Chapter 8
Biological Nanoparticles: Optical
and Photothermal Properties
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Abstract The synthesis of metal nanoparticles (NPs) through biological approach
has proved to be safer than chemical approach and environment friendly. Still the
quality of the biologically synthesized metal NPs could not touch the quality stan-
dard of chemically synthesized metal NPs. This limits the application of biologi-
cally synthesized NPs. In the biosynthetic approach, the complications lie in
complicated biochemical pathways, cellular morphology, physiology and other bio-
logical and environmental limitations. On the other hand, chemical synthesis pro-
cess is simple because of limited chemical reactions and has ease to control and
change the required physical and chemical parameters like pH, temperature, humid-
ity, etc. as per need. Thus, chemically synthesized NPs are more uniform in shape
and size, have defined surface modification and are stable than its biological coun-
terpart. Here we will focus on the limitations of biological synthesis of metal NPs
through fungus and discuss the various approaches to counter these limitations to
enhance the quality of metal NPs so that biologically synthesized NPs can be used
practically on a wider scale.
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8.1 Introduction: Nanoparticles, Nanostructures
and Nanomaterials

Nanotechnology deals with various structures of matter having dimensions of the
order of a 10~ of a metre. Nanoparticles are generally considered to be a number of
atoms or molecules bonded together with a radius of <100 nm. The structure which
comes under the dimension of a nanometre is also considered as nanostructures.
Hence, a haem molecule which is incorporated into haemoglobin molecule can be
considered as nanoparticle, and most of the viruses are nanostructures. Thus
nanoparticles and nanostructures can be built by assembling individual atoms or
subdividing bulk materials.

The physical and chemical properties change at dimensions of nanometre scale.
Mostly the crystal structure of large-sized nanoparticles remains the same as that of its
bulk, but lengths of primitives are somewhat different. It has been verified from X-ray
diffraction experiment that 80 nm aluminium particle has face-centred cubic (fcc),
which the bulk aluminium has. Particles of sizes smaller than 5 nm may have different
structures. Three to 5 nm gold particles have an icosahedral structure, whereas its bulk
has fcc structure. If one geometrical dimension has a nanosize length, the structure is
called a quantum well. If the electronic structure is quite different from the arrange-
ment where two dimensions in three-dimension are of nanometre length, it is called a
quantum wire. But if all the lengths in all three geometrical dimensions are in the
nano-range, then it is called a quantum dot (Poole and Owens 2003).

Nanomaterials are made up of cluster of atoms which can be assumed as supera-
toms (Khanna and Jena 1995). The number of atoms which makes the cluster stable
is called as structural magic number (Poole and Owens 2003). In an atom the posi-
tive charge of the nucleus is localized at a point and the electrons respond to 1/r
potential. On the other hand, in a cluster, the positive charge is assumed to be dis-
tributed over a positive ion core of the size of the cluster, and the electrons respond
to a square-well-type potential that is attractive to the core. The electron energy
levels in clusters are discrete and can be labelled by principal and angular momen-
tum quantum numbers, but the ordering of levels is different from electron’s energy
levels in an atom. The electronic structure of an atom is like 1s?, 2s2, 2p°, 3s2, 3p®,
3d'°, 4s? and so on, but in case of cluster, it is changed to 1s?, 1p®, 1d'°, 252, 14, 2p°®
and so on. For example, electronic structure of aluminium is 1s?, 2s2, 2p°® and 3s'.
Since Al is trivalent, an Al,; cluster has 39 electrons, which, in a jellium picture,
would correspond to an electronic configuration of 1s2, 1p®, 1d', 252, 1f'* and 2p°.
Note that chemical property is determined by the electrons in the outermost orbit.
Cluster also has the similar electronic features in ionization potential, electron affin-
ity and reactivity, but uniquely their nuclear potential is fixed, and attractive poten-
tial can be easily modulated. The attractive potential can be modulated by changing
its composition, the range can be controlled by its size, and its shape can be con-
trolled by the overall topology. Further, the electronic nature can be controlled by
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manipulating the number of valence electrons by doping with foreign atoms, and
the nature of the electronic degeneracy can be controlled by changing the geometry.
This allows much better control of the electronic spectrum and thereby on its prop-
erties (Rao et al. 1999). This is the reason why nanomaterial shows different proper-
ties from its bulk material (Fig. 8.1).

8.2 Metal Nanoparticles

This chapter deals with metal nanoparticles which may or may not be nanomateri-
als. The optical and photothermal properties of metallic nanoparticle are mainly
dependent upon its size and surface area. The nobility of a metal is decided by the
ability of metal surface to be oxidized. Gold is the only metal which has endother-
mic chemisorption energy. It means that it will not make bond to oxygen at all, and
hence, it remains inert in an oxygen atmosphere. The d-state orbital of Au is so low
in energy that the interaction with oxygen 2p states is net repulsive. So it is unlikely
that Au should be a good catalyst for an oxidation reaction. Uniquely in oxidation

4
3 92 3h
2 A 1h,2f,3p | 112 1h
1 2d
. 1g, 2d, 3s 70
K 58 1g
k 1f, 2p 40 40 2p
M 34 1f
(a) Bohr's atomic model 1d, 2s 20 - 2
18 1d
i 1p 8 8 1p
-t + *, 5 1s 2 2 1s
+' b + A
-+ . One |Interacting
= + : & +_ | Orbhal Orbitals | Electron | Electron | -Me"8Y
: + + +~+ Ly Energy Sphere | Sphere Shell
(b) Jellium Model (c) Distribution of electrons in different orbitals in a Jellium model

Fig. 8.1 A comparison between Bohr’s atomic model and jellium model; (a) Bohr’s atomic
model; (b) positive charge is assumed to be distributed over a positive ion core of the size of the
cluster, and the electrons respond to a square-well-type potential that is attractive within the ion
core and zero outside, shown in jellium model; (¢) distribution of electrons in different orbitals in
a jellium model
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of CO, Au nanoparticles are very good catalyst even at room temperature. This
activity of Au nanoparticle depends upon the size (Au <5 nm shows catalytic activ-
ity) (Hvolbak et al. 2007).

8.3 Excitation and Relaxation Processes of Metal
Nanoparticles

Generally an excitation due to intersystem crossing, internal conversions, fluores-
cence, etc. has a defined time scale for the average lifetime of an excited state (Turro
et al. 2012). In the case of metals, which have a relatively high number of electrons
close in energy to a large number of available empty states, their electrons can freely
transfer between states at room temperature. So in these cases, the time scale for
excitation is not limited (Hartland 2011). As per Mie theory, the choice of metal, as
well as size, shape, surrounding matrix, surface-bound molecules and degree of
aggregation of the particles, determines the frequency of light that can excite plas-
mons (Kelly et al. 2003; Stamplecoskie and Scaiano 2010). Light is an electromag-
netic wave and has both sinusoidal electric and magnetic fields mutually transverse
and always in phase, and these are transverse to the direction of propagation of light
wave. When light of a suitable wavelength or frequency is made incident on the
surface of the metal, the electric field in the incident light ray exerts force on elec-
trons and thus causes their displacements and hence changes the volume density of
electron, i.e. number of electrons per unit volume. Electric field of light expenses
energy, that is, light loses its intensity and it is absorbed. A periodic fluctuation of
positive and negative charges occurs which is called ‘surface plasmon polaritons’.
The nuclei being heavy provide a restoring force on the dynamic lighter electrons
which have moved away. This is similar to plasma oscillations in physics. The oscil-
lating charges create electromagnetic radiation.

For this reason, the frequency that can be used to excite plasmon absorptions is a
function of both the metal and the dielectric medium surrounding it. Some electrons
of metal nanoparticles get instantaneous excitation due to incident light. Moreover
the surface curvature is not uniform with respect to wavelength of light. For this
reason, the plasmon absorptions by nanoparticles occur in the visible region of the
electromagnetic spectrum, giving rise to the multitude of colours displayed by metal
nanoparticles. The plasmons of nanoparticles cannot move away because of their
confinement to the particle. Hence they are called as localized surface plasmons
(LSP).

Kasha’s rule states that the rate of an electronic relaxation is inversely propor-
tional to the difference in energy between energy states. This means that, for metals
with overlapping filled and unfilled energy bands, the rate of relaxation must be
very fast. The coherent oscillating electrons collide with one another causing the
electrons to rapidly go out of phase with one another. This dissimilarity in electron
phases causes a non-Fermi distribution of electrons, and it occurs within the ~10 fs
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of excitation. The excited electrons further scatter with each other leading to a more
random or chaotic distribution. The ‘electron-electron’ scattering occurs within the
first ~100 fs after excitation. Most spectroscopic techniques use lasers with greater
than 100 fs pulse widths, so these first electron relaxation steps are very rarely
observed experimentally. The final process in plasmon relaxation dissipates heat to
its surrounding. The heat transfer depends upon the excitation and thermal
conductivity of the medium. Heat transfer to the surroundings occurs in hundreds of
picoseconds to nanoseconds, following excitation. The ability to absorb a lot of
light, and release that energy locally in a short amount of time (<1 ns), is a unique
property of metal nanoparticles (Alarcon et al. 2015).

8.4 Plasmonics and Surface Plasmon Resonance

Plasmonics is a phenomenon of electromagnetic resonance encountered in nano-
structured metals, due to collective oscillation of conduction electrons called plas-
mons. Under certain conditions plasmons are excited by light that leads to strong
light scattering, absorption and local electromagnetic field (Fig. 8.2). The effect can
be manipulated by doing alteration and changes in the defined conditions (Fu et al.
2012). At nanoscale we are in the middle between classical and quantum effects,
macroscopic and microscopic properties of the matter (Wolf 2015).

The phenomenon of surface plasmon resonance (SPR) was first observed by
Wood in 1902. He made polarized light incident on a reflection grating which causes
final diffraction of light producing a pattern of ‘anomalous’ dark and light bands
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Fig. 8.2 Schematic illustration of plasmon excitation causing an instantaneous collective oscilla-
tion of electrons
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(Wood 1902, 1912). Lord Rayleigh initiated the physical interpretation of this
phenomenon (Rayleigh 1907), which was further refined by Fano (1941). Finally a
detailed explanation came in 1968 by Otto (1968) and independently by Kretschmann
and Raether (1968).

Experimentally a dip in the intensity of the reflected light is observed when a
polarized light is incident from the light source on the sensor chip with a gold
coating on a prism. At a certain angle of incidence (), excitation of surface plas-
mons occurs which results in a dip in the intensity of the reflected light. This dip in
intensity is caused by the oscillation of the free electrons which is generated because
of the interaction of photons of plane-polarized light with the free electrons of the
metal layer. The angle at which the maximum loss of the reflected light intensity
occurs is called resonance angle or SPR angle. The SPR angle is dependent on the
optical characteristics of the system such as on the refractive indices of the media at
both sides of the metal, usually gold. When an accumulated mass adsorbs (protein,
DNA, etc.) on the surface of metal in its vicinity and refractive index at the prism
side remains constant, the surface plasmon resonance condition changes, and the
shift of SPR angle provides the information on kinetics.

8.4.1 SPR Assay

To construct a SPR assay, the surface of the sensor needs to be modified to allow
selective capturing and thus selective measurement of the target compound. Often
SPR measurements are carried out to determine the kinetics of a binding process.
Recently SPR signals are also utilized in the detection of biomolecules through
ELISA (de la Rica and Stevens 2012, 2013; Rodriguez-Lorenzo et al. 2012; Cecchin
et al. 2014; Nie et al. 2014; Peng et al. 2014; Xianyu et al. 2014; Liang et al. 2015;
Zhang et al. 2015; Huang et al. 2016; Zhao et al. 2016; Hu et al. 2014).

8.4.2 Surface Plasmon Resonance (SPR) Biosensors

The term biosensor was introduced around 1975. Literally all devices capable of
reporting parameters of the living body are biosensors including a thermometer. As
per present definition, a biosensor should have a recognition element comprised of
biological origin and a physiochemical transducer.

The transducer detects a physiochemical change because of specific interaction
between the target analyte and the biological material. Further the transducer then
yields an analogue electronic signal proportional to the concentration of a specific
analyte/analytes. Application of SPR-based sensors to biomolecular interaction
monitoring was first demonstrated as physical methods for label-free, real-time
detection of biomolecules by Lundstrom in 1983(Liedberg et al. 1983). In 1990,
Pharmacia Biosensor AB launched the first commercial SPR product, the Biacore
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Fig. 8.3 A typical SPR signal of SPR biosensor detecting the binding of N-succinimidyl
3-(2-pyridyldithio)propionate (SPDP) to human immunoglobulin G (IgG). The red arrow is show-
ing the baseline of human IgG. The X-axis is showing the time line in seconds for the association,
steady state and dissociation of SPDP molecule. The blue bar is the SPR response in terms of
intensity for SPDP molecule. Higher SPR response corresponds to higher binding

instrument, which was the most advanced, sensitive, accurate, reliable and
reproducible direct biosensor technique (Jonsson et al. 1991). A typical binding of
SPDP to human IgG is demonstrated and analysed by SPR as shown in Fig. 8.3.

8.5 Surface-Enhanced Raman Spectroscopy (SERS)

Raman spectra usually contain many sharp peaks that correspond to specific molec-
ular vibrational frequencies, and these can provide a clear signature defining the
presence of specific molecules in a sample. Accordingly, Raman spectra can be used
to qualitatively and quantitatively discriminate between chemical species in materi-
als (Motz et al. 2006).

Raman scattering is an inelastic phenomenon that occurs when a sample is illu-
minated by a laser light, as first demonstrated by Raman and Krishnan in 1928
(Raman and Krishnan 1998). In Raman scattering the frequency or wavelength of
scattered light remains mostly unchanged except very weak lines with increase or
decrease in wavelength. This increase in wavelength is Stokes Raman scattering,
and decrease in wavelength is anti-Stokes Raman scattering.

The signals are weak and to enhance it, high-power lasers and long acquisition
times are required which are unsuitable for biological samples. In order to enhance
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the intensity of Raman spectral lines, a widely used method is SERS. Finally
Fleischmann in 1974 (Fleischmann et al. 1974) observed the reliability on absorp-
tion effect on Raman spectral lines. The absorption function of analyte(s) relies on
the surface of metal structures. The intensity of absorbed Raman lines can be 106—
108 times more. This is indicative of the importance of SERS. It is being discussed
in the following section.

Surface-enhanced Raman scattering (SERS) bypasses this limitation (Alarcon
etal. 2015). SERS evolves as the most promising label-free technique for molecular
sensing (Campion and Kambhampati 1998). SERS, used for extremely low concen-
trations of molecules, overcome the low Raman cross-sectional barrier by exploit-
ing the large field enhancement caused by electromagnetic coupling between the
nanoparticles (Alarcon et al. 2015). Under such conditions, the Raman signal of the
target molecule is enhanced by several orders of magnitude, enabling detection
down to a single molecule (Qian and Nie 2008; Abalde-Cela et al. 2010; Oh et al.
2011; Choi et al. 2010). Generally SERS is performed on gold, silver and copper.
The absorbance is mainly in the visible and near-IR wavelengths. Raman signal is
amplified because of two reasons: (1) the strong enhancement of the electromag-
netic field by the localized surface plasmon resonance (SPR) of metallic nanostruc-
tures and (2) surface chemical enhancement mechanism (Schatz and Van Duyne
2002; Faulds et al. 2004).

SERS has been widely used as an analytical technique in the fields of biochem-
istry, forensics, food safety, threat detection and medical diagnostics (Qian and Nie
2008; Ewena Smith 2002; McNay et al. 2011; Graham and Goodacre 2008). The
reason behind the wide acceptance of SERS is that it is a label-free molecular fin-
gerprint down to the level of single-molecule detection with multiplex detection
which works in both in situ and in vitro detection with minimum sample require-
ments (Alarcon et al. 2015; Siddhanta et al. 2017).

8.6 Photothermal Effect

Photothermal therapy using metal nanoparticles exploits the infrared light to heat
conversion of metal nanoparticles for selective destruction of tumours. The larger
wavelength has longer penetrating depth than the shorter wavelength; this is the
reason some of the red light makes it through the skin or mouth tissue. In photother-
mal therapy, the wavelength of excitation is an important factor then, since only red
light can penetrate deep into the tissue to excite the absorbing species (that subse-
quently releases heat). The multiphoton cross section for metal nanoparticles is very
high in comparison to dyes. This becomes even more relevant in PPTT treatments
when it is desirable to use near-infrared laser excitation. Metal nanoparticles are
particularly effective at absorbing near-infrared (NIR) light and converting that light
into heat (Alarcon et al. 2015).

Silver nanoparticles have large absorption cross section, and it almost absorbs
visible light and produces heat, thereby increasing its temperature. This makes it an
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important candidate with regard to plasmonic photothermal therapy (PPTT)
(El-Sayed et al. 2006). By controlling the surface functionalization of nanoparticles,
they can be tailored to accumulate in tumour cells.

Most photothermal therapy strategies presently use gold nanoparticles due to
their superior stability under many different conditions, in biological relevant medi-
ums. Biomolecule conjugated AgNP synthesis, with good stability, is rapidly
developing and opening the door to using AgNP in more PPTT strategies (Alarcon
et al. 2012, 2013). The superior optical properties of AgNP in comparison to gold
make it even more attractive for higher efficiencies of light to heat conversion in
PPTT.

8.7 Application of Optical and Photothermal Effect
in Biology

Day by day new methods are being introduced based on the optical and photother-
mal effects for the detection, diagnostics (in vitro and in vivo) and therapy.

8.7.1 In Vitro Detection and Diagnostics

In the field of in vitro detection of biomolecules, a new type of ELISA strategy is
developed and introduced by Steven’s group called plasmonic ELISA. They devel-
oped a plasmonic nanosensor with inverse sensitivity via enzyme-guided crystal
growth (Rodriguez-Lorenzo et al. 2012). Gold nanostars were used as the nanosen-
sors. Glucose oxidase (GOx) enzyme-linked detection antibody controls the genera-
tion of hydrogen peroxide (H,0O,), which reduces silver ions to atoms. At low
concentrations of GOx, conformal coating of silver on the gold nanostar is favoured
due to low Ag self-nucleation. It causes a large plasmon peak shift. In contrast, at
high loading of GOx, competitive Ag self-nucleation dominates owing to more
available H,0,. It reduces the deposition of silver on the gold nanostar, thus generat-
ing less peak shift. It therefore provides an inverse graph of spectral shift vs. analyte
concentration. In the buffered solution, 10~'3 g ml~! of a cancer marker prostate-
specific antigen (PSA) has been detected with a dynamic range between 10~!* and
10-"®gml-'.

In another work of Steven’s group, catalase enzyme was linked to the immuno-
complex through interactions between enzyme-decorated streptavidin and biotinyl-
ated secondary antibodies. In the presence of hydrogen peroxide, gold ions are
reduced. High concentration of hydrogen peroxide favours the formation of non-
aggregated, spherical nanoparticles that give rise to a red solution. When the con-
centration of hydrogen peroxide decreases, for example, due to the biocatalytic
action of the enzyme catalase, aggregates of nanoparticles are formed, and this turns
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the solution blue. The range of detection was obtained 10~'°-10~". This is the
highest possible limit of detection (de la Rica and Stevens 2012).

Inspired from this work, many researchers have followed the similar design idea
and demonstrated the great potentials of plasmonic ELISA in ultrasensitive detec-
tions (Zhao et al. 2016; Xianyu et al. 2014; Peng et al. 2014; Nie et al. 2014; Cecchin
etal. 2014; Huang et al. 2016; Tang et al. 2015). For instance, using antibody-tagged
gold nanoclusters (AuNCs) to catalyse the decomposition of hydrogen peroxide,
Zhao et al. showed sensitive detection of 1 x 1072 M protein avidin, 7.52 x 10~ U/
ml breast cancer antigen 15-3, 2 x 10~'® mg/ml triiodothyronine and 2.3 x 10~'® mg/
ml methamphetamine (Zhao et al. 2016). Using alkaline phosphatase (ALP) linking
antibody in combination with iodine-mediated etching of gold nanorods, Zhang
et al. exhibited sensitive detection of IgG with a LOD of 100 pg/ml (Zhang et al.
2015).

Based on the chiroplasmonic properties of nanoparticle dimers, Wu et al. (2013)
demonstrated the ultralow LOD of 5 x 1079 ng/ml for PSA. Li et al. fabricated a
three-dimensional (3D) hierarchical plasmonic nanostructure. The capture antigen
molecules were immobilized on plasmonic gold triangle nanopatterns, while the
detection antibody molecules were linked to Raman reporter-labelled gold
nanostars. In presence of biomarkers, greatly enhanced electromagnetic field
amplified the Raman signal remarkably. In the buffer solution for human immuno-
globulin G protein, the SERS immunosensor exhibits a detection range from
0.1 pg/ml to 10 ng/ml with a LOD of 7 fg/ml (Li et al. 2013). The strategy of etch-
ing of gold nanorods through the mediation of iodine to generate a plasmonic
effect can detect up to 100 pg/ml of IgG (Zhang et al. 2015). In another work for
the detection of glucose, gold nanorods were etched by the gradual oxidation in
presence of trace concentration of H,O, through the activity of HRP assisted by
halide ions by Saa et al. (2014). Silver nanoprism etching-based plasmonic ELISA
can detect 100 pg/ml with limit of detection of 4.1 fg/ml (Liang et al. 2015). In the
chemical etching, halide ions act as a ligand to reduce the electron potential of the
gold species, which enables ferric ions to oxidize the gold nanorods and results in
the etching of the gold nanorods. The redox etching leads to a significant decrease
of the gold nanorods in length but little change in diameter, which could be attri-
buted to less surface passivation or higher chemical reactivity of the tips of the gold
nanorods (Zou et al. 2009).

When gold nanoparticles with about 13 nm in diameter were modified by goat
antihuman IgG, the addition of human IgG could change the absorption of colloidal
gold solution, and the absorption intensity at 740 nm depended on the amount of
human IgG. A dynamic range of 10-500 pg/3 mL was found (Cao et al. 2009). Rod-
shaped Au@PtCu nanostructures show enhanced peroxidase-like activity, and it can
replace horse red peroxidase in ELISA. Through this the detection limit reached to
90 picogram per ml (Hu et al. 2014). The enzyme-like activity of NPs can vary by
replacing one metal with another. Increasing the percentage of Ag in Au@PtAg
decreases the catalytic activity reflected by K., (Hu et al. 2013b). Additionally Au@
PtAg nanorods have a potential antibacterial activity. On increasing the Ag fraction
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in the alloy shell up to 80%, the antibacterial activity gradually increases,
demonstrating a flexible way to tune this activity. At 80% Ag, the antibacterial activ-
ity is better than that of a pure Ag shell (Hu et al. 2013a).

HAuCl, salt solution is yellow in colour but changes to orange upon addition of
CTAB. Addition of ascorbic acid results in the formation of a colourless solution
forming the precursor solution for the plasmonic nanosensor. Irradiation with ion-
izing radiation results in the formation of coloured dispersions of gold nanoparticle.
The colour of gold nanoparticle dispersions (AuNPs) can vary depending on the
size of the nanoparticles (Pérez-Juste et al. 2004). This mechanism was utilized by
Pushpavanam et al. (2015) for the development of plasmonic nanosensor for dosim-
etry of therapeutic levels of ionizing radiation. They accomplished this by employ-
ing ionizing radiation, in concert with templating lipid surfactant micelles, in order
to convert colourless salt solutions of univalent gold ions (Au') to maroon-coloured
dispersions of plasmonic gold nanoparticles (Pushpavanam et al. 2015).

8.7.2 In Vivo Monitoring, Detection and Photothermal Effect

Because of biocompatibility and unique optical properties, gold nanorods (AuNRs)
have use in various applications in biomedical research such as imaging, drug and
gene delivery and thermal therapy (Weissleder 2001; Huang et al. 2006; Bonoiu
et al. 2009; von Maltzahn et al. 2009; Prasad et al. 2017). Jin et al. (2013) showed
that negatively charged AuNRs, other than positively charged AuNRs, can penetrate
deep into the tumour spheroids and achieve a significant thermal therapeutic benefit.
In thermal therapy due to localized surface plasmon resonance, AuNRs convert
luminous energy into heat when activated by laser at a specific wavelength
(Dickerson et al. 2008). The LSPR maximum can be tuned to near-infrared region
by controlling the aspect ratio of AuNRs (Jain et al. 2008). Tri-iodobenzene is used
as clinical X-ray contrast agent. Gold has higher absorption than iodine with less
bone and tissue interference achieving better contrast with lower X-ray dose.
Nanoparticles clear the blood more slowly than iodine agents, permitting longer
imaging times. Gold nanoparticles can be used as X-ray contrast agents with prop-
erties that overcome some significant limitations of iodine-based agents (Hainfeld
et al. 20006).

8.8 Synthesis of Metal NPs

Metal nanoparticles can be synthesized through either of the two approaches, ‘top-
down’ or ‘bottom-up’. Top-down approach involves the use of bulk materials and
reduces them into nanoparticles by way of physical, chemical or mechanical pro-
cesses, whereas bottom-up starts from molecules or atoms to obtain nanoparticles.



162 A. Saran et al.

Top-down approach usually comprises of mechanical energy, high laser energy,
lithography, atomization, annealing, arc discharge, laser ablation, electron beam
evaporation, radio frequency sputtering, focused ion beam lithography, etc.
Bottom-up approach can be divided into gaseous phase, liquid phase, solid phase
and biological methods. Chemical vapour deposition and atomic layer deposition
come under gaseous phase. Reduction of metal salts, sol-gel processes, templated
synthesis and electrodeposition come under the category of liquid-phase methods
(Hornyak et al. 2008). Here in this chapter, we will discuss the synthesis as nonbio-
logical and biological synthesis. For the nonbiological method, we will more focus
on bottom-up approach because biological synthesis follows only bottom-up
approach.

Synthesis via chemical reduction is widely used. It involves different phenome-
non/mechanism like reduction, nucleation, growth, etching and some others
(Cushing et al. 2004). For any redox reaction, the values of the standard reduction
potentials (Ey) determine the pairs of reactants required for successful chemical
conversion. It means that the free energy change in the reaction, AGy, must be nega-
tive or what is equivalent to AE,>0. For example, in the case of silver, the relatively
large electropositive reduction potential of Agt — Ag® in water (E, = +0.799 V,
Haynes (2016)) permits the use of several reducing agents, e.g. sodium citrate
(Ep = —0.180 V, Li et al. (2013)), sodium borohydride (E, = —0.481 V, Haynes
(2016)), hydrazine (E, = —0.230 V, Cushing et al. (2004)) and hydroquinone
(Ey = —0.699 V, Ullmann (2000); Alarcon et al. (2015)).

Some other commonly used methods are photochemical and electrochemical
methods. Direct photoreduction has been established as an important technique for
metal NP synthesis, where Mo is formed through the direct excitation of a metal
source, normally a salt. Due to the advantage of being free from reducing agents, it
has been widely employed in the various mediums including polymer films, glasses,
cells, etc. (Sakamoto et al. 2009).

8.8.1 Biological Methods

Biological approach can be classified on the basis of extracellular and intracellular
synthesis. Chemical reduction is the main mechanism behind almost all biological
methods for the synthesis of nanoparticles. A lot of reducing agents are available in
both the intracellular and extracellular environments. Simultaneously a lot of reduc-
ing agents are involved in the reduction process. Hence, a biological nanoparticle
produced in an intracellular or extracellular environment is the result of many
reducing agents. There is a lot of work published on the biological methods of syn-
thesis via bacteria, actinomycetes, algae, fungi, yeasts, viruses, etc. (Mukherjee
et al. 2001; Shankar et al. 2004; Gericke and Pinches 2006; Prasad 2014; Prasad
et al. 2016).
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8.9 Factors Behind Uniformity of NPs

For a tuned optical and photothermal effect, the shape and size of a synthesized
nanoparticle must be uniform. A more controlled and regulated process of synthesis
yields uniform nanoparticles accordingly. For a controlled and regulated synthetic
process, the reduction rate, reaction kinetics and physical parameters are the key
factor. Further identification of chemicals which takes part in reaction or affects the
reaction or attached to the surface of nanoparticles is necessary for a controlled
synthesis process which yields desired uniform nanoparticles in turn to get specific
optical or photothermal properties.

The redox potential is a characteristic of the chemical species to undergo an
oxidation-reduction reaction. It is a stored energy that has the ability to do work and
is measured in volt; thus, the greater the voltage, the greater the ability and propen-
sity to undergo a redox reaction (Harris 2010). The stronger the reducing agent, the
faster is the reaction. Mild reducing agent has a great role in achieving desired shape
and size of NPs. At many instances, synthesis of bimetallic or tri-metallic NPs is
achieved through mild reducing agents. It might be possible that during synthesis of
multimetallic NPs, strong reducing agent reduces one metal completely and other
metals may not reduce or partially reduce.

Kinetics of a reaction plays a crucial role in the determination of uniformity of
the product (NPs). A slow reaction is easy to monitor and control. A slow reaction
provides sufficient time to add other ingredients during different steps of a reaction.
A very fast reaction can provide non-uniform NPs. Taking silver nucleation as an
example, at too much basic condition, the reaction kinetics increases and yields
non-uniform AgNPs. When the same reaction is controlled and slowed down by
adding dispersing agent, the yield is almost uniform AgNPs with a sharp absorption
peak at 400 nm. Kinetics of a reaction is affected by parameters like temperature,
pH and concentration of ingredients and presence of poisons, drugs and inhibitors.
Catalytic activity of gold nanoparticles is poisoned by sulphur compounds, such as
sulphides and sulphites, and inhibited by protecting molecules, such as polyvinyl
alcohol (Comotti et al. 2004). There are a variety of types of inhibitors such as irre-
versible and reversible ones. Reversible inhibition can be further differentiated as
competitive, uncompetitive or mixed inhibition, each affecting the Michaelis-
Menten constant (Km) and maximal reaction velocity (V) in a specific fashion.
NaN; and Fe?* ions show inhibition behaviours to the oxidase-like activity of Au@
Pt NRs (Liu et al. 2011).

Surfactants and some other directional agents are used for the growth of NPs in
a shape and aspect ratio. Dispersing agents prevent the NPs from aggregation and
allow NPs to grow independently to a uniform shape and size. CTAB is a detergent
which acts as both surfactant and dispersing agent. Seed-mediated growth is a good
approach for the synthesis of uniform-shaped and uniform-sized NPs. Here seed
acts as nuclei which grow further. The directional agent directs the growth of a seed
to a specific shape. Similarly size and aspect ratio are determined by other constitu-
ents of the reaction such as Ag+ in case of AuNRs. The gold nanorods are synthesized
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through seed-mediated and surfactant-assisted method. The seed whichisa ~ 1.5 nm
diameter gold nanoparticle is synthesized by mixing aqueous solutions of hexa-
decylcetyltrimethylammonium bromide (CTAB) , hydrogen tetrachloroaurate (III)
hydrate and sodium borohydride in a specific ratio (Orendorff and Murphy 2006).
These fresh gold seeds are then added to a growth solution of concentrated CTAB,
silver nitrate, hydrogen tetrachloroaurate (IIT) hydrate and ascorbic acid (Nikoobakht
and El-Sayed 2003). Ascorbic acid is a weak/mild reducing agent that induces het-
erogeneous gold deposition at the surface of the seed particles (Murphy et al. 2005).
Anisotropic nanorod growth results from facet-selective gold deposition promoted
by the silver ions, which get adsorbed on the gold surfaces by an underpotential
deposition (UPD) mechanism as elucidated by Liu and Guyot-Sionnest (Liu and
Guyot-Sionnest 2005). The nanorod aspect ratio can be increased to a certain extent,
up to 4.5, by increasing the silver concentration (Nikoobakht and El-Sayed 2003),
and the absence of Ag* from the reactions leads to only a very low yield of Au
nanorods. CTAB coats the nanorod surface as a bilayer that prevents aggregation
(Nikoobakht and El-Sayed 2001). CTAB is also believed to aid nanorod growth by
facet-sensitive surface adsorption (Smith and Korgel 2008). The synthesis process
needs specific ingredients with purity, controlled and regulated reaction for the yield
of uniform gold nanorods and reproducible results. So a controlled and regulated
synthesis procedure with known ingredients and reaction mechanism results in the
yield of uniform NPs and reproducible results.

8.10 How to Get Uniform Biological NPs

To get uniform-shaped and uniform-sized biological NPs, the ingredients, reducing
agents, reaction mechanism and all other factors which can promote or inhibit the
synthesis must be known. Usually in an extracellular or intracellular environment,
several reducing agents are present in different concentrations from mild to strong.
The pH of the cellular environment is controlled by the cell and cannot be altered
too much. Inhibitors may also be present in the biological media which can inhibit
fully or partially the synthesis process. All the above-mentioned factors can vary in
concentrations with respect to growth rate or growth conditions and with change in
strains of bacteria or fungus. This is applicable to both types of extracts whether it
is intracellular or extracellular.

Mukherjee et al. (2012) tried to find out the mechanism of biosynthesis of gold
nanoparticle. It has been found that low (10-15 kDa) and high molecular weight
protein molecules (100-200 kDa), amino acids, phenolic compounds (wedelolac-
tone, desmethylwedelolactone, stigmasterol, etc.), starch, polysaccharides, alka-
loids, alcoholic compounds, vitamins, enzymes, etc. present in Eclipta alba leaf
help in the formation and stabilization of gold nanoparticles (AuNPs) (Shukla et al.
2008; Wilson et al. 1986; Jadhav et al. 2009; Chaudhary et al. 2011; Xie et al. 2007,
Zhu et al. 2008; Iravani 2011; Bhargava et al. 2005; Sarma and Chattopadhyay
2004). There may be several types of molecules present in a biological extract.
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A few can act as reductant and others may act as stabilizing agent. Many biologi-
cally synthesized NPs show good stability at different pH conditions. This is due to
many naturally present stabilizers which form mono- or multilayer over the surface
of NPs. Some compound acts as directional agents for growth process. The presence
of different directional agents causes the yield of different-shaped NPs from the
same synthesis method with different concentrations. Because of many directional
agents in the same reaction, the uniformity is not maintained.

Ascorbic acid is a naturally occurring mild reducing agent widely used for the
synthesis of NPs. CTAB is the surfactant, directional agent, dispersing agent and
stabilizer for NPs. It is widely used for the synthesis of AuNRs. A few reports have
been published about the biological synthesis of AuNRs (Parial et al. 2012). Till
date we don’t have any biological equivalent of CTAB which can replace it. For
defined NP synthesis, if the ingredients from biological origin such as reducing
agents, surfactants, directional agents, inhibitors and stabilizers are known, then
green NPs can be produced in vitro. Unknown biological compounds involved in
the synthesis of NPs can be known through different characterization techniques
like HPLC, gas chromatography, NMR, etc.

The spectra of nanoparticles provide information about the uniformity in terms
of shape and size. A sharp-pointed peak in spectra denotes specific information
about nanoparticle. A broad peak denotes nanoparticles of different shapes and
sizes. Spherical nanoparticles show a single peak, while nanorods show two peaks,
one longitudinal and the other transverse. It also provides information of other
chemicals present in the sample. For example, ascorbic acid which is widely used in
the synthesis of nanoparticles has a specific absorbance peak at 265 nm. A typical
spectrum of silver nanoparticles is shown in Fig. 8.4.
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Fig. 8.4 Spectra of silver nanoparticles synthesized via ascorbic acid as reducing agent and CTAB
as dispersing agent. Silver concentration is constant. Here CTAB controls the reaction rate. (a) In
absence of dispersing agent CTAB, the reaction is very fast that leads in non-uniform silver
nanoparticles having wide distribution in their shape and size. (b) At high concentration of CTAB,
the reaction rate is slow and thus controlled. The shape is uniform. With increase in reducing agent
AA, more silver reduced and results in the increase of size which is reflected from the increasing
extinction
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8.11 Conclusion

To obtain biological nanoparticles with defined optical and photothermal properties,
uniformity in shape and size is a must. Uniformity can be achieved by understand-
ing the mechanism of reaction, and one should have a control over it. Identification
of enzymes, reducing agents, dispersing agents, directional agents and stabilizers of
biological origin is necessary in order to synthesize uniform nanoparticles in vitro.
In vitro synthesis of nanoparticles has always better control over in vivo synthesis.
Additionally the purification of nanoparticles is easy and saves time.
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