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Abstract: In the present investigation, silver nanoparticles were synthesized
and a comparative analysis was performed of modified Turkevich and BRUST
methods. Silver nitrate precursor was reduced by trisodium citrate dihydrate and
ascorbic acid was used as a surfactant. Based on Turkevich and BRUST methods,
the process variables, i.e., temperature, reducing agent concentration, stirring
speed, mode of injecting reducing agent/precursor to large excess volume of either
precursor/reducing agent were studied. The size of the particles was preliminarily
ascertained by DLS studies and it was found that modified BRUST method yielded
silver nanoparticles with average particle size of 25 nm, while modified Turkevich
method furnished nanoparticles with average particle size of 15 nm. The silver
nanoparticles were characterized by employing the UV/visible, Zeta sizer, scan-
ning electron microscopy (SEM) and energy dispersive microscopy (EDX) tech-
niques. Results revealed that the silver nanoparticles size can be controlled by
optimizing the conditions of modified Turkevich and BRUST methods.
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1 Introduction

The nanotechnology is one of promising substitute to traditional chemotherapy
due to numerous benefits provided by nanocarriers with remarkable drug loading
capacity, longer half-life, low toxicity and targeted drug delivery. Nanoparticles
have got impetus in the current era and being used in several fields, i.e., nano-
electronics, aeronautical engineering, environmental safety, consumer goods and
medical healthcare [1, 2]. Metal nanocarriers have biological applications owing to
their drug carrying efficiency and potential diagnostic efficiency, which make
them a theragnostic agents [3]. Recently, the unique properties of nanomaterials,
i.e., passive, active transport and physical targeting have stimulated efforts in
improving biomedical applications [4-8]. The intrinsic cytotoxicity of silver NPs
has authenticated their utilization as antibacterial and anticancer agents in the
fields of biomedicine in healthcare industry. The value of surface charge determine
the cytotoxicity of Ag NPs [3, 9]. The positively charged silver NPs are more suitable
to be retained longer on the tissues/blood vessel luminal side, which is a key route
to administer anticancer agents. The inherent cellular toxicity of silver NPs was
employed to combat different forms of cancer cells, i.e., hepatocellular cancer,
lungs and breast cancer and cervical carcinoma [10-14]. A number of findings have
revealed that the silver NPs were more effective in the biological systems. Silver
NPs have been studied and found as efficient agents to combat angiogenesis and
cancer issue [3]. Silver NPs are efficient anti-proliferative agents against cancer
cells because they are capable to damage DNA that causes chromosomal breakage,
genomic instability thus disrupts calcium (Ca®*) homeostasis and thus apoptosis
was induced that causes cytoskeletal instability. The damaged cytoskeletal pre-
vent the cellular division and cell cycle and result in blocking the proliferation of
cancer cells [15]. The small nanoparticles demonstrate enhanced permeation in
tumor cells in consequence of enhanced permeability and retention (EPR) effects
which leads to accumulation of nanosized contrast agents in the tumor cells [16].
The size distribution of nanoparticles plays a pivotal role for the imaging studies of
tumor. The nanoparticles size impacts the biodistribution profile, blood circulation
time, cell penetration thus causing tumor penetration and targeting [17]. The
excretion of nanoparticles is size dependent manner and the size of renal filtration
pore is found to be on average in the order of 10 nm [18]. Hence, the particles as
small as 10 nm or less are quickly excreted by renal system [19]. Contrarily, the
bigger NPs with more than 100 nm size show higher uptake in the organs with
mononuclear phagocytic system (MPS), i.e., accumulate in liver, spleen, lymph
nodes and lungs [20]. The size of silver nanoparticles intended for biomedical
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applications was attributed high interest, since it was observed that smaller the Ag
NPs, more the cytotoxic effect and vice versa [21]. The small nanopatrticles less than
15 nm were more cytotoxic as compared to particles with larger size. Thus, 10 nm
Ag NPs were cytotoxic for normal cells of human lung epithelium, irrespective the
type of surface coating (PVP or Citrate) [22]. It was further established by a study
conducted on four cell lines that the silver NPs of 5 nm express more cytotoxicity
as compared with the same particles in the sizes of 20 nm and 50 nm [23]. The
nanoparticles in the size range of 10-60 nm consistently express higher cellular
uptake [17]. It was further evaluated that the rods and discs shaped silver nano-
particles exhibit more appropriate blood circulation properties as compared
with spherical shaped, however, the spherical Ag NPs reveal enhanced cellular
permeation probably due to more appropriate binding properties to the target sites
[24] and possess more thermodynamic stability [25]. It was further emphasized that
the shape of the Silver NPs is a very significant factor to evaluate the possible
interactions within body cells, while the spherical form was recommended for
biomedical applications due to a reduced in-vivo cellular toxicity [26].

It is evident that the nanoparticles with ultrafine size, desired shape and size
distribution have gained much attention due their ideal properties. The metal
nanoparticles can be synthesized with desired features by altering the fabrication
protocols, reducing and stabilizing agents [3, 27-30]. The careful consideration of
these parameters aid to attain nanoparticles with desired physical and chemical
attributes. Commonly, metallic NPs can be synthesized either by physical, bio-
logical and chemical routes. However, chemical reduction method is the most
commonly used method due to its simplicity and process control. This method also
enables variation in the molar concentration of the reducing agent/precursor,
dispersant and feed rate of reducing agent/precursor in order to produce silver
nanoparticles with controlled particle sizes, shapes and particle size distribution.
The selection of a suitable reducing agent is also an important factor, as the size,
shape and particle size distribution are also depending on the nature of the
reducing agent. The reducing agent causes the reduction of precursor metal ions
and reduction of metal ions needs the reducing agent reactivity to the redox po-
tential of the metal. During the nanoparticles synthesis, the size of nanoparticles
depends upon the rate of reaction. In case, the reaction rate is too fast, rapid
formation of a large number of metal nuclei take place and result in smaller
particles. On the other hand, slower reaction rate causes agglomeration of smaller
particles to bigger ones. Moreover, the choice of the surfactant is very important as
it decides not only the size and shape of nanoparticles, but it also impacts the
reactivity, solubility, stability, dispersity of nanoparticles during preparation [31].
Previous studies regarding synthesis of metal nanoparticles utilizing strong
reducing agents, i.e., NaBH, have shown the fabrication of small monodispersed
colloidal formulations, but formation of larger aggregates of silver NPs was
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difficult to control. The use of citrate, a weaker reducing agent, led to slower rate of
reduction which leads to control the size and shape of NPs [32].

Based on aforementioned facts, size-controlled synthesis of silver nanoparticles
was performed based on modified Turkevich and BRUST methods. The prepared
silver nanoparticles were characterized by employing the UV/visible, Zeta sizer and
scanning electron microscopy (SEM) and energy dispersive microscopy (EDX)
techniques. The conditions such as temperature, reducing agent concentration,
stirring speed, mode of injecting reducing agent/precursor to large excess volume of
either precursor/reducing agent were also studied to control the size of the silver
nanoparticles.

2 Material and methods
2.1 Chemical and reagents

Analytical grade, AgNOs (Sigma-Aldrich Germany), trisodium citrate dehydrate (C¢Hs0,Nas.2H,0,
Sigma-Aldrich, Germany), ascorbic acid (C¢HgOg, Merck, Germany) and ultrapure water (Millipore
system) were used. The UV/VIS Spectrophotometer (Hitachi U-2910), Zetasizer (Malvern Nano
series ZS 90) and SEM (Hitachi SX-650) techniques were employed for the characterization of the
prepared samples.

2.2 Synthesis protocols

In the synthesis procedure, the reducing agent trisodium citrate dihydrate (C4Hs0,Na3.2H,0) and
surfactant ascorbic acid (C¢HgOg) mixture was added to the large excess of AgNO; salt solution,
AgNOs; precursor was added to the larger volume of reducing agent and surfactant mixture so-
lution. Various reaction conditions were designed by varying the reaction conditions and their
effect on the particle size was studied, i.e., variable concentration of reducing agent, magnetic
stirring speed and feed rate of reducing agent/precursor.

2.2.1 BRUST method: In the modified BRUST method, 100 ml of 1 mmol AgNO; solution was
heated and then (with continuous stirring) 20 ml mixture solution comprising of 1 mmol ascorbic
acid and variable concentrations of trisodium citrate ranging from 6 mmol to 9 mmol was added.
The final ratio of AgNO5:C¢H50,Nas.2H,0 was as, 1:1.2 for 6 mM citrate, 1:1.4 for 7 mM citrate, 1:1.6
for 8 mM citrate, 1:1.8 for 9 mM citrate. The ratio of AgNOs: C4HgOg is 1:0.2 which is constant for all
the preparations. The contents were stirred for 10 min to complete the formulation process. The
suspension was then cooled for centrifugal separation at 13500 rpm for 20 min for further char-
acterization. In this method the small, monodispersed particles were attained by optimizing the
reaction conditions. In optimized protocol, 100 mL 1 mmol silver nitrate solution was heated at
75 °C and stirring was kept at 1400 rpm. Then, 20 mL reducing agent and surfactant mixture
solution (1 mM ascorbic acid and 9 mM citric acid) was added. Then stirring was continued for
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10 min. The change in solution color takes place from pale yellow to brownish green indicating the
formation of silver nanoparticles. This was named as sample A.

2.2.2 Turkevich method: In the modified Turkevich method, the reducing agent and surfactant
mixture was taken in flask and heated at 75 °C and magnetic stirring was maintained at 1400 rpm
prior to addition of silver salt solution. Then, 2 ml (50 mM) AgNO; was added. The particle size was
determined varying the reaction conditions, i.e., temperature, stirring speed, mode of injection of
precursor to the reducing agent and variable concentration of C¢Hs0,Nas.2H,0. In the optimized
protocol, 100 mL mixture solution containing 4 mM C¢H50,Na3.2H,0 and 0.5 mM C¢HgOg was
heated to 75 °C and with continuous stirring at 1400 rpm, 2 mL (50 mM) silver nitrate solution was
injected immediately. The solution color was changed, first light yellow and finally, reddish brown
indicating the formation of silver nanoparticles. The contents were stirred for 10 min, cooled and
centrifugal separation was done. This was named as sample B.

2.2.3 Characterization: The synthesis of silver NPs was characterized by UV/VIS analysis, while
hydrodynamic size (Zav) and size distribution was measured by Zeta sizer. The morphology of the
silver NPs was determined by SEM analysis. The surface charge (Zeta potential) was measured by
zeta sizer to determine colloidal suspension stability of NPs.

3 Results and discussion
3.1 UV/vis analysis

Figure 1 demonstrated the UV/vis spectra of silver NPs, which indicate maximum
SPR at 407 for 15 nm silver nanoparticles and 430 for 25 nm particles. Silver nano-
particles possess unique optical properties, which are responsible for their strong
interaction with specific wavelengths of light [33]. In silver NPs, the close proximity
of valance band and conduction band give rise to free movement of electrons, which
results in surface plasmon resonance (SPR) absorption band generated due to
combined oscillation of Ag NPs free electrons in resonance with the light wave
[34, 35]. The absorption band of silver nanoparticle depends upon its size and
dielectric of adjacent medium and chemical surroundings [36, 37]. It was re-
ported that Silver NPs of various sizes synthesized by biological method using
gallic acid as stabilizer were characterized by this technique [38] and it was
proved that spherical silver NPs of 7 nm size exhibited SPR at 410 nm, while the
particles of size 29 nm showed absorption maxima at 425 nm. In the same way,
the silver NPs of 89 nm exhibited a wider band showing maximum absorbance at
490 nm. It was ascertained that the SPR band width represent the size distribu-
tion of nanoparticles.
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Figure1: UV/Vis analysis of silver NPs of sample A A,.x 430 (modified brust method) and sample
B Amax 407 (modified Turkevich method).

3.2 Morphology and composition analysis

The morphology was studied by SEM analysis and response is shown in Figures 2
and 3. The SEM micrographs revealed sample A nanoparticles was spherical in
shape and non-uniform size distribution was observed. Moreover, the particles
are in close proximity due to the assembly of smaller particles, but in the
aggregated assembly the NPs retain their separate identity indicating the stable
suspension. The SEM micrograph of sample B, the particles were found to be
uniform in size and in spherical shape. The shape of silver NPs is an important
parameter to determine the cellular uptake and medical applications because
their administration in the body involve low toxicity [26]. The chemical purity of
silver NPs dispersion was ensured by energy dispersive X-ray spectroscopy (EDX)
used jointly with SEM yielded not only the morphology of silver nanoparticles,
but also perform chemical analysis, which revealed the formation of silver
nanoparticles (Figures 4 and 5).
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Figure 2: SEM image of silver nanoparticles of sample A (modified BRUST method).
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Figure 3: SEM image of silver nanoparticles of sample B (modified Turkevich method).
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Figure 4: EDX analysis of silver nanoparticles of sample A (modified BRUST method).
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Figure 5: EDX analysis of silver nanoparticles of sample B (modified Turkevich method).
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3.3 Surface charge analysis

The zeta potential values of sample A and sample B were measured on zetasizer
and found to be -31 mV and -35 mV, respectively. The highly negative or highly
positive values of zeta potential indicated the stability of colloidal suspension due
to strong repulsion generated by highly positive or highly negative nanoparticles
solution that prevents particles aggregation. The NPs with positive surface zeta
potential value higher than +20 mV or negative zeta potential value greater
than —20 mV are usually thought to be stable as the repulsion between the particles
inhibit agglomeration [39]. A number of studies demonstrated stability of nano-
particles as a critically important factor to determine their applications in the field
of medicine [40, 41]. Zeta potential values (-31 mV) for sample A and (-35 mV) for
sample B noted in the present work represented the stability of the nanoparticles
suspension, which is in line with reported studies.

3.4 Ag NPs formation mechanism and size distribution

In the current investigation, silver nanoparticles were synthesized by the reduction
process approach. In the beginning of reduction reaction, silver cations (Ag*) in
solution phase were reduced to silver atom (Ag®). When reduction progress, more
silver atoms were generated, which act as nucleation centers and coalescence of
metal atoms create metal clusters which are normally stabilized by surfactants,
ligands or polymers [42]. The ascorbic acid being surfactant was supposed to prevent
agglomeration and thus controlled the size of nanoparticles by being adsorbed on
the metal atoms surface. It was reported that the metal atoms (Ag°) obtained at the
start of reduction reaction behave as nucleation centers and their continuous growth
with the progress of reaction result in a number of color changes from pale yellow to
yellow and then reddish brown or green showing the formation and growth of silver
NPs. The reaction for the synthesis of silver NPs is expressed in Eq. (1) [43].

4Ag" + C¢Hs0;Na; + 2H,0 — 4Ag° + C4HsO,H; + 3Na* + H" + O, 0))]

The results obtained from various reaction protocols obtained from modified
BRUST method and modified Tukevich methods are summarized in Table 1 and 2.
In the modified BRUST method, the precursor AgNO; was first heated and then with
constant stirring a mixture solution of C¢H;0,Na5.2H,0 and C¢HgOg was added. As
the stirring rate of heated precursor was varied, the resulting effect on particle size
was measured by zeta sizer and found that increasing the stirring rate increased the
Zav from 34 at 400 rpm to 36 at 1000 rpm, while increase in temperature causes a
decrease in particle size. When temperature was increased from 60 °C to 70 °C
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particle size was decreased from 49 nm to 34 nm. Many investigations have re-
ported the impact of temperature on the size and shape of NPs. Spherical nano-
particles are synthesized at an elevated temperature, while generally the
nanotriangle formation takes place at lower temperature [44]. It has been reported
that raising temperature between 30 °C and 90 °C enhances the rate of reaction for
nanoparticles synthesis [45, 46] and higher temperature also supports the for-
mation of smaller silver nanoparticles [46]. In the same way, when the ratio of
AgNO;: C¢H50,Nas.2H,0 was increased from 1:1.2 to 1:1.8, a consequent decrease in
particle size from 40 nm to 25 nm was observed (Figure 6).
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Figure 6: Particle size distribution of silver nanoparticles of sample A (modified BRUST method)
and sample B (modified Turkevich method).
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In the modified Turkevich method, Na;C¢H;0,.2H,0 and C¢HgOg mixture
solution was heated and then with continuous stirring added AgNO; solution. In
this method, the impact of temperature and stirring rate was studied on the Zav of
particles by maintaining the constant concentration of precursor and reducing
agent. It can be seen in Table 2, by increasing the stirring from 400 to 1000 rpm
caused a slight increase in Zav of AgNPs from 27 nm at 400 rpm to 30 nm at
1000 rpm. The increase in temperature from 60 °C to 75 °C reduced the size from
33 nm to 28 nm. The experimental conditions were optimized to synthesize
smaller silver nanoparticles. The mixture solution of Na;C¢Hs;0,.2H,O and
C¢HgOg was heated to 75 °C and magnetic stirring was carried out at 1400 rpm
then 2 mL AgNO; (50 mM) solution was added immediately. Color change takes
place from light yellow to reddish yellow. The synthesis of silver NPs can be
verified by UV/vis analysis, which gives rise to characteristic peak between 380
and 450 nm. The samples were diluted enough to get absorbance within range.
Several studies have shown that the absorption band from 200-800 is ideal for
the characterization of silver nanoparticles in the sizes between 2 and 100 nm
range [47]. The silver nanoparticles average (Zav) was measured by Zeta sizer and
response are displayed in Tables 1 and 2. The results indicated that average size
obtained by optimization of reaction conditions by modified BRUST method was
25 nm, while that of modified Turkevich method was 15 nm. The DLS technique
operate on the principle of interaction of light with NPs. This technique is useful
to determine the narrow size distribution NPs typically in the size range 2-500 nm
[48]. The DLS technique is particularly more useful to analyses the particle size
and size distribution in liquid suspensions or solutions [49], which could be
utilized for different applications with tunned properties prepared using modi-
fied BRUST and Turkevich methods [31, 50-54], since these methods are eco-
friendly versus other conventional techniques [13, 14, 55-57].

4 Conclusions

The silver nanoparticles were prepared by optimizing the conditions and proper-
ties were compared based on modified BRUST and Turkevich methods. The silver
nanoparticles showed diameter in 15-25 range. Moreover, zeta potential values in
case of BRUST and Turkevich methods was —31 mV and —36 mV, respectively. The
particles shape was spherical and in dispersed form. The particles obtained by
modified Turkevich method was more uniformly distributed. Results revealed that
the silver nanoparticles size can be controlled following any method and by
optimizing the synthesis conditions.
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