmful counterparts  [159] . 
The ligands used in the synthesis allow regulation 
of the nucleation time. This enables synthesis of 
QDs of different sizes by varying the amount of 
precursors and crystal growth times  [159] . The 
choice of ligands considerably infl uences both QD 
synthesis and the optical properties of synthesized 
QDs  [176] . There are a considerable number of 
reports where the use of a particular ligand led to 
the formation of more stable QDs with higher 
quantum yields  [176] . QDs thus synthesized have 
a heavy - metal semiconductor core made of CdSe, 
CdS, or CdTe with low quantum yield, typically 
less than 10%. This has led to the development of 
type II QDs, also called  “ core - shell QDs, ”  that 
consist of a shell of a high band - gap semiconduc-
tor, such as ZnS, over the heavy metal core (see Fig. 
 1.5 )  [177] . The shell counteracts the defects in the 
core and dramatically enhances the quantum yield 
up to 80%. It also confi nes the hole to the core, 
protecting the core from oxidation and making 
them photostable, thus preventing the leaching of 
heavy metal atoms from the core.   

 However, these QDs have extremely hydropho-
bic surfaces and are therefore water - insoluble and 
unsuitable for biological applications, for which 
they require surface modifi cation. This is achieved 
by the replacement of existing ligands with hydro-
philic ligands (ligand exchange), or by utilizing 
the hydrophobic ligands for coating with organic 

therapeutic agents to kill cancer cells  [8, 70, 71] . 
NIR laser irradiation has been used to generate 
heat, causing the destruction of cancer cells with 
specifi c SWNT internalization. Due to strong 
optical absorption in the NIR range, GO has also 
been shown to cause photothermal ablation of 
tumors following intravenous administration in 
animals. Recent reports have also invested CNTs 
and GO nanosheets with antibacterial as well as 
antiparasitic properties  [68, 69, 156] .   

   1.4    Quantum  d ots 

 Quantum dots (QDs) are near - spherical nanocrys-
tals with a semiconductor core composed of ele-
ments from the periodic groups II - VI (CdSe) or 
III - V (InP), and a shell made of ZnS  [157 – 159] . They 
have electronic properties intermediate between 
bulk semiconductors and discrete molecules. Their 
optical - electronic nature is determined by the size 
and shape of individual crystals  [160, 161] . QDs 
were fi rst discovered in 1980s by Alexei Ekimov 
 [162] , but the term  “ quantum dot ”  was coined by 
Mark Reed. QDs have since found a wide spectrum 
of applications in transistors, solar cells  [163] , light 
emission diodes  [164] , and diode lasers  [165]  due 
to their unique electronic properties. They have 
also been extensively investigated as agents for 
biological imaging, and have emerged as a novel 
class of fl uorophores with near ideal characteristics 
 –  high quantum yield  [166] , wide excitation spectra, 
narrow, tuneable and symmetrical emission spectra 
 [167, 168] , and ease of bioconjugation  [169] . QDs 
have also found application in FRET  [76, 77]  and 
charge transfer – based biosensors  [78] , drug deliv-
ery  [79] , and photodynamic therapy  [80] . 

 Synthesis procedures for QD have assumed 
importance due to the size - dependant tenability 
 [160]  of their optical properties and the potential 
toxicity of heavy metals in the core. QDs can 
be synthesized using a variety of techniques in -
cluding high - temperature synthesis  [170] ,  γ   -
 irradiation  [171] , microwave - assisted synthesis 
 [172] , Langmuir – Blodgett fi lms  [173] , polyol  [174]  
and sol - gel methods  [175] . However, they are typi-
cally synthesized by the injection of liquid precur-
sors into hot (300 ° C) organic solvents, such as 
TOPO (trioctylphosphine oxide) and hexadecyl-
amine, which serve as ligand molecules  [159, 170] . 

     Fig. 1.5     Schematic representation of functionalized 
core - shell QD.  (For a colour version of this fi gure, please 
refer to colour plate section 1.)   
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the small size of the QD nanocrystal, its constituent 
atoms get excited and emit light simultaneously, 
leading to high fl uorescence intensity. They lack 
photobleaching due to their inorganic composi-
tion, and exhibit a long fl uorescence lifetime of 
10 – 40 nanoseconds  [161, 180, 181] . Although the 
theoretical quantum yield of QDs per particle is 
lower than that of organic fl uorophores, their high 
molar extinction coeffi cient and long excitation 
state lifetimes more than compensate, leading to 
much brighter fl uorescence signals than organic 
dyes. They also exhibit other advantages over fl uo-
rophores of a large Stokes shift and extremely high 
photostability  [180] . These characteristics make 
them near perfect fl uorescent markers, superior to 
organic fl uorophores. Since QDs have tuneable, 
narrow, symmetrical, and bright emission  [167, 
168] , they are particularly useful for multiplex 
imaging. However, since their brightness is depen-
dent upon their core diameter, the relative bright-
ness of QDs with different emission wavelengths 
can vary markedly; signal intensity of QDs (size 
525   nm) being as much as 17 times and 32 times 
lower than QDs (size 655   nm) and near - infrared 
QDs (size 705   nm), respectively  [185] . This will 
have implications for comparisons of expression 
levels of different elements being detected by mul-
tiplex QD imaging, and would require data nor-
malization. Thus, QDs are most suitable for 
imaging, optical transduction, and photosensitiza-
tion applications.    

   1.4.2    Imaging 

 Since the fi rst report of the use of QDs in immuno-
histochemistry (IHC) for the detection of actin fi la-
ments in mouse fi broblasts  [161] , they have been 
used to detect a vast array of proteins in fi xed 
tissue, by fl uoroimmunoassays  [186]  as well as 
through fl ow cytometry  [187] . QDs have enabled 
the detection of biological markers with high sen-
sitivity. Streptavidin - coated QDs used in conjunc-
tion with biotinylated antibodies, either primary or 
secondary, have most commonly been used to label 
and detect proteins in cells and tissues  [188] . 
Several research groups have investigated different 
conjugation systems for QD labeling of biological 
molecules. A comparison of sulfhydryl, amide, Fc -
 sugar, His - tag, and biotin - avidin binding showed 

polymer ligands (ligand capping). One of the most 
common approaches for surface modifi cation 
involves the attachment of thiolated PEG polymers 
 [178] . However, such QDs exhibit a low quantum 
yield. This disadvantage is overcome by using a 
ligand capping strategy with amphiphilic poly-
mers such as polyacrylic acid  [179] . QDs have also 
been subjected to bio - functionalization by linking 
them to a variety of biomolecules including strep-
tavidin  [180] , immunoglobulins  [181] , oligonucle-
otides  [182] , peptides and proteins  [183] , which 
enable their use in the labeling of diverse cellular 
targets. 

   1.4.1    Properties 

 By defi nition, QDs comprise matter whose excita-
tion states are confi ned in all three spatial dimen-
sions, which is responsible for their unique 
size - dependent optical and electronic properties. 
Generally, the smaller the size of a QD, the greater 
is the energy difference between the highest valence 
band and the lowest conduction band. Thus, larger 
QDs, having smaller band gaps, emit light of lower 
frequency, while smaller QDs emit light of higher 
frequency (see Fig.  1.6 )  [184] . Furthermore, due to 

     Fig. 1.6     Size - dependence of QD emission spectrum.  (For a 
colour version of this fi gure, please refer to colour plate 
section 1.)   
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samples that may include proteins, DNA, or 
mRNA. QD - labeled oligonucleotide probes have 
been employed to identify mutations by fl u-
orescence  in situ  hybridization (FISH)  [193] . 
Streptavidin - conjugated QDs have also been suc-
cessfully used in FISH studies on the chromosomes 
of humans  [194] , mice  [195] , plants  [196] , and 
microorganisms such as  Escherichia coli   [197] . 
Streptavidin - QDs with biotinylated probes have 
been used to study mRNA expression levels in 
fresh animal tissue both for single marker studies 
 [198]  and for duplex/multiplex analyses  [199] . 
However, almost all clinical pathology samples are 
stored as formalin - fi xed paraffi n - embedded (FFPE) 
samples. A recent study has demonstrated the use 
of QDs for FISH in FFPE samples and addressed 
the problems associated with use of these samples 
in place of fresh tissues  [200] . Although the use 
of streptavidin - coated QDs for ISH is highly 
prevalent, there is concern due to stoichiometric 

that, Fc - sugar and His - tag conjugation have greater 
site and staining specifi city, higher fl uorescence 
intensity, and lower background noise, with a 
better overall performance than other procedures 
 [185] . However, streptavidin - biotin conjugation 
chemistry is the most practicable strategy, due to 
the availability of commercial streptavidin - QDs/
biotinylated antibodies and the existence of pre -
 established protocols for their use requiring only 
minor optimization. 

 An important advantage of using QDs is the 
suitability for multiplex detection due to their 
tuneable narrow symmetrical emission and wide 
excitation  [189] . However, there are two problems 
frequently encountered in multiplex studies: anti-
body cross - reactivity and poor signal separation. 
The former can be addressed by using either dif-
ferent antibody species or different methods for 
detecting different antigens, while the latter 
requires high - quality image analysis. Multiplexing 
of QDs has been used to simultaneously detect 
several biomarkers by sequential staining for each 
antibody (see Fig.  1.7 )  [190] . The tissue is fi rst 
treated with the primary antibody - recognizing 
marker protein. The marker protein - bound primary 
antibody is then labeled with streptavidin - coated 
QDs through the biotinylated secondary antibody. 
Avidin - biotin blocks are applied after labeling each 
marker with QDs and before treatment with 
primary antibody for the next protein marker  [190] . 
However, the procedure is time - consuming and 
there is a possibility of transfer of streptavidin -
 coated QDs between different secondary antibod-
ies  [191] .   

 Multiplex QDs have been evaluated to study 
markers in needle core biopsies in clinics in order 
to provide personalized treatment  [192] . This tech-
nique provides a quantitative measurement of 
several markers in small - sized tissue samples. A 
workfl ow for the use of multiplex QD imaging in 
clinical practice has been proposed in some studies 
 [189] . This is essential if QDs are to become clini-
cally more useful. A dedicated software package 
called Q - IHC, for the integration of traditional and 
QD - based IHC, enables quantitative image analy-
sis of each of the biomarkers  [185] . 

 With the advent of high - throughput platforms 
for genomics, proteomics, and transcriptomics, 
there is an increasing need to measure an expand-
ing number of biomarkers  in vivo  in biological 

     Fig. 1.7     Sequential staining for multiplex imaging using 
streptavidin QDs.  
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 [208] . Live animal imaging enables real - time longi-
tudinal studies without frequent animal sacrifi ce. 
QDs conjugated to luciferase are endowed with 
the ability to self - illuminate, which allows deep 
tissue visualization that otherwise would have 
low incident light  [213] . This approach also elimi-
nates tissue autofl uorescence and thus improves 
sensitivity.  

   1.4.3    Integrated  QD s 

 Unlike the QDs used as labels in imaging, an inte-
grated QD is one that is present in a system 
throughout the analysis, and simultaneously serves 
as a platform for biodetection as well as a trans-
ducer of a recognition event by fl uorescence reso-
nance energy transfer (FRET)  [214] , bioluminescence 
resonance energy transfer (BRET)  [215] , charge 
transfer quenching  [216] , and electrochemilumi-
nescence (ECL)  [217] . Integrated QDs have found 
several applications in sensing biomolecules, 
including the detection of small molecules using 
enzyme - linked methods  [218]  or aptamer affi nity 
probes  [219] , detection of proteins via immunoas-
says  [217]  or aptamers  [216] , nucleic acid hybrid-
ization assays  [214] , and protease or nuclease 
activity assays  [215] .  

   1.4.4    Photodynamic  t herapy 

 Photodynamic therapy (PDT) is a less invasive 
cancer treatment strategy that involves the irradia-
tion of tumor tissue with low - energy electromag-
netic waves, typically visible or near - infrared (NIR) 
light, after treatment with a photosensitizer (PS). 
The PS absorbs the incident photon, gets excited 
and then transfers the energy to molecular oxygen 
present ubiquitously in the body, leading to the 
formation of singlet oxygen. Singlet oxygen is a 
very reactive chemical species that will induce 
apoptosis or necrosis of tumor cells in the vicinity 
by damaging key cell organelles such as mitochon-
dria. The high photostability, broad absorption 
spectrum, and large two - photon absorption cross -
 section of QDs are great advantages for photoacti-
vation using visible and NIR light sources  [80] . 
QDs also produce reactive oxygen intermediates 
(ROI)  [220]  and reactive nitrogen species (RNS) 

rearrangement. Amine - modifi ed oligonucleotide 
probes can be covalently attached to the carboxyl 
terminals on polymer - coated QDs using EDC, 
allowing direct stable conjugation of a probe with 
QD  [201] . 

 However, multiplex imaging using either anti-
body or DNA probes results in the generation of 
multicolored images. In order to detect multiple 
markers simultaneously, it is necessary to carry out 
color resolution to identify and quantify individual 
signals. Hyperspectral imaging involves the collec-
tion of a complete spectrum at every location in an 
image plane, from which an entire spectral profi le 
can be generated for each pixel in the image fi eld 
 [202] . The spectral information obtained from each 
pixel can then be used to discriminate between 
noise and signal, as well as between fl uorescent 
signals from different markers  [203] . 

 High fl uorescence intensity and photostability of 
QDs have enabled their use in single molecule 
imaging. Labeling of cellular proteins such as epi-
dermal growth factor (EGF)  [204] , CD44  [205] , 
protease - activated receptor - 1 (PAR - 1)  [206] , etc. 
with QDs enabled the tracking of these proteins in 
live cells, providing valuable mechanistic insights. 
For example, the ability to visualize movement of 
PAR - 1 on the tumor cells during different stages 
of metastasis showed that membrane fl uidity 
of tumor cells increases during intravasation, 
reaches a peak in vessels, being particularly high 
at pseudopodia - like membrane projections, and 
then decreases during extravasation  [206] . This 
technique will thus help in the visualization of 
com plex interactions between biomolecules and 
the observation of cellular processes at the molecu-
lar level. 

 QDs have been used extensively in live animal 
imaging, particularly using illumination with near -
 infrared and infrared light, which enables penetra-
tion of skin and tissue. The high brightness of QDs 
permits their detection in deep sites. Live mam-
malian cells labeled with large amounts of QDs 
have been used to study embryogenesis  [207] , 
cancer metastasis  [208] , stem cells  [209] , and lym-
phocyte homing  [210] . The use of QDs for lymph 
node mapping has been demonstrated in lower 
mammals  [211] , raising the possibility of intraop-
erative use in humans  [212] , particularly in breast 
cancer. QDs have also been used to image blood 
vessels in live mice and to track cancer metastasis 
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themselves, contaminants and coatings of NPs, 
and host factors (see Table  1.1 ). We discuss here in 
some detail the toxicity of the most extensively 
used metallic and carbon - based nanomaterials, 
and quantum dots.   

 [221]  upon photoactivation, and thus cause lyso-
somal damage  [221]  and DNA breakage  [220, 221] . 
QDs have thus been evaluated for potential appli-
cations in PDT. However, the effi ciency of ROI pro-
duction by QDs is far inferior to that of conventional 
PS drugs. Since the pros and cons of QDs and PS 
drugs are complementary to each other, several 
conjugates/hybrids of QDs and conventional PS 
drugs have been investigated as new - generation 
drugs for PDT  [80] .  

   1.4.5    Drug  d elivery 

 QDs have also been investigated extensively for 
drug delivery. There is a growing interest in recent 
times for producing multimodal QDs capable of 
both  in vivo  tumor imaging and drug delivery  [79, 
222] . QDs conjugated to both a tumor - targeting 
ligand (an antibody) and the drug molecule can 
effectively serve this purpose. For example, QDs 
conjugated to anti - HER2 antibody and doxorubicin -
 loaded liposomes exhibited signifi cant anticancer 
activity in HER2 - overexpressing breast cancer 
cells, and enabled tumor cell imaging  [79] .   

   1.5    Toxicity 

 Nanotechnology is an emerging fi eld that is likely 
to change the way almost everything  –  from drugs 
to computers to clothing to objects not yet imag-
ined  –  is designed and manufactured. Nanomateri-
als have the potential to transform our everyday 
lives through the development of new technolo-
gies including advanced medical imaging and 
novel treatment strategies. However, a fl urry of 
disturbing reports concerning the toxicity of NPs 
have recently surfaced  [223 – 274] . With the wide-
spread use of NPs, there is also a danger of unin-
tended exposure, apart from that due to their 
intentional use in diagnostics and therapeutics. On 
the other hand, the resources and efforts directed 
towards understanding the toxicity of NPs is not 
keeping pace with the development of new nano-
materials. The knowledge gaps related to health 
risks may create liabilities that could stunt the 
development and exploitation of benefi cial NPs. 
Several factors infl uence the toxicity of NPs to 
the human body: the properties of nanomaterials 

  Table 1.1    Factors infl uencing toxicity of nanomaterials. 

   PROPERTIES OF NANOPARTICLES  

   Size  
 Generally, the smaller the size, the greater the 
toxicity  

   Shape  
 For example, fullerenes are more toxic than CNTs  

   Surface  
 Defects and redox status of NPs adversely infl uence 
toxicity  

   Agglomeration  
 NPs with a tendency to clump in physiological 
conditions are more toxic  

   CONTAMINANTS AND COATINGS  

   Contaminants  
 For example, metal impurities incorporated during 
CNT synthesis increase toxicity  

   Capping ligands  
 Generally, more hydrophilic ligands increase the 
toxicity of NPs  

   PEGylation  
 Reduces toxicity  

   Peptide coating  
 Reduces toxicity  

   HOST FACTORS  

   Route of exposure  
 Inhalation induces greater toxicity than ingestion and 
skin contact  

   Sequestration  
 Accumulation of NPs in tissues enhances toxicity  

   Intracellular uptake  
 Intracellular uptake of NPs tends to induce 
cytotoxicity  

   Rate of elimination  
 A slower rate of elimination leads to increased 
toxicity  
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on the transport, activity, and fate of AgNPs at the 
cellular and organism level  [230] . The authors pro-
posed several mechanisms of cytotoxcity based on 
such studies, as well as new opportunities for 
investigating the uptake and fate of AgNPs, estab-
lishing better models to assess long - term effects  in 
vivo . But there are also reports to suggest that silver 
in lower concentrations is non - toxic to human cells. 
The epidemiological history of silver has estab-
lished non - toxicity in normal use  [37] . Thus, it is 
our opinion that these are questions that need to 
be urgently answered before people rush to join the 
nanosilver boom.  

   1.5.1.2    Gold  n anoparticles 

 Although AuNPs are composed of an inert mate-
rial and have extraordinary properties that make 
them useful for a wide array of biomedical applica-
tions  [17, 19, 21, 22, 27, 35, 36, 112, 116, 121 – 124] , 
biocompatibility issues need to be addressed. 
Several groups have examined the cellular uptake 
and toxicity of AuNPs. Cells exposed to AuNPs 
will incorporate the particles (similar to nanopar-
ticles of other materials) and store them inside the 
cells in perinuclear compartments: vesicular struc-
tures close to the cell nucleus  [231, 232] . Due to 
particle internalization, cells or tissues in contact 
with AuNPs will be exposed to the particles for 
extended periods of time. Infl ammatory effects in 
tissues caused by AuNPs have been demonstrated. 
These results indicate that kinetics and saturation 
concentrations are highly dependent on the physi-
cal dimensions of the nanoparticle. Wang  et al . have 
investigated shape -  and size - dependent cellular 
uptake and cytotoxicity of Au nanomaterials on 
human skin HaCaT keratinocytes  [233, 234] . 
However, in cell culture experiments, AuNPs are 
regarded as biocompatible and acute cytotoxicity 
has not been observed so far. Connor  et al .  [235]  
have examined the uptake and potential toxicity of 
a series of gold AuNPs in human leukemia cells. 
Results suggest that spherical AuNPs with a variety 
of surface modifi ers are not inherently toxic to 
human cells, despite being taken up into cells  [235] . 

 On the other hand, there are a few examples of 
toxic effects related to the nature of Au, which 
might depend on the cell line or cell type  [232, 236] . 
For example, 33   nm citrate - capped gold nano-
spheres were found to be non - toxic to baby hamster 

   1.5.1    Toxicity of  m etallic  NP s 

   1.5.1.1    Ag NP s 

 Nanosilver has been proposed for extensive use in 
biomedical applications such as therapeutics  [23, 
25, 26, 30, 37, 38] , as antimicrobial agents  [24, 29, 
31, 103 – 105] , and as fl uorescent labels  [105, 108] . 
Despite rapid progress and early acceptance of 
nano - biotechnology as a translational research 
concept, the possible risk of adverse health effects 
following prolonged exposure to NPs at various 
concentration levels in humans, and the accompa-
nying toxicological and environmental issues need 
to be raised. There has been continuous debate on 
the advantages and disadvantages of the use of 
silver products in health care and medicine  [37] . 
Probably one of the most widely reported side -
 effects of silver products is argyria. Argyria occurs 
when subdermal silver is deposited in skin mi -
crovessels, resulting in an irreversible gray to black 
coloration of the skin  [223] . This permanent discol-
oration is not physically harmful but remains an 
inherently serious cosmetic problem  [37] . There 
are also some reports of kidney toxicity and cyto-
toxicity  [224] . Liver toxicity has also been observed 
following acute silver toxicity due to nanocrystal-
line silver  [225] .  In vivo  experiments in rats have 
clearly established lung function changes and 
infl ammation  [226] . AgNPs stabilized with starch 
and BSA induce distinct developmental defects in 
zebrafi sh embryos  [227] . Recent reports have estab-
lished the involvement of the mitochondria -
 dependent Jun N - terminal kinase (JNK) pathway 
in AgNP toxicity  [228] . Recently a research group 
has unraveled the cytotoxicity and genotoxicity of 
AgNPs  [229] . They made an effort to understand 
the various steps in AgNP toxicity by studying the 
effect of starch - coated AgNPs on cell viability, ATP 
production, DNA damage, chromosomal aberra-
tions, and cell cycle. The DNA damage, chromo-
somal aberrations, and cell cycle arrest raised 
concerns about safety associated with applications 
of the AgNPs. Therefore, understanding the kinet-
ics and toxicity of silver NPs  in vivo  is very impor-
tant in the context of the underlying medical debate 
regarding the safety of nanosilver and nanomateri-
als coated with silver. 

 Recently, Stensberg and co - workers have pro-
vided an extensive discussion on current research 
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nisms of the targeting site and stability of carbon 
nanotubes inside cells and tissues. 

 In other recent reports, carbon nanomaterials 
were found to adversely affect the platelets, an 
important component of circulatory system respon-
sible for blood clotting and hemostasis  [244, 247, 
248] . Nanocarbon material such as SWNTs (single -
 walled nanotubes), MWNTs (multi - walled nano-
tubes), and mixed carbon nanoparticles (MCN) 
were found to have the ability to aggravate platelet 
aggregation  [244] , which may lead to deadly con-
sequences such as stroke, myocardial infarction, 
and deep vein thrombosis  [249 – 251] . Enhanced 
aggregation of platelets by different nanocarbons 
has been suggested to be the outcome of extracel-
lular calcium infl ux into the cell  [248] . 

 However, to date, relatively few studies are 
available in the literature concerning the toxicity of 
graphene to cells or living organisms  [252 – 256] .  In 
vitro  studies have demonstrated that, GO induces 
a marginal decrease in cell viability at higher doses 
and can elicit concentration - dependent cytotoxic-
ity in A549 cells and PC12 cells  [252, 253]  mediated 
through oxidative stress and apoptosis. The shape 
of graphene sheets or their agglomeration may be 
important factors contributing to graphene toxic-
ity. Animal studies have indicated that GO could 
induce severe cytotoxicity in a dose -  and time -
 dependent manner, and can enter into the cyto-
plasm and nucleus, decreasing cell adhesion, 
inducing cell fl oating and apoptosis  [254] . GO can 
enter into lung tissue, inducing infl ammation and 
subsequent granuloma formation. Further com-
parative studies suggest that cells respond differ-
ently to reduced GO and carbon nanotubes, which 
may be attributed to their distinct nanotopographic 
features  [255] . The reduced GO fi lm is biocompat-
ible with all tested cells, implying its potential 
application in biology. Recently we have demon-
strated that GO can potentially induce integrin -
 mediated platelet aggregation both  in vitro  and  in 
vivo   [257] . Src and Syk tyrosine kinases were found 
to play key roles in GO - induced platelet activation. 
From comparative studies with reduced GO, we 
inferred that the charge distribution on the surface 
of GO regulates its capability to interact with cells 
and activate and aggregate platelets. 

 Surface characteristics of nanomaterials, such as 
shape, aggregate formation, coating, and function-
alization, may be deciding factors for their adverse 

kidney and human hepatocellular liver carcinoma 
cells, but were cytotoxic to a human carcinoma 
lung cell line, as reported by Patra  et al . (2007)  [232] . 
Gold cytotoxicity also depends on surface chemis-
try  [237] , and on the particle size  [238] . Goodman 
 et al . investigated the toxicity of AuNPs functional-
ized with both cationic and anionic surface groups 
in three different cell types. The results suggest that 
cationic particles are generally toxic at much lower 
concentrations than anionic particles, which they 
relate to the electrostatic interaction between the 
cationic nanoparticles and the negatively charged 
cell membranes. The toxicity of the AuNPs is 
related to their interactions with the cell mem-
brane, a feature initially mediated by their strong 
electrostatic attraction to the negatively charged 
bilayer.   

   1.5.2    Toxicity of  c arbon  n anomaterials 

 The demand for CNs is increasing rapidly in elec-
trical, mechanical, health, and medical applications 
due to their thermal, electrical, optical, and other 
properties. The sustained massive investment 
worldwide in CN production and application 
needs to be accompanied by a thorough under-
standing of the occupational health, public safety, 
and environmental implications of these nanoma-
terials. Concern over possible harmful effects of 
nanomaterials has stimulated the advent of nano-
toxicology as a signifi cant research discipline. The 
literature is full of reports that carbon nanomateri-
als can cause  in vitro  and  in vivo  toxicity  [239] . Most 
of the  in vivo  toxicity data have been generated 
from studies using CNTs. Animal studies have 
shown that exposure to nanotubes can cause 
infl ammation, fi brosis, epithelioid granuloma for-
mation in lungs  [240 – 242] , cellular cytotoxicity, and 
cardiopulmonary and vascular irregularities  [243 –
 245] . CNTs are also known to induce oxidative 
stress in human keratinocytes via nuclear factor 
kappa - B (NF -  κ B)  [245] . A recent report by Porter 
and colleagues discusses the challenges associated 
with characterizing the toxicity of CNT and the 
need for complementary nanometrology to relate 
their physiochemical properties with their toxicity 
 [246] . The authors suggest a combination of high -
 resolution electron microscopy techniques and cell 
viability assays to understand the cytotoxic mecha-
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ligand capping, some studies have reported toxic-
ity due to these capping ligands, specifi cally MPA 
 [268, 269] . An exciting solution to this issue is the 
use of non - toxic QD preparations, such as Si or SiC 
 [270, 271] . Detoxifying agents such as glutathione 
 [272]  or gelatin  [273] , and peptide coating  [274]  
have been found to reduce toxicity. Despite these 
preliminary reports, there is an urgent need to 
comprehensively investigate the toxicity of QDs 
both  in vitro  and  in vivo,  so that safer QD prepara-
tions may be developed.   
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