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Preface

Nanotechnologies are extremely diverse, bringing about new opportunities in human
lives through countless applications. There are numerous ways to produce dispersed
nanomaterials in different shapes, forms, and functionalization, and our perception

is challenged in terms of apprehending the complexity and diversity of nanostructures.
Materials reduced to small dimensions are considerably different from molecules in a
solution, bulk, or crystalline form and this opens the door to emerging new materials
with very unique properties. It is for this reason that nanoparticles have made an

invasive presence in the agriculture, medicine, and electronics industries, contributing
to the unprecedented development of these fields. Nanoparticles prepared by different
techniques and chemical composition bring about the question of the delicate balance
between their importance and cautions for using them without proper assessment. This
book is intended to emphasize a new perspective of knowledge on the environmental
and human health impact of engineered nanoparticles in general with a focus on

Ag nanoparticles as the most studied and manufactured material in this field. This

book shows that friends or foes, nanoparticles can be managed and developed in
environmentally benign ways to keep their outstanding features that drive the scientist to
create them in the first place. Editing this book was a meaningful experience and also
beneficial to improve knowledge of the field. The authors are renowned specialists from
different countries and their expertise allows us to fulfill the difficult task of presenting
some insightful data from this vast field. Thus, this study can be considered an important
reference for chemists, biochemists, physicians, and materials scientists working with and
developing nanoparticle systems with a focus on the possible impact on human health.

It has been a good experience to edit this book and interact with the other authors in the
related fields, who are specialized in their area. I strongly acknowledge all of my partner
editors, especially Dr. Sher Bahadar Khan for all of his support and precious time.

Sorin Marius Avramescu

Faculty of Chemistry,

Department of Organic Chemistry, Biochemistry and Catalysis,
University of Bucharest,

Bucharest, Romania

Kalsoom Akhtar, Sher Bahadar Khan and Abdullah Asiri
King Abdulaziz University,
Kingdom of Saudi Arabia
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Bucharest, Romania
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Chapter1

Green Synthesis of Silver
Nanoparticles Using Heterotheca
inuloides and Its Antimicrobial
Activity in Catgut Suture Threads

Sarai C. Guadarrama-Reyes, Rail A. Morales-Luckie,
Victor Sanchez-Mendieta, Maria G. Gongzdlez-Pedroza,
Edith Lara-Carrillo, Ulises Velazquez-Enriquez,

Victor Toral-Rizo and Rogelio Scougall-Vilchis

Abstract

Silver nanoparticles were synthesized through a green method, using Heterotheca
inuloides as a bioreducing agent. Moreover, catgut suture threads were decorated
with those biogenic silver nanoparticles, and their antibacterial activity versus
highly resistant pathogenic microorganisms was evaluated. The principles of green
chemistry and nanotechnology allow us to obtain advanced materials, such as
suture threads, which can reduce or avoid the prevalence of infectious processes
in the medical field. Mexican medicinal plants, such as H. inuloides, represent an
adequate alternative for biosynthesis; this plant species is known for its medicinal
benefits and its antibacterial activity, and for that reason, it is being used in folk
medicine.

Keywords: Heterotheca inuloides, green synthesis, silver nanoparticles,
antimicrobial activity, catgut, suture

1. Introduction

Diverse green synthesis methods, involving the use of plant extracts as reducing
agents, provide attractive approaches to synthesize AgNPs.

Mexican medicinal plants represent an adequate alternative for biosynthesis,
such is the case of Heterotheca inuloides, a plant known for its medicinal benefits, as
well as anti-inflammatory and analgesic properties. The plant, commonly named as
Mexican arnica has been traditionally used for its antimicrobial activity, antifungal,
cytotoxic and antioxidative properties, leading the World Health Organization
(WHO) to recognize its use in medicine. This species has also been used to treat
dental diseases and gastrointestinal disorders [1-6].

The wide use of H. inuloides, in medicine, can be attributed to its more than 140
components. Several constituents of the aqueous extract obtained from the dried
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flowers have been identified and characterized as antibacterial agents. Flavonoids,
sesquiterpenoids, triterpenoids, and sterols are mainly present on its chemical
composition [7-9].

Conventional approaches in nano-synthesis involve the use of highly toxic
chemicals, resulting in side effects after administration [10, 11]. For this reason, it is
of utmost importance for biomedical science to try to minimize any consequent risk
to human health.

In modern surgery, attempts have been made to reduce the prevalence of
infections related with surgical sutures, through the use of coated materials [12].
Nevertheless, the risk of surgical site infection is a constant challenge in wound
closure. By using sutures with an antibacterial coating, the risk of infection is
considerably reduced. The significant feature of silver is its broad antimicrobial
spectrum associated with biomaterial-related infections [11, 13].

We present a total green synthetic method where Heterotheca inuloides is used for
the first time to decorate catgut, a suture thread widely used in surgery. Its charac-
terization, and antimicrobial activity against Staphylococcus aureus and Escherichia
coli, is reported.

2. Experimental
2.1 Synthesis of AgNPs

The plant material was collected from surrounding fields of the State of Mexico,
and it was cleaned using tap water followed by distilled water. H. inuloides leaves
were dried and finely ground to a powder and then kept at room temperature for
24 h. About 1 gram of powder was poured in 100 mL of distilled water and boiled.
The solution was filtered using filter paper. A 10 mM silver nitrate solution (AgNOs;,
Sigma-Aldrich) was prepared to generate AgNPs; both solutions were mixed in a
1:2.5 ratio.

After 6 h, catgut (USP 3-0, Atramat®) was totally immersed in the solution for
1 h and then taken out and dried at room temperature.

2.2 Characterization of AgNPs
2.2.1 Spectrophotometry by UV: Vis

UV-Vis was performed every hour for the next 6 h. Spectral measurements were
recorded on a Cary 5000 UV-Vis-NIR Scanning Spectrophotometer using a quartz
cell, and the wavelength ranges from 300 to 600 nm.

2.2.2 Spectrophotometry by FTIR

The FTIR analysis was performed (Bruker, Model 27) to identify the main
functional groups in the aqueous extract of Heterotheca inuloides.

2.2.3 Scanning electron microscopy (SEM)

Catgut samples were prepared for its analysis in a JSM-6510-LV microscope
(JEOL Tokyo, Japan) at 20 kV of acceleration and using secondary electrons.

The samples were coated with a thin film of gold (c.a. 20 nm) using a Denton
Vacuum DESK IV sputtering equipment.
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2.2.4 Transmission electron microscopy (TEM)

Transmission electron microscope (TEM, JEOL JEM-2100, Tokyo, Japan) was
used. To evaluate shape and size of silver nanoparticles, the solution was analyzed
by placing a drop on a copper grid (300 mesh) coated with carbon film and let to
dry at room temperature. A 200 kiloelectronvolt accelerating voltage was used in
bright-field mode and high resolution.

2.3 Antibacterial activity

The antibacterial activity of AgNPs was determined by well diffusion method
against the Staphylococcus aureus and Escherichia coli on the Mueller-Hinton agar
plates.

Catgut suture threads were cut into pieces of approximately 10 mm of length
and put on the Petri dishes. Each plate was prepared in triplicate. The plates were
incubated at 37°C in a Felisa® incubator for 24-48 h.

After incubation, a clear zone appeared, and by measuring the halo of inhibition
for both strains, the antibacterial effect was assessed.

3. Results
3.1 UV-Vis spectroscopy

AgNPs synthesized by Heterotheca inuloides produced polydisperse and stable
nanoparticles as shown in Figure 1. The increase in the intensity of surface plas-
monic resonance, at 451 nm, as a function of time, is observed. In addition, it is
confirmed that at 6 h, the formation of the nanoparticles is finished.

By means of transmission electron microscopy (TEM), the size and shape of
AgNPs are demonstrated; an average nanoparticle size of 16.0 nm and a standard

Absorbance

0.2

350 400 450 500 550 600
Wavelenght (nmj

Figure 1.
UV-Vis spectra showing that the AgNP plasmon wavelength lies between 440 and 460 nm.
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Figure 2.
TEM images show the size distribution and a spherical shape of AgNPs synthesized by the green reducing agent,
having a mean diameter of approximately 17 nm.

deviation of 1.2 nm are recognized; in addition, an interplanar distance of
0.149 nm, corresponding to plane (220 nm), was found (Figure 2).

Scanning electron microscopy images of catgut embedded with AgNPs (reduced
with Heterotheca inuloides) at different magnifications are shown in Figure 3. Ag
nanoparticles of spherical in shape are observed distributed over the fiber surface.

4. Characterization of bioreducing agent of AgNp by infrared
spectroscopy

H. inuloides represents a source of chemical compounds with variable structural
patterns. Several different types of compounds such as sesquiterpenes, triterpenes,
polyphenols, and phytosterols have been isolated from essential oil and organic
extracts from various parts, including roots, aerial parts, and flowers. According
to the abovementioned, the following characteristic functional groups, 3268 cm™
(-OH), 2942 cm™ (c (sp2)-H), 1584 cm™" (C = 0), 1393 cm ™" (-CH,), 1258 cm ™"
(-=CH3), 1033 cm™ (CO), and 595 cm™ (CH), were detected (Figure 4).

The antimicrobial activity of the infusion using Heterotheca inuloides as reducing
agent, against Staphylococcus aureus, can be seen in Figure 5. A well-defined inhibi-
tion halo around the disk impregnated with the nanoparticles solution is visible.
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Figure 3.
SEM micrographs showing the catgut suture threads coated with AgNPs synthesized by the green reducing agent.
(A) Images revealed that AgNPs were formed on the surface. (B) The micrograph shows a plain catgut sutuve.

—— Aqueous Extract Hi |
1008
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an

hi

Transmitance (%)

&0
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all 1033
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Figure 4.
FTIR spectrum of the Heterotheca inuloides aqueous extract.

In Figure 6, the antimicrobial activity of catgut against S. aureus and E. coli is
observed. The suture threads were cut into small pieces and put on the Petri dishes.
Some suture thread samples were used as blank.

The inhibition zone for both strains is presented in the next tables.

Table 1 shows that the use of Heterotheca inuloides to synthesize AgNPs produces
an antibacterial effect against both strains, by testing disks. The growth inhibition
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Figures.
AgNPs against Staphylococcus aureus: (A) blank disk, (B) disk containing AgNPs synthesized by H.
inuloides, and (C) disk with H. inuloides infusion as a control.

Figure 6.

Antibacterial effect of suture against both strains a and b. (A) Inhibitory halo of catgut suture with AgNPs
versus E. coli. (B) Inhibitory halo of catgut suture with AgNPs versus S. aureus. (a) Catgut with AgNPs.
(b) Catgut without AgNPs used as a blank.

halo for S. aureus was on 3.5 mm average. While for E. coli, it was 3.25 mm on aver-
age. Without having a statistically significant difference between both strains.

When performing the suture inhibition test for both strains, an average inhibi-
tion zone of 3.46 mm for S. aureus and an inhibition zone of 2.8 mm for E. coli can
be seen in Table 2, demonstrating a statistically significant difference and a greater
zone of inhibition with the use of catgut versus S. aureus.

There was no growth inhibition with blank or control disks, neither with catgut
blank sutures. All the measurements were replicated three times for each treatment.

5. Discussion

Regarding the UV-Vis results, we can recognize the presence of the characteristic
surface plasmonic resonance of silver nanoparticles as other authors have reported
to appear from 400 to 500 nm [14].

Other authors have shown that silver nanoparticles with sizes smaller than 50 nm
offer high antimicrobial activity [15] that supported on catgut fibers and obtain a
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double function, in Figure 3. The accommodation of the nanoparticles on the surface
of the fibers can be observed, and some authors have observed this same behavior [16].

Also, the main functional groups present in the reducing agent are recognized
[1], which makes it possible to obtain silver nanoparticles with average sizes of
16.04 nm.

According to the Centers for Disease Control and Prevention, assessment of
wound healing after a surgical procedure is important [17]. Infection is the most
important and preventable cause of impaired wound healing. Microorganisms can
rapidly reach tissues after surgery [18].

A surgical site infection (SSI) surveillance in oral or maxillofacial surgery is nec-
essary because the mouth is widely colonized by highly pathogenic microorganisms.
Besides, suture threads are placed in a moist environment [19]. One of the categories
to classify the SSI is the complications related to the superficial incision, in which
the suture material used may be related [20]. Whether its natural or synthetic
origin, the sutures are strange to the body and therefore cause tissue reaction. Any
suture may provide an environment conducive to the propagation of infection [21].

In 2002 the Food and Drug Administration (FDA) approved the use of the
first suture coated with antimicrobial and triclosan (polyglactin 910-polychloro-
phenoxyphenol), which has a broad-spectrum activity against Gram-positive and
Gram-negative microorganisms [12].

However, the resistance of highly pathogenic microorganisms has been reported
as a disadvantage of the use of triclosan [22].

An advanced material for the closure of a wound, with direct drug delivery from
the suture to the surgical site, may be the key for the prevention of infections.

Mexico is one of the five megadiverse countries of the world [23].
Pharmaceutical products derived from this plant are widely used, since ancient
times, due to the botanical exploration of the Valley of Mexico, one of the most
well-known regions from the scientific and botanical aspect [24]. The Ministry of
Health has studied its traditional therapeutic use in most regions of the country,
using the flower as an infusion and other presentations, [25] searching for the
establishment of public policies, and recognizing the importance of epidemiological
contributions of popular medicine [26].

Plants have different types of metabolites that can help in the reduction of silver
ions. The biological methods using plant leaf extracts have shown great potential
for nano-synthesis [27]. Using endemic plants provides many advantages, such as
easy accessibility, simplicity, economy, and ecological nature [28-31].

Some of the most important considerations of a green synthetic method are the
use of nontoxic chemicals, benign solvents for the environment, and renewable
materials [10, 32]. Besides, the process can be carried out at room temperature, and
the reaction is completed in a few minutes. Green synthetic methods are simple, envi-
ronmentally benign, and quite efficient for producing silver nanoparticles [10, 28].

6. Conclusion

We present a totally green approach toward the synthesis and stabilization of
metal nanoparticles allowing to obtain an advanced suture that can be effective on
oral and maxillofacial surgery, having demonstrated an antibacterial effect versus
resistant bacteria. In this study, Heterotheca inuloides turns out to be an appropriate
reducing agent for coating natural suture threads with AgNPs.

Synthesis of AgNp by eco-friendly reducing agents represents an environmental
and economically sustainable process that minimizes the costs and provides the
benefits and properties of plants such as Heterotheca inuloides.
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We believe that this may be an alternative for surgeons, which helps in reduc-
ing the indiscriminate use of antibiotic therapy. It also represents an option to use
advanced materials that are produced under sustainable conditions, which reduce
the impact on the environment.
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Chapter2

Preparation of Nanoparticles
Takalani Cele

Abstract

Innovative developments of science and engineering have progressed very fast
toward the synthesis of nanomaterials to achieve unique properties that are not
the same as the properties of the bulk materials. The particle reveals interesting
properties at the dimension below 100 nm, mostly from two physical effects. The
two physical effects are the quantization of electronic states apparent leading to
very sensitive size-dependent effects such as optical and magnetic properties and
the high surface-to-volume ratio modifies the thermal, mechanical, and chemical
properties of materials. The nanoparticles’ unique physical and chemical properties
render them most appropriate for a number of specialist applications.

Keywords: nanoparticles, physical methods, chemical methods, synthesis,
metal nanoparticles

1. Introduction

Several methods have been developed to produce metal nanoparticles. Two syn-
thesis approaches have been identified that is top-down and bottom-up approach.
Top-down methods comprise of milling, lithography, and repeated quenching. This
approach does not have good control of the particle size and structure. Bottom-up
method is the approach that is mostly used by scientists in the synthesis of nanopar-
ticles as it involves building up a material from bottom: atom-by-atom, molecule-by-
molecule, and cluster-by-cluster [1, 2]. Several chemical routes have been identified
to synthesize the colloidal metal nanoparticles from different precursors using
chemical reductants in solvents (aqueous and nonaqueous). The chemical routes
that have been studied for various applications include electrochemical method [3],
sonochemical method [4], radiolytic [5] and photochemical [6] method.

2. Methods of synthesis of metal nanoparticles
2.1 Chemical methods
2.1.1 The polyol method
The Polyol method is a chemical method for the synthesis of nanoparticles.
This method uses nonaqueous liquid (polyol) as a solvent and reducing agent.
The nonaqueous solvents that are used in this method have an advantage of mini-
mizing surface oxidation and agglomeration. This method allows flexibility on

controlling of size, texture, and shape of nanoparticles. Polyol method can also be
used in producing nanoparticles in large scale [7].
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The polyol process can be taken as a sol-gel method in the synthesis of oxide, if
the synthesis is conducted at moderately increased temperature with accurate par-
ticle growth control [8]. There are several reports that have studied the synthesis of
oxide sub-micrometer particles and these include Y,03, V,O,Mn30;4, ZnO, CoTiOs,
SnO,, PbO, and TiO, [9-16].

The solvent that is mostly used in polyol method in metal oxide nanoparticles
synthesis is ethylene glycol because of its strong reducing capability, high dielectric
constant, and high boiling point. Ethylene glycol is also used as a crosslinking
reagent to link with metal ion to form metal glycolate leading to oligomerization
[17]. It has been reported that as-synthesized glycolate precursors can be converted
to their more common metal oxide derivatives when calcined in air, while maintain-
ing the original precursor morphology [8].

The polyol synthesis process has also been used for the synthesis of bimetal-
lic alloys and core-shell nanoparticles [18-20]. Yang and co-workers used polyol
method to produce icosahedral and cubic gold particles on the order of 100-300 nm
by careful regulation of the growth rate for each crystallographic direction [21].

Xia and co-workers reported the production of controlled morphologies such as
nanocubes and nanowires by controlling the molar ratio between silver nitrate and
PVP [22].

2.1.2 Microemulsions

An emulsion is a liquid in liquid dispersion. A solution of polymers can produce
emulsions as it is liquid. Emulsions are divided according to the size of droplet, i.e.,
macro-emulsions, mini-emulsions, and micro-emulsions [23].

Micro-emulsion synthesis method is widely used for the production of inorganic
nanoparticles [24]. When oil and water are mixed, they separate into two phases
as they are immiscible [25]. The energy input is required to mix the two phases to
create water-oil.

An attempt to combine the two phases requires energy input that would estab-
lish water-oil connection replacing the water-water/oil-oil contacts. The interfacial
tension between bulk oil and water can be as high as 30-50 dynes/cm and this can
be avoided by using surfactants (surface-active molecules). Surfactants contain
hydrophilic (water-loving) and lipophilic (oil-loving) groups [26]. The interface
can be aligned and established between oil and water by reducing the interfacial
tension if there are enough surfactant molecules.

The preparation procedure of metallic nanoparticles in water in oil microemul-
sion commonly consists of mixing of two microemulsions containing metal salt and
areducing agent, respectively as shown in Figure 1.

Brownian motion is formed after the exchange of reactants (collision) between
micelles that happens after mixing two microemulsions. Good collisions result into
coalescence, fusion, and mixing well of the reactants. Metal nuclei are formed from
the reaction between solubilizates. Bonnemann et al. reported the formation of
zerovalent metal atoms at nucleation stage from reducing a metal salt, which can
collide with additional metal ions, metal atoms, or clusters to form an irreversible
seed of stable metal nuclei [28].

The growth stage happens around the nucleation point, where successful colli-
sion occurs between a reverse micelle moving a nucleus and another one moving the
product monomers with the arrival of more reactants due to intermicellar exchange.
The morphology and size of nanoparticles are based on the size and shape of the
nanodroplets and the type of the surfactant. The surfactant is usually used to
stabilize the particle and protect them from proceeding to grow [28].
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Figure 1.

Schematic illustration of nanoparticles preparation using microemulsion techniques: Particle formation steps.
Kjiem is the rate constant for chemical veaction, k., is the rate constant for intermicellar exchange dynamics, k,
is the rate constant for nucleation, and ky is the vate constant for particle growth [27].

Wongwailikhit et al. reported the formation of iron (III) oxide, Fe,O; using
water in oil microemulsion by combining the required amount of H,O in a stock
solution of Sodium Bis (2-Ethylhexyl) Sulfosuccinate (AOT) in zn-heptane. The
solution was left overnight, then the concentrated Hydroxylamine (NH,OH) and
FeCl; were mixed into the water in oil microemulsion. Suspension of Fe,O; was
filtered and washed with 95% ethanol and dried at 300°C for 3 h. The product was
spherical, monodisperse nanoparticles with diameter of about 50 nm. The size of
particles depended on the water content in microemulsion system. The increase of
particles size was achieved with increasing the water fraction in water in oil micro-
emulsion [29].

Sarkar et al. reported the formation of pure monodispersed zinc oxide nanopar-
ticles of different shapes. Microemulsion was composed of cyclohexane, Triton
X-100 as surfactant, hexanol as cosurfactant and aqueous solution of zinc nitrate
or ammonium hydroxide/sodium hydroxide complex. The molar ratio of TX-100
to hexanol was maintained at 1:4. The microemulsion containing ammonium
hydroxide/sodium hydroxide was added to microemulsion containing zinc nitrate
and stirred. The nanoparticles were then separated by centrifuging at 15,000 rpm
for 1 h. The particles were washed with distilled water and alcohol and dried at 50°C
for 12 h [30].

Maitra was the first to establish Chitosan nanoparticles by microemulsion
technique. Chitosan nanoparticles were prepared in the aqueous core of reverse
micellar droplets and crosslinked through glutaraldehyde. Surfactant dissolved in
N-hexane was also used with chitosan in acetic acid and glutaraldehyde was added
in the surfactant at room temperature. The mixture was stirred continuously and
nanoparticles were produced [31].
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2.1.3 Thermal decomposition

Thermal decomposition also known as thermolysis is a chemical decomposition
that is caused by heat. In this method, the heat is required to break chemical bonds
in the compound undergoing decomposition and the reaction is endothermic.

If decomposition is sufficiently exothermic, a positive feedback loop is created
producing thermal runaway [32].

Arshad et al. reported on thermal decomposition of metal complexes of type
MLX, [M = Co (II), Cu (II), Zn (II), and Cd (II);L = DIE; X = NO;""] by TG-DTA-
DTG techniques in air atmosphere. They synthesized nitrate complexes of transi-
tion metals with 1,2-diimidazoloethane (DIE) of the general formula M(DIE)
(NOs),. The study was conducted by thermoanalytical techniques in static air
atmosphere to study the thermal behavior of these complexes and to determine
their mode of decomposition. The complexes and ligands decomposed in a two-step
process when heated to 740°. Above 740°, the residue was found to correspond with
metal oxide. The thermal stability of the complexes increases in the following series:
Co(II) < Cu(Il) < Zn(II) < CA(II) [33].

Patil et al. studied infrared spectra and thermal decompositions of metal
acetates and dicarboxylates. The study was done to determine the metal-acetate
bonding and the thermal decomposition of lead, copper, and rare earth acetates was
studied by means of thermogravimetric analysis and differential thermal analysis.
The investigations on decomposition products yielded good results [34].

George et al. reported on the mechanism of thermal decomposition of #-Buty 1
(tri-n-butylphosphine) copper (I). This study provided the first easily interpretable
example in which succeeding reaction of a metal hydride and its parent metal alkyl
was found to be vital in determining the products of a thermal decomposition [35].

Thermal decomposition of bismuth and silver carboxylates was investigated by
means of TG, DSC, mass spectrometry, X-ray analysis, and electron microscopy
Logvinenko et al. [36]. Non-isothermal thermogravimetric data were used for
kinetic studies. All decomposition processes had multi-step character [36].

Ewell et al. investigated nearly pure talc both unheated and after heating at vari-
ous temperatures ranging up to 1,435°C. The research included the measurement of
heat effects, weight losses, and changes in true specific gravity occurring on heating
talc. There was no change in the crystal structure of the talc heated up to 800°C. At
the temperature between 800 and 8400°C, the talc decomposed to enstatite,
amorphous silica, and water vapor. At the temperature approximately 1,200°C,
the enstatite steadily changed to clinoenstatite and the amorphous silica changed
to cristobalite approximately 1,300°C, giving clinoenstatite and cristobalite as end
products [37].

2.1.4 Electrochemical synthesis

Electrochemical synthesis is the synthesis of chemical compounds in an electro-
chemical cell. The main advantage of electrochemical synthesis over an ordinary
chemical reaction is rejection of the potential wasteful alternative half-reaction and
the ability to accurately tune the preferred potential [38].

Electrochemical synthesis of silver nanoparticles has been extensively studied
in the previous years. The method of electrochemical that was used was based on
the dissolution of a metallic anode in an aprotic solvent. The silver nanoparticles
that were produced by electroreduction of anodically solved silver ions in aceto-
nitrile containing tetrabutylammonium ranged from 2 to 7 nm. The particle size
was obtained by varying the current density. Different types of counter electrodes
were used to study the effect of the different electrochemical parameters on the
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end particle size. The UV-Vis spectra showed the presence of two different silver
clusters [39].

Dobre et al. also reported on the electrochemical synthesis of colloidal silver
solutions using “sacrificial anode” technique conducted with a home-built current
pulse generator with alternating polarity and a stirrer. Poly (N-vinyl-2-pyrrolidone)
(PVP) and sodium lauryl sulfate (Na-LS) were used as a stabilizer and co-stabilizer,
correspondingly. Spherical Ag particles with the size approximately 10-55 nm were
synthesized. The UV/Vis spectra showed the absorption band at 420 nm, which is
the evidence of the presence of Ag nanoparticles. The zeta potential values between
—17 and —35 mV suggested a presence of particles covered by stabilizer with a slight
agglomeration [40].

More research was done on the electrochemical synthesis of silver nanopar-
ticles in aqueous poly (vinyl alcohol) solution (PVA). PVA is a low price widely
used synthetic polymer with properties such as nontoxicity, water solubility, bio-
compatibility, biodegradability, and excellent mechanical properties. The experi-
ment was conducted at a constant current density of 25 mA cm ™ for a synthesis
time of 10 min. Silver nanoparticles with an average diameter of 15 + 9 nm were
obtained [41].

The electrochemical synthesis of red fluorescent Silicon (Si) nanoparticles sta-
bilized with styrene. Si nanoparticles emit fluorescence under UV excitation, which
is great for optics applications, etc. It was found that the liberated silicon particles
in ethanol solution interact with styrene, which resulted in the substitution of Si-H
bonds with those of Si-C. The developed styrene-coated Si nanoparticles exhibited
a stable, bright, red fluorescence under excitation with a 365 nm UV light, and
resulted into approximately 100 mg per Si wafer with a synthesis time of 2 h [42].

More investigations were done on the preparation of long-lived silver nanopar-
ticles in aqueous solutions and silver powders using electrochemical method. The
produced silver nanoparticles had a size distribution ranging from 2 to 20 nm and
the nanoparticles remained stable for more than 7 years. Silver crystals containing
agglomerated silver nanoparticles with sizes below 40 nm was found growing on
the surface of the cathode [43].

The research was conducted on using electrochemical method to synthesize
highly pure silver nanoparticles. This method was used as it is one-step less expen-
sive procedure and easy to control at room temperature and it does not use danger-
ous chemicals. The experimental setup brought up the oxidation of the anode and
reduction of the cathode. The silver nanoparticles synthesized were spherical and
had a particle size below 50 nm [44].

Islam et al. explored on the synthesis of platinum nanoparticles by electrochemi-
cal deposition method. The particle size was controlled by varying electrolysis
parameters and homogeneity of platinum particles was improved by varying the
composition of electrolytic solutions. Platinum nanoparticles were deposited on
electrode surfaces and the particle sizes were found to be larger than 10 nm and had
wide particle size distribution [45].

2.2 Physical methods
2.2.1 Plasma

Plasma method is another method that is used to produce nanoparticles. The
plasma is generated by radio frequency (RF) heating coils. The initial metal is
enclosed in a pestle and the pestle is enclosed in an evacuated chamber. The metal
is then heated above its evaporation point by high voltage RF coils wrapped around
the evacuated chamber. The gas that is used in the procedure is Helium (He), which
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forms a high-temperature plasma in the region of the coils after flowing into the
system. The metal vapor nucleates on the helium gas atoms and diffuses up to a cold
collector rod, this is where nanoparticles are collected and they are passivated by
oxygen gas (Figures 2 and 3) [46].

Classification of plasma methods based on the feeding materials to reactor and
also the heating source (electrodeless/ electrode containing), see (Figures 2 and 3).

2.2.2 Chemical vapor deposition

The chemical vapor deposition method (CVD) involves a chemical reaction.
CVD procedure is mostly used in semiconductor manufacturing for depositing
thin films of different materials. The method involves one or more volatile precur-
sors, the substrate is exposed to those precursors that decompose on it and form
the desired deposit. The vaporized precursors are inserted into a CVD reactor and
adsorb onto a substance being placed at high temperature. The molecules that get
adsorbed react with other molecules or decompose to form crystals. The three steps
in CVD method are:

1.Reactants are transported on the growth surface by a boundary layer.
2. Chemical reactions occur on the growth surface.

3.By products produced by the gas-phase reaction has to be removed from the
surface. Homogeneous nucleation occurs in gas phase and heterogeneous
nucleation happens in a substrate.

The CVD method can synthesize ultrafine particles of less than 1 pm by the
chemical reaction taking place in the gaseous phase. The reaction can be controlled
to produce nanoparticles of size ranging from 10 to 100 nm [46, 47].

2.2.3 Microwave irvadiation

Microwave irradiation is a synthesis method that has been widely used in the
synthesis of organic, inorganic, and inorganic-organic hybrid materials because of
its well-known advantages over conventional synthetic routes [48].

A research was conducted on a rapid and efficient oxidation of organic
compounds in microwave condition with new phase transfer oxidative agent:
CTAMABC. CTMABC (1 mmole) was suspended in acetonitrile (2 ml) and an alco-
hol (1 mmole in 0.5-1.5 ml of acetonitrile) was quickly added at room temperature
and the resulting mixture was stirred vigorously. The mixture was then irradiated
by microwave radiation (3.67 GHz, 300 W). The solution became homogeneous
for a short time before the black-brown reduced reagent precipitated. Thin layer
chromatography (TLC) and UV/VIS spectrophotometer (at 352 nm) were used to
monitor the progress of reactions [49].

In another experiment conducted by Sahoo Biswa Mohan et al., o-Phenylenedi-
amine (1.08 g, 0.01 mole) and anthranillic acid (1.37 g, 0.01mole) were dissolved in
ethanol (15 ml). And K,CO; was added to a mixture and the reaction mixture was
put in microwave oven and refluxed at power (140 Watt) for 10 min. TLC was used
to monitor the reaction. After the reaction was complete, ethanol was removed by
distillation process and the residue was poured into crushed ice. Then the reaction
was made alkaline by using 10% NaOH to get the solid product. The product was
filtered, dried, and recrystallized from ethanol [50].
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Different plasma classification.

Sahoo Biswa Mohan et al. conducted another experiment where N-(2-(1H-
benzo[d]imidazol-2-yl) phenyl) acetamide (2.51 g, 0.01 mole) was dissolved in
ethanol (30 ml) and various aromatic aldehydes (0.01 mole) were taken and then
an aqueous solution of KOH (2%, 5 ml) added to it. The reaction was then put in
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a microwave oven and refluxed at power (210 Watt) for 10-20 min. The excess
solvent was removed by vacuum distillation and then poured into crushed ice and
acidified with dilute HCI. The product was filtered, dried, and recrystallized from
ethanol [51].

Microwave-assisted organic synthesis has been widely used due to enhanced
reaction rates, higher yields, improved purity, ease of work up after the reaction
and eco-friendly reaction conditions compared to the conventional methods. In
above experiments, microwave irradiated synthesis of chalcone was carried out to
get higher yield with less reaction time period as compared to conventional method.

The synthesized benzimidazolyl chalcone produces yield around 60% (conven-
tional) and 80% (microwave) [52].

Another study was conducted to synthesize silver nanoparticles (AgNPs) in
aqueous medium by a simple, efficient, and economic microwave-assisted syn-
thetic route using hexamine as the reducing agent and the biopolymer pectin as
stabilizer. The synthesized AgNPs were characterized by UV-VIS, Spectroscopy,
Energy dispersive X-ray (EDX), X-ray diffraction (XRD), and Transmission
electron microscopy (TEM) techniques. The nanoparticles were found to be spheri-
cal shape with an average diameter of 18.84 nm. The rate of reaction was found to
increase with increasing temperature and the activation energy was found to be
473 kJ mol ™! [53].

ZnS nanoparticles were synthesized by microwave-assisted irradiation method.
The produced ZnS nanoparticles were characterized by XRD, SEM, and UV-Vis
spectroscopy. The average size of the nanocrystallites was measured by Debye-
Scherrer formula as per the XRD spectrum, and there were found to be approxi-
mately 6 nm [54].

2.2.4 Pulsed laser method

Pulsed laser method is a method that is mostly used in the synthesis of silver
nanoparticles, at a high rate of production of 3 gm/min. Silver nitrate solution and
areducing agent are poured into a blender-like device. The device is composed of
a solid disc that rotates with the solution. The disc is exposed to pulses from a laser
beam to create hot spots on the surface of the disc. Hot spots are where the silver
nitrate reacts with reducing agent to produce silver particles that can be separated
by centrifuge. The particle size is controlled by the energy of the laser and angular
velocity of the disc [46] (Figures 4 and 5).

2.2.5 Sonochemical reduction

Sonochemical method has been studied in the synthesis of metal nanoparticles.
The synthesis of different types of metal nanoparticles has been studied by use of
the sonochemical reduction of the corresponding metal ions. The sonochemical
reduction of MnO*~, Au®*, Au*, and Pd** in the absence and presence of organic
additives were investigated in relation to the synthesis of size and shape controlled
metal nanoparticles. The rates of reduction were controlled to control the size
and shape of metal nanoparticles. The size of the Au nanoparticles formed from
the sonochemical reduction of Au®>* was controlled in the presence of an organic
stabilizer citric acid [55].

Obreja et al. conducted a study on alcoholic reduction platinum nanoparticles
synthesis by sonochemical reduction. H,PtCls was reduced with methanol, ethanol,
and propanol working as solvents and reducing agents, in the presence of capping
polymers such as chitosan, polyethylene glycol, and poly (amidehydroxyurethane).
The produced nanoparticles size was found to be approximately 3 nm [56].
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Synthesis of nanoparticles using a pulsed laser method [46].
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Figures.
Apparatus to produce silver nanoparticles using a pulsed laser beam that makes hot spots on the surface of a
rotating disk [54].

2.2.6 Gamma radiation

Gamma radiation is the preferred method for metallic nanoparticles synthesis
because it is reproducible, may control the shape of the particles yields monodis-
perse metallic nanoparticles, is easy, cheap, and use less toxins precursors: in water
or solvents such as ethanol, it uses the least number of reagents, it uses a reaction
temperature close to room temperature with as few synthetic steps as possible
(one-pot reaction) and minimizing the quantities of generated by-products and
waste [57].

The radiolytic reduction has been proven to be a powerful tool to fabricate
monosized and highly dispersed metallic clusters [58]. The primary effects of the
interaction of high-energy gamma photons with a solution of metal ions are the
excitation and the ionization of the solvent [59]. The different reactions that are
observed are well explained in the paper by Abidi and Remita. In particular, water
can be produce upon irradiation of a series of reducing and oxidizing agents as
shown in the following equation.

H;0 = e 4, H;0 +,H+,0H*,H,,H,0, (1)
For the production of metallic nanoparticles from metallic salt solutions, the

reducing agents e”,q and He are the cornerstones of the process. Unfortunately,
the production of hydroxyl radicals OHe hampers the efficiency unless some
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specific hydroxyl scavengers are used. Among them, isopropanol is frequently
used [60].

This technique has been widely used so far to produce solutions of MNP pri-
marily gold and silver that were further investigated by UV-Visible spectroscopy
with the aim to analyze their plasmonic absorption band. A wealth of literature
can be found on this topic [61, 62]. Additionally, y rays irradiation was also used to
trap MNP inside polymers or inside porous frameworks like mesoporous silica for
instance [63-65].

3. Conclusions

Nanoparticles have gained significant interest due to their unique chemical and
physical properties and are applicable to diverse areas. Various methods of prepa-
ration of nanoparticles have been developed and they are suitable for synthesis
of nanoparticles in different sizes and shapes. The methods that were discussed
include gamma irradiation, chemical reduction photochemical method, thermal
decomposition, and microwave irradiation among others.
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Chapter 3

Physicochemical Aspects of Metal
Nanoparticle Preparation

Libor Kvitek, Robert Prucek, Ales Panacek
and Jana Soukupova

Abstract

Physicochemical properties, including optical properties or catalytic activity,
and biological properties of metal nanoparticles are considerably influenced by
their diameter. Therefore, a tailored synthesis of metal nanoparticles represents a
key topic in the field of nanotechnology, and the number of research papers, con-
cerning this topic, has been annually growing with an arithmetic progression. Metal
nanoparticles are most frequently prepared via chemical reduction of metals in
ionic form from their solutions. Using this synthetic approach, tailored parameters
of the particles can be achieved via the adjustment of numerous factors: difference
of potentials of the metal redox system and the reducing agent redox system, pH of
the reaction mixture, and its temperature. The influence of these three factors on
the diameter of the prepared metal nanoparticles will be discussed in the follow-
ing chapter with respect to general laws and based on numerous examples from
research practice.

Keywords: metal nanoparticles, tailored preparation, size distribution,
chemical reduction, redox potential, pH, temperature

1. Introduction

Metal nanoparticles can be classified among the most studied nanomaterials
due to their numerous potential applications [1-3]. Silver and gold nanoparticles
have found their targeted applications in the enhancement of Raman scattering
due to the optical properties that are associated with the existence of localized
surface plasmon resonance (LSPR) [4-8] with the absorption maximum in visible
part of the electromagnetic part of the spectra. Thanks to this fact the particles
provide a significant enhancement of the Raman signal used in the highly sensi-
tive analytical method of surface-enhanced Raman spectroscopy (SERS) [9-12]
used in biology and medicine [13-17]. Transitional metals are commonly known
for their high catalytic activity, which is even amplified by the nanodimension of
the metal nanoparticles with high ratio between the surface area and the volume
of the particle because the catalytic process is located on the surface [18-20].
From the application point of view, even the magnetic behavior of the metal
nanoparticles must be taken into account [21, 22]. Last, but not least, the biologi-
cal activity of the metal nanoparticles must be mentioned, especially in the case
of the silver nanoparticles [23-25]. These particles became one of the phenomena
of nanotechnology. Recently, more and more products of everyday usage involve
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these particles, which are applied with respect to their high antibacterial activity
against most of the pathogenic bacteria, fungi, and candida [26-28]. As the metal
nanoparticles represent a material, which is of high importance, from the research
and application point of view, this chapter will be devoted to the methods of their
tailored preparation via wet chemical reduction methods. The attention will be
paid to the influence of the physicochemical conditions of the particular chemi-
cal reaction, to the influence of redox potentials and pH, and to the influence of
temperature on the reduction process.

Nanoparticles are generally defined as 3D objects, where at least one of the
dimensions is in the range from 1 to 100 nm [29], which is reflected in an abrupt
change of the properties and behavior of the materials in the macroscopic range of
diameter. Silver nanoparticles represent a typical example of such a material, which
biological activity (i.e., antibacterial activity and toxicity against higher organisms)
is significantly increased with the decreasing particle diameter [30-32]. Similarly,
optical properties of the metal nanoparticles also significantly depend on the
diameter range of the particles. The position of the absorption maximum is shifted
to the red part of the spectrum with the growing silver or gold nanoparticle size
(Figure 1a) [33-36].

The catalytic activity of metal nanoparticles is dependent on their diameter
because the smaller the particles are, the greater the specific surface area (SSA) is,
and the SSA represents the key parameter in heterogeneous catalysis [37-42]. Aside
from all of these dependencies, size dependency is monitored also for magnetic
properties [43, 44], electrochemical behavior based on dependency of Fermi level
on the nanoparticle diameter [45, 46], and also for physical properties, which are
considered constant for macroscopic objects—e.g., melting point [47-49] or heat
capacity [50-52]. However, dramatic change in the nanomaterial properties hap-
pens when the diameter is below 3 nm (note: some of the authors state 5 nm or
even 10 nm), which corresponds to approx. 1000 silver atoms [53-55]. Concerning
such tiny particles, the organization of valence electrons is changed, and there is a
shift from a band structure typical for metals to the organization HOMO-LUMO
typical for molecular mass organization. However, a complete shift from one layout
structure to the other one happens at the dimension below 1 nm when the particles
contain maximally tens of atoms, and their behavior is strongly influenced by
quantum effects, which is not commonly observed in the case of nanomaterials [5,
46, 55-57]. These particles are usually named as clusters, and their abnormal optical
properties (i.e., fluorescence) are nowadays in the center of the interest of the
studies focused on optical properties of nanomaterials [58-63]. Such tiny particles

25 -

121 a) ==]| .| b)
. 1.0 -l e 21
5 =|| 8
b Ol = :E.:. is '
= 0.6 9 ' E .
E 0.4 3 E '3
=z 2 1

0.2 4 05 ]

0.0 4 .

400 500 600 T00 800 350 450 550 650 750
A, (nm) A (nm)

Figure 1.

(a) Dependence of the absorbance of the localized surface plasmon resonance (LSPR) of gold nanoparticles
on their size. Reproduced with permission from [33]. (b) Broadening of the LSPR absorbance peak due to the
aggregation of 30 nm-siged silver nanoparticles.
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represent a unique part of the nanotechnology field, and they will not be discussed
any further in the follow-up parts of this chapter.

Aside from the preparation of the nanomaterials, characterization of such
a material represents an issue, which will be discussed in considerable detail.
Fundamental information about the nanomaterials can be obtained via the mea-
surement of diameter of the particles and their size distribution (also called poly-
dispersity). The characterization methods are either direct or indirect. The direct
methods are almost exclusively represented by microscopic methods—electron
microscopy and scanning probe microscopy [64, 65]. Intensive development of
electron microscopy in the last decade enabled to spread this technique and price
availability of scanning electron microscopes (SEM). This characterization method
has a limitation of its resolution, which is approx. 10 nm. It disables characteriza-
tion of smaller particles and does not offer the size distributions of groups of tiny
particles. However, one of the greatest advantages of this technique is an easy imple-
mentation of energy dispersive spectroscopy (EDS) method [66], which enables
qualitative evaluation of chemical composition of the particles. Significantly greater
resolution (usually approx. 0.1 nm) can be achieved with the technique of transmis-
sion electron microscopy (TEM) [67]. Recently, another technique has become
more popular—scanning transmission electron microscopy (STEM). It is a tech-
nique, which combines advantages of both electron microscopy techniques, and this
way brings new viewpoints into the field of nanomaterial characterization [68].

Electron microscopy represents a method, which requires a good preparation
of the characterized sample as it is inserted into a chamber under a high vacuum.
It exhibits a problem for metal nanoparticles as they have a strong tendency to
aggregation. SEM, with a suitable module even for the metal nanoparticles (i.e.,
environmental SEM), enables to characterize even wet samples. Similar modules for
wet samples are also available for TEM. However, both of the modifications repre-
sent economy and technology demanding adjustments, which disables their wide-
spread usage. Another problem with the characterization of metal samples dwells in
high electron adsorption by the metal nanoparticles which evokes heating up of the
sample and its possible thermal transformation or destruction of the carrying layer
of the microscopy grid (carbon, Formvar, etc.). The sample can also involve non-
reduced metal ions, which are due to the stream of electrons immediately reduced,
and then the observed objects are not truly corresponding with the state of the sam-
ple deposited onto the microscopy grid. For example, it is impossible to use electron
microscopy for characterization of silver halogenide nanoparticles. The above-listed
drawbacks cannot be commonly connected with the second microscopy tech-
nique—with the microscopy with scanning probe. The most common adjustment
of such a microscopy is in the adjustment of atomic force microscopy (AFM),
and it does not require any sophisticated pretreatment of the sample because the
characterization does not require vacuum [69]. Due to the specificity of this method
(mechanical motion of the scanning probe in a close connection with the surface),
this method is more suitable for a study of layers of nanoparticles. If a resolution
comparable with TEM is required, the time for gathering sufficiently great amount
of data is significantly prolongated [70]. All of the electron microscopy methods
are time demanding and require an experienced operator, and therefore they do not
prevail over the indirect methods of the nanoparticle characterization. In the case
of the metals from the I. B group from the periodic system (Cu, Ag, Au—coinage
metals), the nanoscopic characteristics of the prepared particles can be confirmed
using a simply qualitative indirect method of UV-vis spectroscopy. Thanks to the
size-dependent position and shape of the absorption maximum of LSPR in the
visible part of the spectra, it is relatively easy to evaluate qualitatively the size of
the prepared nanoparticles and their polydispersity. A typical dependency of the
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absorption maximum of LSPR on the diameter of spherical particles can be seen in
Figure 1a [33]. The evaluation of polydispersity of the system can be obtained from
the width of the absorption band—the wider the band is, the more polydisperse
the system is. UV—vis spectroscopy is such a sensitive technique that there can be
observed even more separated absorption maxima corresponding with a highly
polydisperse system involving more diameter fractions (multimodal system)
[71]. Often it can happen in the case of the aggregated particles, when the larger
aggregates can be seen in the spectrum as a flat maximum, which is significantly
shifted into the red part of the spectrum compared with the original maximum cor-
responding with the LSPR of the non-aggregated particles (Figure 1b) [72, 73]. The
spectrum can be complicated due to the presence of nonspherical particles—e.g.,
particles with plate morphology will have three absorption maxima in the spec-
trum, each of them corresponding with the particular diameter of the plate [74].
Quantitative information concerning particle diameter and polydispersity
can be obtained from dynamic light scattering method (DLS). This indirect char-
acterization method is based on the diameter determination based on the time-
dependent change of the light scattered intensity (using coherent light source) in
the system involving particles moving under Brownian motion in the dispersion
[75-77]. This method enables quick evaluation of the particle diameter and polydis-
persity of the system based on enormous number of particles (note: the measure-
ment is realized from tens of seconds up to minutes). This method works in a great
diameter range—from 0.3 nm to 3 pm. Unfortunately, DLS is an indirect character-
ization method based on model behavior of spherical particles, which represent a
serious disadvantage for measuring nonspherical particles. Another complication
represents a polydisperse system, where the resulting average diameter (Z-average
dy) is highly influenced by the largest particles present in the system [78, 79]. The
problem of differently weighted particles based on their different diameters is
neglected in numerous papers, and the difference between the diameter obtained
from electron microscopy and DLS is explained as the difference between the
real and hydrodynamic diameter. The influence of nanoparticle solvation (or the
presence of adsorbed molecules including stabilizers of macromolecular character)
on the resulting particle diameter can be in couple of percents, but the presence of
large particles in the system is responsible for the difference in tens of percents. In
the case of the electron microscopy, all the particles are considered with the same
weight, while in the case of DLS, the weight of each particle in the average d is
given by the power of five of its diameter [80-83]. The instruments working on the
DLS principle are equipped with software, which enables different modes according
to which the particles can be weighted (incl. the weighting identical with electron
microscopy), but it is necessary to keep in mind that the recalculation is based again
on the approximation model and its accuracy, which unfortunately decreases with
growing polydispersity of the system [84]. The DLS method is therefore more suit-
able for monitoring of the processes in the dispersed systems (e.g., processes of par-
ticle aggregation) than for the determination of absolute values of diameters of the
particles in the system. On the other hand, DLS represents one of the fundamental
methods defined in ISO 22412:2017 for the determination of diameter of colloidal
particles. From the other commonly used indirect methods of determination of the
particle diameter, it is necessary to mention Scherrer method of determination of
crystal domains using powder RTG diffraction (XRD). The calculation is based on
the dependency of line broadening at half the maximum intensity (FWHM) on the
diameter of the nanoparticles [85]. This method does not evaluate a full particle
diameter. It determines the size of coherent domains, which the resulting particle is
formed of. It is a method, which is highly suitable for the study of aggregates, where
the independent particles (grains) joined one another into a large aggregated object.
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Metal nanoparticles can be prepared using both physical and chemical methods.
Physical methods of the nanoparticle preparations are based on the use of macro-
scopic objects, which are disintegrated onto the nanoobject using different kinds
of mechanical milling procedures, dispergators, or sonicators. Generally, these
methods are labeled as “top-down methods.” Unfortunately, these methods are not
suitable for metal nanoparticle preparation due to the typical mechanical proper-
ties of the material (malleability, ductility). Therefore, different kinds of energy,
such as the application of laser beam on macroscopic material, are preferred for the
preparation of metal nanoparticles. The method is called a laser ablation [86-89].
The nanoparticles are formed due to a local overheating of the metal material, its
evaporation, and consequential condensation of the vapors. This process does not
need to be initiated by any other substances and as such is able to produce highly
clean nanoparticles. The diameter of the generated particles can be tailored due to
the energy applied, wavelength, and the laser pulses [90-93]. The diameter of the
generated particles and polydispersity of the system can be modified by further
application of laser [94, 95]. As the generated dispersions are usually highly diluted,
it is not necessary to add any stabilizers into the system. However, stabilizers
are usually added into the system as they can prolong temporal stability of the
dispersed system, and their presence in the system from the very beginning can
significantly influence the particle characteristics [96-98]. The application of laser
ablation in practice is limited as the number of produced particles is relatively low;
their production is barely enough for research purposes. Comparable transition of
macroscopic material to vapors and consequential condensation can be also realized
in tube furnace, where the energy flow is directly in a form of heat [99, 100]. The
disadvantage of this method is related to possible contamination of the furnace.
Moreover, this process is highly energy demanding. Recently, a new method, ranged
into the top-down methods, has been introduced. It is a method of vacuum sputter-
ing. This method is based on the bombardment of a target with energetic gas ions
generated via the collision of electrons and carrier gas in vacuum using direct cur-
rent (DC), radio frequency (RF), or magnetron sputtering [101-104]. This method
is primarily designed for the generation of nanoparticle layers on the surface of a
solid substrate. However, a modification of the process, when the solid substrate
is replaced by the surface of a liquid, enables preparation of liquid dispersion of
nanoparticles [105-107]. The enumeration of physical methods of nanomaterial
preparation cannot be completed without the lithographical techniques. These
techniques enable only fabrication of nanostructural layers [108].

Chemical methods of nanoparticle preparations, compared to the physical
ones, are based on the reduction of analytical solutions containing the correspond-
ing metal ions to atoms using the appropriate reducing agent. The first neutral
atoms form nuclei of the emerging nanoparticles which can quickly grow due to
the proceeding reduction of the ions until the diameter of the nanoparticles is
reached—LaMer mechanism of the nanoparticle growth [109]. The reduction of the
metal jons can be achieved using a variety of reducing agents. Aside from suitable
reducing agents, the reduction can be also done using photochemical, radiochemi-
cal, or electrochemical approaches. Photochemical approach is usually based on
the application of UV or vis irradiation, which generates in the solution, at the
presence of suitable organic sensibilizers, radicals that fulfill the role of a reducing
agent and reduce the metal ions to neutral metal atoms in the solution [110, 111].
Direct photochemical reduction is possible for some photosensitive materials (e.g.,
silver halogenides). Free electrons are generated by absorption of photons by these
substances, and therefore direct reduction of the metal ions from crystal lattice can
proceed in this way [112]. However, in this special case, it is necessary to highlight
that the ions are not reduced directly from the solution because the photosensitive
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compounds have limited solubility. Photoreduction therefore proceeds in solid state
[113]. Radiochemical reduction uses highly energetic gamma irradiation, X-ray
irradiation, or accelerated electrons and does not need additional organic mol-
ecules, which would produce radicals. These kinds of irradiations enable to produce
radicals from the solvent molecules [114-116]; eventually the applied accelerated
electrons can be responsible for the reduction of the metal ions [117, 118]. Therefore
the generated particles are really clean although it is highly recommended to add
suitable stabilizers into the systems in order to prevent unwanted aggregation of
the primarily generated particles. The reduction of metal ions in solutions can be
also achieved using electrochemical methods. In this case, the electrons, needed

for completion of the reduction, are supplied by the electrode. The surface of the
electrode is then covered by a film consisting of the generated particles [119-121].
One of the biggest advantages of this method is its variability thanks to the possibil-
ity of the reducing potential adjustment or possibility to adjust the passing current
[122-124]. This method of nanoparticle generation is commonly used for layers of
nanoparticles generated on glass with conductive layer of indium tin oxide (ITO)
glass [125]. In the case of the liquid dispersion of nanoparticles, prepared via the
electrochemical approach, it is necessary to prevent firm attachment of the gener-
ated particles on the surface of the electrode. For this purpose the combination of
electrochemical reduction with ultrasound is generally used [126]. However, the
commonly used approach to electrochemical preparation of nanoparticles is based
on the use of a mediator molecule, which is reduced on the cathode, and then the
reduced form of the mediator diffuses into the solution where it is used for reduction
of the metal ion. Methylviologen is the most commonly used mediator [127-130].

2. Preparation of metal nanoparticles by chemical reduction: role of the
redox potentials

Preparation of nanoparticles of transition metals via wet route chemical reduc-
tion method is probably the most frequently used one. It is widely used both in
research and in technological practice [131-133]. The reasons why this kind of
preparation method is used are simple—from the economic and technological
point of view, it represents the most convenient approach. The preparation of
nanomaterials following the wet chemical reduction method does not have any
specific demands for complicated technological equipment or installation, in most
of the case just a suitable vessel equipped with stirring mechanism and a possible
adjustment of temperature (note: for elevated temperature, heating is needed; for
lower than room temperature, simple cooling bath is usually sufficient) is needed.
Moreover, the productivity of chemical reduction methods is significantly higher
than other methods of metal nanoparticle preparations. The whole synthetic
process is easy to scale up from a preparation of a couple of milliliters of the reac-
tion mixture up to tens of liters. Another advantage is also a wide range of available
reducing agents. The reducing agents are commonly inexpensive substances, and
therefore the economic balance of the whole process is not anyhow weighted down
in this aspect. Also the energy balance of the whole process is in favor of the wet
chemical reduction method, compared to the physical methods of metal nanopar-
ticle preparation. However, a certain disadvantage can be found in the limited
possibility to design the particle diameter. This handicap has been almost erased
thanks to the intensive research of this aspect in the last 20 years. Additionally,
the research brought also a possibility to adjust other fundamental properties like
morphology, which is highly problematic to achieve even via physical approach to
metal nanoparticle synthesis [134, 135].
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From the thermodynamic point of view, the synthesis of metal nanoparticles via
wet chemical reduction method can spontaneously proceed only under the condi-
tion of negative value of the difference of Gibbs energy (AG). To achieve such nega-
tive AG values, the difference of redox (reduction-oxidative) potentials of the redox
systems metal ions and oxidized and reduced form of the reducing substance must
be positive. As the primary process of the electron transfer between the redox forms
of the redox system is reversible in its principle, the description of the proceeding
processes can be done thanks to the analogy to the processes proceeding on the
electrodes in a galvanic cell. The difference in Gibbs energy (AG) for the reaction in
a galvanic cell is given by the difference of equilibrium potentials of the electrodes
(AE) according to Eq. (1):

AG = — zF AE (1)

where F is Faraday constant and g represents the number of electrons exchanged
among the reactants in cell reaction [136]. The AG has to be negative for spontane-
ous course of the reaction, and therefore the AE—i.e., the difference of the potentials
of the reacting redox systems—has to be positive. According to the convention, this
difference of the electrode potentials is defined as the difference between the right
and the left electrode, whereas the oxidation proceeds on the left and the reduction
on the right electrode. If the metal ion reduces and the molecule of the reducing
agent is being oxidized, the AE can be defined by Eq. (2):

AE = Eg — Ep, = Emezi/Me — Eox/red (2)

The potentials of both redox systems Eye,./me and Eqy/req depend on the ratio
of the activity (concentration) of the oxidized and reduced form according to the
Nernst equation in Eq. (3):

Eox/red = Eoox/re:d + (RT/ZF) In (aox/ared) (3)

where E°oy/req represents the value of standard redox potential for the particular
redox system in the hydrogen scale (standard redox potential of the hydrogen
electrode was determined to the value of 0) and a. and a,q represent activities
of the oxidized and the reduced forms of the given redox system in the solution.
The activity of a solid metal is unitary, and although the real value of E°ye,,/me is
dependent on the particle diameter for little nanoparticles [137], this dependency
would not be taken into account in these considerations. More complicated situ-
ation is the estimation of the redox potential of the reducing agent. Although the
primary process of electron transfer can be considered reversible, the oxidized form
of the molecule of the reducing agent is usually unstable and undergoes consequen-
tial chemical reactions with the substances available in the solution. Therefore, the
process becomes irreversible, and it is almost impossible to determine the concen-
tration of the oxidized form. Thus, the fundamental decision if the redox process
can be realized is based on the value of AE° instead of AE. It is relatively a rational
consideration because if the AE® has a negative value, then positive value of AE of
both redox systems cannot be achieved. Such a large difference would be necessary
for a quick course of the redox procedure [138]. The values of redox potentials of
the discussed metal systems are listed in Table 1.

It is obvious that noble metals like silver, gold, palladium, or platinum can be
reduced from their salts using even relatively weak reducing agents. However,
for the reduction of less noble metals like copper and especially iron, cobalt, and
nickel, only stronger reducing agents, e.g., sodium borohydride, must be used. It is
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Redox Half-reaction E°[V] Redox Half-reaction E°[V]
system system

Iron Fe** +2e” = Fe® -0.447 Ruthenium Ru* +2e” = Ru° +0.455
Cobalt Co™ +2e” = Co° -0.28 Rhodium Rh* +3e” = Rh° +0.758
Nickel Ni** + 2™ = Ni° -0.257 Palladium Pd* +2e” = Pd° +0.951
Copper Cu* +2¢" = Cu° +0.3419 Osmium Os™ +2e” = Os° Ref. +0.7

[140]
Silver Ag'+e = Ag° +0.7996 Iridium I +3e =0° +1.156
Gold AU* + 3¢ = Au° +1.498 Platinum Pt* +2e” = Pt° +1.18
Table 1.

Standard electrochemical potentials of noble metals and triad Fe, Co, and Ni [139]. All potentials are veferred
vs. standard hydrogen electrode (SHE) using IUPAC recommendation.

Redox system Half-reaction E°[V] Cit.
Hypophosphorous acid HPO;* + 2H,0 + 2¢” = H,PO,™ + 30H~ -1.65 [139]
Borohydride H,BO;™ + 5H,0 + 8¢ = BH,™ + 8OH™ -1.24 [139]
Hydrazine N, + 4H,0 + 4" = N,H, + 4OH™ -115 [140]
Hydroxylamine N,O, + 6H,0 + 4e” = 2NH,OH + 60H" -0.73 [140]
Formic acid CO, + 2H"+2e” = HCOOH -0.14 [140]
Hydrogen peroxide 0, +H,0 +2¢” = HO, + OH™ -0.076 [140]
Ascorbic acid CeHeOg + 2H" + 2™ = CgHOg —0.054 (pH=7) [140]
Formaldehyde HCOOH +2H" + 2¢” = HCHO + H,0 —0.02 [140]
Hydrogen 2H' +2e = H, 0.000 [140]
Stannum (II) Sn** +2e” = Sn** +0.15 [140]
p-Aminophenol OCEH,NH + 2H' + 2¢” = HOC4H,NH, +0.599 [149]
Hydroquinone CeH,0, + 2H" + 2 e” = C¢H4(OH), +0.699 [140]
Citric acid CH;COCH; + 3CO; + 2H" + 2™ = CgHgO; +1.1 [150]
Glucose CgH1,0; + HyO + 2e™ = C4Hy,0g + 20H™ ~ + 0.65 [151]
(pH =12.8)
Galactose Ce¢H,07 + H)O + 2e™ = CgHp,06 + 20H™ ~+0.7 [151]
(pH = 12.8)
Table 2.

Standard electrochemical potentials of various reductants commonly used in the synthesis of metal

nanoparticles. All potentials are veferred vs. standard hydrogen electrode (SHE) using IUPAC
recommendation.

not realistic to think that the nanoparticles of less noble metals can be prepared via
green reducing methods using reducing substances of biological origin [141-147],

in this case, substances of a type of polyphenols, the redox potential is insufficient
with respect to the highly negative values of standard redox potentials of the metal

systems [148]. The values of redox potentials of the commonly used reduction

agents are listed in Table 2.
Figure 2 shows graphically comparison of redox potentials of some reducing

agents and metals. The reducing agent can be effective, in the process of the metal
ion reduction, only if the redox potential is under the redox potential of the metal
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Figure 2.
Comparison of the standard redox potentials of the metals and reductants selected from Tables 1 and 2 as
representative of the typical veaction systems for the preparation of the metal nanoparticles.

redox system on the hydrogen scale. However, any positive value of AE is not suffi-
cient for real and effective course of the reduction leading to the formation of metal
nanoparticles under room temperature. The value of AE from approx. 0.15-0.3 V is
commonly agreed to ensure sufficiently quick course of the reaction. Based on all of
the stated facts, it can be concluded that the impact of the AE value is crucial. The
higher the value of AE is (i.e., the stronger the reducing substance is), the quicker
the reduction of the metal ions is, and the generated nanoparticles are smaller [152].
Due to a quick reduction, steep growth of oversaturation proceeds. According to the
theory of new phase formation, a great number of nucleation centers are generated
under such conditions. The nuclei grow quickly, thanks to the aggregation mecha-
nism in majority, up to the final particle diameter within a couple of seconds. The
result of such a process is a formation of tiny nanoparticles, which is a typical exam-
ple of the use of sodium borohydride as the reducing agent, which enables the syn-
thesis of silver nanoparticles, gold nanoparticles, and nanoparticles of other metals
that have the diameter smaller than 10 nm. The first usage of sodium borohydride,
as the reducing agent for the synthesis of silver nanoparticles, was described by
Creighton, Blatchford, and Albrecht in the 1980s. This collective of authors used
sodium borohydride for the preparation of SERS substrate [153]. Unfortunately,

a quick reduction of available metal ions has negative consequences such as poor
reproducibility of the synthesis and high polydispersity of the generated particles in
the system. Therefore, the synthesis is likely to proceed under lowered temperature
(note: the system is placed into a cooling bath) and with the addition of stabilizing
substances. In the borohydride reduced systems, citrate molecules are frequently
used as stabilizing agent as it prevents aggregation of the generated particles. The
citrate ions can be, in the next step, easily removed from the surface layers due to
the addition of different molecules in the process of nanoparticle functionaliza-
tion [154-156]. Strong reducing agents cannot, however, guarantee synthesis of
nanoparticle systems with minimal polydispersity of the generated particles as the
two phases of the nanoparticle formation—nucleation and particle growth—are

not well differentiated. Not even the usage of weak reducing agents, requiring
elevated temperature for its effective function, can solve this problem. The process
of silver nanoparticle preparation introduced by Lee and Meisel is based on the
reduction of silver ions with citrate, boiling the reaction mixture [157]. Thanks to
high kinetic energy (boiling water), new nuclei can be generated even in further
stages of the reduction process, and the resulting system is then highly polydisperse.
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The average diameter of the generated particles is due to the slower course of the
reaction, significantly bigger (40-50 nm) than for the borohydride method [158,
159]. However, when the citrate anion is used as the reducing agent of Au>* cations
(Turkevich method [160-162]), the greater difference in redox potentials of both
of the systems predetermines significantly quicker reduction of the particles and
generation of smaller particles (approx. 15 nm) with even better polydispersity of
the system. Therefore, it is necessary to compare the results achieved with different
reducing agents only for one metal redox system where the growing diameter of
the generated particles can be unambiguously put into context with the decreas-
ing reducing strength of the reducing agent. This behavior was observed also for
the silver nanoparticles prepared via the modified Tollens process using different
reducing saccharides with different reducing ability [30, 163, 164].

The above-listed examples proved that the course of the metal ion reduction,
leading to the production of metal nanoparticles, is given by the AE more than the
value of E,.q/0x Of the used reducing agent. However, the estimation of the AE value
(note: accurate calculation is rather complicated or even impossible) is complicated
by the dependency of redox potential of the reducing agent and very frequently
also of the metal redox system on pH, which will be discussed in the independent
part. It is also necessary to take into account the interaction of metal ions with other
substances available in the reaction system as they can form complex substances
with these ions. Such substances—ligands—can be added into the reaction system
on purpose. However, sometimes they can be also counterparts of a complicated,
not well-defined biological system of the reducing system (in the case of the green
methods) [165-167]. In other case, the reducing substance can play the role of a
reducing agent and a ligand, which forms a complex compound with the available
metal jon. It is typical for reducing polymers including a nitrogen atom as hetero-
atom, e.g., poly(vinylpyrrolidone) (PVP), polyethylenimine (PEI), or polyaniline
(PANT) [168-174]. Such a formation of a complex compound is widely applied in
practice for the tailored preparation of metal nanoparticles. Complexing agent can
influence reduction rate of the metal ion due to the change of redox potentials via
complexation of metal ions (see some examples of potential change on Figure 3).
This way it significantly influences the nuclei formation and their consequential
growth. The synthesis of silver nanoparticles, using the reduction of diammonium
silver complex cation with reducing sugars (already mentioned modified Tollens
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Figure 3.

Comparison of the standavd redox potentials of the free metal ions and their typical complex ions, which are
employed in the reaction systems for the preparation of the metal nanoparticles. Values of standard redox
potentials of the complex ions are taken from tables by Dobos [140].
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Figure 4.

Comparison of the redox potential dependence for the complex metal ion [Ag(NH;),]* and hydroquinone
reductant on the concentration of ammonia. The change of the ammonia concentration in the reaction system
is connected with the change of pH. It is clearly visible that at pH = 10.8 (concentration of ammonia about
0.0275 Mol /dm?), the potentials of both redox systems are identical. Values of redox potentials were calculated
using Eq. (10) for system Q/H,Q and Eq. (4) for the system [Ag(NH,),]*/Ag. The needed values of constants
were taken from tables by Dobos [140].

reaction), represents a suitable example of such a tailored metal nanoparticle
preparation. The diameter of the generated silver nanoparticles can be adjusted by
means of the ammonia concentration throughout the change of the redox potential
of the silver redox system due to the bond of majority of the Ag” cations into a
stable complex compound [Ag(NH;),]" according to Eq. (4):

E{agnm3)2)+/ag = Eagisag + (RT/F) In{(ajagmvms)2r.) (anms) B2} 4)

where B, represents a stability constant of the complex cation [Ag(NH;),]" [175].
Figure 4 shows how is such a difference reflected in the course of the potential of
silver redox system side by side with the course of the difference of the potential of
the used reducing agent with the changing pH value (with the growing ammonia
concentration in the reaction system). The growing ligand concentration in the
reaction system is reflected in a decrease of AE, decrease in the rate of the reac-
tion, and growth of the particle diameter [163, 176-179]. Also ligand exchange for
any other, which would form a stronger complex with the metal ion, will lead to
a decrease of AE and consequential decrease of the reaction rate, which will lead
to the growth in the diameter of the finally generated particles. This behavior was
observed in the case of silver nanoparticles, prepared with the assistance of sulfite
ligand as the complexing agent. This ligand has six order higher stability constants
than the values for ammonia complex with this metal [175]. Therefore, the growth
of the size of the prepared particles was more than significant. The generated
particles had several hundreds of nanometers in diameter [180].

3. Preparation of metal nanoparticles by chemical reduction: role of the pH

The tailored preparation of metal nanoparticles using the method of chemical
reduction not be done without the control of pH of the system. The adjustment
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of pH helps to manage the diameter of the prepared particles and reproducibility
of the reducing process. The influence of pH is connected with the fundamental
principles:

1. pH usually influences redox potential of the used reducing agent and can sig-
nificantly change even the mechanism of its oxidation.

2. pH influences redox potential of the metal, which is usually based on the for-
mation of a new compound, where the reduced metal ion is bound.

3. pH significantly influences stability of the generated metal nanoparticle
dispersion by means of the change of their zeta potential, or via the electric
properties of the stabilizing molecules, e.g., via a change in the dissociation of
the function groups in the polymer electrolytes.

The first two mentioned principles are the most important. As the diameter of
the generated particles can be tailored due to the strength of the reducing agent,
this aspect will be devoted more attention. The simplest description of the change
of redox potential with pH is for the system where gaseous hydrogen is used as the
reducing agent. If the solution, containing ionic metal, is saturated with gaseous
hydrogen under the atmospheric pressure, the equation for the redox potential H*/
H, is significantly simplified:

EH+/H2 = (RT/F) ln (aH30+) = —(2303RT/F) pH (5)

If pH increases from deep acidic value 1 to neutral value of 7, the original redox
potential is shifted from 0.0 to —0.414 V. As the reduction potential of hydrogen is
significantly increased, the reduction will proceed quicker, and the average particle
diameter will be smaller [181].

In the case of one of the strongest inorganic reducing substances, used for the
metal nanoparticle generation, the change of pH from acidic region to alkali one
does not mean just the change in redox potential but also a change in the oxidation
mechanism of this substance. The oxidation of the borohydride anion proceeds as
follows in the alkali environment [139]:

BH,” + SOH™ = BO,” + 6H,0 + 8¢ E° = -1.24 V (6)
However, if the pH is shifted into a slightly acidic region, the reaction mecha-

nism is significantly changed, and the oxidation of the borohydride anion can be
simply written as follows:

BH, + 3H,0 = B(OH);3 + 7H" + 8e" E° = —0.48 V @)

Additionally, the environment enables also a side reaction—direct hydrolysis of
the borohydride anion accompanied by the hydrogen release:

BH,™ + 2H,0 — BO;™ + 4H, (8)
In this situation, hydrogen, generated according to Eq. (8), can become
the main reducing agent. However, such a complicated reaction of the tailored

nanoparticle synthesis and the reproducibility of such synthetic experiment are
rather poor. The dependence of oxidation mechanism and redox potential on pH

40



Physicochemical Aspects of Metal Nanoparticle Preparation
DOI: http://dx.doi.org/10.5772/intechopen.89954

can be observed for the system of hydrazine and hydroxylamine [182]. Both of
these substances are commonly used as the reducing agents in the processes of
nanoparticle preparation [183-189].

Organic reducing substances, used in the preparation of metal nanoparticles,
exhibit more predictable behavior than the inorganic ones. These substances are weak
electrolytes, in majority, and as such their dissociation is influenced by pH. Generally,
the substances, which behave as weak acids, have stronger reducing ability in alkali
region of pH, and those that behave like weak bases have stronger reducing ability
in acidic pH range. It is connected with higher degree of dissociation of these reduc-
ing substances in the particular pH region. In literature, p-dihydroxybenzene (also
labeled as hydroquinone or H,Q) is usually stated as a typical representative of such
a substance [190]. Its dissociated form is oxidized, in two one-electron steps, across
semiquinone, to p-benzoquinone (often labeled as quinone or Q ):

CeH,0, + 2H' +2e™ = CgH,(OH), resp. Q + 2H' + 2™ = H,Q 9)

As H,Q is aweak acid (pK; = 9.85 a pK; = 11.4), the concentration (resp. activ-
ity) of the Q* ion is dependent on pH, which is then reflected in the equation for
potential of the Q/ Q> redox system:

E-= EO‘Q/QZ_ + (RT/2F) In (aQ/ac%z_)
= Eqp- + (RT/2F) In ([H']? + K{[H'] + KK;)  (10)

where EO,Q/Qz_ is a formal redox potential of the Q/ Q> redox system and K; and
K are partial dissociation constants of H,Q [139]. Quinone is not an electrolyte,
and therefore its dissociation is not a part of the equation of the influence of redox
potential on pH. In the case of other organic substances, both redox forms can be
electrolytes, and therefore the equation of the dependency of redox potential on
pH is significantly more complicated as both of the dissociations must be involved.
However, the real mechanism of the H,Q oxidation is more complicated due to the
formation of semiquinone, but the pH dependence of the redox potential is not
influenced [191-193]. The dependency of the redox system of Q/ Q> on pH side by
side with the dependency of the potential of the redox system Ag*/Ag on the ammo-
nia concentration is shown in Figure 4. It is obvious that the pH and the concentra-
tion of the complexing agent for ions influence AE of the reaction, its reaction rate,
and also the diameter of the generated metal nanoparticles. In this case, when H,Q
was used as the reducing agent for Ag" ions, resp. [Ag(NH;),]* at pH lower than 7,
the value of AE is low and the reduction of silver ions does not proceed [194, 195].
Similar dependency of redox potential on pH as H,Q can be observed also with
ascorbic acid (AA). Asitis a stronger acid than H,Q, a certain reducing ability
can be observed already at pH lower than 7 (approximately pH = 6), but it does
not behave as an effective reducing agent until pH 9 is reached. In such a case, the
reduction is completed within several minutes, and the generated silver nanopar-
ticles (AgNPs) have the diameter smaller than 50 nm [11, 196, 197]. Weak reducing
agents, e.g., reducing saccharides, are able to reduce silver ions only under pH
higher than 7. However, truly defined particles can be generated under much higher
pH, i.e., under pH around 12 [30, 163, 198-200]. Also polymers are typical repre-
sentatives of substances with a weak reducing ability which can be achieved only
under specific conditions as, e.g., optimal pH for the reduction [201-208]. Pluronic
P123 (a copolymer of PPO and PEO) has a slight reducing ability due to the poly-
ethylene oxide blocks (PEO). The reducing ability grows with the growing pH. This
polymer is not able to perform reduction of AuCl,™ ions in acidic region. However,
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with the growing pH, it is possible to generate gold nanoparticle dispersion with
the average particle diameter of 10 nm and the SPR in the region of approx. 550 nm
when the final pH of the dispersion is higher than 10 [209].

In the case of the metal redox systems, the influence of the pH is related to
the reaction of the OH™ ions with the metal ions. Hydroxides, oxidehydroxides,
oxides, or stable complex substances are commonly formed by this reaction. A
typical example represents formation of poorly soluble Ag,O in Ag” solution at
pH higher than 9. The redox potential of the system Ag,O/Ag is significantly lower
(E° = 0.342 V) than of the system Ag*/Ag (E° = 0.799 V). This change of redox
potential is reflected in a lower rate of reduction and a formation of big particles. In
the case when glucose is used as the reducing agent, the generated particles are even
larger than 100 nm [181, 194, 195, 210, 211].

On the contrary, in the case of gold chloride, respectively complex anion AuCL",
it is possible to exchange coordinated Cl™ ions for OH™ anions in aqueous environ-
ment, according to the adjusted pH. The complex anion of the composition of
AuCl;(OH)" is formed under the pH lower than 6. All the CI™ anions are replaced by
the OH™ anions when the pH becomes higher than 12. The newly formed complex
anions are more stable than the original ones, and therefore the reaction rate is
significantly reduced due to the decrease of the redox potential of the system Au
Au. It is then reflected in the growth of the AuNPs’ diameter [212]. In the case of the
Turkevich method of AuNPs’ preparation, the situation is complicated with the way
the pH changed. It proceeds with a growing concentration of citrate, which is added
as reducing agent. Therefore, although the newly generated anion AuCl, ,(OH),*™ is
more stable, the reduction rate can grow with the growth of the reducing agent
concentration. This factor together with the positive dependence of the reduc-
tion power citrate on the pH can prevail, and then the diameter of the generated
AuNPs decreases with the growing pH [213]. It must be taken into account that
the pH value can influence both redox pairs in return. Therefore, the prediction of
the diameter dependence of the prepared nanoparticles on pH represents a highly
complicated task in some cases.

3+/

4. Preparation of metal nanoparticles by chemical reduction: role of the
temperature

The temperature is the last physicochemical parameter, which can have an
impact on the course of the metal nanoparticle synthesis and which is therefore
worth discussing in this chapter. It is generally known that temperature influences
both chemical balance and rate of chemical reaction. The first case cannot be,
however, used as the one, which has a major influence on the metal nanoparticle
preparation via a reducing process. This fact is caused by the minimal changes
of the potential values, i.e., +t1 mV/K [214]. This difference in AE, in favor of the
products of the reduction process, is too minor to have any significant impact. The
change in temperature, however, significantly influences the rate of the chemical
reaction. The increase in temperature leads to the increase in the reduction rate
according to the Arrhenius equation. As it was already mentioned before, the
mechanism of the nanoparticle formation fundamentally consists of two steps: (1)
generation of nuclei and (2) growth of the nuclei up to the size of a final nanopar-
ticle [215, 216]. Both of the stages of the nanoparticle formation require different
activation energies, and therefore their dependency on temperature differs [212,
217]. The nuclei formation is more energy demanding, and therefore the increase of
temperature in this step is reflected in steeper increase of its rate than the rate of the
nanoparticle growth. The increase in temperature is then reflected in the increase of
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the polydispersity of the system because new nuclei will be generated for the whole
reaction time side by side with the growing particles. This effect can be especially
well observed in the case of the weaker reducing agents as, e.g., for the preparation
of silver nanoparticles according to Lee and Meisel [157]. This effect is even more
significant concerning very weak reducing agents of polymer character [204, 205].
Contrariwise, the average particle diameter decreases with the increased rate of the
nuclei formation [218, 219].

Higher temperature is used especially with weaker reducing agents with the aim
to increase the rate of chemical reaction and eventually to increase the salt conver-
sion. On the contrary, the use of stronger reducing agents requires a decrease in this
parameter—i.e., cooling of the reaction mixture can positively influence also poly-
dispersity of the generated particles in the system. The improvement of the system
polydispersity is predetermined by two contributions: first, by a limited generation
of the future nanoparticle nuclei, and second, by a limited Brownian motion of
the generated particles. Lowered temperature is used commonly especially in cases
when borohydride is used as the reducing agent. The original procedure suggested
by Creighton, Blatchford, and Albrecht used ice-cold bath [153]. However, cooling
with ice is insufficient for suppression of the quick generation of the nuclei in the
course of the whole reaction time. Therefore, neither polydispersity nor reproduc-
ibility of the resulting nanoparticles are not satisfactory. Both parameters were
further improved when the addition of citrate anion was introducing into this
already established synthesis. The citrate does not play the role of reducing agent at
this temperature, but it prevents the unwanted aggregation of generated particles.
As such, it fulfills the role of a stabilizing agent [156]. To reach lower temperatures
than 0°C, it is necessary to use other solvents but just water. The temperature of
—25°C can be achieved when water is replaced by mixed solvent—water-ethanol
(1:1v/v). However, the particles generated in this mixed solvent exhibit even worse
aggregation stability than the particles prepared in a pure aqueous environment.
Therefore, it is necessary to use a stabilizer—in this case, sodium polyacrylate was
introduced. Under such a low temperature, the ability of the nuclei formation is
significantly limited, which is then reflected in the increased diameter of the gener-
ated nanoparticles—3.4 nm for —5°C and 7.2 nm for —25°C. The polydispersity of
the system, however, follows the already discussed trend, i.e., it is decreased with
the decreasing temperature [220].

5. Conclusion

Metal nanoparticles represent one of the key pillars of nanotechnology. Their
physicochemical properties are unique and different to other types of nanomateri-
als that they have abruptly found their way to numerous commercial applications.
However, the applications are strongly dependent on the efficiency of their produc-
tion—especially respecting primarily defined diameter and morphology. Nowadays
available methods of metal nanoparticle production do not fully fulfill the needs
given by the research and practice. In order to design preparation of tailored
nanoparticles, it is highly important to be aware of the impact of the different
physicochemical parameters predetermining the diameter and morphology of the
generated nanoparticles. Let us name at least a couple of them—the influence of the
difference of redox potentials of the reaction components, pH of the reaction mix-
ture, and its temperature. These three parameters have been discussed in this chap-
ter with respect to the current state of knowledge. However, aside from the three
discussed parameters, there are several other parameters with key influence. One is
molar ratio among the reactants, which was already effectively used by Turkevich
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for a tailored preparation of gold nanoparticles [154, 160, 212, 221, 222]. The whole
reduction process can be also influenced by other substances present in the reaction
system—e.g., molecules of surfactants, polymers, and other low-molecular organic
substances with O, N, and S heteroatoms, which significantly influence the process
of nucleation and growth of the nanoparticles [223-226] and also the aggregation
stability of the final system [227-229]. The process of “seed-mediated” preparation
of nanoparticles is based on the preparation of seeds, in diameter of nanometers,
using strong reducing agents. The nuclei are, in the next step, let to grow into their
required diameter, thanks to the addition of new portion of the metal ions reduced
by using weaker reducing agent [11, 230, 231]. Reasonable adjustment of both steps,
nanoparticles in a wide range of diameters, can be prepared. Additionally, this
approach also provides dispersions of nanoparticles with reasonably good values of

polydispersity [31, 232, 233].
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Nanofluids
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Abstract

The fast development in the extraction technique of silica from biomass has
resulted in the signification use of silica in the industry. Rice is one of the world’s
most significant plants, which serve as a carbohydrate intake for humans. Rice husk
is one of the main agro-wastes comprising big quantities of silicate. This chapter
presenting the review on rice husk nanosilica production techniques by thermal
and chemical methods. A direction on efficient and sustainable nanosilica extrac-
tion method will be discussed. Apart from that, method on nanofluids preparation
will be accumulated with respect to the end application. Moreover, the influence of
nanoparticle in nanofluids in terms of heat conductivity, rheological properties, and
stability will be discussed. The potential application area of silica nanofluids such as
solar, automobile, electronic cooling, and biomedical application will be explored.

Keywords: rice husk nanosilica, chemical method, thermal method,
industrial application

1. Introduction

The surface area and porosity of the nanosilica are large and can be commonly
used in products such as fillers [1], pharmaceuticals [2], catalysts [3], and chroma-
tography [4]. Industrial silica production uses sodium silicate as the main ingredient
of silicone. Nevertheless, a large amount of energy is required to produce sodium
silicate via melting the quartz sand and sodium carbonate at 1300°C [5]. In the
future, fossil fuel energy may not be viable. Thus, it is also fascinating to create a
technique for producing nanosilica from a silicon-containing biomass content that
will be economically feasible. Biomass is a significant resource for renewable energy
and represents 15% of the worldwide power supply [6]. Rice husk (RH) is one type
of biomass, which is effective heat deliver and lignocellulose rich for biological oils
[7]. The global annual product of RH is about 100 million tons [8]. RH is rich in
silica content (~20 wt%) and abundant in rice milling as waste. RH is not widely
known due to lack of commercial utilization. Nanosilica precursor is an exciting
future application for the preparation of advanced materials, such as carbon/silica
composites [9], photocatalysts [10], hydrogen production as well as CO, capture
materials [11, 12], and metal ion removal adsorbents [13]. Nanosilica with porous
RH composition can be prepared by various methods [14-16].
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Kalapathy et al. [17] explored sodium hydroxide dissolved xerogel formation utiliz-
ing RH as raw resources. They discovered that combining the rice husk ash (RHA)
acid with xerogel’s washing step can efficiently improve nanosilica sample purity.
Following a pre-treatment with acid, Zhang et al. [18] utilized RH as a forerunner
to acquire superfine 30-200 nm diameter nanosilica the pretreated sample. In the
latest studies, biotransformed nanosilica with Fusarium oxysporum fungus [19] or
via a bio-digestion process using worms [20]. Witoon et al. [21] utilized RHA as
raw resources for the preparation of bimodal porous nanosilica and Chitosan as a
template.

Meanwhile, nanofluid is comprised of nanometer-sized particles (nanopar-
ticles) and fluids. Water, engine oil, ethylene glycol, and so on are usually used for
base fluids in many industries including transport, power supply, manufacturing,
and electronics [22]. Conventional base fluids suffer from low heat transfer per-
formance, which limits its application [23]. In order to overcome the drawbacks,
nanosized particles suspended in the base fluid can improve the transfer of heat
and rheological properties, acting as property enhancer [24]. Moreover, most of the
nanofluid studies underline the nanoparticle preparation methodology. A research
from Rao et al. [25] found that nanofluids have greater thermal conductivity than
conventional fluids, strongly nonlinear temperature dependence on effective ther-
mal conductivity, improve or decrease heat transfer in single-phase flow, improve
or decrease nucleate pool boiling heat transfer, and yield higher critical heat flows
under pool boiling conditions. To the best of our knowledge, RH-derived nano-
silica has not been reported elsewhere. In this context, the method of preparing
nanosilica will be deliberated. Moreover, the method of nanofluid preparation from
nanoparticle and the potential applications of nanofluids will be discussed.

2. Method of preparing nanosilica

Thermal and chemical methods are the two major methods that have been
widely adopted for silica production from biomass. Figure 1 illustrated the methods
used for producing nanosilica from biomass/agricultural waste.

2.1 Thermal methods

Thermal methods involve the utilization of furnace muffles, fixed bed furnace,
fluidized bed reactor, and other thermal methods that consist of inclined step-grate
furnace, cyclone furnace, and rotary kiln. The thermal technology does have a num-
ber of disadvantages such as required more time for reaction, hot spot formation,
the absence of free-flowing air for full carbon oxidation, and many others [26].

2.1.1 Electric/muffle furnace

Nanosilica is extracted from agricultural waste in a laboratory scale by electric/
muffle furnace. The biggest disadvantage in using this technology is the long
reaction time and a lower production rate. Patil et al. [27] investigated the biggest
RH nanosilica extraction, consisting in thermal treatment with electric oven for
6 hours at 700°C at different temperatures. XRD and FTIR were used to char-
acterize the sample. XRD information showed that the nanosilica acquired was
amorphous in nature. About 95.55% pure nanosilica obtained from RHA with acid
leaching preceded by the treatment of thermal heating with muffle oven at 600°C
[28]. According to Bogeshwaran et al. [29], silica extracted from RH is highly
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Various treatments used to produce nanosilica from agricultural waste.

pozzolanic when burned in the muffle furnace. By thermal treatment, Chen et al.
[30] utilized wheat straw to effectively produce nanosilica products. The combus-
tion of wheat straw ash was kept at 500°C for 8 hours. The collected sample was
washed with distilled water after the combustion and followed by calcination at
the temperature from 400 to 700°C in a muffle furnace. Nano-amorphous silica
was characterized by using XRD, TEM, EDX, FTIR, and BET. Ahmad Alyosef et al.
[31] investigated the use of thermo-chemical treatment for meso/macroporous
biogenic silica (3-1500 nm) from biomass such as miscanthus, wheat straw, and
cereal remnant pellets. The biomass (wheat straw) was leached by concentrated
H,SO, (5 M). The wheat straw proportion of H,SO4 was controlled at 1:10 (gmL_l).
The treatment was performed under continuous stirring (1000 rpm) at 353 K

for 24 hours. The ash of silica generated at various temperatures and times after
heating by furnace. The combustion and acid leaching therapy of RH obtained
pure amorphous silica. HCI, H,SO,4, and HNO; leached the husk with different
concentrations. The wheat-husk ash samples were positioned inside the muffle
furnace at the temperature from 300 to 700°C for 24 hour after leaching treatment.
The research proves that hydrochloric acid leaching treatment was more effective
than any other acid to remove metal ions. Pure amorphous silica from acid-treated
wheat husk ash was obtained at 500-700°C [32]. Yalcin and Sevinc [33] manufac-
tured amorphous silica RH successfully at 600°C in a tubular stainless steel reactor
for 4 hours in an electronic laboratory muffle furnace. In particular, electric/
muffle furnace can increase the purity of silica contents obtained from incinera-
tion. Except that, amorphous silica structure can be obtained by incineration up to
425°C for 90 minutes. The structure of silica varies on the incineration tempera-
ture and time required [34].
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2.1.2 Fixed bed furnace

The manufacturing of RH silica was also carried out using a fixed bed furnace.
By using fixed bed furnace, Yang et al. [35] obtained amorphous silica in burst nano
size. In this process, RH treated with raw and acid was conducted in fixed bed fur-
nace for pyrolysis at 600-1200°C. The amorphous silica transforms into crystalline
at 1000°C. Hamad [36] discovered RHA silica successfully using the 500-1150°C
mutffle furnace and fixed bed reactor.

2.1.3 Fluidized bed reactor

The advantages of fluidized bed reactor are the distribution of uniform tempera-
ture, fast reaction time, efficiency of carbon conversion, low temperature operating
range, high intensity of combustion, elevated reaction of gas-solid mixtures, and
outstanding mixing characteristics [37, 38]. Huang et al. [39] manufactured RH
silica white by utilizing fluidized bed reactor. RH amorphous silica can be obtained
by using fluidized bed bubbling pilot plants at different temperatures and at dif-
ferent speeds [40]. Genieva et al. [41] obtained RH silica material that is produced
by the rice-milling phase, and it is a large agricultural waste product by using and
characterizing the fluidized bed reactor throughout the nitrogen atmosphere. Luan
and Chou [42] found RH silica in a modified fluidized bed reactor throughout the
existence of pilot flame. Therefore, outcome revealed that the high-activity silica
product was acquired.

2.1.4 Other thermal method

Inclined step-grate furnace is commonly used in the manufacturing of RHA. It
consists of feeding component, chamber of combustion, and chamber of ash
precipitation. The disadvantage of using this RHA manufacturing methodology
is low yield quality and elevated unburnt carbon content. RH was provided from
the upper part of the reactor as air flows from the lower part [43]. Moreover,
cyclonic furnace was developed by Singh et al. [44]. In this furnace, the air kept
the husk spinning and accelerated the combustion in the chamber. The benefit of
using cyclone furnace to make husk ash is that the product has less carbon content.
Subsequently, rotating kiln is a pyro-processing tool used in the ongoing process
to increase calcination materials. Sugita [45] patented active RHA generated from
rotary kiln. In this process, RH has been carbonized by an upstream rotary kiln
that is heated at 300-400°C by electric heaters, burners, or other heat sources.
Carbonized RH is supplied into rotating oven and burnt at 600°C after carboniza-
tion. These techniques effectively produced the husk ash. The disadvantage of using
this technique was the need for additional fuel to avoid ash from being crystallized,
longer reaction time, and high energy required.

2.1.5 Discussion on thermal method

Thermal method is one of the initial initiatives to obtain silica nanoparticle
derived from RH biomass (Table 1). Muffle furnace helps in incineration of RHA to
form nanosilica. The crystalline of nanosilica is dependent on the temperature and
before incineration process takes place. Utilizing temperature around 500-700°C
will form amorphous nanosilica. Alternatively, crystalline structure of nanosilica
obtains above temperature of 900°C [46]. Chemical pre-treatment is vital to avoid
any unburned material that leads to reduce the nanosilica’s purity. Fixed bed furnace
has an ideal temperature of 600-700°C to obtain white RHA. Complete combustion
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of carbon content is the major benefit of this furnace. However, the heat loss during
the process could affect the temperature, which leads to unstable production of sil-
ica structure [36]. Fluidized bed reactor has many benefits such as high combustion
intensity, lower operating temperature range, simple operation and quick start-up,
and easier ash removal. However, it appears hard to fluidize RH and husk char or
otherwise blended with sand, mold, and ash to produce a multi-structure [47-49].
Inclined step grate furnace is simple in construction and process, but it is inefficient
in combustion and separation of ash resulted smoke and spark partially drawing
into the dryer plenum [43]. The rotary kiln carbonizes RH first by burning without
flaming and transforms the carbonized RH into ash. This method easily produces
white RHA, which has excellent chemical reactivity [45]. This furnace requires

new improvement to the capacity part due to low production along the process.
Soponronnarit et al. [50] prove that cyclone furnace able to increase the furnace
efficiency by 16% rises the air by 90%. Observation made proves that the height of
ash on the grate does not affect the efficiency of the furnace. However, incomplete
combustion may occur because of too high airflow rate in tertiary duct that did not
support combustion since the burning RH fell quickly from the grate. Among them,
fluidized bed reactor suites the best requirement for producing silica due to its bet-
ter purity (92-96%) and operating at optimum temperature (800-950°C), which is
also in agreement with Soltani et al. [38].

2.2 Chemical method

Chemical techniques include techniques of alkaline extraction used to achieve
pure and high silica quantities. However, this method is costly due to a slightly
longer reaction time (24-48 hours) and involves different measures with the use of
different sorts of chemicals. Usually, RH will go through thermal process (incinera-
tion) to obtain RHA before proceeding to any chemical process involvement.

2.2.1 Alkaline extraction

Alkaline extraction and acid neutralization are an effective and easy technique
of extracting amorphous silica from agricultural waste. Zulkifli et al. [51] utilized
alkali extraction technique from RH to extract silica particles in order to remove
metallic impurities. In a water bath, RHA was initially treated with HCI for 4 hours
at 75°C. The filtration took place by constantly washing using distilled water until
neutral state was reached and dried at 110°C for 12 hours. The NaOH was used to
prepare a constantly stirring solution of sodium silicate for 1 hours at 90°C. The
silicate sodium solution was then reacted to ethanol, and a steady 10-minute water
mix was added. The whole mixture has been titrated 3 M H;PO, until gel formation
is carried out. The product after centrifugation of yellowish gel was washed with
distilled water to clear away residual sodium silicate and phosphate, followed by
calcination to produce silica nanoparticles. Hassan et al. [52] prepared nanosilica
from rice husk in high surface area using the NaOH (alkaline extraction method).
In their study, analyses of characterization of nanosilica were investigated by using
FTIR, XRD, SEM, and TEM. The impact from their study states that more than
95% of nanosilica obtained. Liou and Yang [53] investigated various variables of
silica derived from RHA processing via the alkali-extracted method. Acid and
alkaline concentrations, gelation pH, aging time, and temperature have been
optimized to prepare SiO, nanoparticles from RHA. The effects on the surface area
from various acids and silica particle size have also been assessed. Rehman et al.
[54] synthesized nanosilica using silica source from RHA. Silica nanoparticles
were obtained from RH through the use of NaOH alkaline sol-gel method.
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The application of H,SO,/water/butanol to pH 4 precipitated the silica. Thuc and
Thuc’s [55] technique was used to obtain nanosilica particles with high-specific
surface area. Their study continues to prepare zeolite Y in sodium form (NaY)
derived from nanosilica. Awizar et al. [56] produced and used nanosilica as a green
corrosion inhibitor by alkaline extraction. Haq et al. [57] obtained RHA silica with
reflux condition for a varying period of time by NaOH solution. The RHA reaction
mechanism mixed with NaOH was given as follows:

SiO, + 2 NaOH - Na,SiO; + H,0

(white ash) (sodium hydroxide) (sodium silicate) (water)

Silica was precipitated by sodium silicate acid neutralization [55].

Na,SiO; + HCl — Sio, + NaCl + H,O
(sodium (hydrochloric acid) (silica gel (sodium (water)
silicate) form) chloride)

Low surface microsphere silica can be achieved by alkaline and acid precipita-
tion from wheat husk ash. Nano amorphous silica with a specific surface area of
8.23 m?/ g was achieved after alkaline extraction with NaOH [58]. Masnar and
Coorey [59] prepared silica nanoparticles by following the same step as Liou and
Yang [53]. Silica nanoparticles obtained at 80°C for 48 hours after solids have been
dried.

Selvakumar et al. [60] prepared silica from RHA by adopting pre-treatment pro-
cess (acid process). Pre-treatment of acid was used to enhance the silica purity with
the effective removal of the majority of metallic impurities and to produce silica
(white color). From their study, RHA was pre-treatment by various acids (pH 1, 3,
5, or 7 using 6 N hydrochloric acid, nitric acid, and sulfuric acid). RHA amorphous
nanostructured silica was produced using alkaline extraction technique with NaOH
solutions (2.0-3.0 N). Their research showed that treatment with 2.5 N NaOH
produced RHA containing 90.44% silica. Rungrodnimitchai, Phokhanusai, and
Sungkhaho [61] prepared RHA silicate materials using 2.0 M of sodium hydroxide
with the help of microwave (800 W) for 10 minutes. Zhang et al. [62] synthesized
silica nanoparticles from RHA by involving acid pre-treatment. Na,CO; solution
was added after the pre-treatment to obtain nanosilica slurry. The precipitation
was then cleaned with distilled water and dried for 24 hours in the vacuum oven at
120°C. Adam et al. [63] obtained spherical nano size silica from RH by using nitric
acid (65%) and sodium hydroxide. No calcination for ash formation was required in
this treatment.

2.2.2 Acid extraction

Faizul et al. [64] prepared amorphous nanosilica with the size of 181.2 nm with
mild acid solution (citric acid, acetic acid, and phosphoric acid) obtained from rice
husk. Carmona et al. [65] used acid leaching to synthesize nanosilica of two kinds
of rice husk, namely the agulhinha and the catetus. They believe that their method
can be efficient in removing impurities (Zn, MN, Ca, K, Mg, Cu, and Al). Mahmud
et al. [66] used hydrochloric acid for acid leaching to obtain high purity and high
surface area of nanosilica. Rafiee and Shahebrahimi [67] prepared nanosilica
from rice husk with high surface area by acid leaching treatment. The average size
of nanosilica is 6-7 nm supported by the catalyst. Bakar et al. [68] prepared high
purity silica by acid treatment followed by combustion. Pre-combustion rice husk
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was leached with hydrochloric acid and sulfuric acid to achieve pure silica. Thus,
XRF confirmed the purity of amorphoussilica over 99%.

2.2.3 Other chemical extraction methods of silica from agricultural waste

Many chemical treatments exist for the production of silica from bio-waste.
Faizul et al. [69] obtained amorphous silica and activated carbon by three effective
procedures by using toluene/ethanol, NaClO,, and KOH. The method of calcination
was used in the production of nano amorphous silica (100-120 nm). The manu-
facturing of amorphous silica was carried out using organic acid leaching instead
of strong acid [70]. Ionic liquid was also used in the manufacturing of silica from
agricultural waste by Kumar et al. [71].

2.2.4 Discussion on chemical method

Chemical method is advisable to obtain high purity of amorphous nanosilica
due to its effective chemical reaction (Tables 2 and 3). Basically, there are two types
of extraction methods (alkaline extraction and acid extraction). In this review,
alkaline extraction method is predominantly compared to acid extraction method
in terms of nanosilica properties obtained. Hassan et al. [52] produced the prepara-
tion of silica nanoparticle by alkali treatment and obtained more than 95% purity
of nanosilica. Furthermore, Liou and Yang [53] prepared nanosilica and obtained
99.48% of silica content throughout alkali treatment. For further improvement,
Selvakumar et al. [60] used pre-treatment and result in high purity (85%) of
silica contents. Similarly, Adam et al. [63] also reported acid pre-treatment before
conventional alkaline method, where ~95% purity of nanosilica was obtained.

As for pre-treatment is use to enhance silica purity and remove metallic impuri-
ties. Meanwhile, Rungrodnimitchai et al. [61] used 2.0 M sodium hydroxide
assisted by microwave (800 W) to obtain high purity of nanosilica from RHA. The
modification could enhance the properties of the nanosilica obtained from the
conventional method in terms of morphology, size, and purities as presented in
Table 2. Furthermore, acid leaching method has been presented in Table 3. It was
found that acid leaching method produced high purity of nanosilica as reported by
Bakar et al. [68], where 99% purity of nanosilica was obtained with 500-700 nm.
Similarly, Mahmud et al. [66] also reported that acid leaching method produced
99% high purity of nanosilica using HCI. Referring to above, acid leaching improves
the other metal removal and increases the purity of nanosilica. It is noticed that
single method like alkaline extraction and acid leaching method required high
temperature thermal process to acquire nanosized silica. While combination of

acid leaching and alkaline method could provide high purity of nanosilica without
high temperature thermal process, in another words, mild condition, as reported by
Adam et al. [63] and Selvakumar et al. [60].

2.2.5 Discussion for method

As mentioned above, two major methods that have been widely adopted by
researcher in nanosilica production are thermal and chemical methods. Fluidized
bed reactor could produce high purity of nanosilica at 92-96% using thermal
process at 800-950°C for 4-8 h [38]. While chemical method modified alkaline
method showed promising properties, produced 95% purity nanosilica with
110°C (mild condition) [63]. It is noticed that thermal method used a lot of energy
(high temperature and long reaction time) to acquire nanosilica, whereas chemi-
cal method required high usage of chemicals (acid and alkaline solution), which
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resulted in cost intensive. Moreover, high thermal and chemical methods also
contributed some bad impact on environment due to releasing of nonfriendly gases
and waste materials produced, respectively. Thus, low cost and environmental
friendly method is required to idealize for industrial application. In recent year, Mor
et al. [72] reported a low-cost method in preparing nanosilica using green technol-
ogy. Initially, the RHA was dissolved in NaOH and placed to autoclave at 100°C for

2 h to obtain the mixture slurry and followed dilution with distilled water for phase
separation. The supernatant proceeds for silica extraction with filtration process.
The filtrate precipitated with HCI and followed by washing and oven dried at 50°C
where high purity of nanosilica (99%) was obtained.

3. Method of nanofluid preparation

There are two main methods for preparing nanofluids, which are one-step and
two-step methods. One-step method combines between synthesis and dispersion of
nanoparticles into base fluid in one step. Several differences exist in these methods.
In one of the conventional techniques called the one-step method of direct evapora-
tion, the nanofluid is obtained inside the base fluid by solidifying the nanoparticles
that are originally in the gaseous phase. Akoh et al. [73] created the one-step direct
evaporation method and are referred to vacuum evaporation on the method of
running oil substrates. The concept of this method was originally developed the
nanoparticles in order to obtain dry nanoparticles. Particles are difficult to differ-
entiate from liquids. The technique of laser ablation to obtain alumina nanofluids is
another one-step technique [74]. Zhu et al. [75] used one-step technique to prepare
copper nanoparticles in the medium of ethylene glycol.

The two-step method is widely utilized for nanofluid preparation, and most of
the cases used nano powders (solid) during the preparation. The technique first
produces nanoparticles; thereafter, the nanoparticles will be dispersed into the base
fluids. Jena et al. [76] used hydrogen reduction techniques to prepare nanoparticles
from the chemical precursor and dispersed them into fluid via two-step methods.
The use of ultrasonic technique to disperse the nanoparticles into deionized water,
which containing sodium lauryl sulfate (SLS) during nanofluid preparation, is also
one of the widely adopted technique [77].

Wei and Wang [78] synthesized copper nanofluids by using a constant flow
microfluidic microreactor. Through this technique, the microstructure copper
nanofluids can be synthesized continually by changing parameters such as addi-
tive and flow rate and reactant concentration. Using a new precursor conversion
technique, ultrasonic and microwave irradiation can be used to synthesize CuO
nanofluids with a better solid volume fraction (~10 vol%) [79]. Under microwave
irradiation, the Cu(OH), precursor will entirely converted into CuO nanoparticles
in H,0. The ammonium citrate stops nanoparticles from growing and aggregat-
ing, resulted in stable CuO nanofluid with a better heat conductivity than the ones
produced by using other dispersive techniques. The easier way to acquire colloids
of monodisperse noble metal is by using the technique of phase transfer [80]. The
two-phase cyclohexane system, aqueous formaldehyde, is transmitted to cyclohex-
ane in water through the dodecyl amine response to cyclohexane as an intermediate
form reduction. Cyclohexane solution intermediates can reduce Ag or Au ions in
aqueous solution to form dodecyl amine-protected Ag and Au nanoparticles at room
temperature. Feng et al. [81] used phase transfer method in preparing Au, Ag, and
Pt nanoparticles based on a reduction in solubility of PVP in water at increased
temperature. The technique of phase transfer is also used to prepare stable Fe;0,
nanofluids based on kerosene. Oleic acid is effectively grafted in chemisorbed
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fashion on the surface of Fe;0, nanoparticles, enabling Fe;0, nanoparticles to be
well compatible with kerosene [82]. The phase-transfer technique prepared Fe;0,4
nanofluids not showing “time reliance of the characteristic of heat conductivity”
as reported previously. The main problem is the production of nanofluids with a
controllable microstructure. It is well recognized that nanofluid characteristics are
highly dependent on nanomaterial structure and shape. Recent study demonstrates
the improvement in conductivity and the stability of nanofluids when synthesized
using chemical solution compared to other techniques [83]. This technique is differ-
entiated by its controllability from others. The microstructure of nanofluids can be
differed and manipulated by regulating the factors of synthesis, including acidity,
radiation from the microwave and ultrasonic, temperature, acidity, concentrations,
and types of reactor and the order of additives added to the solution.

Silica is widely used as both precursor and material for ceramic product manu-
factures. Silica has high abrasion resistance, high thermal stability, and electrical
insulation [84]. Fazeli et al. [85] dispersed nanosilica into the distilled water, and
the suspension was sonicated for at least 90 min in an ultrasonic bath. They discov-
ered that silica nanofluids remained stable without visible settlement for 72 hours.
Pang et al. [86] used ultrasonic to mix SiO,-pure methanol by ultrasonic (750 W,
20 kHz) and Al,Os-pure methanol to break the agglomeration through vibration
during 2 hours. They examined the impact of the zeta potential and pH of metha-
nol-based nanofluids in nanoparticles. They proved that the zeta potential is closely
connected with the pH of the suspension. Al,O; nanofluids have zeta potential
>60 mV; meanwhile, SiO, nanofluids have zeta potential >30 mV, which indicated
that both nanofluids were well stable. The visualization and Tyndall effect (light
dispersion study in nanoparticles) images show that nanofluids based on methanol
are well dispersed. Bolukbasi and Ciloglu [87] have been using magnetic stirrer to
prepare SiO, nanofluids. The suspensions were continuously sonicated for 2 hours
into an ultrasonic vibrator (600 W and 40 kHz). The researcher confirmed that
no sedimentation was traced throughout the experimental period. Darzi et al. [88]
applied distilled water to the specified quantity of SiO, nanoparticles and mixed for
half an hour with a magnetic stirrer. Afterward, the ultrasonic vibrator was dis-
persed for 2 hours to have the stable suspension. During the synthesis method, no
surfactant/dispersant additives were added, otherwise affecting the thermophysical
characteristics of nanofluid. Silica nanoparticles were used to function through
grafting silanes directly on the silica nanoparticles surfaced by Yang and Liu [89].
For the functioning method, silane of (3-glycidoxylproyl) trimethyoxysilane has
been used as the reacting silane and silica nanoparticles with a mass ratio of 0.115.
Nanoparticles were successfully dispersed into water. Meanwhile, the solution
was stored at 50°C for 12 hours of ambient temperature. Functional nanoparticles
were discovered to continue to disperse even when the nanofluid remained at a
mass concentration of 10% for 12 months. In addition, no sedimentation has been
reported. They prepared traditional nanoparticles by dispersing and oscillating
them to water. Powder of silica nanoparticles was first dissipated into deionized
water and then oscillated in an ultrasound bath for 12 hours. Sedimentation was
found after a few days. Anoop et al. [90] dispersed SiO, nanoparticles with an
ultrasound bath in deionized water for 30 minutes. In addition, the application
of a sonicator type probe to the nanofluids intensified this colloidal suspension.
The suspension was provided by cyclic ultrasonic pulses for around 15 minutes in
order to obtain maximum particle de-agglomeration. By adding nitric acid reagent
grade from the isoelectric pH value, the pH value of the suspension was kept at 4.5.
Nanofluids have been indicated to show excellent stability over period. Qu and Wu
[91] developed nanofluids ALO; and SiO, water. The pH value of the nanofluids was
modified as a first step to a value that was far from the respective isoelectric point
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(IEP) of silica (with pH ~ 3) or alumina (with pH ~ 9), then added to the water
nanoparticles (with pH ~ 9) and with pH ~9. The dispersion solution was vibrated
in an ultrasonic bath for about 4 hours afterward. Alumina nanoparticles have been
discovered to be better dispersed. Hwang et al. [92] generated CuO, MWCNT, and
SiO, nanofluids by using an ultrasonic disruptor. For SiO, and CuO nanoparticles,
they acquired stable suspensions. Nevertheless, sodium dodecyl sulfate (SDS) has
been used as a surfactant to produce MWCNT nanofluids as the MWCNTs are
entangled and aggregated into aqueous suspension.

4. Potential application of nanofluids

Nanofluids have been proved in experiment and theory in enhancing heat trans-
port and energy efficiency for various manufacturing purposes such as mechani-
cal applications, electronic cooling, transportation, and many more in a range
of thermal exchange technologies. In all applications, nanofluid performs a key
position in creating the next device generation for various medical and engineering
applications. Some of the following applications are discussed below.

4.1 Solar applications

The temporal difference between energy supply and energy requires rendered
storage system design. Stocking of thermal electricity as in solar thermal instal-
lations as sensitive and latent heat, with an emphasis on an effective use as well
as preservation of wastewater and solar energy in buildings and manufacturing,
has become an significant element in energy planning [93]. Compared to the basic
material, the PCMs contained extremely high thermal conductivity. Liu et al. [94]
synthesized a new type of nanofluid phase change material (PCM) with a tiny por-
tion of TiO, nanoparticles suspended in aqueous saturated BaCl, solution. The PCM
nanofluids had relatively better thermal conductivity compared to base material.
The cool storage/supply rate and the cool storage/supply capability have risen sig-
nificantly compared with aqueous solution of BaCl, without the need of additional
nanoparticles. The greater thermal characteristics of PCMs show that in cool storage
applications, they have the ability to replace standard PCMs. Copper nanoparticles
are the additives that are efficient to enhance PCM cooling and heating levels. Shin
and Banerjee [95] recorded an anomalous increase in nanofluid-specific heat capac-
ity of high temperature. The researcher discovered that 1 wt% SiO, nanoparticle-
doped alkali metal chloride salt eutectic improves the specific thermal capacity
of nanofluid by ~15% to be used in solar thermal energy storage facilities. One
of the methods used to store solar energy is the use of PCMs. Paraffin is the most
appropriate of many accessible PCMs because of its attractive features, including
large latent heat capacity, insignificant super cooling, and low cost. The intrinsic
low thermal conductivity (0.21-0.24 W/mK), however, avoids possible applications
[96]. Wu et al. [96] numerically researched Cu/paraffin nanofluid PCM melting
procedures. Their findings showed that the melting time with 1 wt% Cu/paraffin
is saved by 13.1%. The study found that the addition of nanoparticles is an effective
way for increasing the heat transfer of latent heat energy storage system.

Solar energy is an important factor in energy use because of a shortage of elec-
tricity generation. Lack of fossil fuel and environmental factors will limit future use
of fossil fuels. Researchers are encouraged to discover alternative energy sources.
This became even more widespread as fossil fuel prices continue to increase. In
latest years, solar energy has had a notable advantage. In just 1 hour, the earth gets
more sun energy than the world consumes for a year [97, 98].
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Solar collectors are specific types of heat exchangers that convert solar energy
to transport medium internal energy. This equipment absorbs incoming sunlight,
which is converted into heat and transmitted the heat to a fluid that flows through
the collector (generally oil, air, and water). The energy is collected directly from
the working fluid to the hot water or space conditioning or thermal energy storage
tank, for night or on cloudy days [99].

Taylor et al. [100] found that the use of the graphite/therminol VP-1 nanofluid
with volume fractions around 0.001% or less could be of benefit for 10-100 MWe
energy crops. In combination with a solar thermal power tower with 100 MWe of
capacity in a solar resource such as Tucson, Arizona, the researchers estimated that
$3.5 million more could be achieved each year. The supply of fresh water is more
crucial arid distant areas of the globe. Solar desalination technologies are possible
to overcome portion of the issue in these areas, where solar energy is accessible. The
absence and untrustworthy drinking water is a main issue in developing countries.
Global dryness and desertification are estimated to make drinking water a major
problem in the world [101].

Greenhouse gas emission from fresh water production can be prevented by solar
stills [102]. Many experts have researched solar stills and used different techniques
to enhance their productivity. Gnanadason et al. [103] found that the productivity
of solar system was influenced by nanofluids. The implications of putting carbon
nanotubes (CNTs) to the water in a single solar basin were investigated. The
findings have shown the addition of nanofluids that will enhance the efficiency by
50%. However, the quantity of nanofluid added to the water inside the solar was
not yet mentioned. In addition to solar nanofluids, the economic growth should
be perceived. Certain works in the literature disclosed the addition of dyes to solar
stills could increase the efficiency. Nijmeh et al. [104] investigated that adding
violet color to the solar water still improves the efficiency significantly by 29%.
Furthermore, nanofluids (especially the CNTs) are more expensive, and this might
therefore be a difficult task for the use of nanofluids in solar stills because the
nanofluids in solar stills do not flow in a closed loop in order to recover them.

4.2 Automobile applications

Adding nanotubes and nanoparticles to the conventional engine coolants
(ethylene glycol and water mixture), nanofluid lubricants can boost their thermal
conductivity and enhance heat change rates and fuel economy [105]. Tzeng et al.
[106] have studied the impacts of nanofluids on automatic transmission cooling.
They spread CuO and AL, O; nanoparticles and antifoams into the transmission fluid
and then used four-wheel automatic transmission on a real-time basis. The findings
indicate that CuO nanofluid has the lowest temperature distribution and the highest
heat transfer impact on the rotating speeds [107]. CuO and nanofluids based on
aluminum oxides were developed with the arc-submerged nanoparticle synthesis
system along with the plasma charging arc system [108, 109]. Both types of nano-
fluids have increased the characteristics, including a greater boiling point, a greater
viscosity, and a greater conductivity than conventional brake fluid. With greater
viscosity, conductivity, and boiling point, the brake oil nanofluids reduce the vapor
lock from occurring and offer greater safety in driving condition [110].

4.3 Electronic cooling
As IC (embedded circuit) and microelectronic parts decrease in size, the energy

dissipation has risen dramatically. Better thermal management and cooling liquids
are necessary for secure operation, with enhanced heat transport characteristics.
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Nanofluids were regarded as working liquids for electronic cooling applications in
heat pipes. Tsai et al. [111] used water-based nanofluid as the operating channel for
circular heat pipe. It was intended as a heat diffuser and applied in CPU of notebook
or desktop PC. The findings exhibited that the nanofluid heat pipes have consider-
ably lower thermal resistance than deionized water. The findings showed that the
thermal strength of a vertical meshed heat tube differs respectively with nanopar-
ticle size. Ma et al. [112] examined the impact of nanofluids toward oscillating heat
pipe transport capability. The experimental results reveal that the temperature
difference between the evaporator and the condenser decreased from 40.9 to 24.3°C
at an input energy of 80 W by 1 vol% nanoparticles. Lin et al. [113] examined
nanofluids using silver nanoparticles in heat pulsating pipes and found supportive
outcomes. The silver nanofluid enhanced the thermal transfer properties of the heat
pipes. Vafaei et al. [114] found that nanofluids are efficient in engineering surface
wettability and potentially surface tension. With a goniometer, the presence of a
very small bismuth telluride nanofluid concentration significantly affected the wet-
ting features of the surface. Concentrations as low as 3 x 10~® improved the contact
angle to more than 40°, showing clearly nanoparticles affect the force balance triple
line vicinity. Experimental, numerical, and theoretical studies on nanofluid prove
numerous prospective applications of nanofluids are present such as electronic
cooling, displays, micro devices, cameras, thermal exchangers, military, spacecraft
equipment, boats, medicine, atomic reactors, fuel cell and sensor applications. The
stability of nanofluids is a major challenge for nanofluid commercialization. By
solving the problems, significant developments are anticipated in many applica-
tions. Further study should be conducted on numerous heat and fluid applications.

4.4 Biomedical applications

Some special types of nanoparticles possess antibacterial activity or drug delivery
properties, so that nanofluids that contain these nanoparticles have certain relevant
properties [110]. Organic antibacterial products, especially at high temperatures or
pressures, are often less stable. Consequently, inorganic materials such as metal oxides
and metal have received considerable attention in the previous decade because they
are able to resist severe process circumstances. ZnO nanofluid antibacterial behavior
indicates that ZnO nanofluids are bacteriostatic to Escherichia coli. With the grow-
ing concentration of nanoparticles, antibacterial activity rises and the particle size
decreases. Measurements of electrochemical show a direct interaction between ZnO
and elevated ZnO levels of bacterial membrane (L. [115]). Jalal et al. [116] created
ZnO nanoparticles with a green technique. An estimation of the reduction ratio of
ZnO-treated bacteria was made on ZnO suspension activity of nanoparticles with E.
coli, the bacteria’s survival ratio reduces with increased nanofluid ZnO levels and time.
Silver nanoparticles were discovered to depend on the size of silver particles for their
antibacterial activity. Antibacterial efficiency was achieved by the very small silver
concentration of 1.69 mug/mL Ag [117]. Lyon and Alvarez [118] suggested that C60
suspensions exhibit ROS-independent oxidative stress in bacteria that show protein
oxidation, modifications in cell membrane potential, and cellular respiration interrup-
tion. The mechanism needs direct contact between bacterial and nanoparticles as well
as contrast from nanomaterial antibacterial processes earlier reported involving ROS
generation (metal oxides), or leaching of toxic components (nanosilver).

4.5 Discussion for applications

It was found that nanoparticles added to the base fluid improve the character-
istics of fluids such as structure, thermal conductivity, viscosity, convective heat
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transfer, density, and specific heat. In our review, we have narrowed down the
application of nanofluids such as solar, automobile, electronic cooling, and biomed-
ical application. It is noticed that the physical properties of nanoparticles such as
size and crystallinity are influencing the nanofluid performance during its applica-
tion. For instance, Micali et al. [119] explored the possibility to reduce temperature
up to 13.6% on the exhaust valve seat and up to 4.1% on the exhaust valve spindle
by 2.5% volume concentration on the cylinder head and the spindle of the exhaust
valve. Al-Jethelah et al. [120] discovered improvements of solar thermal applica-
tions in terms of melting process through numerical and experimental by adding
nanofluids into PCM. Said et al. [121] prepared 0.3% volume fraction of Al,O;
nanofluids and dispersed into distilled water and ethylene glycol as base fluid (ratio
of 50:50) and discovered that it enhances the thermal performance by 24.21%. We
believe that RH-derived nanosilica will provide similar performance compared to
other semiconductor nanoparticles as mentioned above. Akilu et al. [122] attained
~27% thermal conductivity enrichment at 21.1% disparagement of specific heat

by using hybrid nanofluids, and SiO,-CuO (0.5-2 vol%) dispersed into base fluid
(Glycerol/EG). Yao et al. [123] did the research on the boiling efficiency of AL,Os,
SiO,, and their mixture with water at the ratio of 1:1. The significance of their
study was its impact of pressure on the performance of boiling nanofluids. Based
on the outcomes, nanofluid efficiency increased the pressure reduction. Authors
also regarded the effects of nanoparticle size on the heat flux posed tiny rise while
raising the nanoparticle size between 30 and 50 nm.

5. Conclusion

This book chapter collectively reviews the preparation method of rice husk
nanosilica, its application as nanofluids, and nanofluid application in the indus-
try. There are two main methods in preparing nanosilica, namely thermal and
chemical methods. It is noticed that chemical method is more preferable than
thermal method in terms of nanosilica purity, which is critical. The popular
chemical methods widely used by the researcher are alkaline extraction and acid
leaching method. It has found that utilizing solely single chemical method must
follow high thermal treatment and high operating cost, which is not feasible.
Thus, a combination or modification of the chemical method is required to
improve the purity of nanosilica. Pre-acid treatment followed by conventional
alkaline extraction presented better purity of nanosilica. The purity of nanosilica
is a crucial property in nanofluid preparation, which will affect the performance
of the nanofluids. There are one-step and two-step methods, which are widely
adopted by the researcher in preparing nanofluids. One-step technique combines
the production of nanoparticles and dispersion of nanoparticles into the base
fluid with a single step. Meanwhile, in two-step method, nanoparticles are first
produced and then dispersed into the base fluids. However, two-step method is
preferable for rice husk nanosilica-based nanofluid preparation, which involves
ultrasonic method. The application of the nanofluids has been explored such as
solar application, automobile application, electronic cooling application, and
biomedical application. It was found that nanofluids could improve the base
fluid performance due to the additional of the nanoparticles. Even though the
review focused on semiconductor-based nanofluids, we believe that rice husk
nanosilica-based nanofluids could also have the similar trends of performance.
Gradually, the awareness on the usage of “green” material in the product is rising,
and rice husk nanosilica could be an ideal candidate as nanoparticle and nanofluid
application.
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Their Applications in Adsorption
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Abstract

The nano-technologies and nano-materials draw incredible consideration
in recent years. Nano-particles are the particles having size ranging from 1 to
100 nm. The nano-particles are usually categorized into different classes, and
their classification is based on size, shape, material production, and dimension.
They show superior properties, i.e., enhanced reactivity, high BET surface area,
sensitiveness, and steadiness as compared to their bulk materials. In this chapter,
different approaches of synthesizing nano-particles, including sol gel, chemical
vapor deposition, and biosynthesis are talked over. In the treatment of wastewater,
nano-particles offer a possibility for effective adsorption of contaminants organic
as well as inorganic. This chapter presents an overview on nano-particles, their
types, characteristics, synthetic approaches, and applications in the field of surface
chemistry.

Keywords: nano-particles, adsorption, sol-gel, chemical vapor deposition,
biosynthesis, carbon nano-tubes, mechanical milling, nano-lithography,
laser ablation, iron nano-particles, manganese oxide nano-particles,

zinc oxide and magnesium oxide

1. Introduction

This chapter consists of three main sections. The first section gives an over-
view about the introduction of nano-particles. The next section is about the
synthesis of nanoparticles and the last section describes the use of nanoparticles
as adsorbents.

The preface “nano” is known for nineteenth century for its ever-increasing
applications in various fields of science. A few nano-containing terms that are
found in the record (usually in scientific reports and books) are nano-materials,
nano-chemistry, nano-science or nanotechnology. The preface nano comes from a
Latin nanos meaning dwarf that means extremely small. According to units system
working internationally, it is used to represent a reduction factor of 109 times.
Consequently, the nano-materials are usually dignified in nano-meters (1 nm is
equivalent to 10 m) and it comprises systems having size less than macroscopic
measurements and greater than molecular ones (mostly >1 nm and <100 nm) at
least in one spatial dimension. This characteristic scale might be used for a particle
size, diameter and layer thickness [1-5].
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1.1 Classification of nano-materials

The nano-materials are different in structure, size and shape. They can be of
various shapes like rod, globular, conical, hollow, coiled, plane, cylindrical and
asymmetrical, while some are crystalline or amorphous.

Nano-materials are generally classified into nano-emulsions, nano-clays and
nano-particles. Nano-particles are present as nano-composites or nano-structures.
These nano-structures are made from basic units or blocks having small dimension-
ality i.e. zero, one, two and three dimensions. In zero dimensional nano-particles,
the moment of electrons is cramped in all three dimensions, e.g. quantum dots. If
electrons can move freely in x-direction only, they are one dimensional nanopar-
ticles e.g. quantum wires. Whereas, in two dimensional thin films and three dimen-
sional nano-structured materials, free electrons can move freely inx, yand x, y, z
directions respectively.

Based on material production and role in sorption process, nano-particles can
also be categorized into organic, mixed oxide nano-structures, magnetic, inorganic
(metallic) and carbon based nano-particles. Organic nano-particles are self-assem-
bled, three dimensional fabricated by synthetic and natural organic molecules, i.e.
protein masses, milk suspension and lipid bulks etc. Commonly known organic
nanoparticles are micelles, dendrimers, ferritin and liposomes. Inorganic nano-
particles usually are manufactured from inorganic salt precipitations. They are
non-carbon containing particles and their most common examples are metal and
metal oxide particles. Carbon based nano-particles are manufactured entirely from
carbon e.g. graphene, fullerenes, carbon nano-tubes, carbon nano-fibers, carbon
black and sometimes activated carbon (Figure1) [6-10].

In nano-materials (especially nano-particles) molecules and atoms act differ-
ently and reveal inimitable physical, chemical and electronic properties. These
properties are different from their bulk counterparts and sometimes the same kind
of nano-particles can show diverse characters. Physical properties of nano-particles

Nano-Materials

|

) ! Nano-Clayvs
Nano-Particles Nano-Emulsions

ﬂﬁ
Polypropylene nano-clay sysierms 2

Lipophillic nanc-emulsion

Carban Bused Nano-partichs Inorganic Nano-Particles Organic Namno-Particles
P o
£3 i :
[ @ g 3:0
ko i o @ “ F B
[ [ :: ;1. e e dos i\::r::::u.-u.-nrl o Cyclodourn Micclkn  Desdrarens
Figure 1.

Classification of nano-materials.
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include absorption, reflection, light dispersion, color of nano-particles, hydro-
phobicity, hydro-philicity, suspension and dispersion. When layered onto a surface
or in the form of solution their absorption and reflection properties make them a
perfect choice for different fields. They also show outstanding chemical properties,
i.e. anti-destructive, oxidation, reduction, flammability, sensitivity and stability
towards humidity, atmosphere, heat, light and dis-infection, non-toxicity, biode-
gradability, anti-bacterial and fungal properties. These properties also enable them
ideal materials for environmental and biomedical applications. Nano-particles also
exhibit mechanical properties like elasticity, ductility, flexibility, tensile strength
and electrical properties including semi-conductivity, conductivity and resistivity
which have directed a route for them to be used in renewable energy applications.

These distinctive and inimitable properties of nano-particles make them perfect
and formidable for amazing and interesting applications in physical science,
material science, agriculture, food, engineering, industrial and biomedical sciences
(Figure 2).

These applications encompass them to be used in electronic, drug delivery,
optical, mechanics, catalysis, bio-encapsulation and wastewater treatment espe-
cially adsorption [4-15]. Besides all these properties, nano-particles have some
toxic effects for aquatic and human health. As they have small size, they can easily
enter through the skin of organisms and consequently enter into the body fluid.
Furthermore, nano-particles used in sun screens can absorb deep inside and
become toxic to the skin, bones and liver cells. Their greater surface area often
makes them more sensitive, explosive and reactive. Inhaling directly in the envi-
ronment of nano-particles can adversely affect the function of lungs especially in
human being. However, highlighting the health issues caused by nano-particles,
does not mean to ignore their extraordinary importance in technology, industries
and environment [16-18].

It is important to mention that water is one among the basic necessities of every
organism. From total water present on earth, only 0.01% portion is available for
human [19, 20]. Shortage of drinking water is increasing day by day due to demoli-
tion of water means [21].
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Figure 2.

Applications of nano-particles in different fields [20].

89



Engineered Nanomaterials - Health and Safety

The main sources of water contamination are agricultural, industrial and
domestic effluents. Industries can help on the one hand in the development of
economy, whereas, on the other hand, they are mainly responsible for various
environmental issues i.e. water, air and soil pollution. Drinking water contain-
ing agricultural and industrial effluents cause different diseases such as, cancer,
eye irritation, dermatitis, cell damage and dysfunction of kidney, respiratory
and reproductive system even in a very insignificant quantity. Hence, treatment
methods for drinking as well as wastewater are one of the most important require-
ments for emerging and growing health and economy. Various techniques have
been used for decontamination of pollutants from industrial wastewater, including
reverse-osmosis, ion-exchange, chemical oxidation, flocculation or coagulation and
precipitation. Each technique has its individual disadvantages as they are energy
dependent, economically as well as technically not sound and achievable. Literature
exhibited that from all these treatment techniques, adsorption is one of the most
effective technique for water decontamination. Adsorption is simple, adaptable,
highly potential, efficient and recyclable technique [22, 23]. A range of effective,
low-cost and environment friendly nano-materials with outstanding properties
have been developed for prospective applications in decontamination of industrial
effluents, surface, ground and drinking water. Literature also revealed that nano-
particles behave as an ideal adsorbent as they are environmentally benign, selective,
efficient, recyclable, high surface area and maximum adsorption capacity even at a
very low concentration [24-26].

The recent progress related to the different aspects of adsorption using nano-
particles have described in several reviews and book chapters. This chapter focuses
on the various techniques used for preparation of nano-particles and their applica-
tions in the field of adsorption.

2. Preparation of nano-particles

The nano-particles can be prepared by various processes divided into i.e. bottom
up and top down techniques. Bottom up methods include the reduction of material
components up to the atomic level and then with further self-assembly lead to the
formation of nano-particles. However, during self-assembly, the physical forces
functioning at nano-scale are used to connect basic units into macro structures.
Pyrolysis, bio-synthesis, sole gel, spinning and chemical vapor deposition are
most extensively used methods fall in this approach [6, 27]. Whereas, top down
techniques including sputtering, laser ablation, nano-lithography, mechanical
milling and thermal decomposition, starting with a pattern produced on a higher
scale, then compacted to nanoscale. Both of these techniques are contradictory and
schematically represented in Figure 3.

2.1 Bottom up technique
2.1.1 Sol gel

The sol is a colloid where the aggregates of fine particle are distributed in lig-
uid phase. They are larger in size ranging from 1 nm to 1 pm than nano-particles.
Whereas, solid macromolecules immersed in a solvent, called as gel. Sol gel is one
of the simplest and, most commonly used method for the synthesis of nano-particles.
It is a chemical method which comprises of a solution working as a precursor for
an assimilated system of distinct particles. In this method, metal oxides, metal
chlorides and alkoxysilanes (typically tetramethoxy and ethoxysilanes) are most
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Figure 3.
Schematic representation of bottom up and top down techniques.

commonly used as precursors. The precursor is mixed by means of mixing,
quivering sonicating or stirring and is then spread in second liquid which form

a solid-liquid phase. Catalyst is commonly used to start the reaction and to
control the pH of the system. Sedimentation, filtration and centrifugation are
the typical methods used for phase separation to get nano-particles and then the
sample is dried to remove moistness. The main advantages of this process are to
attain uniform nano-structures even at a very low temperature, having controlled
chemical composition and purity [6, 27-30]. This process is not easily scalable
having different drying steps involved as well as it is difficult to control synthesis
during this process.

2.1.2 Chemical-vapor deposition (CVD)

In this method of preparation, substrate is coated with a thin film of gaseous
reactants. The gas molecules are combined at ambient temperature in a reaction
chamber to carry out deposition. Upon heating substrate comes in vicinity of
combined gas where a chemical reaction occurs and a thin film is formed on the
surface of substrate. This thin film can be recovered and reused for different
applications. The basic influencing factor in this method is the temperature of
the substrate. The nanoparticles achieved through this method are highly pure,
uniform in size, strong and have high mechanical stability. The disadvantages
of CVD include the use of special equipment as well as the high toxicity of the
gaseous by-products [8, 31, 32].

2.1.3 Biosynthesis

Biosynthesis is one of the inexpensive, green, safe, decomposable and environ-
ment friendly methods used for the synthesis of nano-particles. In this method
bacterium, fungi and plant extracts are used in conjunction with precursor for
bio-reduction and capping functions rather than conventional chemicals. This
method has its distinctive and enriched properties that find its approaches in medi-
cal applications [33, 34].
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2.1.4 Pyrolysis

Pyrolysis is the method used in industries to prepare nan-particles on large
scale. In this method, precursor used can be liquid or vapor. A furnace is used
in order to burn the precursor. Precursor is added to the furnace through a small
opening where flame is applied to burn it. [13]. Nano-particles are collected by
the gases produced as by product. Pyrolysis is an effective method for nano-
particle preparation due to its simplicity, high product yield and sensitiveness
[35, 36].

2.2 Top down techniques
2.2.1 Mechanical milling

One of the most widely used top down techniques to produce nano-particles
is mechanical milling. In this method various elements are milled under an inert
atmosphere and during this process particles are milled and post annealed. The
influencing factor in this method is plastic distortion which end up with particle
size, breakage that ends up in particle size, and cold-soldering that ends up to
increased particle size [37-39].

2.2.2 Nano-lithography

Nanolithography is the investigation of manufacturing nano-scale structures
of one dimension at least, with size ranging from 1 to 100 nm. There are differ-
ent nano-lithographic forms, for example optical, electron-pillar, multiphoton,
nanoimprint and filtering test lithography. Mostly lithography is the way towards
printing a required shape or structure of a light sensitive material, which specifi-
cally evacuates a bit of material to make the ideal shape and structure. The primary
advantage of nanolithography is to create a bunch from a solitary nano-particle
with desired shape and size [40-42]. A sophisticated equipment is required in this
method which is cost effective.

2.2.3 Laser-ablation

Laser-ablation is a typical method for the preparation of nano-particles from
various solvents in solution. A metal immersed in a liquid solution is irradiated
by the laser beam, resulting in the formation of plasma crest that yields into
nano-particles. In this process, a chemical reduction of metals occurs to produce
inorganic (metal based) nano-particles. As laser ablation gives a steady synthesis
of nano-particles in natural solvents and water that does not require any balanc-
ing agent or synthetic substance. It is a ‘green’ process and its setup is shown in
Figure 4 [43-45].

2.2.4 Thermal decomposition

In this method heat is applied to decompose the chemical bonds of the
compound. It is an endothermic chemical process where the nano-particles are
synthesized by rotting a metal at a precise temperature called as decomposition
temperature. As a result of this decomposition secondary products are also pro-
duced. This method is useful for the preparation of metal oxide and carbon based
nano-particles [46, 47].
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Figure 4.
Laser ablation setup [43].

3. Applications of nano-particles as adsorbent

Now a days, one of the foremost problems that is facing by the world is acces-
sibility of clean drinking water. Demand for fresh and clean water is increasing
day by day due to increasing population. In developing and industrialized coun-
tries, clean water deficiency is intensified by human as well as by the industrial
effluents (metals and dyes). These effluents are directly discharged into water
bodies and contaminate them. As described in introduction part of this chapter,
sorption is declared to be one of the best and suitable methods for wastewater
treatment [48-50].

The sorption method is a surface phenomenon during which sorbate is gath-
ered on the sorbent surface. When adsorbate molecules from solution come to the
vicinity of adsorbent surface, then some of the molecules adsorb onto the sorbent
surface by intermolecular forces of attraction between surfaces of adsorbent and
adsorbate molecules. The particular nature of interaction can be determined by the
type of species concerned. However, the sorption method is usually classified as
physi-sorption where the sorbate bound on the sorbent surface through valence or
electrostatic bonding and chemi-sorption where molecule attached through chemi-
cal bonding [51-54].

Nano-particles have a high specific surface area, sorption active sites, solubil-
ity, efficiency and fractal dimension, short intra-particle diffusion distance, well
defined chemical composition, small particle size and tunable pore size as compare
to the their bulk counterparts that are responsible for their valuable features for
effective sorption especially chemical activity and fine grain size. The high surface
area and high sorption active site in nano-particles are due to high surface-energy
and size dependent surface structure at nano-scale. The nano-particles have the
highest efficiency towards sorption of organic and inorganic pollutants and their
selectivity towards contaminants can be increased by functionalizing the surface
of nano-particles. Iron oxide, titanium dioxide, manganese dioxide, silica nanopar-
ticles, alumina, zinc oxide, dicalcium phosphate, copper, silver, maghemite, gold
nano-particles, etc. are discovered as cheap, efficient, easy to synthesize and
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environment friendly sorbents for the removal of pollutants. Among nano-particles
(metal oxides), the magnetic nano-particles have acquired a substantial importance
due to their interesting magnetic properties i.e. super para-magnetism, strong reac-
tion even at minor applied magnetic field [6, 12, 55, 56].

Moreover, a recent improvement on carboniferous and siliceous nano-materials
enclosed nano-sheets, nano-tubes and nano-particles of carbon and silicon declared
as efficient adsorbents for sorption of metals and dyes from wastewater. Some
oxides and carbon based nanomaterials are discussed below [55-57].

3.1Iron nano-particles

Iron based nano-particles are most commonly used adsorbents for the removal
of toxic materials from aqueous solutions. These nano-particles are declared as most
efficient, cost effective and ecofriendly sorbent with less chance for the production
of secondary contaminants. The adsorption process by iron oxide nano-particles is
affected by pH, temperature, adsorbent dosage and equilibrium time. Modification
of these materials increased their surface properties for the removal of metals,

i.e. cadmium(II), lead (II), copper (II), chromium(II), nickel(II), arsenic(III) and
anionic and cationic dyes [58-60].

3.2 Manganese oxide nano-particles

Manganese oxide nano-particles have a high specific surface area which makes
them effective adsorbent for the removal of heavy metals i.e. arsenic(III), lead(II),
cadmium(II) and ionic dyes. Manganese oxide nano-particles can also be modified
into hydrous manganese oxide, nano-porous and nano-tunnel manganese oxide to
improve their surface area and porosity for excellent adsorption [61, 62].

3.3 Zinc oxide

These are porous micro nano-structure with high Brunauer-Emmett-Teller
(BET) surface area. Most widely used nano-sorbents of zinc oxide are nano-
assembled, nano-sheets, nano-rods, nano-plates and micro-spheres for com-
petent removal of dyes and inorganic pollutants from aqueous phase. Whereas,
micro-porous nano assemblies of zinc oxide display maximum potential for
the removal of lead(II), arsenic(III) and mercury(II) because of their electro-
positive nature [63-65].

3.4 Magnesium oxide

The sorption capacity of the magnesium oxide nano-particles is much greater
than its bulk counterpart. Their micro-spheres are innovative structure, with
increased sorption capacity for the sorption of heavy metals. Various modifica-
tion of magnesium oxide nano-particles i.e. nano-rods, nano-tubes, nano-wires
has been reported as improved sorption affinity towards metals and organic
effluents [66-68].

3.5 Carbon nano-tubes
They are the most widely used material for the sorption of heavy metals as well
as organic dyes from aqueous media. Though, they have meager dispersal capacity,

very small size of particles and separation complications are some difficulties for
using carbon nano-tubes as sorbents. Whereas, these difficulties can be overawed
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by modifying carbon nano-tubes into multi walled carbon nano-tubes. Literature
revealed that the multi walled nano tubes and alumina supported carbon nano-
tubes, more competently removed metals such as Mn(II), Cu(II) and Pb(II) more
efficiently as compare to unmodified material [22, 69, 70].

4, Conclusion

Nano-technology is refining our everyday life by increasing the proficiency and
purity of many substances. As described in this chapter, there are different tech-
niques for the synthesis of nano-particles, but laser ablation chemical vapor deposi-
tion, nano-lithography, biosynthesis, mechanical milling, and sol-gel are the most
suitable techniques because they are less time consuming methods. Nano-particles
with inimitable chemical and physical characteristics, have a remarkable prospec-
tive for the adsorption of contaminant but still their applications for wastewater
treatment are inadequate. However, nanoparticles have pronounced future due to
their proficiency and environmentally benign property.
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Abstract

Toxicity and biocompatibility of silver nanoparticles are of a major concern due
to their extensive production regardless of their application in current industries.
Information about toxicology or biocompatibility is crucial regarding their proper
utilization and application in clinical as well as environmental aspect. This chapter
describes in detail about the different techniques and technology of synthesis of sil-
ver nanoparticles and explains their different physiochemical properties in context
of the current research scenario. Further, it also explains the biocompatibility and
toxicity of silver nanoparticles at cellular and molecular aspects. The mechanism
of their toxicity has been described keeping in view of the recent research done.

In brief, it reveals detail knowledge of the cellular and molecular impact of silver
nanoparticles.

Keywords: silver nanoparticles, toxicology, oxidative stress, apoptosis

1. Introduction

Really revolutionary nanotech items, materials and application for example
nanorobotics, are years long in the future. But what qualifies as “Nanotechnology”
today is fundamental innovation that is going on in research centers everywhere
throughout the world. Products of Nanotech which are on business sector today
are generally steadily improved products (utilizing evolutionary nanotechnology)
where some types of Nano-empowered materials (for example, Carbon nanotubes,
nanocomposite structure of nanoparticles of specific substance) or nanotech
process (for example Nano-patterning or Quantum Dots for medicinal imaging) is
utilized in the assembling procedure. In their progressing and ongoing journey to
improve existing products by making smaller parts and better execution materials,
all at a lower cost, the number of organization that will make “Nano products” will
become extremely fast and soon make up the most of all organization across numer-
ous businesses.

Nanomaterials (NMs) have picked up noticeable quality in technological
progressions due to their tunable synthetic, physical and organic properties with
improved execution over their bulk counter partners. They are arranged depending
on their origin, size, shape and composition. The capacity to anticipate the remark-
able properties of NMs expand the estimation of each classification. Nanomaterials
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speak to an active/functioning area of research and techno-economic parts in
numerous application areas. NMs are depicted as a material with a length of
1-1000 nm in at least one dimension [1]. In any case, a single globally acknowledge
definition for NMs does not exist. The diverse association has a distinction in
assessment in defining NMs. As indicated by the Environmental Protection Agency
(EPA), NMs can display remarkable properties unique than the equal chemical
compound in a bigger dimension [2]. The US Food and Administration (USFDA)
likewise alludes to NMs as “materials that have at least one dimension dependent
phenomena” [2]. The International Organization for Standardization (ISO) has
depicted NMs as a “Materials with any external nanoscale measurement or having
internal nanoscale surface structure” [2]. As of late, the British Standard Institution
proposed the following definition for the scientific terms that have been utilized:

* Nanoscale: Approximately 1-1000 nm size range [1, 3].

* Nanoscience: The science and investigation of matter at the nanoscale that
manages to understand their size and structure-dependent properties and
compares at the rise of individual atoms or molecules or bulk materials related
differences [1, 3].

* Nanotechnology: manipulation and control of matter on a nanoscale measure-
ment by utilizing scientific logical knowledge of different industrial and
biomedical applications [1, 3].

* Nanomaterials: Materials with any inside or outside structure on the nanoscale
measurements [1, 3].

* Nano-objects: Materials that have at least one or more peripheral nanoscale
measurements.

* Nanoparticles: Nano-objects with three outer nanoscale measurements. The
terms Nano rod or Nano plate are utilized, rather than nanoparticles (NP) when
the longest and the shortest axes length of a nano-object are unique [1, 3].

* Nanofiber: When two comparable exterior nanoscale measurements and a third
measurement are available in a nanomaterial, it is alluded to as a nanofiber [1, 3].

* Nanocomposite: Multiphase structure with at least one phase on the nanoscale
measurement [1, 3].

* Nanostructure: Composition of interconnected parts in the nanoscale area [1, 3].

* Nanostructured materials: Materials containing interior or surface nanostruc-
ture [1, 3].

The nanoparticles shows remarkable chemical, physical and natural properties
at nanoscale contrasted with their respective particles at higher scales. This phe-
nomenon is because of a moderately bigger surface region to the volume, expand
reactivity or stability in a synthetic procedure, improved mechanical strength and
so forth. These properties of nanoparticles have prompted its utilization of different
applications [3]. Nanoparticles have been utilized in medication (drug delivery), in
food industries, gene delivery and Cancer therapy and so on [3]. The nanoparticles
are of various size, structure and shape. It well may be tubular, conical, spherical,
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hollow core, cylindrical, spiral, flat and so forth or sporadic and contrast from 1 to
100 nm in size. Nanomaterials/or nanoparticles are utilized in an expansive range

of use. Today they contained in numerous products and utilized in different tech-
nologies. Most Nano items created on an industrial scale are nanoparticle, in spite
of the fact that they likewise emerge as by-products in the manufacturing of other
materials [4, 5]. Explicit synthesis is utilized to create the different nanoparticles,
coating composite and dispersion. Characterized production and reaction condition
is pivotal in acquiring such size-dependent molecule. Particle shape, crystallinity,
chemical composition and size can be constrained by pH- value, synthetic arrange-
ment (chemical), temperature, procedure control and surface modification [5].

Two fundamental procedures are utilized to create nanoparticles: “Top-down”
and “Bottom-up”. The expression “Top-down” alludes here to the mechanical
squashing of source materials utilizing a milling procedure. In the “Bottom-up”
strategy, structures are developed by the synthetic procedure. The determination
of the individual procedure relies upon the compound organization and the desire
features indicated for the nanoparticles [6] (Figure1) (Table1).

Strangely, the morphological parameters of NPs can be tweaked by shifting the
chemical concentration and reaction condition for example pH and temperature.
However, if these synthesized NMs are exposed to the real application, then they
can experience the following impediment, which is stability in a threatening situa-
tion, absence of comprehension in fundamental mechanism and modeling factors,
bioaccumulation or toxicity quality, extensive examination requirements recycle,
reuse, regeneration. In true word, it is desirable that the properties, behavior and
types of nanomaterials ought to be improved to meet the aforementioned points.
Then again, these impediments are opening new and extraordinary opportunities in
this developing field of research.

To counter those restrictions a new era of green synthesis methodologies is
increasing incredible in recent research and innovative work on material science
and technologies. Essentially green synthesis will straightforwardly help uplift the
ecological friendliness as they are generated through clean up, regulation/guideline,
control and remediation process additionally there are few parts like the decrease
of derivatives, decrease of contamination, prevention and minimalization of waste
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Figure 1.
Methods of nanoparticles production: top-down and bottom-up (image: Laboratory for micro and
nanotechnology, Paul Scherrer Institut).
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Category Method Nanoparticles

Bottom-up Pyrolysis Carbon and metal oxide based
Biosynthesis Organic polymers and metal based
Spinning Organic polymers
Sol-gel Carbon metal and metal oxide based
Chemical vapor deposition (CVD) Carbon and metal based

Top-down Sputtering Metal based
Laser ablation Carbon based and metal oxide based
Thermal decomposition Carbon and metal oxide based
Nanolithography Metal based
Mechanical milling Metal, oxide and metal oxide based

Table 1.

Categories of the nanoparticles synthesized from the various methods [1].

and ultimately the utilization of more secure solvent during synthesis process as well
as renewable stock. Green synthesis is required to stay away from the production of
undesirable or unsafe products through the build-up of reliable, maintainable and
eco-friendly methods. Green synthesis of metallic nanoparticles has been embraced
to suit different organic material (for example, algae, bacteria, plant extract and
fungi) (Figure 2)[7]. Among the accessible green methods of synthesis for metal and
metal oxide NPs, usage of plant extract is a fairly straightforward and simple proce-
dure to create nanoparticles at large scale with respect to fungi and bacteria mediated
synthesis. Synthesis of metal and metal oxide NPs, plant biodiversity has been com-
prehensively considered to be because of the availability of effective phytochemicals
in different plant extract, particular in leaves such as amide, flavones, phenols,
terpenoids, ketones, ascorbic acid, aldehyde and carboxylic acids. These components
are equipped of reducing metal salts into metal NPs [7, 8] (Tables 2 and 3).
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Figure 2.
Different methods for the synthesis of nanoparticles [4, 7].
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Sr. Species Nanoparticles Size Morphology Application
no. (nm)
1 Lactobacillus casei Silver 20-50 Spherical Drug delivery,
bio-labeling
2 Desulfovibrio Gold 20-50 Spherical Catalysis
desulfuricans
3 E. coli Cadmium 2-5 Fluorescent Waurtzite structures
labels
4 Klebsiella Silver 28-122 Spherical Optical receptor,
pneumonia antimicrobial
5 Aquaspirillum Iron oxide 40-50 Octahedral —
magnetotacticum prism
6 Coriolus versicolor Silver 25-75 Spherical Water-soluble
metallic catalyst
7 Penicillium Silver 23-105 Crystalline Antimicrobial agent
brevicompactum spherical
8 Phoma glomerata Silver 60-80 Spherical Antimicrobial agent
9 Saccharomyces Gold, silver 4-15 Spherical Catalysis
cerevisiae broth
10 Aspergillus flavus Titanium 12-15 Spherical Plant nutrient
TFR7 dioxide fertilizer
Table 2.
Synthesis of metallic nanoparticles from various biological species (bacteria) [7].
Sr. Species Nanoparticles Size Morphology Application
no. (nm)
1 Eucalyptus Silver 20 Spherical Antibacterial
citriodora
(neelagiri)
2 Cymbopogon Gold 200- Spherical, Infrared-absorbing
flexuosus (lemon 500 triangular optical coating
grass)
3 Syzygium Gold 5-100 Irregular Detection and
aromaticum (clove destruction of
buds) cancer cells
4 Mentha piperita Silver 5-30 Spherical Kill microbes
(peppermint)
5 Medicago sativa Gold 2-40 Hexagonal, Labeling in
(alfalfa) tetrahedral, structural biology,
icosahedral paints
6 Morus (mulberry) Silver 15-20 Spherical Antimicrobial
activity
7 Aloe barbadensis Gold, silver 10-30 Spherical, Cancer
Miller (Aloe vera) triangular hyperthermia,
optical coating
8 Coriandrum Gold 6.75- Spherical, Drug delivery,
sativum 5791 triangular tumor imaging
(coriander)
9 Azadirachta indica Gold, silver 5-35 Spherical, Remediation of
(neem) hexagonal toxic metal
10 Terminalia catappa Gold 10-35 Spherical Biomedical field
(almond)
Table 3.

Synthesis of metallic nanoparticles from various plant extract [7].
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2. Classification of nanoparticles

21

Organic nanoparticles

Dendrimers, micelles, liposomes and ferritin are usually known as natural

nanoparticles or polymers. These nanoparticles are biodegradable, non-toxic and
a few particles for example, micelles and liposomes have a hollow center otherwise
known as nanocapsules [9].

2.2 Inorganic nanoparticles

Inorganic nanoparticles are not comprised of carbon. Metal and metal oxide

based nanoparticles are commonly classified as inorganic nanoparticles.

* Metal based: Nanoparticles that are integrated from metals to Nano size either

by ruinous or constructive strategies are metal based nanoparticles [1, 9].
Practically every one of metal can be synthesized into their nanoparticles.

The normally utilized metals for nanoparticles are aluminum, cobalt, gold,
silver, zinc, iron, copper, and cobalt [1, 9]. Nanoparticles have a distinctive size
extends from 10 nm to 100 nm.

* Metal oxides based: The metal oxides based nanoparticles are orchestrated to

adjust the properties of their respective metal based nanoparticles.

* Cerium oxide: These nanoparticles have excellent properties when contrasted

with their metal partner. For example, zinc oxide. Iron oxide, silicon dioxide,
magnetite, etc.

2.3 Carbon based

The nanoparticles made totally of carbon are known as carbon-based [1, 9, 10].

They can be classified as:

* Fullerenes: Fullerenes is a carbon particle that is spherical on shape and made

up of carbon molecules held together by sp® hybridization. Around 28-1500
carbon atoms form the spherical structure with diameter of 8.2 nm for a single
layer and for a multi-layered fullerenes 4-36 nm [9, 10].

* Graphene: Graphene is an allotrope of carbon. It is a hexagonal system of

honeycomb lattice made of carbon atoms in a 2-D planar surface. The thickness
of the graphene is of 1 nm [9, 10].

* Carbon nano tubes: In this, nano foil which has a honeycomb lattice of carbon

atoms is twisted into a hollow cylinder to frame nanotubes of measurements as
low as 0.7 nm [1, 10].

* Carbon nanofiber: When graphene nano foil used to produce carbon nanofiber
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* Carbon black: It is an undefined material comprised of carbon, generally
spherical in shape with diameter measurements up to 20-70 nm. Interaction
between the particles is high to such as an extent that they aggregate and the
agglomeration are seen as of 500 nm [1, 10].

3. Nanoparticle as a threat

Nano-technology has acquired an incredible revolution in the industrial divi-
sion. Due to their exceptional physiochemical and electrical properties, Nano-
sized materials have increased a great deal of fascination in the field of hardware,
biotechnology and aeronautic design. It is additionally being utilized in the field
of medicine NPs similar to the novel delivery system for drugs, DNA and so on.
Human is exposed to different non-scale materials since the new developing field
of nanotechnology has turned into another danger to human life [11, 12]. The
proposed hypothesis is that the NPs of size under 10 nm act similar to gas and
can enter human tissues effectively and may abrogate the cell typical biochemical
condition [11, 13]. There have been studies on human and murine models that
the NPs are exposed through orally they are circulated to the spleen, liver, heart

Figure 3.
The following figure represents usages of nanotechnology/manoparticles in different field [6].

109



Engineered Nanomaterials - Health and Safety

and lungs also to the brain and gastrointestinal zone, some other exposure routes
may incorporate skin, ingestion, inhalation and injection. Some designed NPs
are being utilized in many products with direct exposure to people, for instance,
ZnO NPs are added to numerous items including cotton texture, Food packaging
and rubber for its freshening up and antibacterial attributes, TiO, NPs are utilized
in food coloring, makeup, skincare item and tattoo pigments, Fe,0; NPs utilized
in the final polish on metallic gems (jewelries) [12]. It has been seen that life
expectancy of the nanoparticles in human is around 700 days in which it reliably
has a risk to the body. Nanoparticles have an incredible risk to human’s wellbeing
when contrasted with large-sized particles of the similar chemical compound
and it is commonly said that toxicities are contrarily corresponding to the size of
the nanoparticles [14, 15]. As the utilization of engineered nanoparticles keeps
on developing exponentially, an unintended and intended exposure may happen,
which will prompt a high level of human wellbeing hazard. End product users,
occupationally exposed subjects and the overall population may be in danger of
antagonistic impact (Figure 3).

The physiochemical properties of NPs impact how they interact with cells and
thus, their potential danger. Studies have demonstrated the different properties
that make some nanoparticles more toxic than others. Hypothetically, molecules
size is likely to add to cytotoxicity. Smaller NPs have a bigger specific surface
area and thus in this way increasingly accessible surface area to interact with cell
components for example, carbohydrates, protein, nucleic acids and fatty acids.
Nanoparticles with small size are liable to enter the cells, causing cellular dam-
age. Some nanoparticles lethality were seen as a function of both size and specific
surface area. It has additionally been seen that size of NPs has seen to correspond
with reactive oxygen species (ROS) generation when comparing the amount of ROS
generation per surface area within certain size range [14-16]. Nanoparticles size
between 10 nm or > 30 nm creates comparable level of ROS per surface area. In any
case, there was a sensational increment in ROS production per unit surface in par-
ticle expanding from 10 to 30 nm. This information or data disclose to us the bits of
knowledge with respect to the perplexing connection between NPs properties and
Nano toxicity.

4. Toxicity of silver nanoparticles

Silver nanoparticles are progressively utilized in different fields, including
health care, medical, food, consumer and industrial purpose because of their novel
physical and chemical properties. Because of their unconventional properties, they
have been utilized for a few applications, as in medical device coating, drug deliv-
ery, health care products, and food industry, as anticancer agent and orthopedics
and also as anti-bacterial agents. AgNPs by a long shot the most generally utilized in
customers items, for example, in kitchen utensils, toothpaste, bedding, deodorants,
nursing bottles, washing machines, nipples and humidifiers [17]. So as to satisfy the
necessity of silver NPs different strategy have been utilized for synthesis, conven-
tional technique like chemical and physical strategies have been utilized, yet they
are by all accounts expensive and toxic/hazardous [18].

An organic methodology has been utilized in the synthesis of AgNPs utilizing
microorganisms, fungi and plant extract prompting to reliable alterative to chemi-
cal and physical techniques in acquiring the nanoparticles in controlled particle
size. It has been seen that green synthesis of AgNPs with various stabilizing agents,
for example, polyethylene glycol, alcohol vinyl, dextran, cyclodextrins and utilizing
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“andeli” (rose extract) [19-22]. This expands utilization of AgNPs in different
materials has prompted a more straightforward and direct exposure in human

and raised potential dangers to health issues. In an in vivo examination (Sprague-
Dawley rodents) they were dealt with orally for 28 days with AgNPs in spite of the
fact that there was no observable difference in clinical sign and neither in any dif-
ference in body or organ weight. The impacts on blood biochemistry have been seen
to increase in cholesterol at high doses of AgNP which indicates that hepatotoxicity
and increment in alkaline phosphatase. In another investigation, F344 rodents
were fed AgNPs for a time period of 90 days and a decrease in body weight in males
was seen following a month of exposure and a dose-dependent change was seen in
cholesterolemia and alkaline phosphatases activity which proposed that 125 mg/kg
body weight of AgNPs may cause liver harm (Figure 4).

It is commonly realized that NPs can be absorbed by the digestive tract not
just through the M-cells in the Peyer’s patch yet additionally by numerous organs
as shown in Figure 5. Culture of human mesenchymal stem cells incubated with
0.1 pg ml™" of normal human lungs fibroblast cells or albumin-capped silver
nanoparticles or human glioblastoma cells starch incubated with capped silver
nanoparticle (AgNPs) showed genotoxicity up to dosages of 50 pg ml™". Albumin-
capped AgNPs has been demonstrated to be more genotoxic than polysaccharide-
capped AgNPs. Silver nanoparticles exposed to in vivo models like mice were seen
to be more toxic than fish to capped AgNPs. However NPs toxicity/genotoxicity
was seen as more when the concentration of albumin-capped NPs was increased to
>100 pg ml™" (Table 4).

In recent investigation, it has been seen that hepatotoxicity, pulmonary inflam-
mation, genotoxicity, neurotoxicity, inflammatory effects and cytotoxicity have
been related with various shape and size of silver nanoparticles. A large number of
articles have been proposed that silver nanoparticles assume a noteworthy job in
prompting Reactive Oxygen Species (ROS) which in returns lead to cell cytotoxicity
and genotoxicity. It has been seen that cytotoxicity has been closely identified to the
generation of ROS. For example interaction of AgNPs with mitochondrial can be
seen that: 95% of the cell’s energy is generated by mitochondria as it is the power-
house of the cells. It’s a significant and essential piece of the cell. ROS generation is
possible because of the superoxide spillage through the membrane. The interaction
of AgNPs with mitochondria which prompts generation of ROS can be clarified in a
manner when Ag* and silver nanoparticles have a high affinity (—SH) thiol group in
cysteine residues. AgNPs disrupts the membrane proteins integrity of the mito-
chondria, also hampers the membrane permeability of the membrane and abrogate
the mitochondrial functions (Figure 6).
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Nanoparticles pathway and toxicological impact [13, 14].
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Main target organ of silver nanoparticles.

Figure 6.
This figure represents the endogenous ROS production, which ave involved in oxidative stress. Interaction
between mitochondrial and AgNP generate ROS from mitochondria which leads to cell death [23].

A great deal of studies has demonstrated a connection in ROS generation by silver
nanoparticles, oxidative stress and cytotoxicity. Numerous toxicological changes
have been reported in embryos when they are exposed to nanoparticles, for example,
changes in oxidative stress markers such as apoptosis, changes in expression of genes
and lipid oxidation, etc. It has been seen that massive production of free radicals lead
to the generation of pro-inflammatory cytokines and furthermore initiation of NOX/
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Figure7.

Picgtorial representation of activation of cellular mechanisms of inflammatory signal when exposed to AgNP
generated from ROS and by strengthening of NADPH oxidase activity. By MAP kinases pathway, activation

of oxidative IKK-B which is induced by stress leads to NF-kB translocation and expression of marker and
potential mediators of inflammation increases, mitochondrial damage and membrane damage which can cause
toxicity in cell and leads to death by apoptosis [24].

NADPH oxidase family. It must be noticed that other than inflammatory effects of
oxygen radicals, oxidants helps the release of inflammatory mediators by activating
transcription factor including AP-1, hypoxia inducing factor and NF-kB and which
prompts to oxidative stress and inflammation. Oxidative stress might have a double
role, first as “effector” (by oxidant discharge and induced toxicity) and secondly as
“modulator” (managing transcription factor) of chronic micro-inflammation
process. This interaction among inflammation and oxidative stress in an amplified
manner may prompt to the deleterious impacts brought by silver nanoparticles and
which can prompt to DNA damage and cell demise by apoptosis (Figure 7).

5. Conclusion

In brief, the ingenious and extensive demand of nanoparticles has led to their
extensive production. After use modalities path their way towards exposure to
environment as well as to the human health moreover the product which are being
used are also in direct contact with the human tissue. Prolong accumulation of the
nanoparticle particularly talking about silver nanoparticles.
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Chapter7

Theranostic Nanoparticles and
Their Spectrum in Cancer

Anca Onaciu, Ancuta Jurj, Cristian Moldovan
and loana Berindan-Neagoe

Abstract

Nanoparticles offer a lot of advantageous backgrounds for many applications
due to their physical, chemical and biological properties. Their different composi-
tion (metals, lipids, polymers, peptides) and shapes (spheres, rods, pyramids,
flowers and so on) are influenced by the synthesis methods and functionalization
procedures. However, in the medical field, researchers focus on the biocompatibility
and biodegradability of the nanoparticles in their attempts for a targeted therapy
in which the nanocarriers need to bypass certain biological barriers. Moreover,
the increased interest in molecular imaging has brought nanoparticles in the
spotlight for their applications in two distinct directions: therapy and diagnosis.
Furthermore, recent advances in nanoparticle designs have introduced novel
nano-objects suitable as both detection and delivery systems at the same time, thus
providing theranostic applications.

Keywords: nanoparticles, nano-oncology, targeted therapy, molecular imaging,
diagnosis

1. Introduction

Nanomedicine is able to study the organism and especially the disease at the
nanoscale level and offers a lot of structural and functional information for the
development of new therapeutics and diagnosis strategies [1]. Nano-oncology refers
to the applications of nanotechnology in the oncology medical field.

Oncological malignancies affect worldwide population with an incidence of 18.1
million new cancer cases and 9.6 million cancer deaths (GLOBOCAN 2018). Usually,
the most used treatment scheme is surgery, radiotherapy and chemotherapy. These
strategies are not very efficient because it does not only affect the disease site, but
healthy tissues too, and in many cases, cancer can develop therapy resistance [2].

Nanotechnology tools have potential to overcome the side effects and the inef-
ficiency of some therapies. Due to its small size, nanoparticles (NPs) can be used
for molecular characterization of the disease, and based on this, it can contribute
to discover new therapies. Moreover, various oncological chemotherapeutics are
nanoformulated and now are involved in clinical trials [3].

Besides drug encapsulation, NPs can be used for the delivery of growth factors
and other compounds applied in tissue engineering. On the other hand, NPs’
properties are advantageous for new sensing and molecular imaging tools devel-
opment (Figure1).
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Figure 1.
Nanotechnology applications in medicine.

For each of these applications, NPs’ formulations involve various encapsulation
procedures, which need to meet specific characteristics. Firstly, the NPs should not
interfere with the encapsulated compound pharmacological activity, and it has to
prevent its premature degradation and to become biodegradable at the tumor site,
thus decreasing its toxicity [4]. Secondly, for sensing applications, the nanosystem
needs to have some unique chemical, electrical, and catalytical properties to provide
accuracy of the measurements [5]. On the other hand, for molecular imaging appli-
cations, the NPs benefit from their optical properties like fluorescence in various
spectra. Also, the features such as biocompatibility, stability and long circulation
time are very important [6-8].

Theranostic side of the nano-oncology field focuses on developing new struc-
tures that able to perform efficient target therapy. Therefore, this type of NPs
disposes of unique physical and chemical properties for active targeting of the
desired cells providing imaging and therapeutic action against the disease [8].

2. Nanoparticles

The term “nanoparticles” is intensively used in the nanomedicine field in order to
describe a particle with a size in the range of 1-100 nm. NPs are designed from a wide
class of materials, including metals, silicates, metal oxides, polymers, organics, non-
oxide ceramics, carbon and biomolecules. For biomedical applications, NPs are pre-
sented in different morphological states such as spheres, tubes, cylinders, platelets [9].

NPs have surface modifications that can facilitate the internalization/uptake
of therapeutic agents and also their capability to travel through the bloodstream
to the target sites. Generally, the structure of NPs is composed of three different
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layers, including the surface layer (can be functionalized with a wide range of small
molecules, surfactants, metal ions and polymers), the shell layer (consists of dif-
ferent chemical material according to the core of the NPs) and the core (represents
the central portion of the NP) [10]. Therefore, NPs have exceptional characteristics
due to their structure and design and gained an enormous interest in multidisci-
plinary fields such as drug delivery [11], cancer therapy, tissue engineering, protein
detection, multicolor optical coding for biological assays, manipulation of cells and
biomolecules [12], imaging, biosensors, hyperthermia, photoablation therapy and
gene delivery [13]. They exhibit special physical and chemical properties like a high
surface area-to-volume ratio and also a unique quantum size effect superior to their
corresponding bulk materials. Moreover, NPs’ controllable size and shape play an
important role in medical applications [14]. Moreover, there are some nanomateri-
als that can exhibit intrinsic therapeutic properties such as gold nanoshells, which
have the potential to deliver photothermal therapy [15].

Currently, the term “theranostics” starts to gain attention in the medical and
research field, and it describes single biocompatible and biodegradable nanopar-
ticle, which can contain both therapeutic and diagnostic compounds (Figure 2)
[16]. Specifically, theranostic nanoparticles (TNPs) have been designed in order to
be applied for multiple imaging approaches including optical imaging, ultrasound
(US), magnetic resonance imaging (MRI), computed tomography (CT), single-
photon computed tomography (SPECT) and positron emission tomography (PET)
[17]. Moreover, TNPs are able to improve the accumulation and delivery of the
active compounds at the tumor site, enhancing therapeutic efficacy and reducing
the intensity of side effects on healthy tissues [18], and they can be eliminated from
the body in a short period of time and degrade into nontoxic bioproducts [19].

2.1 Synthesis of NPs
Synthesis of NPs can be performed using various methods, which are divided

into two main classes such as bottom-up (chemical synthesis) and top-down
(mechanical attrition) approaches (Figure 3) [20]. Bottom-up method is based

Muondtor

Dagnose

Figure 2.
Theranostic nanoparticles used in the medical field in ovder to improve the diagnosis and therapeutic
approaches.
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Figure 3.
Common methods used to synthesis NPs via top-down and bottom-up approaches.

on larger nanostructures design beginning from smaller building blocks including
atoms and molecules. Meanwhile, the top-down approach refers to larger molecules,
which are decomposed into smaller building blocks and then converted into suitable
NPs [10]. Traditional chemical and physical methods present some main drawback
due to the presence of reducing and stabilizing agents, which carry a risk of toxicity
to the environment and also to the cell [21].

Currently, green chemistry has been suggested as a valuable alternative for metal
nanoparticles synthesis that employs biological entities including microorganisms
and plant extracts [22]. The main role of microorganisms (bacteria and fungi) is
involved in the remediation of toxic materials by reducing metal ions [23]. The most
often used metal for green synthesis is silver, gold, iron, and copper [24]. Therefore,
the size distribution of NPs is strongly depended on the presence of the biocom-
pounds, which are found in the extract. These biocompounds (phenolic compounds,
alkaloids, enzymes, terpenoids, proteins, co-enzymes, sugar and others) are mainly
involved in reducing the oxidative state of the metal salts from positive to zero
oxidative state [25]. Few bacteria have been shown the potential to synthesize silver
nanoparticles intracellularly where intracellular components have the ability to act
as reducing and stabilizing agents, respectively [26]. Thus, the green synthesis of
nanoparticles could be a promising approach to replace many complex physiochemi-
cal syntheses due to their advantages such as no need to use toxic chemicals, free
from hazardous by-products and also the use of natural capping agents [27].

In their study, Mirtaheri et al. had succeeded in synthesis of mesoporous tung-
sten oxide using a template-assisted sol-gel method, which relies on the photocata-
lytic degradation of Rhodamine B [28]. Mesoporous TiO,-SiO, were synthesized by
Haghighatzadeh et al. using an ultrasonic impregnation method. In addition, under
800°, they synthesized the anatase crystals with higher photocatalytic efficiency for
degradation of methylene blue [29]. Deshmukh et al. synthesized various nanopar-
ticles using plant extracts in order to evaluate their antibacterial and antioxidant
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activity for targeted applications [30]. Another study on this topic is showed by
Baltazar-Encarnacion et al., which described the green synthesis of Ag nanoparti-
cles using an E. coli for the production of NPs with antimicrobial properties against
bacteria [31]. Green biosynthesis methods are more reliable and safer than chemical
synthesis [32].

Structural DNA nanotechnology is a precise method, which is used to control
the NPs shape. In particular, the DNA-origami method allows the controlled
self-assembly of 2D and 3D nanostructures with nanometer precision [33]. Such
nanoparticles can be used to detect short oligonucleotides in a microbead-based
assay [34] and can be applied in the biological field, nanoelectronics and nano-
photonics [35]. Therefore, these designs provide comprehensive understanding of
cellular interactions regarding tumor detection strategies [36, 37].

Specifically, TNPs can be engineered in several ways. For example, TNPs can be
obtained by conjugating therapeutic agents (chemotherapy and photosensitizers) to
existing imaging NPs (quantum dots, gold nanocages and iron oxide NPs). On the
other hand, NPs can encapsulate both imaging and therapeutic agents in biocom-
patible nanosystems such as ferritin nanocages, polymeric and porous silica NPs.
Other unique NPs such as porphycenes, [64Cu] CuS, gold nanoshells or cages have
inherent imaging and therapeutic characteristics [19].

2.2 Characterization of NPs

Physicochemical properties of NPs (shape, size, composition, optics) can be
analyzed through different techniques.

The morphology of NPs is characterized through microscopic techniques includ-
ing polarized optical microscopy (POM), transmission electron microscopy (TEM)
and scanning electron microscopy (SEM), which are the most relevant techniques
in this area. SEM technique provides relevant information regarding the nanoscale
level of the NPs [38]. Moreover, TEM provides features about the bulk material
used for NPs synthesis at very low to higher magnification [39]. The morphological
features of the NPs exhibit a relevant interest since their morphology influences the
NP’s properties [10].

Structural characterization is based on the study of the composition and nature
of bonding materials. The common techniques used to study the bulk properties
are X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), infrared
spectroscopy (IR), Raman, Brunauer-Emmett-Teller (BET), energy dispersive
X-ray (EDX) and Zeta size analyzer. Through XRD technique, the crystalline
structure and the phase of the NPs are identified. The most sensitive technique used
to characterize NPs is XPS, which determines the exact element ratio and bonding
nature of the elements used for NPs synthesis [10].

Optical characterizations are widely used to obtain information about the
absorption, reflectance, phosphorescence and luminescence of NPs. This method
is based on the Beer-Lambert law and basic light principles. These properties are
highlighted through several techniques, including diffuse reflectance spectroscopy
(DRS), UV and UV-Vis, which reveal good knowledge about the mechanism of their
photochemical processes [10].

2.3 Physicochemical properties of NPs
For cancer research, NPs can be modified respecting the size, shape and surface
to improve their ability to reach tumors. Smaller NPs have the ability to accumulate

more easily in the leaky blood vessels of tumor sites compared to larger NPs, which
can remain at the injection site [40].
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Nowadays, ultrasmall nanoparticles (1-3 nm cores) are widely used for medi-
cal applications because of their advantages regarding biodistribution, targeting
features, adsorption, easy surface modifications and pharmacokinetics [18, 41-43].
Gadolinium ultrasmall nanoparticles achieved theranostic potential without
considerable toxicity iz vivo in the case of brain cancers [44]. Another example is
represented by ultrasmall silica nanoparticles functionalized with antibody frag-
ments used to target HER2-overexpressed breast cancer as imaging agents [42].

Metallic nanoparticles can be designed as ultrasmall constructs too. In this
regard, it is important to mention D-peptide p53 activator gold nanoparticle con-
jugates used for cancer target therapy [45], bimetallic nanoparticles for triggered
ultrasound cancer therapy [46] and Cu ultrasmall nanoparticles’ valuable ability for
photothermal cancer therapy [47].

On the other hand, NP shape influences the fluid dynamics and uptake into
tumor sites. Non-spherical NPs present excellent optical properties due to surface
plasmon resonances and are strongly recommended for cancer phototherapy
applications [48-50]. Furthermore, rod-like shape nanoparticles are better accepted
and tolerated by the organism [51, 52].

Specifically, spherical NPs started to be more common than non-spherical
NPs due to challenges in synthesis approaches and testing [53]. Spherical silver
nanoparticles ensure anti-inflammatory potential [54] and promote camptothecin
apoptotic activity in cervical cancer [55]. Despite the advantages offered by silver
nanoparticles, progress in spherical gold nanoparticles makes possible their use for
combined therapies like drug delivery and photothermy [56].

There are other significant factors that contribute to a successful therapy devel-
opment. Stability and distribution are affected by NPs charge. A positive charge is
most effective according to tumor vessels targeting, but a switch to a neutral charge
allows NPs to diffuse to the tumor sites [57]. In order to prolong blood circulation of
NPs, their surface can also be modified with specific molecules (hydrophilic poly-
mers/surfactants, biodegradable copolymers such as polyethylene glycol, polox-
amine, polyethylene oxide and polysorbate 80), which facilitate cellular uptake into
tumor tissue [58, 59].

2.4 Classification of NPs

Modern nanosystems can enhance drug diagnosis, delivery and also monitor
therapeutic responses to the provided drugs [60]. In order to improve clinical
outcomes, researchers tried to synthesize a theranostic platform consisting of
multifunctional NPs, which exhibit valuable imaging properties. Therefore, TNPs
can be composed of lipids, polymers, metals, carbon and ceramics [61].

Lipid nanoparticles are widely used in medical field due to their biodegradabil-
ity, biocompatibility, low toxicity and high loading capacity for both hydrophobic
and hydrophilic drug molecules [62, 63]. Moreover, they can improve the pharma-
codynamics and the pharmacokinetics of therapeutic agents based on controlled
release profile [64]. Another important characteristic of lipid NPs is their availabil-
ity for functionalization with antibodies, peptides, small molecules or aptamers in
order to perform target therapy [65-67].

Polymeric NPs are normally organic-based NPs with a diameter lower than 1 pm.
They can be called nanospheres or nanocapsules depending on their composition
[68-70]. These nanoparticles have the ability to improve both the solubility and
the bioavailability of hydrophobic drugs [71] and are intensively used as delivery
systems [72, 73].

Metallic NPs are designed from metal precursors, including noble metals (Cu,
Ag, and Au). The most researched area in biomedical field is represented by gold
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NPs, which possess unique optical and electronic characteristics as well as chemical
inertness. Also, their availability for surface functionalization [74-76] makes them
very useful for a lot of medical applications such as biosensing [77], bioimaging
[78] and photothermal therapy [79]. Silver nanoparticles exhibit unique proper-
ties such as thermal conductivity, high electrical conductivity, catalytic activity,
chemical stability, antibacterial and improved optical properties [80]. These NPs
are suitable for photonic [81], electronic [82], antimicrobial and disinfectant
applications [83, 84], biosensors [85], drug delivery, photothermal therapy [26] and
cellular imaging [86].

Another class of metallic nanoparticles is represented by semiconductor nano-
crystals, which are well known as quantum dots. Many studies report their potential
use in biomedical imaging [87], drug and gene delivery [88] and also in diagnosis
[89] based on their unique chemical and optical properties.

Magnetic NPs represented by iron oxide NPs possess unique chemical, bio-
logical and magnetic characteristics including non-toxicity, chemical stability,
biocompatibility, high magnetic susceptibility and high saturation magnetiza-
tion [90, 91]. The main drawback of iron nanoparticle is that it has a tendency to
oxidize [13]. To eliminate this unwanted process, coating with a biocompatible
shell, such as a polymer [92], ceramics [93] or metals [13], is needed in order to
prevent conglomeration. In addition, iron oxide NPs can be functionalized with
proteins, antibodies, enzymes and anticancer drugs [13] and are investigated for
different applications including magnetic hyperthermia [94], contrast agents in
MRI (magnetic resonance imaging) [95], targeted drug delivery [96], multimodal
imaging and gene therapy [61].

In the term of carbon-based NPs, fullerenes and carbon nanotubes exhibit
promising biomedical applications. Fullerenes are suitable for multiple func-
tionalization steps according to their particular globular network structure [97].
They are widely used as excellent antioxidants [98], antiviral agents [99, 100],
drug and gene delivery systems [101-103] and photosensitizers for photody-
namic therapy [104, 105]. On the other hand, elongated design of carbon nano-
tubes diagnostic imaging strategies [106-110], drug delivery [111-113] and also
photothermal therapy [114, 115].

Ceramics NPs are inorganic non-metallic solids, which are synthesized by heat-
ing and successive cooling [116]. Therefore, these ceramics NPs are intensively used
in the research field as photocatalysis, catalysis, agents for photodegradation of dyes
and imaging agents [117].

There are significant challenges in engineering and designing new nanosystems.
The “nanoparticle loaded nanoparticle” concept is described as an innovative strat-
egy composed of at least two different nanoparticles. For example, porous nanopar-
ticles made by silica can encapsulate DNA-conjugated small gold nanoparticles in
their pores with great applicability in penetrating tumors [118].

Hybrid constructs gained increased interest in obtaining programmed nanopar-
ticles. DNA nanorobots built of a DNA robot and a DNA aptamer that confers
molecular recognition of nucleolin are used for target therapy in cancer [119].

3. Cellular internalization and endosomal escape

Once the delivery system comes in the proximity of its target site, the drug must
be internalized in order to fulfill its biological effect. While free drugs usually have
the ability to pass through cellular membranes and accumulate inside the cell unless
they are externalized by efflux pump mechanisms, NPs are internalized differently,
mainly through various types of endocytosis [120], as presented in Figure 4.
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Cellular internalization through endocytosis.

Phagocytosis is a mechanism by which specialized cells known as phagocytes
recognize and engulf large particles (>0.5 pm) into vesicles called phagosomes
[121]. This process involves actin polymerization and the extension of pseudopods,
which surround the opsonized target object [122] leading to its internalization
(Figure 4(5)). Phagosomes fuse with early endosomes, followed by late endosomes
and then lysosomes, becoming highly acidic and possessing hydrolytic enzymes
leading to the degradation of the engulfed object [122].

Macropinocytosis is a process by which nonselective molecules suspended in
extracellular fluid are internalized into the cell, giving rise to endocytic vesicles.
Like phagocytosis, it involves cytoskeleton rearrangement beneath the plasma
membrane. This leads to a plasma membrane circular ruffle formation that extends
and entraps extracellular material, producing a so-called macropinosome [123]. The
maturation of these vesicles involves shrinking while concentrating their contents,
migration and digestion or recycling of their contents [124]. Depending on the cell
line, macropinosomes can fuse with lysosomes or directly to the plasma membrane
expelling their content to the extracellular space (Figure 4(4)) [124, 125].

Caveolae are small (60-80 nm) plasma membrane invaginations, important
in processes such as endocytosis, transcytosis, potocytosis and certain signaling
pathways [126]. Caveolin-dependent endocytosis is a triggered, energy-dependent
event involved in the uptake of extracellular molecules and membrane components
[127]. It is dependent on actin and dynamin, a GTPase, which is present at the
neck of caveolae and is responsible for the release of the caveolar vesicle inside the
cytoplasm [128]. These vesicles deliver the internalized molecules to caveosomes
or to early endosomes (Figure 4(2)). Caveosomes bypass lysosomes, thus being an
important approach for administering easily degradable therapeutic agents [129].

Clathrin-mediated endocytosis involves the uptake of extracellular molecules
through invagination of the plasma membrane. The vesicles are formed when
ligands interact with receptors on the plasma membrane, thus recruiting clathrin
triskelions and adaptor proteins, which form a multifaceted cage structure [130]
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Strategy Mechanism Examples Ref.
Endosomal pH dependent pH buffering (proton Polyamines [134]
membrane sponge effect) (PEI, PEAACc,
destabilization Mglu-HPG)
Pore-formation Listeriolysin O [135]
(LLO)
GALA peptide
pH independent Pore formation Amphotericin B [136, 137]
Melittin
Fusion with endosomal membrane Flip-flop mechanism GALA peptide [138, 139]
Via viral fusion proteins/ HA2 fusion [140]
peptides peptide/
hemagglutinin
Photochemical membrane rupture Light-induced ROS and/ TatU1A- [141, 142]
or heat generation photosensitizer
conjugates
M-PLL
(melanin-poly-
L-lysine)
Table 1.

Approaches for endosomal escape.

that is released inside the cell with the help of dynamin. These vesicles are known
as clathrin-coated vesicles and can lose their clathrin coat and fuse with early
endosomes (Figure 4(1)). They are directed towards degradation in lysosomes or
recycled to the plasma membrane [131].

Extracellular cargo can also be internalized via clathrin- and caveolin-indepen-
dent pathways (Figure 4(3)) [132].

Depending on the internalization mechanism, NPs have different fates. They
can face lysosomal degradation when internalized through clathrin-mediated
endocytosis while skipping this process when taken up through a caveolin-mediated
mechanism [133].

Many nanomaterials are degraded in endocytic vesicles leading to new
approaches of carrier designs that are able to escape the endosomal or lysosomal
degradation. Three main strategies, presented in Table 1, are commonly used to
bypass this cellular barrier for drug administration. They rely on molecules, which
possess the ability to destabilize the endosomal membrane in a pH-dependent or
independent way or to fuse with the endosomal membrane, leading to the release
of previously internalized cargo. Another approach involves the photochemical
membrane rupture via photothermal nanomaterials.

4. Diagnosis through molecular imaging mechanisms

Molecular imaging is a medical discipline related to medical imaging and is
representing the evolution of imaging techniques for diagnosis and therapy moni-
toring. It involves cell biology and molecular biology [143].

Current clinical applications of molecular imaging are CT, SPECT, PET, MRI, US
and also hybrid imaging techniques SPECT/CT, PET/CT or PET/MRI. CT, MRI and
US provide anatomical information, while PET/CT, and SPECT/CT offer functional
and molecular information [144]. All these techniques are based on the accumula-
tion of a contrast agent at the target site [145].
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Even if they provide high-resolution images from anatomical [146] to molecular
level for further clinical investigations [147-153], there are some disadvantages
regarding the use of them. High doses of radiation and exposure can cause DNA
damage in some tissues [154, 155]. Also, radiopharmaceutical biodistribution and
effectiveness may cause image artifacts and also side effects for the patient [156—
159]. Moreover, the patient care quality is not granted in most of the cases [156].

4.1 NPs involved in diagnosis imaging strategies

Diagnostic imaging using NPs refers to the detection of specific disease sites
through molecular recognition of tumor cell particularities like the overexpres-
sion of several genes and the presence of different cell surface molecules or media
excreted compounds/molecules that are involved in various disease processes,
microenvironment particularities and also cell development stages [160, 161].

Physical properties of nanoparticle systems are very important for molecular
imaging applications. Nanoparticle accepted diameters for this application are
between 30 and 150 nm. Usually, the nanoparticle surface is modified using a ligand
in order to target specific tumor cell molecules. As more ligands are attached on the
nanoparticle surface, there are more chances to bind the target cell. The amount of
signaling groups influence the sensitivity of the detection method [145].

Some NPs have innate optical properties like QDs [162] and metallic NPs due
to surface plasmon resonance [48, 163-165]. QDs nanoparticles labeled with
8F_Fluoropropionate and functionalized with RGD peptides demonstrate proper
optical characteristics for PET imaging of prostate cancer [166].

Gold nanoparticles proved long circulation time and useful optical properties
like high spatial resolution and high sensitivity for CT imaging. By functionaliza-
tion with chitosan polymers, they were used for colorectal adenocarcinoma imaging
[167]. Also, they were conjugated with antibodies for lymph nodes and metastases
imaging in squamous cell carcinoma, head and neck cancer [168]. Moreover, gold
nanoparticles radiolabeled with 'In and "I can be used in SPECT imaging of
epidermoid carcinoma [169].

Iron oxide nanoparticles are widely used in MRI imaging because they can
improve and enhance the contrast [170]. In glioblastoma, iron oxide nanoparticles
functionalized with peptides and polymers accumulate within tumor microenvi-
ronment by forming self-assembly structures [171].

Furthermore, polymeric materials such as mesoporous silica nanoparticles carry
tumor targeting properties and are proposed for PET imaging in breast cancer.
Besides this, they are able to perform drug delivery applications [172].

Regarding US imaging, perfluorocarbon nanoparticles can be used for a real-
time and non-invasive analysis of thyroid carcinoma [173].

Considering the other nanoparticle formulations (nanoliposomes, micelles,
polymersomes, dendrimers and aptamers), these ones need to be functionalized
with specific contrast agents and fluorophores. The advantages to implement NPs
such as molecular imaging tools are biocompatibility and biodegradability [174],
encapsulation properties [175], water solubility in some cases [176] and targeting
ligands accessibility [177].

Fluorophores are widely used in diagnosis applications and imaging of cellular
processes. One drawback of conventional fluorophores is represented by the loss of
fluorescence after a long exposure to light, known as photobleaching.

Various processes are known to induce the molecular relaxation without
the emission of light, which depends on different chemical or physical factors
like temperature, pressure, the presence of organic molecules or polymers and
ionic strength, resulting in a decrease in the fluorescence intensity, referred to
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as quenching [178]. Quantifying this decrease in fluorescence emission can give
information about the concentration of a specific compound in the proximity of the
nano-objects. Lately, numerous diagnostic techniques based on this phenomenon
have been introduced [179, 180].

On the other hand, another luminogen system based on a process called
aggregation-induced emission (AIE), developed by Ben Zhong Tang’s group in 2001
[181], gathered increased interest for imaging and theranostic applications. Most
luminescent systems have a lower efficiency in an aggregated state, thus limiting
the concentration that can be used for imaging purposes and at the same time the
achievable intensity of the emitted light. However, in the case of AlEgens, aggregation
works constructively becoming highly luminescent in concentrated solutions or in an
aggregated state. The utilization of AIEgens in theranostics has lately become a reliable
approach, because of several advantages that include good biocompatibility, excellent
optical properties and simple preparation and conjugation [182]. One example implies
the conjugation of an AlEgen (TPS) with a short peptide (DEVD) that is susceptible to
caspase-3 cleavage and that is bound to a prodrug that induces apoptosis [183].

5. Targeted therapy

Targeted therapy is a form of treatment, which implies the ability of a drug to
accumulate at a target site in the body and thus decrease the side effects in healthy
cells and tissues. Nanocarriers are often used to improve the bioavailability of
the active compounds at the target site and allow the use of significantly reduced
concentrations, therefore limiting the exposure of normal cells to the toxic effects
of the drugs [184].

The most common strategies for drug delivery include local drug delivery, pas-
sive targeting, physical targeting, magnetic targeting and active targeting [185].

Local drug delivery is a promising strategy for the treatment of metabolic disor-
ders (diabetes and obesity) [186], periodontitis [187] and bone disorders [188] due to
its potential to keep drug availability in the target site for a prolonged period of time.

Passive targeting is based on enhanced permeability and retention effect (EPR
effect) present in many tissues [189, 190]. Macromolecules and NPs from the
bloodstream accumulate preferentially in tumors and inflamed sites, where the
permeability of the vasculature is often enhanced. Moreover, the lymphatic drain-
age system is damaged in tumors, leading to a prolonged retention of the macromol-
ecules and NPs in the tumor interstitium [191].

Physical targeting depends on the optical, thermal and electrical properties of the
carriers [192], which can disintegrate at lower pH values or higher temperature and
release the free drug. The tumor microenvironment is more acidic compared to the
normal surrounding tissues, due to the accumulation of lactate, and therefore pro-
vides an opportunity for the use of pH-sensitive nanocarriers in cancer therapy [193].

Another approach for drug targeting refers to the accumulation of superpara-
magnetic carriers in target sites under the action of external magnetic field. Thus,
alarger dose of the drug can be released at the tumor site for an increased period of
time and side effects of chemotherapy can be diminished [194]. Once systemically
administered, besides the type and intensity of the magnetic field and size of the
NPs, many biological factors influence the infiltration of the superparamagnetic
carriers to the target site, including the effect of Brownian motion, blood viscosity,
interaction of the particles with the red blood cells and blood matrix [195].

While in the case of passive targeting the physicochemical properties of the nano-
carrier system play the major role, active targeting relies on the interaction between
the surface of the carrier and antigens expressed on target cells. NPs are functionalized
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Class Ligand Targeted Disease (clinical trials = *) Ref.
biomarker
Antibodies Trastuzumab, HER?2 receptor, Breast cancer®, esophageal [197-203]
cetuximab, EGFR, CD20 carcinoma®, pancreatic
Anti-CD20 mAbs adenocarcinoma®, head and
(Rituximab) neck cancer*, non-Hodgkin’s
lymphoma*, rheumatoid
arthritis*
Peptides Transferrin Transferrin Cancer [204, 205]
receptor
Small Folic acid Folate receptor Rheumatoid arthritis*, ovarian [206, 207]
molecules cancer, lung cancer®
Aptamers A10RNA, AS1411, Extracellular Prostate cancer, breast cancer [208-210]
Anti-MUC1 domain of
the PSMA,
nucleolin,
MUC1

*Refers to clinical studies.

Table 2.
Commonly used molecules for active targeting.

by adsorption or chemical conjugation with a large variety of ligand types such as
peptides, small molecules, proteins, and aptamers, which present a high specificity for
epitopes or receptors that are uniquely expressed or overexpressed on the target sites
[196]. Examples of commonly used ligands and their targets are presented in Table 2.

6. Theranostic NPs recently developed

Theranostics refers to the use of the nanoparticle for molecular imaging and
therapy. Considering the biological barriers, the biocompatibility, easy surface
modifications, controlled pharmacokinetics and biodistribution and accommoda-
tion in various microenvironment conditions are still necessary to be accomplished
[211]. Polymers are widely used for NP formulations because of biocompatibility
and biodegradability properties in vivo [212-215]. Besides coating the nanoparticle
surface with polymers, the fluorophores and other contrast probes are widely used
to achieve high-sensitivity molecular imaging.

There are three main theranostic directions that involve the use of nanoparticles.
The first strategy refers to treatment effect evaluation through molecular imaging
with NPs as contrast agents. The aim of the second one is to assess a nanoparticle
therapeutic strategy with molecular imaging probes. The third one describes
nanoparticles as target therapy agents and molecular imaging tools at the same time.
In this regard, for the first two procedures, the NP system is either the evaluator or
the evaluated component, and for the last strategy, these roles are overlapping. Each
one of these roles makes possible the development of future therapies (Figure 5).

The nanoparticles’ evaluator role (Figure 5(1)) can be emphasized in the next
study. Zhang et al. developed Annexin A5-conjugated polymeric micelles with dual
role: detection of apoptosis via SPECT and optical imaging and also therapy outcomes
investigation. In this study, the apoptosis was induced by drugs like cyclophospha-
mide, etoposide, poly (L-glutamic acid)-paclitaxel and cetuximab (IMC-C225)
anti-EGFR antibody. The NPs were used to observe the apoptosis-induced processes
in lymphoma and breast cancer iz vivo. Therefore, SPECT and fluorescence molecular
tomography allowed cellular death visualization in tumors [216].
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Figures.
Theranostic NPs action strategies.

NP effect evaluation (Figure 5(2)) can be performed based on probes that are
currently used in clinical molecular imaging. For example, 2-deoxy-2-[F-18]fluoro-
D-glucose (®F-FDG) probe is used for metabolic activity measurements via PET/CT
imaging. This radiolabeled probe can act as prognostic biomarker for nanoparticle-
assisted photothermal therapy monitoring in neuroendocrine lung cancer in vivo [217].

Another strategy is to ensure both imaging and therapy at the same time
(Figure 5(3)). In this situation, the nanosystem can be composed of two different
components bonded together in order to perform a theranostic action.

The easiest way is to make use of the optical properties developed by some
materials at nanoscale. Therefore, metallic nanoparticles can scatter and absorb the
light in the NIR wavelength domain and are promising tools for cancer photother-
mal therapy [218].

In a different way, nanoparticles can be associated with molecular imaging
techniques in order to enhance their efficiency. For example, doxorubicin-loaded
polymeric micelles and perfluoropentane stabilized by the same block copolymer can
perform US imaging and target therapy for breast and ovarian cancer [219, 220].

Some designs suggest the use of two different nanoparticles, which by conjuga-
tion with targeting ligands and drug molecules provide tumor visualization and
target therapy. For example, quantum dot-mucin 1 aptamer-doxorubicin conjugates
were used for ovarian cancer targeting and proved suitable optical properties for
imaging and controlled release of the drug [221].

In addition to the molecular imaging techniques previously described, some
nanoparticles can be used for photodynamic and photothermal therapy in order to
perform targeting therapy.

Photodynamic therapy (PDT) implies the use of photosensitizer agents that
under laser irradiation exert cytotoxic activity by generating reactive oxygen species
[222, 223]. This therapy is very appreciated regarding multidrug resistance cancers
and is suppose that it can replace the conventional chemotherapy [224]. PDT-
specific nanoparticles are used as photosensitizer carriers [225, 226]. Moreover,
these nanocarriers can be functionalized with targeting ligands for better tumor
selectivity and also with drug molecules for therapeutic effectiveness [227-229].
Gold nanoparticles loaded with a fluorescent drug Pc4 targeting PSMA-1 membrane
antigen in prostate cancer are promising tools for surgical guidance and further
therapeutic intervention [228]. EGFR-targeted liposomal nanohybrid cerasomes
are proposed for PDT and immunotherapy in colorectal cancer due to their sensitive
detection properties and anti-tumor efficacy [229].

By a theranostic point of view, photothermal therapy (PTT), also known as
hyperthermia or thermal ablation therapy, acts as a diagnosis and a treatment
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strategy. It uses electromagnetic radiation in infrared (IR) region and provides high
specificity analysis and minimal invasiveness [230]. The nanocarriers used for PTT
need to have the capacity to target the tumor site after heat generation under laser
irradiation [231]. For this purpose, various drug molecules and targeting ligands are
encapsulated into nanoparticles. Gold nanoshells targeting HER? positive breast
cancer proved optical contrast and high tissue penetration under NIR irradiation
[218]. Polymer nanoparticles functionalized with IR820 and doxorubicin were used
in ovarian cancer and showed prolonged circulation time and drug accumulation

at the target site [232]. It is important to mention that the generated temperature

is usually between 42 and 45°C and sometimes higher depending on tumor tissue
(233, 234].

6.1 Theranostic nanoparticles used in the clinic

There are various types of theranostic NPs that can be designed and used for
cancer diagnosis and therapy. Their applicability is highlighted by liposomes, which
are intensively used in clinical trials due to their specific features. In Table 3, several
theranostic nanoparticles used in clinical (clinical trials) and pre-clinical work for
cancer diagnosis and therapy are shown.

Theranostics has the potential to predict and evaluate therapy response, offer-
ing advantageous opportunities to modify the ongoing treatments and to develop
new ones even in a personalized manner [245]. Nanoparticles have gained a lot of
confidence in becoming important tools for a lot of medical applications due to
their properties [17, 19].

The newest designs focus on hybrid nanostructures for better sensitivity and
accuracy. These nanohybrids are currently studied and they proved effectiveness
in cancer targeting by combining different imaging techniques with drug delivery
strategies [246-248].
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Chapter 8

Biological and Physical
Applications of Silver
Nanoparticles with Emerging
Trends of Green Synthesis

Atamyjit Singh and Kirandeep Kaur

Abstract

Among the emerging nanotechnology, nanoparticles get much attention due to
their unique physicochemical, optical, electrical, and thermal activities. Nowadays,
extensive research on silver nanoparticles is going on due to their wide applicabil-
ity in different fields. Silver nanoparticles possess excellent anticancer as well as
antimicrobial efficacy (hence found major and wide applications as antimicrobial,
wound healing, antidiarrheal, and antifungal agents). A huge and advanced per-
spective of silver nanoparticles is found in environmental hygiene and sterilization
due to their magnificent disinfectant properties. The other major applications of
silver nanoparticles include diagnostic (as biological tags in biosensors, assays, and
quantitative detection), conductive (in conductive inks, pastes, and fillers), optical
(metal-enhanced fluorescence and surface-enhanced Raman scattering), and
household (pesticides and wastewater treatment) applications. The present review
consists of an exhaustive detail about the biological and physical applications of
silver nanoparticles along with the analysis of historical evolution, the present
scenario, and possible future outcomes.

Keywords: silver nanoparticles, anticancer, antimicrobial, environmental hygiene,
biosensors

1. Introduction

In this modern era, pharmaceutical research associated with nano-sized products
is rapidly growing. Nanoscience/technology has changed the way of diagnosing,
treating, and curing the diseases which proves to be a great change in human life.
Nano-sized formulations/products include nano-emulsion, ethosomes, liposomes,
nanoparticles, etc. Nanoparticles ranging from 1 to 100 nm are in trend nowadays
due to its size-depending optical, thermal, electrical, and biological properties [1].
Nano-sized metallic particles are unique because they can considerably change
their chemical, physical, and biological properties because of their surface-to-
volume ratio. Silver nanoparticles have unique physical and chemical properties
among other metallic nanoparticles; besides this, its wide applications in different
fields make them the most catchy and different from all other nano-formulations.
Silver nanoparticles are well recognized for their diagnostic (as biological tags in
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biosensors, assays, and quantitative detection), conductive (in conductive inks,
pastes, and fillers), optical (metal-enhanced fluorescence and surface-enhanced
Raman scattering), and household (pesticides and wastewater treatment) applica-
tions. Silver nanoparticles gained their immense attraction due to its magnificent
role in cancer treatment. The biological activity of silver nanoparticles depends upon
various factors like surface morphology, surface chemistry, size, size distribution,
cell type, cell agglomeration, and reducing agent used for the synthesis of nanopar-
ticles. Silver nanoparticles were firstly recorded by M.C. Lea; by citrate reduction
method, he produced stabilized silver colloids. Many methods are there for the
synthesis of silver nanoparticle which include a physical method, chemical method,
biological method, etc. Physical and chemical methods are somewhat hazardous and
costly, whereas biological methods are safe and are simpler to apply for the synthesis
of silver nanoparticles. After synthesis and before applying it for any purpose, silver
nanoparticles must pass all the characteristic parameters like size, shape, size dis-
tribution, surface area, solubility, aggregation, toxicity, and biocompatibility. Many
techniques have been used to evaluate all these parameters like UV-Vis spectros-
copy, differential screening calorimetry (DSC), X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS),
dynamic light scattering (DLS), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and atomic force microscopy (AFM) [2-6].
Advantages of silver nanoparticles [7]:

* There is a possibility of high-scale production of silver nanoparticles.

* Silver nanoparticles possess long-term stability.

Controlled drug delivery of silver nanoparticles can be achieved.

* Silver nanoparticles can be freeze-dried and lyophilized to get powder
formulation.

Disadvantages of silver nanoparticles [7]:
* Less drug loading capacity.
* Dispersion of silver nanoparticles includes some amount of water.

* The less capacity to load lipophobic drugs.

2. Methods of preparation
2.1 Physical methods

Physical methods use physical energies to produce the silver nanoparticles
with narrow size distribution. Physical methods produce a large quantity of silver
nanoparticles in a single process. These methods are also able to give silver nanopar-
ticle powder (Figure1) [8].

2.1.1 Evaporation-condensation method

In this method, the metallic (silver-organic) source is kept in the boat with the
heat center in a tube furnace. Center heat is enough to evaporate the non-silver
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Figure 1.
Physical methods for the preparation of silver nanoparticles.

particles which get eliminated with the carrier gas leaving behind the silver
nanoparticles. The more the temperature of the furnace, the more the concentration
of silver nanoparticles formed. But this method takes a quite large time to reach
stabilized temperature [9].

2.1.2 Laser ablation method

In this method, metallic/silver plate is dispersed in a liquid medium and illu-
minated with a laser beam. The metal plate absorbs the laser beam and forms a
hot plasma which contains silver particles in maximum concentration. The liquid
medium lowers down the temperature and cools the vicinity which initiates the
formation of silver nanoparticles. The nature of the silver nanoparticles formed and
the ablation efficiency depends upon many factors such as the wavelength of the
laser impinging the metallic target, the duration of the laser pulses (in the femto-,
pico-, and nanosecond regime), the laser fluency, the ablation time duration, and
the effective liquid medium, with or without the presence of surfactants [1].

The major advantage of both the methods is that it does not include any chemical/
reducing and stabilizing agent; therefore, the silver nanoparticles produced by these
methods are contamination free and do not need to be purified for further applica-
tion. However, the major disadvantage is that they consume high energy and costly.
Due to these drawbacks, some methods were adopted which are also based on this
physical approach but overcome these limitations. These adopted methods are like
using ceramic heater which uses less energy and produces continuous heat without
any fluctuation and where there is a steep temperature gradient in the vicinity. The
second method adopted is thermal decomposition method which produces the silver
nanoparticles in solid form. This method works on the principal of complexation
between silver and oleate ions and gives silver nanoparticles with 10 nm size. The
arch dispersion method was also adopted to overcome the abovementioned limita-
tions and involves the formation of silver nanoparticles in deionized water and does
not include the incorporation of any surfactant; it yields silver nanoparticles with
less than 10 nm size and hence proves to be a very efficient method [1, 9].

2.2 Chemical methods

These methods are most employed in synthesizing the silver nanoparticles.
These methods are based on the reduction of silver ions to the silver atoms which
get agglomerated to form the oligomeric clusters which lead to form silver nanopar-
ticles. Various precursors are used in these methods like silver nitrate (AgNO;),
silver acetate, and silver chlorate. In these precursors reducing agents like
ascorbate, borohydride, and compounds with the hydroxyl and carboxyl group
like alcohol, aldehyde, and carbohydrates are incorporated which reduce the silver
ion in the precursor and form the silver atom followed by formation of silver
nanoparticles. The silver nanoparticles formed are greatly influenced by the nature
and properties of reducing agents. The reducing agents are categorized into strong
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and mild reductants. The strong reductants like borohydrides give large-sized
monodispersed nanoparticles, whereas ascorbates and citrates produce small-sized
nanoparticles with wide dispersion. Besides this, the morphology (size and shape)
of nanoparticles depends upon the type of dispersion medium. The dispersion
mediums are a solvent system which acts as the protective or stabilizing agent and is
absorbed on the particle surface to prevent agglomeration. Various solvent systems
used are mostly polymers like polyvinylpyrrolidone (PVP), polymethylmethacry-
late (PMMA), polymethyl acrylic acid (PMAA), and polyethylene glycol (PEG).
Polymers are the best candidate as stabilizing agents [10, 11].

2.3 Biological methods

The chemical methods involve a large number of chemical agents like stabiliz-
ers (PVP, PMMA, PMAA, and PEG), reducing agents (borohydrides, citrates, and
ascorbates) which turns the final product (silver nanoparticles) contaminated. To
overcome these limitations, the natural reducing agents are being used nowadays, and
this method refers to a biological or green method which is eco-friendly, gives con-
tamination-free product, and consumes less energy. The natural reducing agents like
biological microorganisms such as bacteria, fungus, and plant extract are used. The
basic principle of this method is that all the natural reducing agents like flavonoids,
oils, terpenoids, carbohydrates, enzymes, etc. give an electron to reduce silver ions
to silver atoms. This method proves to be a simpler viable alternative to the complex
chemical methods to obtain silver nanoparticles. Bacteria are known to be very effec-
tive natural reducing agents which give organic and inorganic material, intracellularly
and extracellularly. There is a wide range of biological reducing agents available which
hence gives a wide choice of precursors for this method (Figure 2) [12, 13].

2.4 Other methods
2.4.1 Photochemical method
Photochemical method uses light especially UV light to transform solution

of colloidal silver nanoparticles to stable formulation with different sizes and
shapes (Figure 3). In this method, the precursor source is a silver colloidal solution
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Overview of the synthesis of silver nanoparticles by the green method.
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Figure 3.
Other conventional approaches for the synthesis of silver nanoparticles.

(silver nitrate, silver perchlorate, etc.) which gets photochemically reduced to
form the silver nanoparticles in the presence of polymer stabilizers such as PVP,
PMMA, and PMAA. The growth of the nanoparticles formed by this method
can be controlled by choosing the concentration of stabilizers and type of light
source [8, 9].

2.4.2 Electrochemical method

In this method, the silver nanoparticles are formed in a special electrochemical
cell in which the silver acts as an anode and the platinum acts as a cathode. The
external electrical field is applied to the silver anode which in turn forms the silver
clusters followed by the formulation of silver nanoparticles that get deposits on the
platinum cathode. This process is conducted at the room temperature, and current
density can control the size of silver nanoparticles [9].

2.4.3 Microemulsion technique

The silver nanoparticles of controllable and uniform size can be synthesized by
this technique. The metal precursor and the reducing agent are firstly separated in
the two immiscible liquids; the intensity at the interphase and interphase trans-
porters which are mediated by the quaternary ammonium sulfate affects the rate of
interaction between metal precursors and reducing agents. The silver nanoparticle
clusters when formed at the interphase get stabilized by the stabilizers at the inter-
phase and then transported to the organic solvents by interphase transporter. The
major disadvantages of this method are that the organic solvents which are used
are deleterious in nature and that the final product is contaminated in nature and
must be separated from the surfactants and organic solvents for further applica-
tions which are quite difficult [1].

2.4.4 Microwave-assisted synthesis

In this method, unlike conventional oil bath heating method, microwave
heating is used to synthesize the silver nanoparticles. It is a promising method
nowadays because microwave heating has a shorter reaction time, reduced energy
consumption, and better yield of product which prevent the agglomeration of
particles formed. This synthesis involves the carboxymethyl cellulose sodium as a
stabilizer. The nanoparticles formed by this have the stability of 2 months without
any visual change. Microwave-heated starch is used as a stabilizer which also serves
as a template. Polyols like polyethylene glycol and N-vinylpyrrolidine are used as
reducing agents as well as stabilizers in which inorganic salt is reduced to form
nanoparticles [1].
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2.4.5 Tollens method

In this method, the Ag(NHj;)," (Tollens reagent) is reduced by saccharides in
the presence of ammonia which yields silver nanoparticle films of size 20-50 nm
and silver nanoparticles of different sizes. The pH is usually between the 11.5 and
13.0. pH also influences the particle size as at low pH the size of nanoparticles is
comparatively small. The polydispersity of the silver nanoparticles can be achieved
by lowering the pH [1].

3. Characterization
3.1 UV-Vis spectroscopy

The absorbance of plasmon is responsible for giving a specific color to the
nanoparticles. The electromagnetic radiations and the conduction electron are
absorbed by the incident light oscillations and hence produce a specific color. The
plasmon sample is diluted with the distilled water generally, and silver nanopar-
ticles show peak near about 400 nm. The lambda max of the plasmon resonance
solution is responsible for indicating the size of the formulation (Figure 4) [2, 3].

3.2 Fourier transform infrared spectroscopy

In this method, the functional group of the silver nanoparticles is detected. The
transmittance goal of silver nanoparticles can be found at 490 nm, and the signaling
of OH near 3499 cm [2, 3].

3.3 X-ray diffraction

The XRD depicts the crystalline structure of nanoparticles. When X-rays reflect
on the sample (crystal structure), it reflect different diffracted patterns. From these
patterns, various physicochemical properties of the sample can be predicted. The
X-ray diffraction pattern is matched with the standard/reference pattern of the
sample, and from this impurities can be detected easily. There is interplanar spacing
in the diffraction pattern which is also called d values; these d values are matched
with standard silver values. The average crystalline size of nanoparticles can be
calculated using Debye-Scherrer formula:

_k
D= b cosq @

where D is the average crystalline size of the nanoparticles, k is the geometric
factor (0.9), A is the wavelength of X-ray radiation source, and b is the angular full-
width at half maximum (FWHM) of the XRD peak at the diffraction angle. From
this formula the average size of the silver nanoparticles can be calculated [3, 14].

3.4 Atomic force microscopy

Atomic force microscopy characterizes not only the size shape and sorption but
also the dispersion and aggregation of the nanoparticles. AFM helps in the measure-
ment of real-time interactions of nanoparticles with the lipid biological layers,
which cannot be achieved by current electron microscopy techniques. No conduc-
tive surface or oxide-free surface is required for the measurement in the atomic
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Figure 4.
Various techniques used in the characterization of silver nanoparticles.

force microscopy. In addition to this, the major advantage of AFM is that it does not
cause any destruction to the native surface and can measure sub-nanometer scale
in aqueous fluids. However, the major drawback is the overestimation of the lateral
dimensions of the sample due to the size of the cantilever. The operating mode (no
contact or contact) is a very crucial factor in sample analysis [2].

3.5 Scanning electron microscopy

It is a high-resolution technique/microscopy used to detect whole morphology
and surface characteristics of the nanoparticles. It is based on the reflection of
very high energetic electrons to the probe object. It is a very efficient method to
resolve different particle sizes, size distributions, and nanomaterial shapes. The
surface morphology of the micro- and nanoscale particles can be easily detected
by using SEM. By the histogram obtained particles can be counted either manually
or using any software. More specifically for the determination of surface morphol-
ogy and chemical composition of silver nanoparticles, SEM can be combined with
the energy-dispersive X-ray spectroscopy (EDX). The major advantage of this
technique is that it can identify the morphology of nanoparticles having size below
10 nm; however, the drawback of this technique is that it is not helpful in determi-
nation of the internal structure of the nanoparticles [3].

3.6 Transmission electron microscopy

TEM is a quantitative method for determination of particles, particle size, size
distribution, and morphology. In this technique, the resolution is based upon the ratio
of distance between the objective lens and specimen and distance between objective
lens and image plane. The major advantages of this technique over the SEM are that it
has better efficiency of spatial resolution and other analytical measurements can also
be done by this technique. However, the major disadvantage of TEM is sample prepara-
tion which is a highly crucial step for better imaging and is highly time-consuming; in
addition to this, another disadvantage is high-vacuum and very fine and thin sections of
sample are required which are quite difficult to maintain and prepare, respectively [2].

4. Applications of silver nanoparticles

Applications of silver nanoparticles can be classified in two major classes, that s,
therapeutic and physical applications (Figure 5).
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Applications of silver nanoparticles.

4.1Biological applications

Silver nanoparticles have various biological applications (Figure 6) majorly
antimicrobial, anticancer, antioxidant, anti-inflammatory, wound healing, antima-
larial, etc. Inbathamiz et al. synthesized silver nanoparticles using aqueous extract
of Morinda pubescens by reducing silver nitrate and evaluate them in vitro for their
antioxidant (using DPPH, ferric thiocyanate, thiobarbituric acid, superoxide anion
radical scavenging, H,0,, metal chelating, and phosphomolybdenum-like assay)
and anticancer potential (by MTT assay on human epithelium cells of liver cancer
(HepG2)). They found that silver nanoparticles have high antioxidant capacity as
well as cytotoxic activity against HepG2 cell lines [15]. Logeswari et al. synthe-
sized silver nanoparticles using extracts of Ocimum tenuiflorum, Syzygium cumini,
Solanum trilobatum, Centella asiatica, and Citrus sinensis from silver nitrate solution.
Prepared silver nanoparticles were evaluated for antimicrobial activity against
Staphylococcus aureus, Escherichia coli, Klebsiella pneumonia, and Pseudomonas
aeruginosa using disk diffusion method. Results revealed that silver nanoparticles
synthesized from Solanum trilobatum and Ocimum tenuiflorum possess the highest
antimicrobial activity against Staphylococcus aureus (30 mm) and Escherichia coli
(30 mm), respectively [16].

Most of the urinary tract infections are caused by Proteus mirabilis, Escherichia
coli, Serratia marcescens, and Pseudomonas aeruginosa. These bacterial pathogens

Green sources for silver nanoparticles preparation and
their biological outcomes
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Figure 6.
Natural sources used for preparation of silver nanoparticles and their biological potential.
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possess quorum sensing (QS) machinery to coordinate their cells and regulate
several virulence factors as well as in biofilm formation. Srinivasan et al. prepared
silver nanoparticles using Piper betle leaf extract from silver nitrate aqueous solu-
tion and evaluate them for anti-QS and antibiofilm potential. Results revealed that
prepared silver nanoparticles were able to inhibit QS-mediated virulence factors
such as protease, prodigiosin, biofilm formation, and exopolysaccharides as well as
hydrophobicity productions in uropathogens. In vivo Caenorhabditis elegans assays
also revealed their nontoxic and anti-adherence efficacy. Therefore, it was concluded
that silver nanoparticles can be an effective alternative toward the conventional
antibiotics in controlling QS and biofilm-related uropathogenic infections [17].

Exopolysaccharide of the Streptomyces violaceus composed of total carbohydrate
(61.4%), ash content (16.1%), and moisture content (1.8%) was efficiently used by
Sivasankar et al. for synthesis of silver nanoparticles. Prepared silver nanoparticles
were evaluated for antibacterial (against Pseudomonas aeruginosa, Escherichia coli,
Staphylococcus aureus, and Bacillus subtilis) and antioxidant (using 1,1-diphenyl-
2-picrylhydrazyl (DPPH) radical scavenging activity, total antioxidant activity,
H,0, scavenging activity, nitric oxide scavenging activity, and ferric reducing
power) activities. Results revealed that silver nanoparticles have promising
antimicrobial and antioxidant activity [18]. Salama et al. synthesized a series of
nanocomposites based on chitosan biguanide-grafted poly(3-hydroxybutyrate)
copolymer (ChG-g-PHB) and silver nanoparticles via in situ reduction of silver
nitrate in copolymer matrix and evaluated them for antimicrobial activity against
Streptococcus pneumonia, Escherichia coli, Salmonella typhi, and Aspergillus fumiga-
tus. Results revealed that sample loaded with 3.0% silver nanoparticles has best
antimicrobial activity (MIC 0.98-1.95 ug/ml) [19]. Dried roasted Coffea Arabica
seed extract was used by Dhand et al. for the synthesis of silver nanoparticles from
silver nitrate and evaluated for antibacterial potential against Escherichia coli and
Staphylococcus aureus; results confirmed the decrease in bacterial growth with well-
defined inhibition zones [20].

Boonkaew et al. developed a burn wound dressing that contains silver nanopar-
ticles to treat infection in a 2-acrylamide-2-methylpropane sulfonic acid sodium salt
(AMPSNa") hydrogel and revealed that hydrogels were nontoxic to normal human
dermal fibroblast cells as well as had good action against Pseudomonas aeruginosa
and methicillin-resistant Staphylococcus aureus. They also revealed that 5 mm
silver hydrogel was efficient in preventing bacterial colonization of wounds, and
results were comparable to the commercially available silver dressings (Acticoat™,
PolyMem Silver®) [21]. David et al. did an eco-friendly extracellular biosynthesis of
silver nanoparticles using european black elderberry (Sambucus nigra) fruit extracts
and evaluated them for their in vitro anti-inflammatory activity on HaCaT cells
exposed to UVB radiation, in vivo on acute inflammation model, and in humans on
psoriasis lesions. Results revealed that silver nanoparticles decrease cytokine pro-
duction induced by UVB radiation and pre-administration of silver nanoparticles
reduces edema and cytokine level in paw tissues after inflammation induction. They
also demonstrate the possible use of silver nanoparticles in psoriasis lesions [22].
Silver nanoparticles prepared by chemical reduction from aqueous solution ranged
from 10 to 20 nm, and on antibacterial evaluation using Kirby-Bauer method, it was
revealed that they have bactericidal activity against Escherichia coli, Pseudomonas
aeruginosa, and Staphylococcus aureus [23]. Kathiravan et al. synthesized silver
nanoparticles using plant extract of Melia dubia and evaluated them against human
breast cancer (KB) cell line. Results revealed that prepared silver nanoparticles had
remarkable cytotoxicity against KB cell line with high therapeutic index [24]. Latha
et al. synthesized silver nanoparticles using leaf extract of Hemidesmus indicus and
evaluated them for antibacterial activity against the isolated bacteria Shigella sonnei
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using agar bioassay, well diffusion assay, and confocal laser scanning microscopy
(CLSM) assay. Results revealed that silver nanoparticles have higher inhibitory
activity (34 mm) at 40 pg/ml [25].

Ramar et al. synthesized silver nanoparticles using ethanolic extract of rose
(Rosa indica) petals and evaluated them for their antibacterial activity against
selective human pathogenic microbes and anticancer activity against human colon
adenocarcinoma cancer cell line HCT-15. Results revealed that silver nanoparticles
were effective against Escherichia coli, Klebsiella pneumonia, Streptococcus mutans,
and Enterococcus faecalis. The MTT assay, nuclear morphology analysis, mRNA
expression of Bcl-2, and Bax and protein expression of caspase 3 as well as caspase
9 indicate the potential anticancer activity [26]. Manikandan et al. prepared silver
nanoparticles using aqueous extract of Phyllanthus acidus fruits from aqueous silver
nitrate solution and investigate their possible role in cytoprotection and anti-
inflammation. They find that silver nanoparticles possess potent anti-inflammatory
activity by scavenging nitric oxide and superoxide anions [27]. Syafiuddin et al. The
silver ions were reduced to silver nanoparticles by using biochemical contents pres-
ent within Cyperus rotundus, Eleusin indica, Melastoma malabathricum, Euphorbia
hirta, Clidemia hirta, and Pachyrhizus erosus extracts. Prepared silver nanoparticles
were evaluated for antibacterial capability against E. coli, B. cereus, and rare bacte-
rium Chromobacterium haemolyticum. They found that all silver nanoparticles have
antibacterial capability [28]. Pandian et al. synthesized silver nanoparticles using
Allium sativum extract and evaluated by cytotoxic assays. Surprisingly, prepared
silver nanoparticles have enhanced cytotoxic effect and induced many apoptotic
cells even with lower concentrations. However, silver nanoparticles are cytotoxic to
normal cell line (VERO cells) at higher concentrations, but careful use with lower
concentrations can make silver nanoparticles an efficient anticancer agent [29].
Prabhu et al. synthesized silver nanoparticles using leaf extract of Vitex negundo
as a potential antitumor agent using human colon cancer cell line HCT15. Silver
nanoparticles were able to arrest HCT-15 cells at G¢/G; and G,/M phases with
a decrease in S phase. Results suggest that silver nanoparticles may exert their antip-
roliferative effect on colon cancer cell line by suppressing its growth, reducing DNA
synthesis, arresting Go/G; phase, and inducing apoptosis [30]. Silver nanoparticles
were synthesized by Ramar et al. using unripe fruit extract of Solanum trilobatum
and evaluated for antibacterial activity against few human pathogenic bacteria
(Streptococcus mutans, Enterococcus faecalis, Eschevichia coli, and Klebsiella pneumo-
nia) as well as anticancer activity against human breast cancer cell line (MCF-7)
using MTT, nuclear morphology assay, Western blot, and RT-PCR expression.
Results revealed that prepared silver nanoparticles have potential antibacterial and
anticancer activities [31]. Silver nanoparticles were evaluated for their effect on
growth and health of broiler chickens after infection with Campylobacter jejuni,
and results revealed that concentration of 50 ppm in drinking water reduces broiler
growth and impairs immune functions while having no any antibacterial effect [32].

Sankar et al. prepared silver nanoparticles using the aqueous extract of
Origanum vulgare by reducing 1 mm silver nitrate solution. They evaluated prepared
silver nanoparticles for antibacterial and anticancer efficacy. Silver nanoparticles
were found to have an impressive inhibiting effect on human pathogens (Aeromonas
hydrophila, Bacillus spp., Escherichia coli, (enteropathogenic—EP), Klebsiella spp.,
Salmonella spp., Salmonella paratyphi, Shigella dysenteriae, and Shigella sonnei)
as well as a cytotoxic effect against human lung cancer A549 cell line [33]. Sun
et al. prepared fabricated silver nanoparticles combined with quercetin, which
were stabilized by using a layer of molecules, that is, siRNA, and found that the
prepared silver nanoparticles have potential activity against B. subtilis [34]. Li et al.
synthesized silver nanoparticles by reduction of aqueous silver ion with culture
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supernatants of Aspergillus terreus, and prepared silver nanoparticles showed excel-
lent antimicrobial activity against Candida albicans, Candida krusei, Candida parap-
silosis, Candida tropicalis, Aspergillus flavus, Aspergillus fumigatus, Staphylococcus
aureus, Pseudomonas aeruginosa, and Escherichia coli [35].

Rajeswari et al. synthesized silver nanoparticles using Aspergillus consortium
consisting of Aspergillus niger, Aspergillus michelle, and Aspergillus japonicus and
evaluated them for anticancer activity against MCF-7 cell line by MTT assay. Results
revealed that prepared silver nanoparticles were capable for 100% cell inhibition at
25, 50, and 100 pg concentrations. However, the lowest ICso = 1.47 pg/ml was found
for nanoparticles produced from Aspergillus japonicus [36]. Sayed et al. synthesized
silver nanoparticles using Aspergillus terreus cell-free filtrate and evaluated them
for antibacterial activity against Staphylococcus aureus (MRSA), Shigella boydii,
Acinetobacter baumannii, Shigella sonnei, and Salmonella typhimurium. They find
that prepared silver nanoparticles have potential activity against all the strains [37].
Singh et al. prepared silver nanoparticles using endophytic fungus, Penicillium sp.,
isolated from healthy leaves of Curcuma longa and evaluated them against MDR
E. coli and S. aureus. Results revealed that prepared silver nanoparticles have good
antibacterial activity with a maximum zone of inhibition of 17 and 16 mm at 80 pL
concentration, respectively [38]. Ramalingmam et al. used endophytic fungus
Curvularia lunata for the extracellular biosynthesis of silver nanoparticles from
silver nitrate solution, and prepared silver nanoparticles were tested for antimicro-
bial potential against E. coli, Pseudomonas aeruginosa, Salmonella paratyphi, Bacillus
subtilis, Staphylococcus aureus, and Bacillus ceveus. Results revealed that prepared
silver nanoparticles have potential antimicrobial activity against all strains [39].
Mubhsin et al. synthesized silver nanoparticles using endophytic fungus Papulaspora
pallidula and evaluated them for antitumor efficacy against human larynx car-
cinoma cell line (HEp-2). They also investigate them against human pathogenic
bacteria (Escherichia coli, Proteus mivabilis, Pseudomonas aeruginosa, Salmonella
typhi, and Staphylococcus aureus) for antibacterial activity using agar well diffusion
technique. Results revealed that prepared silver nanoparticles have high inhibition
potential against HEp-2 cell line and are effective against all pathogenic bacteria
under screening [40].

Arun et al. developed silver nanoparticles using a mushroom fungus
Schizophyllum commune and evaluated them for their antimicrobial activity against
bacterial (Escherichia coli, Bacillus subtilis, Pseudomonas fluovescens, and Klebsiella
pneumonia) as well as fungal (Trichophyton simii, Trichophyton mentagrophytes, and
Trichophyton rubrum) pathogenic strains. They also investigate their anticancer
activity using MTT cytotoxicity assay on human epidermoid larynx carcinoma
(HEp-2) cell lines. Results revealed that prepared silver nanoparticles have a signifi-
cant antimicrobial as well as anticancer activity [41]. Barapatre et al. prepared silver
nanoparticles by enzymatic reduction of silver nitrate using two lignin-degrading
fungi, that is, Aspergillus flavus and Emericella nidulans, and evaluated them for
antibacterial activity against Escherichia coli and Pseudomonas aeruginosa as well as
against Staphylococcus aureus. The antibiofilm potential was also tested. They found
that prepared silver nanoparticles are effective against tested pathogenic microbes
and have the ability to inhibit the biofilm formation by 80-90% [42]. Extracellular
synthesis of silver nanoparticles from Phoma glomerata was done by Birla et al.
and investigated for antibacterial efficacy against Escherichia coli, Staphylococcus
aureus, and Pseudomonas aeruginosa. They found that antibiotics showed remarkable
sensitivity when used in combination with prepared silver nanoparticles [43].

Subbaiya and Selvam synthesized silver nanoparticles by Streptomyces olivaceus
and evaluated them for their anticancer potential against non-small cell lung
carcinoma cell line (NCI-H460). They found that prepared silver nanoparticles
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were effective against the cancer cell line [44]. Silver nanoparticles synthesized
using aqueous extract of Agaricus bisporus fungi were tested for cytotoxic effect

on MCF-7 breast cancer cells by El-Sonbaty who found that prepared silver
nanoparticles have a dose-dependent cytotoxic effect on MCF-7 breast cancer cells
with LDs (50 pg/ml). He also found that silver nanoparticles have a synergistic
effect in cancer therapy with gamma radiation [45]. Gade et al. synthesized silver
nanoparticles by Aspergillus niger isolated from soil and evaluated them for antimi-
crobial potential. They found that prepared silver nanoparticles have remarkable
antibacterial activity against Staphylococcus aureus and Escherichia coli, respectively
[46]. Endophytic fungal species, Penicillium species from Glycosmis mauritiana, was
used for the synthesis of silver nanoparticles by Govindappa et al and evaluated
for their biological potential. They found that prepared silver nanoparticles have
anti-inflammatory, xanthine oxidase, and lipoxygenase and tyrosine kinase inhibi-
tory activity. Furthermore, prepared silver nanoparticles strongly inhibit bacterial
species like E. coli and P, aeruginosa [47].

Rajam et al. prepared silver nanoparticles using fungus Emericella nidulans
EV4 and investigated their potential against Pseudomonas aeruginosa NCIM 5029.
They found that prepared silver nanoparticles showed remarkable control over the
growth of Pseudomonas aeruginosa NCIM 5029 [48]. Kulkarni et al. synthesized
silver nanoparticles using Deinococcus radiodurans and found that prepared silver
nanoparticles have remarkable antimicrobial, anticancer, and anti-biofouling
activity [49]. Netala et al. prepared silver nanoparticles by using the aqueous culture
of filtrate from Pestalotiopsis microspora and evaluated them for antioxidant and
anticancer potential. Prepared silver nanoparticles showed remarkable radical
scavenging activity against DPPH and H,0, radicals with ICs, values of 76.95 + 2.96
and 94.95 + 2.18 pug/ml as well as significant cytotoxic effect against SKOV3
(human ovarian carcinoma, ICsy = 16.24 + 2.48 pg/ml), B16F10 (mouse melanoma,
ICso = 26.43 + 341 pg/ml), PC3 (human prostate carcinoma, ICsy = 27.71 + 2.89 pg/
ml), and A549 (human lung adenocarcinoma, ICsg = 39.83 + 3.74 pg/ml) cells,
respectively [50]. Silver nanoparticles prepared by using the cell-free extract of
Saccharomyces boulardii were tested for anticancer activity against breast cancer cell
lines (MCF-7 cells) by Kaler A. et al. who found that silver nanoparticles showed
very high activity on MCF-7 cells, showing 80% inhibition [51]. Durairaj et al.
synthesized silver nanoparticles using Penicillium notatum and evaluated them for
their antibacterial and larvicidal potential in mosquitoes. They found that silver
nanoparticles have significant mortality rate against second and third instar larvae of
Culex quinquefasciatus after 24 h exposure and were effective against Staphylococcus
aureus, Escherichia coli, Salmonella Shigella, and Salmonella typhimurium, respectively
[52]. Silver nanoparticles prepared by using culture supernatants of Aspergillus
terreus were evaluated for their antimicrobial properties by Li et al. and found to
have broad-spectrum antimicrobial activity against A. terreus against P. aeruginosa,
S. aureus, E. coli, C. albicans, C. krusei, C. glabrata, C. tropicalis, A. fumigatus, and
A. flavus, respectively [35]. Ma et al. prepared silver nanoparticles using cell-free
filtrate of the fungus strain Penicillium aculeatum Sul as reducing agent and found
that prepared nanoparticles exhibit higher antimicrobial activity against E. coli, P
aeruginosa, S. auveus, B. subtilis, and C. albicans as well as have higher biocompatibil-
ity toward human bronchial epithelial (HBE) cells with high cytotoxicity in dose-
dependent manner (ICsy = 48.73 pg/ml) toward A549 cells [53].

Silver nanoparticles were prepared using culture supernatant of Nocardiopsis sp.
MBRC-1 and evaluated for antimicrobial and anticancer activity by Manivasagan et al.
Results revealed that silver nanoparticles have strong antimicrobial activity against
bacteria (Escherichia coli, Pseudomonas aeruginosa, Bacillus subtilis, Enterococcus hivae,
Shigella flexneri, and Staphylococcus aureus) and fungi (A. brasiliensis, A. fumigatus,

164



Biological and Physical Applications of Silver Nanoparticles with Emerging Trends of Green...
DOI: http://dx.doi.org/10.5772/intechopen.88684

Aspergillus niger, and Candida albicans) and are effective against human cervical
cancer cell line (HeLa) in dose-dependent manner with ICs, value of 200 pg/ml,
respectively [54]. Silver nanoparticles were synthesized by Rahimi et al. using bio-
mass obtained from the culture of Candida albicans and evaluated for antibacterial
properties. Results revealed that prepared silver nanoparticles were effective against
Escherichia coli and Staphylococcus aureus [55]. Rajora et al. used textile soil-isolated
bacterium Pseudomonas stutzeri to synthesize silver nanoparticles and evaluated them
for their antimicrobial and cytotoxicity properties. Results revealed that prepared
silver nanoparticles have strong antibacterial activity against multidrug-resistant
(MDR) Escherichia coli and Klebsiella pneumonia and do not have any cytotoxic effects
on human epithelial cells [56]. Shanmugasundaram et al. isolated an actinobacterium,
Streptomyces sp. M25, and used its biomass for the synthesis of silver nanoparticles.
Prepared silver nanoparticles when evaluated for larvicidal activity were found to have
significant activity against malarial vector, Anopheles subpictus (LCso = 51.34 mg/1) and
filarial vector Culex quinquefasciatus (LCso = 60.23 mg/1), respectively [57].

Kalaivani et al. prepared silver nanoparticles using Lactobacillus acidophilus
and white rot fungus (Pleurotus platypus) and found that prepared silver nanopar-
ticles were effective when evaluated for antibacterial potential against pathogenic
bacterial strains such as Bacillus subtilis, Escherichia coli, and Staphylococcus
aureus, respectively [58]. Silver nanoparticles prepared by using Aspergillus
clavatus (AzS-275), an endophytic fungus isolated from sterilized stem tissue of
Azadirachta indica A. Juss, were evaluated for antimicrobial potential and found
effective against Candia albicans (MIC = 9.7 pg/ml, inhibition zone = 16 mm),
Pseudomonas fluorescens (inhibition zone = 14 mm), and Escherichia coli (inhibition
zone = 10 mm), respectively [59]. Waghmare et al. prepared silver nanoparticles
using Candida utilis NCIM 3469 and evaluated them for antibacterial potential.
Results revealed that prepared silver nanoparticles were effective against patho-
genic organisms such as Pseudomonas aeruginosa (inhibition zone = 13 + 1.2 mm),
Staphylococcus aureus (inhibition zone = 8 + 0.8 mm), and Escherichia coli (inhibi-
tion zone = 10 + 1.0 mm), respectively [60].

4.2 Physical applications
4.2.1 Fabrication of antennas

Alshehri et al. have prepared two samples: the first was fabricated from the
nano-metallic silver, and the second consists of micrometer-sized grains. Both
types were prepared using thick-film fabrication process. The material involved in
sample preparation was fine metal powder, an inorganic binder-like metal oxide,
and an organic vehicle that evaporates during the initial drying stages. Both the
samples were characterized for the electrical performances. They found that in the
lower-frequency range, both types of conductors (samples) behave similarly with
electrical loss but increase approximately linearly with increased frequency range
(from 0.1 dB/mm/GHz up to 80 GHz), but above 80 GHz frequency, the silver
nanoparticle-fabricated sample showed lower electrical loss, and this behavior
continues up to the above whole frequency range. The lower level of the loss from
the silver nanoparticle conductors and the overall trend in loss per wavelength
do not depend significantly on frequency. Therefore, it has been concluded that
the silver nanoparticle-fabricated conductors show a less electrical loss at high-
frequency range which in turn attributed to lower surface roughness found in the
nanoparticles due to better packing and may open opportunities for low-tem-
perature fabrication of antennas and for sub-THz metamaterials with improved
performance [61].
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4.2.2 In electronically conductive adhesives

Silver nanoparticles can be used as a silver paste in the electrodes because of their
high conductivity. They have also been used as conductive fillers in electronically
conductive adhesives (ECAs). Chen et al. have synthesized the silver nanoparticles
by reducing the silver nitrate with ethanol in the presence of polyvinylpyrrolidone
(PVP). Various reaction conditions have been studied such as PVP concentration,
reaction time, and reaction temperature. In this method, PVP prevents the aggrega-
tion; in addition to this, the PVP increases the rate of spontaneous nucleation and
decreases the mean size of silver nanoparticles. The ethanol used in this has been
employed as a reducing agent or diluent to adjust the viscosity of the ECAs. The
resulting silver nanoparticles obtained with chemical reduction method had very
fine dispersion and narrow size distribution. The ECAs had the silver nanopar-
ticles re-dispersed in the ethanol. The absorption peak was determined at 410 nm
which was a clear signature of the quantum size effect occurring in the absorption
property of silver nanoparticles. It has also been concluded that the particle size of
nanoparticles has been decreased with increasing concentration of silver nitrate and
with increasing reaction temperature, but with increasing reaction time, the size
of nanoparticles has been increased [62]. Yang et al. have prepared silver nanopar-
ticles, silver nanorods, and epoxy resins containing high-performance electrically
conductive adhesives (ECAs) using a novel preparation method. The prepared
nanoparticles and nanorods were dispersed well, and there was no agglomerate in
the matrix. The volume electrical resistivity tests showed the volume electrical resis-
tivity of the ECA was closely related with the various sintering temperatures and
time and time and the ECA could achieve the volume electrical resistivity of (3—4)

x 9107 Q after sintering at 160°C for 20 min. They found that the prepared ECA
was able to achieve low-temperature sintering and possessed excellent electrical,
thermal, and mechanical properties [63]. This offers the possibility to effectively use
these synthesized nanoparticles for improving the conductivity of ECAs.

4.2.3 Ink-jet printing

The silver nanoparticles can be used in ink-jet printing. Wu and Hsu have
synthesized the silver nanoparticles by chemical reduction from the silver nitrate
using triethylamine as reducing and protecting agent. After that the nanoparticles
have been sintered using the process involved cleaning it with acetone and deion-
ized water to remove the particles and organic contaminants on the surface; after
cleaning the film, it was treated with ozone by UVO-100 UV ozone for 30 min. The
silver nanoparticle suspensions were spin coated (500 rpm, 15 s) on the polyimide
substrate and dried at room temperature in order to remove the solvent. The result-
ing silver nanoparticles on the polyimide substrate were heated from 100 to 200°C
and held at 200°C for 1 h in order to convert to silver films. The polyimide substrate
was then naturally cooled at room temperature in the glass dish. The above syn-
thesized silver nanoparticles were sintered at different temperatures, and it was
found that the resistivity of the silver film sintered at 150°C for 1 h was close to the
resistivity of bulk silver. Based on the above data, the synthesized nanoparticles had
the low sintering temperature; hence, the silver nanoparticle suspensions could be
used to fabricate the flexible electronics by ink-jet printing [64].

4.2.4 Fillers

The micro-sized silver particle fillers appear as the full-density silver flakes, and
the silver nanoparticles fillers appear to be the highly porous agglomerates (similar
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to open-cell foams). Ye measured/analyzed the distribution of different sized par-
ticles using TEM. The electrical resistivity was also measured which was compared
with the different levels of filler loading. The silver nanoparticles were prepared
using the nano-sized spheres of size approximately 50-150 nm in diameter, micro-
sized particles with a diameter of 5-8 pm, and flakes of silver of 10 pm in length.

By TEM studies of the distribution of silver particles in micro-sized particle sea, it
was concluded that it is difficult to find the cross-linkage of particles and there are
fewer chances of different contact and contact area, and by the resistivity measure-
ments, it has been revealed that the conductivity of micro-sized silver particle-filled
adhesive is dominated by constriction resistance, the silver nanoparticle-containing
adhesive is controlled by tunneling and even thermionic emission, and hence the
respective nanoparticles are used to increase the electrical conductivity [65].

4.2.5 Water treatment

Dankovich prepared silver nanoparticles in a paper using microwave irradia-
tion. Antibacterial activity and silver release from the silver nanoparticle sheets
were assessed for model Escherichia coli and Enterococcus faecalis bacteria in deion-
ized water and in suspensions that also contained with various influent solution
chemistries, that is, with natural organic matter, salts, and proteins. The paper
sheets containing silver nanoparticles were effective in inactivating the test bacteria
as they passed through the paper. The resultant silver nanoparticle paper is just as
effective for inactivating bacteria during percolation through the sheet; the silver
nanoparticle papers effectively purify water contaminated with bacteria. Hence,
in conclusion, the paper incorporated with silver nanoparticles by microwave has
been used for the purification of contaminated water [66]. Park et al. developed
micrometer-sized silica hybrid composite decorated with silver nanoparticles,
that is, AgNP-SiO, (to prevent the inherent aggregation of silver nanoparticles
and easy recovery from environmental media after utilization), and evaluated
them for antiviral activity using bacteriophage MS2 and murine norovirus (MNV)
models. Results revealed their potential, and it was concluded that developed
silver nanoparticles (AgNP-SiO,) can be efficiently used in disinfection processes
for inactivation of various waterborne viruses [67]. Abu-Elala et al. investigated
the effect of chitosan-silver nanocomposite on fish crustacean parasite, Lernaea
cyprinacea, disease found in goldfish (Carassius auratus) aquaria during the spring
season. Their results proposed that chitosan silver nanocomposite is efficient in
parasitic control in ornamental glass aquaria [68].

4.2.6 Solar cell optimization

Plasmonic effects in thin film silicon solar cell are an emerging technology and
area of rigorous research for the researchers from the past couple of years. It has
promising application in solar cell fabrication industries where it uses nanoscale
properties of silver nanoparticles incorporated in the interface between the metal
and dielectric contacts that enhance the light-trapping properties of thin film
silicon solar cells by increase absorbance capacity and generation of hot electrons
that enhance the photocurrents in the solar cell. Sangno et al. had taken two dif-
ferent thicknesses of the silver thin film (made of silver nanoparticles) of 5.9 and
78 nmin 2 x 10~ (Torr) and 2.5 x 10~* (Torr) pressure environment for investiga-
tion purpose. Samples were annealed at different temperature ranges for a definite
time period under vacuum condition of 4.5 x 107° Torr. They found that reflectance
reduces 13-11% due to plasmonic effect and enhancement in the conversion effi-
ciency of the solar cell [69].
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4.2.7 Biosensor fabrication

Li et al. fabricated nanoenzymatic glucose biosensors by depositing silver
nanoparticles using in situ chemical reduction method on TiO, nanotubes which
were synthesized by the anodic oxidation process. The structure, morphology,
and mechanical behaviors of the electrode were examined by scanning electron
microscopy and nanoindentation. It was found that silver nanoparticles remained
both inside and outside of TiO, nanotubes whose length and diameter were about
1.2 pm and 120 nm. The composition was constructed as an electrode of a non-
enzymatic biosensor for glucose oxidation. The electrocatalytic properties of the
prepared electrodes for glucose oxidation were investigated by cyclic voltammetry
(CVs) and differential pulse voltammetry (DPV). When compared with bare
TiO, and silver-fresh TiO, nanotube, Ag-Ti0,/(500°C) nanotube exhibited the
best electrochemical properties from cyclic voltammetry (CVs) results. In addi-
tion, the nonenzymatic glucose sensors exhibited excellent selectivity, stability,
and repeatability. Nanoenzymatic glucose biosensors have potential application
in catalysis and sensor areas [70]. Ruth et al. has synthesized the oligonucleotide-
silver nanoparticle (OSN) conjugates and revealed their use with magnetic beads
as a biosensor for Escherichia coli detection under the magnetic field condition.

The biosensor developed was able to detect the presence of DNA target which was
isolated from the three isolation methods, and it has been found that best detection
signals were achieved by the isolation method in which it could detect the presence
of DNA target up to 1.3 ng/pl [71]. Mahmudin et al. synthesize the silver nanopar-
ticles by chemical reduction method. TEM images showed that morphology of silver
nanoparticles had spherical geometry and had dispersive particle distribution.
They conclude that this type of dispersibility of nanoparticles such as this could
potentially be used as an active ingredient of SPR biosensor [72]. Sistani et al. have
developed the enzymatic biosensor for selective detection of penicillin by using
silver nanoparticles, and sensor configuration showed the linear dynamic range for
output response vs. logarithmic concentration of a salt solution of penicillin G [73].

4.2.8 Protein sensing

Tung N.H reported that silver nanoparticles labeling could be used in protein
sensing studies by liquid electrode plasma-atomic emission spectrometry (LEP-
AES). This technique is suitable for on-site portable analysis because plasma gas and
the high-power source are not required. Proposed detection method could have a
wide variety of promising applications in metal nanoparticle-labeled biomolecule
detection [74].

4.2.9 Hospitals

Duran et al. prepared silver nanoparticles by using Fusarium oxysporum and
studied their antimicrobial effect when incorporated in cotton fabrics against
Staphylococcus aureus. They found that fabric incorporated with silver nanopar-
ticles have significant antibacterial activity. They proposed that clothes with silver
nanoparticles are sterile and can be useful in hospitals to prevent or to minimize
infection with pathogenic bacteria such as Staphylococcus aureus [75].

4.2.10 Analytical

Lipids are the major components of cell membrane and abnormal cellular metab-
olism-induced lipid changes. Hua et al. investigate silver nanoparticle-induced lipid
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changes on the surface of macrophage cells using time-of-flight secondary ion mass
spectrometry (ToF-SIMS). By using this technique, one can understand the mechanism
of cell-nanoparticle interactions at the molecular level and characterize the changes

in lipids on the single cell surface [76]. Citrate- and polyethyleneimine-coated silver
nanoparticles can be used to understand how the type of capping agents and surface
charge affects their colloidal stability, dissolution, and ecotoxicity in the absence/pres-
ence of Pony Lake fulvic acid (PLFA). On the basis of this, Jung et al. demonstrate that
the differences in colloidal stability, ecotoxicity, and dissolution may be attributed to
different capping agents, surface charge, and natural organic matter concentration as
well as to the formation of dissolved silver complexes with natural organic matter [77].

4.2.11 Agricultural and marine

Silver nanoparticles synthesized by Guilger et al. using fungus Trichoderma har-
zianum were evaluated for cytotoxicity and genotoxicity against fungus Sclerotinia
sclerotiorum which is responsible for the agricultural disease white mold and
found that nanoparticles showed potential against Sclerotinia sclevotiorum, inhibit-
ing sclerotium germination and mycelial growth. The study suggests that silver
nanoparticles can be a new alternative in white mold control [78]. Babu et al. have
synthesized silver nanoparticles in vitro using marine bacteria Shewanella algae
bangaramma and found that the synthesized nanoparticles have both larvicidal and
bactericidal activities and no mortality in control; in addition to this, the maximum
values of LCsy and LCqg with 95% confidential limit [4.529 mg/ml (2.478-5.911),
9.580 mg/ml (7.528-14.541) ] were observed with third instar larvae of Lepidiota
mansueta (Burmeister). It was found that the mortality of larvae was significantly
increased in all the concentrations (P < 0.0001) in all the exposed groups. The
bactericidal activities of the silver nanoparticles were determined against some of
the bacterial species which followed the following order: Vibrio cholera < Roseobacter
spp. < Alteromanas spp. It has been concluded that the synthesized silver nanopar-
ticles had effective larvicidal and antifouling activities and can be effectively used
in the agricultural and marine pest control [79].

4.2.12 Miscellaneous

Chen prepared silver nanoparticles from filamentous fungus Phoma sp3.2883
via adsorption and accumulation as well as proposed that fungus Phoma sp3.2883
is a potential biosorbent that can be used for the production of silver nanoparticles
and would be useful in waste detoxification and in silver recovery programs [80].
Du et al. synthesized silver nanoparticles under light radiation using cell filtrate of
Penicillium oxalicum 1-208. The prepared silver nanoparticles were used as a catalyst
and exhibit excellent catalytic activity for reduction of methylene blue in the pres-
ence of NaBH, at ambient temperature [81]. Otari et al. synthesized silver nanopar-
ticles using culture supernatant of phenol degraded broth (prepared by using an
actinobacterium Rhodococcus NCIM 2891) and investigate their catalytic potential.
They found that prepared silver nanoparticles have excellent catalytic activity in the
reduction of 4-nitrophenol to 4-aminophenol by NaBH, [82]. Zaheer synthesized
silver nanoparticles using an aqueous extract of date palm fruit pericarp and evalu-
ated them for antimicrobial activity against multiple drug-resistant Staphylococcus
aureus, Eschevichia coli, and Candida albicans. Results revealed that inhibition was
concentration dependant. It was also concluded that silver nanoparticles have good
catalytic activity toward the catalytic and photocatalytic degradation of 4-nitrophe-
nol [83]. Soni et al. prepared silver nanoparticles using soil fungus Aspergillus niger
2587 and evaluated them against larvae and pupae of Anopheles stephensi, Culex
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quinquefasciatus, and Aedes aegypti. Results revealed that larvae of Culex quinque-
fasciatus were most susceptible and showed 100% mortality after 1 h of exposure.
This suggests the possible application of silver nanoparticles in mosquito control
[84]. Larvicidal potential of silver nanoparticles synthesized by using filamentous
fungus Cochliobolus lunatus was determined against vectors Aedes aegypti and
Anopheles stephensi by Salunkhe et al. They found that silver nanoparticles have
efficacy against the second, third, and fourth instar larvae of A. stephensi (LCs 1.17,
1.30, and 1.41; LCy 2.99, 3.13, and 3.29 ppm) and against A. aegypti (LCsp 1.29, 1.48,
and 1.58; LCy 3.08, 3.33, and 3.41 ppm). They also proposed that possible larvicidal
activity may be due to the penetration of nanoparticles through the membrane [85].
Sanago et al. investigated silver nanoparticles synthesized by using filamentous
fungus Penicillium verrucosum, for larvicidal activities against the filarial vector
Culex quinquefasciatus. They find that synthesized silver nanoparticles were effec-
tive against the first, second, third, and fourth instar larvae and pupae of Culex
quinquefasciatus with LCs (LCoo) values of 4.91 (8.13), 5.16 (8.44), 5.95 (7.76), and
7.83 (12.63) at 25 ppm as well as 5.24 (8.66), 5.56 (8.85), 6.20 (10.01), 7.04 (10.92)
and 7.33 (11.59) at 50 ppm in larval instars and pupae [69]. Silver nanoparticles
were prepared by Suresh et al. using an aqueous extract of Delphinium denudatum
and evaluated for their larvicidal (against second instar larvae of the dengue vector
Aedes aegypti) potential. They found that prepared silver nanoparticles have potent
larvicidal activity with LCs value of 9.6 ppm [86].

5. Conclusion

It is revealed that silver nanoparticles have potential applications in therapeu-
tics as well as in other physical fields. In therapeutics, researchers are seemed to be
more focused on anticancer and antimicrobial evaluations. Green synthesis makes
them eco-friendly and nonhazardous. Applications of silver nanoparticles are
not limited to therapeutics only, they are equally covering physical fields too such
as biosensors and antenna fabrication, conductive adhesives, in ink-jet printing,
water treatment, solar cell optimization, protein sensing, etc. Rigorous research
has been carried out and continued on this nanostructure. Therefore, the silver
nanoparticle has the ability to be a lead nanoparticle of the future due to its wide
variety of applications.
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Copper Complexes as Influenza
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Abstract

Copper complexes have previously been developed to target His37 in influenza
M2 and are effective blockers of both the wild type (WT) and the amantadine-
resistant M2S31N. Here, we report that the complexes were much less toxic to
zebrafish than CuCl,. In addition, we characterized albumin binding, mutagenicity,
and virus resistance formation of these metal complexes, and employed steered
molecular dynamics simulations to explore whether the complexes would fit in M2.
We also examined their anti-viral efficacy in a multi-generation cell culture assay
to extend the previous work with an initial-infection assay, discovering that this
is complicated by cell culture medium components. The number of copper ions
binding to bovine serum albumin (BSA) correlates well with the number of surface
histidines and BSA binding affinity is low compared to M2. No mutagenicity of the
complexes was observed when compared to sodium azide. After 10 passages of virus
in MDCK culture, the ECs was unchanged for each of the complexes, i.e. resistance
did not develop. The simulations revealed that the compounds fit well in the M2
channel, much like amantadine.

Keywords: medicinal metals, proton transport, plaque assay, Ames, CTX, CPE

1. Introduction

The influenza A M2 protein is a homotetrameric channel [1] that is particularly
selective for protons [2] and is essential for uncoating of the virus [3]. The proton
selectivity is due to the cluster of His37 imidazole side chains in the channel [4, 5].
This channel has been a primary antiviral target. Amantadine (AMT) and rimanta-
dine (RMT) were highly successful as M2 blockers [6-8], but they became ineffec-
tive in 2005 when a mutation from serine to asparagine at residue 31 (S31N) in M2
occurred [9, 10].

Attempts have been made to develop variants of AMT, RMT and others that
could block the V27A, L26F, or S31N mutations [11-14]. We explored a different
approach that could, in theory, target all functional forms of M2 [15].
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Figure 1.
Copper complexes with the functional groups iminodiacetate or iminodiacetamide extended via the amine to
either AMT or CO.

Drawing from the observation that divalent cations, particularly copper, block
M2 current [16] binding in the His37-Trp41 side chain quadruplex [17], divalent
copper complexes of AMT were synthesized and found to be effective influenza A
inhibitors with reduced cytotoxicity compared to CuCl, [15]. Because Cu”* binds
strongly to imidazole, it was suggested that the Cu* complexes also block M2
through His37-imidazole binding. In addition, the His37 cluster is highly conserved
in nature [18], making it a prime target in the M2 channel.

The copper ligands developed were based on AMT and the lesser-known,
equally effective M2 WT blocker, cyclooctylamine (CO) [19, 20], and extended
via the amine with the functional groups iminodiacetate or iminodiacetamide. Six
Cu?* complexes (Figure 1) were synthesized and characterized using NMR, IR,
MS, UV-Vis, and ICP-MS. The complexes demonstrated H37-specific block of M2
current in two electrode voltage-clamp (TEVC) studies with low uM potencies.
The copper-free ligands did not show proton current block, demonstrating that the
copper was key to the current-blocking process [15].

Because of the reduced toxicity to cultured cells found previously, we were
interested to learn whether the six metal complexes were toxic to simple organisms.
Zebrafish embryos were chosen because they have immune and nervous systems
similar in many ways to more advanced organisms, because they are in an early,
vulnerable stage of development, and because the compounds are readily adminis-
tered at infection-relevant concentrations in their bathwater. We also explored and
report additional properties of these copper complexes, including their efficacies in
the cytopathic effect antiviral assay, their binding to albumin, mutagenicity testing
in a bacterial assay, virus resistance development when passaged with cell culture
in the presence of the compounds, and molecular dynamics simulations to explore
how well the compounds fit in the M2 channel.

2. Materials and methods
2.1 Cytopathic effect assay

Confluent MDCK cells were transferred into 60 wells of a 96-well plate in DMEM
(Gibco Thermo Scientific Waltham, MA, 4.5 g/L D-Glucose) with 5% Fetal Bovine
Serum (FBS, Hyclone, Logan, UT). The cells were washed with a diluted solution
of 50% SEM/50% serumless DMEM. SEM (simple electrolyte medium) consists
of 4.33 g NaCl, 0.244 g KCl, 0.103 g CaCl,-2H,0, MgCl,-6H,0, Na,HPO,-7H,0,
NaH,PO,-H,0 in 500 ml H,O. The cells were incubated for an hour with activated A/
WS/33 virus and then the media with virus was removed. The SEM/serumless DMEM
with 100 pM metal complex was added to six wells. The complexes were then serial-
diluted in two-fold increments six times. Six wells were used as positive controls with
no complex or virus added. Six wells were used as negative controls with only virus
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added and no complex. About 80 pM ribavirin (Sigma-Aldrich, St. Louis, MO) was
added to six wells as a positive control. The plates were incubated for 48 h at 33C.

The crystal violet staining technique described previously [21] was used to
determine the fraction of cells that survived the exposure to the virus. After 48 h,
the test medium was removed, and the cells were washed three times with 150 pl
PBS. The cells were stained for 10 min with 50 pl crystal violet solution (0.03%
crystal violet (w/v) in 20% methanol). The cells were then washed three times with
150 pl distilled water before adding 100 pl lysis buffer. After 20 min, the optical
density (OD) of each well was measured at 590 or 620 nm and averaged over the set
of six wells for each concentration.

Because viral dosing was sufficient to eliminate essentially all cells in treatment-
free controls, their average OD was subtracted as baseline from the average of the
treated well ODs. The result was divided by the average of the uninfected control
well ODs to obtain a normalized vitality. Because the vitality can be affected by both
reduction of virus cytopathic effect and increase of treatment toxicity as concentra-
tion is increased, we fitted the normalized concentration-dependent vitality, V(C),
with a joint probability function:

vey=—1 1 (1)
L+ (%) 1+ (Cgso)

Here, ECs is the 50% effective dose of treatment that prevents viral cytopathic
effect, CCs is the 50% cytotoxic dose of the treatment, and n; and n, are their
respective Hill coefficients. If the selectivity index, CCso/ECs, and the Hill coef-
ficients are sufficiently high, this function rises to unity at doses that are sufficient
to prevent viral replication but below toxic levels. Non-linear least squares fitting
weighted with standard errors of means was done with the Marquardt algorithm
in KaleidaGraph4 (Synergy Software, Reading, PA). In practice, it was necessary
to fix the Hill coefficients to evaluate the effective doses, then manually adjust the
Hill coefficients to improve the fit (due to low numbers of data points). Hence, the
reported standard errors of the parameters obtained from the error matrix may be
underestimated.

2.2 Protein binding assay

Each copper complex was dissolved in 25 ml of water to obtain a1 mM and
800 pM solution. All water used in the protein binding assay was collected
from a Millipore first-generation beige Milli-Q system. These solutions were
sonicated until the crystals were fully dissolved. Four 1:2 serial dilutions were
performed from the 800 uM solution to obtain 400, 200, 100, and 50 pM
solutions, and a 1:5 dilution was performed from the 50 pM solution to obtain
a 10 pM solution. 13.3 mg of BSA was then dissolved in 10 ml of each solution.
The solutions were mixed thoroughly and allowed to stand at room temperature
for approximately 20 min.

Spin filtration was performed using a swinging bucket rotor at 4000 rpm for
6 min. The spin filters used were Amicon Ultra-15 centrifugal filters. The filtrates
from each spin were collected to test for copper content in ICP-MS. Solutions
for ICP-MS were prepared from both the original solutions and the filtrates. For
each solution, 1 ml of solution was added to 1 ml of 4% HNQO3 and 8 ml of 2%
HNO; to obtain a 1:10 dilution of each solution in 2% HNOs;. Nitric acid used
for ICP-MS analysis was OmniTrace trace-metal grade obtained from EMD
Millipore Corporation. We used BSA to model copper binding histidine in solu-
tion and calculate relative dissociation constants (K;) for each complex. Copper
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concentrations were obtained using ICP-MS. The data was fit to Eq. (2) to estimate
K, and the number of binding sites, n.

[Cul, - [Culf _nx [Culf
[P], T K+ [Cu]f

()

2.3 Zebrafish toxicity test

Following an approved BYU IACUC protocol, two AB wild-type male and
female zebrafish were placed in an embryo media filled tank. The fish remained in
a light and temperature-controlled facility until the following morning. Later that
day, the fish were transferred into original tank. Embryos were moved into embryo
media filled petri dishes (60 embryos/dish) and housed in an incubator for 2 days.
Media was changed daily.

Fish embryos were dechorionated at 48 hpf. In a multi-well plate, 10 embryos
were selected and 5 were added to each of two wells for each concentration with
fresh embryo media. Drug solution (0-200 pM) was then added to test toxicity and
observed over 5 days. Drug solutions were changed daily. After 5 days, the fish were
scored using a morbidity scale (Table 1) indicating response, spine shape, edema,
equilibrium, and death. The average for each complex was normalized using the
maximal morbidity score of 50/well. The fish were then euthanized.

2.4 Ames testing

The Modified Ames ISO kit (Environmental Bio-Detection Products Inc.,
Mississauga, ON) was used with S. typhimurium TA100 (no S9 fraction).

The complexes were compared against the mutagenicity of a positive control
(NaN3) and vehicle (water). The complexes were serially diluted 1:2 to compare the
complexes’ mutagenic ability at each of six concentrations.

TA100 was hydrated and incubated with histidine overnight at 37°C. Following
the kit’s instructions, in 96-well plates’ exposure solution, diluted bacteria mix,
and serial two-fold dilutions of complexes were combined with reversion media
containing Bromocresol Purple, which serves as a pH indicator to identify infected
wells. The 96 well plates were incubated for 6 days at 37°C without agitation. When
a sample is mutagenic, it will revert the bacteria to WT, causing the media to turn
slightly acidic and show a yellow color.

The number of reverted wells with complex was compared to the average
number of reverted wells in the negative control. Significance was calculated using
a one-tailed t-test.

2.5 Simulations

The 2KQT M2 structure was used and oriented in a DMPC lipid bilayer with a
center-of-mass harmonic constraint. The copper complexes were oriented such that
the copper was near (~2.0 A) at least one of the four imidazole nitrogens. Water
molecules within 2.2 A of the complexes were deleted. The protein-bilayer system
was solvated with a tetragonal 60 A x 60 A x 90 A water box as shown in Figure 2.
The system was minimized for 1000 steps of steepest descent and heated to
300 K. The M2 channel was equilibrated for 1 ns. The complexes were pulled using
a constant force for 10 ps during the production runs. Frames were saved every
50 steps, which is every 50 fs, of production for a total of 200 frames. Standard
CHARMM version 37bl parameters were used. Copper dihedral parameters were
created using a 20 kcal/mol/rad” energy penalty, which kept a conservatively rigid
structure throughout the channel (Table Al).
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Zebrafish scoring indicators

Morbidity points 0 1 2 3

Equilibrium Upright position Lying on side NA NA

Response Quick escape Sluggish escape No escape NA

Spine shape Straight Slightly curved Strongly curved NA

Edema None 1 place and 2 places or major 2 places and major
minor

Death =10

Five fish per group in each of two wells.

Table 1.
Scoring indicators observed daily for 5 days.

Figure 2.
Solvated DMPC-2KQT system.

The distance between imidazole nitrogens and copper on the complexes was
calculated using CHARMM’s CORREL subroutine for each frame. The time for
each complex was recorded when the copper reached 30 A away from the imidazole
nitrogens. This distance was chosen to represent the complex leaving the mouth of

the channel.

2.5.1 Decisions affecting pulling force

The pulling force for each of the complexes was determined by normalizing
the pulling forces to a 2.34 nN pulling force on AMT. The 2.34 nN force allowed
comparisons to be made between compounds as they left the channel on the

10 ps timescale.
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These steered molecular dynamics (SMD) simulations were analyzed by com-
puting the mean and standard deviation of five independent. The five independent
simulations were assigned random starting velocities and then analyzed to explore
the time needed to pass the 30 A threshold relative to the starting point from the
copper atom on the complex.

The analysis examined whether the pulling forces, copper ligation mechanism,
or scaff;:)ld (CO, AMT, or neither), significantly affected the exit times relative to
free Cu™.

2.6 Miniplaque assays, resistance testing, and sequencing

MDCK cells were seeded into a six-well plate and grown in Dulbecco’s Modified
Eagles Medium (DMEM, Sigma-Aldrich, St. Louis, MO) augmented by 5% with fetal
bovine serum (FBS, Hyclone, Logan, UT) until confluent. After 48 h, the growth
media was removed and replaced with DMEM. At this point the virus (A/CA/07/09)
was introduced into the medium (200 pfu/ml) and allowed to adsorb for 1 h. The
medium was then removed and replaced with fresh DMEM containing a specified
concentration of complex and 5 ml of tosyl phenylalanyl chloromethyl ketone
(TPCK)-treated trypsin (Thermo-Fischer Scientific, Waltham, MA, 1 mg/ml) was
added to activate the virus. The plate was incubated at 33°C for 3 days. Then the
medium was removed and centrifuged at 2000 rpm in order to remove cell debris.
This virus-containing medium was then separated into 1-ml aliquots and frozen in
Eppendorf tubes at —80°C. This process was repeated for each successive passage.

The concentration of virus was determined through an immunofluorescence
assay (as previously described by [22]), which gave a multiplicity of infection
(MOI) of 0.6. MDCK cells were seeded onto glass coverslips in vials containing 1 ml
DMEM and trypsin in order to obtain 90% confluency after 24 h. The cells were
allowed to grow overnight at 37°C, after which the growth medium was removed
and replaced with DMEM. The sample of virus was then diluted by factors of 10,
and the various dilutions of virus were stirred into the vials with coverslips. They
grew at 33°C for 18 h. After this incubation period, the medium was removed, the
cells were fixed with cold acetone (—80°C), and the coverslips were washed and
stained with a fluorescein isothiocyanate labeled anti-IAV monoclonal antibody
(Millipore Sigma, Burlington, MA, Cat. #5017). Excess antibody was washed off
using a solution of 0.05% Tween20 in phosphate buffered saline and then again
with distilled water. They were then viewed microscopically and individual infected
cells (miniplaques) were counted.

This same process was followed in determining the new ECs; against the specific
complex of each resistant strain. Except, 100 pfu of virus was used in each vial. Several
different concentrations of the complex with which it was passaged were introduced
into the vials, with concentrations ranging from 2 to 70 pM. The cells were infected
with the virus in a solution of SEM rather than DMEM. The ECs, was calculated in
KaleidaGraph using the Levenberg-Marquardt algorithm. The fitting parameters (sig-
moidal function) were used to calculate the ECsy and the standard error of the mean.

To sequence the genome, the viral sample was concentrated 10-fold using a spin
filter (VWR North America, Radnor, PA, Cat. #82031-352). After that, viral RNA
was isolated using the QIAamp Viral RNA Mini Kit (Qiagen, Germantown, MD).
The isolated RNA was stored at —20°C. RNA was then reverse-transcribed using
Invitrogen’s Superscript III One-Step RT-PCR Platinum Taq HiFi kit (Thermo-
Fischer Scientific, Waltham, MA).

The resulting isolated DNA was stored at —20°C. The DNA was then
amplified with PCR using the Phusion High-Fidelity PCR kit (New England
Biolabs, Ipswich, MA). The solution was purified using Qiagen’s QIAquick PCR
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Purification Kit (Qiagen, Germantown, MD). It was sequenced using custom
forward (TGTAAAACGACGGCCAGTACGAAAAGCAGGTAG) and reverse
(CAGGAAACAGCTATGACCAGTAGAAACAAGGTAGT) primers for the segment
of the new DNA that codes for the M2 protein.

3. Results and discussion
3.1 Cytopathic effect assay

Although 1-4 had good potency against initial infections in the immunofluores-
cence (miniplaque) assay [15], the copper complexes had no effect in the cytopathic
effect (CPE) assay with MDCK cells when dissolved in serumless DMEM. However,
when the serumless DMEM was diluted with SEM, 1 (Figure 3) and to a lesser extent
3 (data not shown) exhibited cell protection. Using a dual-sigmoidal function curve
fit, 1 has an ECsy of 0.9 + 0.08 uM and a CCs of 5.8 + 0.37 uM. The submaximal
efficacy is due to high cytotoxicity. The selectivity index for 1 is 6.44, given by the
ratio of the CCsy and ECsy. The low ECsy compares favorably to the ECsq in the mini-
plaque assay, 6.7 + 1.2 pM. In contrast, 3 has an ECs, greater than 100 pM, whereas
its potency in the miniplaque assay was ECso = 0.7 + 0.1 pM, and 2 and 4-6 showed
no effect, indicating that other factors were involved. The fact that some efficacy is
observed when the medium is diluted with amino-acid free SEM suggests that free
amino acids in non-dilute DMEM interfere with the copper complex efficacy.

3.2 Protein binding assay
To illustrate the potential of the metal complexes to bind to proteins, binding to

BSA was measured in which a protein solution was mixed with various concentrations
of a CuCl, or copper complex solution. The copper content of the original sample

Vitality

01 1 1] 1040

Concentration (pi)

Figure 3.
CPE assay showing protective effect of 1 against A/WS/33 (M2 S31N) infection of MDCK cells using dilute
medium (50% DMEM, 50% SEM). MOI 0.6; 48-h incubation.
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was measured and compared to that of the filtrate. Taking the volume proportions
into account, the “free copper concentration” in the filtrate relative to the “total
copper concentration” in the original sample was fitted to a model assuming that each
protein molecule had n equivalent copper or copper complex binding sites. Table 2
shows the best fit K4 values, assuming that each albumin monomer has n equivalent
binding sites. The two parameters interacted and were therefore poorly constrained
in the optimization of the deviations squared, but Table 2 indicates that the number
of binding sites is well above 10, consistent with the count of 13 surface histidines
in monomeric albumin (Figure A1). Complexes 1, 3, and 5 have larger K values
compared to that of CuCl, (59.1 pM). This indicates that the ligands on the metal
complexes reduce the binding affinity for albumin binding sites, but also still allow
for substantial binding. It is also consistent with the electrophysiology results for
blocking through binding of copper complex to the His37 cluster in the M2 channel.
BSA has 13 surface histidines (Figure A1), however, all of the fits optimized n
at >13 copper binding sites. This difference could suggest non-specific binding to
other sites on BSA. The high Kys for the complexes relative to CuCl, indicate that the
complexes remain intact during binding to BSA. The binding the copper complexes
to BSA is very weak compared to that of the M,S;;N (AMT resistant) channel, where
block was ~80% for 1 and 3 after 57 and 27 min perfusion, respectively. This sug-
gests that protein binding iz vivo would be a minor concern. However, it is clear that
binding by non-M2 proteins is detectable and, given their large quantity inside and
outside the blood, they could limit access of the copper complexes to virus.

3.3 Zebrafish toxicity test

Toxicity was evaluated for zebrafish exposed to various concentrations of CuCl,
or copper complex (1-5) added as methanolic solutions to the embryo bath medium
starting 48 h post fertilization (Day 0) (Figure 4). At 200 pM copper complex on
day 1, compounds 2, 4, and 5 show minimum toxicity effects, 1 and 3 show moder-
ate toxicity including slow response to stimulation, slightly curved spine, and minor
edema, whereas CuCl, causes major edema, strongly curved spine, no response
to stimulation, and death. By day 2 at 200 pM, the toxicities of 1, 2, 4, and 5 have
increased moderately but still only moderate spine curvature and minor edema,
while 3 causes slow response to stimulation, strongly curved spine, and moderate
to major edema. By days 3, 4, and 5 at 200 pM, all but 5 show low or no response,
strongly curved spines, major edema, and some death. The MeOH vehicle controls
showed statistically insignificant toxicity.

Compared to CuCl,, the copper complexes show less toxicity, suggesting that
the ligands are coordinating to the copper and helping to reduce its toxicity through
day 2 of high dosage. All of the copper complexes produce some toxicity in the
zebra fish for all experimental concentrations, but compound 5 does not increase in

Complex K, (uM) Sites (n)
CuCl, 59.1 15
1 128.7 19
3 179.5 20
5 380 20

K, values for representative compounds 1, 3, and 5.*The value of n was not well-constrained and was therefore fixed
during the curve fit.

Table 2.
Binding to bovine serum albumin results.
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Figure 4.
Zebrafish toxicity of copper complexes. CuCl, (yellow), 1 (ved), 2 (blue), 3 (green), 4 (magenta), 5 (black).
(Arbitrary toxicity index, see Section 2).

toxicity over time as much as the other complexes. This suggests further testing and
modification of compound 5 could lead to a safe anti-influenza A therapeutic.

3.4 Ames testing

The mutagenicity of the copper complexes was tested using the Ames test. Table 3
shows the percent reversion out of 48 wells of three complexes. They were tested for
mutagenicity against S. Typhimurium TA100, which strain of bacteria allows a test for
mutagenicity caused by base-pair substitution and oxidative damage. The percent
of revertant wells (reversion rate) was compared against the negative control and
found to be statistically insignificant (p > 0.01). The positive control (NaN;) had an
average 91.7% reversion rate compared to the negative control’s average rate of 43.8%
(p < 0.0001). Complexes1, 3, and 4 did not show significant rate of reversion at any
tested concentration compared to NaN;. The copper complexes showed approxi-
mately the same reversion rates as the negative control after 6 days. Therefore, they do
not cause mutagenicity due to base-pair substitution or oxidative damage.

Concentration (pM) Complex
1 3 4

500 42 42 50
250 42 42 30
125 31 52 33
62.5 31 41 38
31.25 52 58 67
15.63 56 52 56
0 35 46 50

Percent of reversion out of 48 wells for compounds 1, 3, and 4 for concentrations between 15 and 500 uM. 0 is water
with no complex.

Table 3.
Ames mutagenicity assay results.
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3.5 Resistance testing and sequence

Because the putative target for the metal complexes, the His37 quadruplex,
is highly conserved in nature and functionally critical for vVRNP uncoating, we
explored the propensity for virus resistance formation with passaging in MDCK
cell cultures. Because the incubation had to be done in DMEM, which is known
to inhibit complex efficacy, we used higher concentrations of complexes for the
incubations such that the efficacy of block was projected to be ~50%, thus creating
a concentration where mutation could occur. Ten passages (~5 weeks) of incubated
virus in DMEM dosed with increasing metal complex concentrations (ranging from
50 to 100 pM) was chosen as a rigorous test. Resistance would be identifiable by an
increase in miniplaque ECs, after passaging relative to the original value. As shown
in Table 4, the new ECsq (column 3) is comparable to the original ECsy (column 2).
Because none of the copper complexes significantly increased the ECsg after 5 weeks
of incubation, we conclude that resistance is slow to develop. This contrasts with
rapid resistance development when passaging with AMT [15].

The vRNA M segment was extracted from the passaged virus exposed to 3,
sequenced and compared to A/CA/07/2009 using a reverse-BLAST mechanism. The
only base mutation discovered was G749A, which translates to the amino acid muta-
tion G16E. This amino acid is positioned in the region of the channel entry that is
outside of the membrane and unlikely to influence channel permeation. According
to the results in the above table, this mutation did not confer resistance to this com-
pound. We consider the occasionally observed natural M2 mutant G34E to be likely
to escape block by these complexes. Although we did not see resistance develop in our
assays, a more direct assessment of the G34E site mutation using electrophysiology
might be instructive about resistance potential for these compounds in future studies.

3.6 MD simulations

Constant force steered molecular dynamics (MD) simulations were carried out
to explore the steric limitations on metal complex exit from the M2 transmembrane
domain AMT binding site. A 2.34 nN force was used to pull the complexes pass the
30 A threshold and beyond the Val27 cluster within 10 ps. The 2.34 nN force gave
a sufficient spread in leaving times to allow assessment of the ease of unbinding
relative to AMT. For these simulations, the force was applied to the center-of-mass
of the complex. Example trajectories for AMT (green) and 4 (yellow) are shown in
Figure 5. The starting configurations (left) had the adamantyl groups of AMT and
4 superimposed with the copper atom of 4 oriented down, close to H37. This bind-
ing configuration was used for all of the metal complexes. V27 and H37 are shown
as reference points along the channel.

Complex Original A/CA/09 (nM) 10 passages with complex (pM)
1 69+1.2 37+05
2 49+0.8 21+11
3 07+0.1 11+04
4 116 +11 39+68
5 82+2.0 13:0.2
6 44 +06 29+03

DMEM was used for passage incubations and SEM for the miniplaque assays.

Table 4.
Miniplaque ECy, + SE (ECs,) before (original) and after 10 passages of virus in MDCK cells.
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Figures.

Exit trajectories of AMT and 4 leaving M2 channel. Three of the four M2 TMD monomers from the simulation
of 4 ave displayed for veference. Valine 27 and Histidine 37 side chains are shown in grey, 4 is yellow and AMT
is green. Both complexes are experiencing the same 2.34 nIN pulling force.

Complex Average time to leave (ps)
1 4.60 +1.14
2 6.85+1.01
3 4.67 +1.07
4 7.05+0.53
5 3.75+£0.89
6 4.00 £1.06
AMT 2.77 +0.26
Table 5.

Average time to leave (tstandard deviation) the channel with a 2.34 nN force applied to the compound’s
center-of-mass.

Table 5 shows the average time to leave from five independent simulations
(identical starting configurations, but randomly assigned atomic velocities) for
each complex to pass the 30 A threshold. All metal complexes took longer to leave
the channel than AMT. AMT exited the channel in 2.77 ps. Complex 4 interacts with
the V27 side chain and was the slowest compound to leave the channel, with its leav-
ing time at 7.05 ps. By 4.4 and 6.75 ps, some distortion is seen on the protein subunit
as 4 is pulled further out of the channel.

4, Conclusion

The copper complexes are relatively non-toxic in zebrafish embryos compared
to CuCl, over a 5-day period. Also, they are efficacious in a 3-day assay (but with
limitations due to serum protein binding and amino acid interference), are non-
mutagenic compared to sodium azide, are slower to leave the M2 binding site
compared to AMT, and, also compared to AMT, are not prone to resistance develop-
ment. In vivo they would face competition with binding to other proteins and the
therapeutic window is small. However, complexation of copper could be pharmaco-
logically beneficial.

Further testing of these copper complexes should include isothermal titration
calorimetry (ITC) experiments with influenza A M2 channel to obtain binding
energies, two-electrode voltage clamp (TEVC) experiments to obtain rate constants
of binding to M2, and testing in an animal model that more accurately represents
the effects of the copper complexes on humans.
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Appendix

See Figure Al and Table Al.

Figure A1.

Bovine serum albumin view (RCSB 3V03). Histidine side chains are coloved yellow.

L

CU parameters

Bond Kb (kcal/mol/A2) BO (A)

CU-N 270.2 2.026

Angle K0 (kcal/mole/rad2) 00 (degrees)

CT1-NPH-CU 96.150 128.05

HB1-NPH-CU 30 123

CT2-NH;-CU 96.150 128.05

H-NPH-CU 0 180

NPH-CU-NH; 14.39 90

NPH-CU-NPH 14.39 90

Dihedral @ (kcal/mole/rad2) Multiplicity Delta (degrees)

NPH-CU-NH;-CT2 20 1 92.30

CU-NPH-C2-OB 20 2 169.1

CU-NH;-CT1-CT2 20 1 -58.6

H-NPH-CU-NH; 20 2 1579

NPH-CU-NPH-H 20 2 161.2

H-NPH-CU-NH; 20 2 1579

C2-NPH-CU-NPH 20 2 18.8

CU-NPH-C2-CT2 20 2 8.0

CU-NH;-CT2-HA 20 90.20

C2-CT2-NH;-CU 20 2 -30.80

NPH-CU-NH;-H 20 2 161.2
Table A1.

CHARMM copper parameters.
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