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Abstract

Silver nanowires (AgNWs) with diverse applications are attracting the attention of many researchers
around the world. In this study, we applied the polyol method to synthesize AGNWs based on Polyvinyl-
pyrrolidone (PVP) average molecular weight of 360,000, ethylene glycol (EG), and AgNO3; precursor
with a fresh AgCl preparation. To synthesize this material we first investigate optimal parameters through
the influence of reaction temperature, time of creating AgNW:s using plasmon absorption spectroscopy,
and scanning electron microscope (SEM) images. The obtained AgNWs are high efficiency, large
aspect ratio, and good dispersion in the solution. This sample continues to be conducted to surface
functionalization by bovine serum albumin (BSA) molecules to develop AgNW@BSA complexes.
We apply UV-Vis absorption spectroscopy to evaluate the optical properties of these complexes.
Besides, we conduct research on the application of this material on surface-enhanced Raman scattering
(SERS). The results show that the optical properties of these complexes obtained from UV-Vis absorption
spectroscopy are comparable with the numerical modeling. In addition, AgNW:s can be used to study
the effective surface-enhanced Raman scattering (SERS) to detect methylene blue (MB) molecules
at low concentrations as 10> M.

1. Introduction

Silver nanostructures are common materials that have been applied
in many fields. AgNWs display various optical properties for their
different shapes or sizes leading to diverse applications. For example,
the AgNWs are a potential material to replace materials commonly used
for optoelectronic devices because of their flexibility and characteristic
electrical properties [1]. The AgNWs are the main elements in the
electrode in flexibility which is an extremely important part of flexible
electronic devices (e.g., flexible organic light-emitting diodes (OLEDs),
touch screens, and solar cells) [2-4]. The AgN'Ws have been used as
an alternative material to Indium tin oxide (ITO) in sensors, energy
devices, and electronics [5-7]. Besides, AgNWs are also a good choice
for enhancing surface Raman signals for detecting organic dyes
such as other silver nanostructures [8-13].

Synthesizing the AgNWs have been considered in various methods.
For example, proposed the electrochemical method to obtain the
AgNWs with DNA as a template [14]. AgNWs were synthesized by
sonoelectrochemical reactions in the presence of AgNOs solution and
ethylenediamine tetraacetic acid (EDTA) under the N2 atmosphere.
The results obtained AgNWs with a diameter of 40 nm and a length of
up to over 6 um [15]. T. W. Kim et al., (2017) performed the irradiation
method to achieve the AgNWs, where the shapes of the AgNWs
were affected by melting during the thermal degradation process [16].
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D. B. Barkey et al. (2019), Li Wang et al. (2018), J. J. Huang et al.
(2015) in their researches considered the polyol method to synthesize
AgNWs by a simple and economical synthesis process, many studies
have resulted in synthesis processes and the improvement of existing
ones [17-19]. To increase the photoelectric efficiency of AgNWs,
Niu et al. (2018) have synthesized AgNWs with a diameter of about
13 nm, and a length of about 40 m by using the polyol method in
the presence of benzoin radicals [20]. To minimize the generation of
by-products in the polyol method, the effects of AgNOs concentration,
PVP concentration, used PVP molar mass, and rate of PVP were
investigated [17-19,21-23]. However, the formed AgNWs obtained
from the above methods still have dendrites and by-products because
of the viscosity of the solvent in the solution [14-16,24]. Among
methods to synthesize AgNWs, the polyol method gives the highest
synthesis efficiency, controlling a uniformity, aspect ratio, and especially
saving time and cost. Most of the studies used the available AgCl,
so the synthesis efficiency is not high because there are many by-
products. Therefore, this study applies the polyol method by optimizing
the synthesis parameters including reaction time, and temperature.
We also use the newly synthesized AgCl to catalyze the synthesis
of AgNWs. Besides, we investigate the optical properties of AgNWs
after surface functionalizing by BSA molecules and evaluate them
by comparing these properties to the modeling method. The application
of SERs of branched and unbranched meso silver structures [8,10,25],
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silver nanorods [11-13] in the detection of toxic organic dye has been
studied in many of our previous publications. To complement that
research system in this paper the obtained AgNWs are used to
investigate the effective surface-enhanced Raman scattering applied
in detecting the organic pigment methylene blue (MB).

2. Experimental

2.1 Necessary chemicals

To synthesis of the AgNWs, requires sufficient chemicals. We
prepare high-quality chemicals including the Polyvinylpyrrolidone
(PVP, (CsH9NO)s, 360,000 MW), the silver nitrate (AgNO3, 99%),
and the Bovine Serum Albumin (> 98.0% (GE)) which provided by
Sigma Aldrich company. In addition, the Sodium chloride (NaCl,
99.8%), methylene blue (MB), and ethylene glycol (EG, C2HsO2, 99.8%)
were supplied by Merck company. Besides, we synthesize the deion
water. We used these chemicals directly without any additional process.

2.2 Synthesis of AgNWs

We synthesize the AgNWs using pure AgCl which is obtained
from a reaction of AgNO3 and NaCl. To collect AgCl, we also put
10 mL of 0.5 M AgNOs solution into a flask containing 10 mL of
1 M NaCl solution. The mixture is stirred slowly at 800 rpm for
approximately one minute, and a white precipitate appeared as fresh
AgCl. The AgCl precipitate is extracted from this solution. Obtained
AgCl is washed with deionized water and dried under a vacuum at
50°C for 12 h.

We prepare a flat-bottomed three-neck flask where the 1.7 g of
PVP 360,000 MW is dispersed in 100 mL of EG. This solution is
magnetically stirred at 800 rpm with the temperature values controlled
between 130°C and 170°C in steps of 10°C. As the temperature in
the flask reaches equilibrium (about 10 min after magnetic stirring),
we put the 125 mg of above fresh AgCl into the solution and it
immediately turns bright yellow. After five min, we put 0.5 g of solid
AgNOs into this reaction vessel. The three-necked flasks are always
fully sealed by caps and double-sided tape throughout the reaction.
In this process, AgNWs are formed. To investigate the formation of
AgNWs over time, the 5 mL of solution is rapidly extracted from
the reaction vessel at certain times as material for conducting the
necessary investigations.

2.3 Functionalization of silver nanowires by BSA (AgNW
@BSA)

To develop the AgNW@BSA, we put 30 uL, 50 pL and 60 puL
of 0.1 M BSA solution into three flasks containing 10 mL of AgNWs
solution, respectively. These mixtures are reacted at a temperature of
150°C. After that, they are stirred for 1 h at room temperature (25°C to
30°C). After 1 h, we conduct centrifuged these mixtures three times at
3000 rpm for 15 min each time to remove excess BSA. The precipitate
is redispersed by double-distilled water to approach the initial volume
(10 mL). Once the solutions have been collected, we use them to investigate
their optical properties using UV-Vis absorption spectroscopy.
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2.4 Investigate the surface-enhanced Raman scattering
effect of AgNWs

We examine the SERs effect of AgNWs via Raman scattering
spectroscopy. The Raman spectra are collected utilizing a Raman
spectrometer (Raman Horiba XploRa plus Raman microprobe)
made in France. This device consists of a laser beam with an excitation
wavelength of 532.0 nm, a diameter of 4.0 mm, a laser power of 3.2 mW,
and a reception time of 8.0 s. Therefore, it can provide a reasonable
output. To investigate the SERs effect of AgNWs, we first clean and
condense the collected AgNWs. Secondly, we spread the condensed
AgNWs onto glass substrates to form small dots one mm in diameter.
This material serves as SERs substrates to detect MB pigment.
Finally, the 10 uL MB dye of different concentrations from 10" M to
10 M is slowly added to the SERs substrates also keeping the SERs
substrate diameter constant to serve as Raman probes.

3. Results and discussion

The optical properties of AgNWs are due to the interaction of
the electromagnetic field of the incident light with the electrons on
the surface of the nanowire, known as the surface plasmon resonance
effect. The electromagnetic field distribution of the incident light
strongly depends on the shape and structure of the metal nanoparticles,
therefore, the optical properties of the AgNWs depend on their
aspect ratio. To investigate the influence of temperature on the growth
and formation of AgNWs, we perform the experiments at the same
parameters and change only the temperature. The reaction temperature
is adjusted from 130°C to 170°C. Figure 1 shows the results of the
influence of temperature on the formation of AgNWs. At the temperature
of 130°C, the absorption spectra do not appear as plasmon resonance
peaks ranging from 300 nm to 1000 nm. This demonstrates that the
temperature of 130°C has no impact on the formation of silver nano-
particles. For the reaction at the temperature of 140°C, the absorption
spectrum of the solution resembles that of spherical silver nanoparticles,
exhibiting a surface plasmon resonance peak at 400 nm to 500 nm
for the initial 20 min. However, after 25 min of reaction, the absorption
spectrum of the solution emerges four plasmon resonance peaks.
One of them is 350 nm, and the remaining three peaks tend to shift
towards the long wave as the reaction time increases. The appearance
of resonance peaks at 350 nm and around 400 nm implies the
contribution of the silver nanorods. Whiles, the appearance of two
resonance peaks at the long wave distributes the contribution of
electrons from other structural silver nanoparticles. This indicates that
silver nanoparticles with various shapes are manifested in the solution
at a temperature of 140°C. For the reaction temperature ranging from
150°C to 170°C, the absorption spectra of the obtained solution
present a similar form. The contribution of surface plasmon resonance
peaks as well as the peak position depends on the horizontal size and
length of AgNWs [26-28]. Initially, spherical nanoparticles are formed
in the solution, displaying a resonance peak at 408 nm. Subsequently,
over time, these nanoparticles underwent growth and transformed into
AgNWs, characterized by two resonance peaks located at 350 nm
and 377 nm. The resemblance of the spectra indicates the exclusive
formation of AgNWs in the solution. In addition, the rate of AgNWs
formation is directly proportional to the temperature, with higher
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temperatures resulting in faster formation. At a temperature of 140°C,
beside the silver nanorods (AgNRs) the solution consists many of
silver nanocubes as shown in Figurel(b). The aspect ratio of these
AgNRs is about 20, moreover, there are AgNRs with a very large
aspect ratio (Figure 2(a)). When the temperature increases from 150°C
upward, only AgNRs appear relatively uniform with a high aspect ratio.
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When the aspect ratio is above 1000, the AgNRs are considered as
one-dimensional structural materials, also known as silver nanowires
(AgNWs). As the temperature increases, the obtained AgNWs exhibit
a longer aspect ratio. Figure 2 shows the SEM images of silver nano-
particles synthesized at different temperatures. The inserted figures
are the particle solutions after the end of the reaction.
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Figure 1. UV-Vis absorption spectra over time of the synthesized solutions at different temperatures: (a) 130°C, (b) 140°C, (c¢) 150°C, (d) 155°C, (e) 160°C,

and (f) 17

0°C.

Figure 2. SEM images of silver nanoparticles synthesized at different temperatures (140°C to 170°C) and a photo of a sample during the reaction. The images
have the same 2 um scale.
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When the reaction time is increased, various resonance modes
appear at different temperature thresholds, indicating a change in the
structure of silver nanoparticles in the solution. Furthermore, at different
reaction temperatures, the plasmon resonance peak corresponding
to the highest absorption peak shifts towards shorter wavelengths
over time. While, at the end of the reaction, the wavelength corresponding
to the resonance peak remains relatively stable. In addition, for the
normalized absorption spectra, the absorbance at 320 nm close to zero
is a signal of a completed reaction. Moreover, at a higher temperature,
the rate of reaction is faster. For example, the reaction completes after
60 min at the temperature of 140°C, while the significantly shorter
times of 25 min, 15 min, and 10 min are reaction times of solution
at 150°C, 160°C, and 170°C, respectively. Figure 3(a-d) presents the
normalized absorption spectra of the solutions over reaction time for
various temperatures (i.e., 140°C, 150°C, 160°C, and 170°C). During
the reaction, the normalized absorption peak shift towards the short
wave with increasing temperature from 150°C to 170°C. However,
Figure 3(e) shows that the normalized absorption peak shifts slightly
toward the long wave when the temperature changed from 150°C to
170°C at the end of the reaction. Figure 3(f) indicates the kinetic growth
of silver nanostructures in the solution. The absorbance dependence
at 350 nm of the spectra is normalized to the 377 nm absorption peak
with respect to the reaction time. The gradual increase in size of
AgNWs is observed through their kinetics of slow growth. During

the initial period of the reaction (i.e., 25 min for the synthetic sample
at 150°C, and 15 min for the synthetic sample at 160°C) spherical
silver nanoparticles underwent slow elongation to form AgNRs,
which were subsequently rapidly converted to AgNWs via a kinetic
process. The rate of transition from spherical to AgNWs increases
with higher temperature.

Figure 4(a-d) show the SEM images of samples synthesized at
150°C at different reaction times (i.e., 10 min, 15 min, 30 min, and
60 min) with the same scale of 2 pm. At different reaction times,
the AgNPs display different shapes and sizes, because of the growth
kinetics of the AgNPs in solution over time. At the first initial 15 min
of the reaction, the AgNPs present various morphologies including
AgNRs and Ag nanospheres. After 30 min of reaction, AgNWs with
a diameter of 20 nm are formed. Until 60 min of reaction, these AgNWs
are relatively uniform in shape and size, longer in length and smaller
20 nm in diameter. After 60 min, the particles exhibit negligible growth.
The rate of growth of AgNWs from 30 min until the termination of
the reaction is comparatively slower than that observed in the initial
stages of the reaction. Figure 4(e) shows the change in color of the
solution at different reaction times. During the initial 15 min interval,
a distinct alteration in the color of the solution is perceptible, while
only slight color changes are apparent during the succeeding time
intervals. Thus, there is a consistency between the results obtained
from the absorption spectra to the SEM images of the particles.
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Figure 3 Normalized absorption spectra of solutions over reaction time at different temperatures 140°C (a), 150°C (b), 160°C (c), 170°C (d) ), the normalized

absorption spectra of the solutions at different temperatures at the end of the reaction (e), and the dependence of the ratio between the absorbance at 350 nm

and the normalized absorbance at 377 nm wave over time (f).
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Figure 4. SEM images of samples synthesized at 150°C with different reaction times: (a) 10 min, (b) 15 min, (¢) 30 min, and (d) 60 min, and (e) solution
samples obtained from different reaction times: 10 min, 15 min, 30 min, and 60 min.

The formation and growth mechanism of AgNWs has been
explained depending on the synthesis methods [29-32]. In the polyol
method, AgNWs are formed by reducing Ag* ions to Ag’ atoms in
the presence of reducing agents and nanowire growth profiling agents
such as PVP and Cl-ions through surface energy interactions and seed
development mechanisms [32,33]. Figure 5 explains the diagram
for the kinetic mechanism of the formation and growth of AgNPs
in solution. Firstly, Ag atoms are synthesized via the reduction of
Ag*ions of AgNOs by EG at elevated temperatures in the presence
of oxygen gas. Nevertheless, the reduction reaction that forms Ag
atoms and produces nitric acid HNOs could decompose Ag atoms
into Ag" ions in solution through the reverse process [34] as shown
in Figure 5. Ag" ions within AgCl also attribute to the formation and

growth of AgNWs, the Ag atoms always tend to form spherical nano-
particles according to the principle of energy minimum. Sencondly,
depending on the temperature of the reaction, the dissociation constant
of AgCl is different, as a result the particles will grow in various
directions and form different structures. For example, when the
temperature is below 140°C the dissociation constant of AgCl is low
(1 x 10”), leading to the reaction of AgCl <> Ag" + CI (reaction 1)
priors a direction from left to the right. The CI ions in the solution
bind preferentially to Ag (100), resulting in the AgNPs growing into
Ag nanocube crystals. The role of Cl ions in the formation of Ag
nanocubes has been clearly demonstrated in some previous research
[35,36]. Simultaneously, under these conditions of the reaction, a small
number of AgNRs are formed by the reduction of Ag" ions of EG.

J. Met. Mater. Miner. 33(3). 2023
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Conversely, when the temperature surpasses 150°C, reaction (1)
predominantly proceeds in the reverse direction, thereby increasing
the concentration of AgCl within the solution. The rate of displacement
of the reaction increases proportionally with the temperature, resulting
in an elevation in AgClI concentration. This makes the growth rate
from spherical silver nanocrystals to AgNRs and AgNWs even faster.
As aresults, the AgNWs can be uniformly synthesized within less than
10 min at a hight temperature of 170°C. This is followed by anisotropic
growth of AgNWs to form AgNWs in the solution. The CI" ion plays
an important role in this process. In addition to providing electrostatic
stability when nuclei are formed, CI" ions also contribute to reducing
the concentration of Ag*ions, keeping the growth of nuclei in solution
controlled. Furthermore, the crystal planes (100) in the five twinned
structure are larger than the crystal planes (111). The (100) plane tends
to absorb more PVP than the (111) plane. As a result, the crystal plane
(100) is covered with PVP, while the crystal plane (111) has only a thin
layer of PVP that allows Ag" to easily diffuse to the (111) plane, resulting
in significant one-dimensional anisotropic growth on the (111) face
forms AgNWs [35,36].
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Figure 5. Mechanism of growth and formation of AgNWs.
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Figure 6(a) indicates the X-ray diffraction (XRD) spectra of
the AgNWs after 60 min of reaction at three temperatures (i.e., 150°C,
160°C, and 170°C). Figure 6(b) shows the products at various reaction
times (i.e., 10 min, 15 min, 20 min, and 30 min) for reaction temperature
of 150°C. When the reaction completed, there are four diffraction peaks
at temperatures of 38.18°, 44.47°, 64.02° and 78.23° corresponding to
the lattice planes (111), (200), (220) and (311) on the XRD spectrum of
the samples [33]. The relative ratios of diffraction intensity are 5.08,
6.30, and 6.28 at the peaks of (111) and (200) for the synthesized
samples at 150°C, 160°C, and 170°C, respectively. The (111) surface
exhibits a growth along the increasing length of the AgNWs. In the first
10 min of the reaction at 150°C, only one diffraction peak at 32.14°
is observed on the XRD spectrum. This is the characteristic peak of
AgCl1 (JCPDS no.14-0255), while the characteristic diffraction peaks
of AgNWs have not yet appeared. After 15 min and 20 min of reaction,
the diffraction peaks of AgNWs manifest, the characteristic diffraction
peak of AgCl vanishes after 30 min. Therefore, the AgCl is dissolved
and participated in the growth of AgNWs over time of reaction.
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Figure 6. XRD spectra of AgNWs obtained when synthesized at 150°C, 160°C, 170°C (a), and XRD spectra of AgNPs obtained at different reaction times

at 150°C (b).
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The BSA molecules attach to AgNWSs through Van der Waals
interactions, forming a protein layer on the AgNWs surface. We observe
the conjugation between the BSA protein and AgNWs. We selected
AgNWs synthesized at 150°C with a diameter of 20 nm to develop
AgNWs@BSA. We investigate the optical properties of the AgNWs
before and after the binding of BSA molecules through absorption
spectra and normalized absorption spectra of them. The absorption
spectra are obtained after removing the unbound BSA molecules in
solutions. Figures 7(a-b) illustrate the absorption spectra and normalized
absorption spectra of AgNWs as well as AgNWs@BSA. We considered
three AgNWs@BSAs (i.e., AgNWs@BSA1, AgNWs@BSA2, and
AgNWs@BSA3) with protein layers of varying thicknesses. There
are two peaks observed for the absorption spectra of AgNWs @BSAs.
The first peak appears at the resonant wavelength 415 nm for three
samples of AgNWs @BSAs, and the remaining one has the longer
wavelength (i.e., 594 nm, 635 nm, and 654 nm corresponding to
AgNWs@BSA1, AgNWs@BSA2, and AgNWs@BSA3, respectively).
The difference in spectra before and after binding BSA implies the
effectiveness of binding BSA molecules to AgNWs. Before binding
to BSA, the absorption spectrum of the AgNW exhibited a distinct
resonance peak at 377 nm, accompanied by a low-intensity absorption
shoulder at 350 nm. The peak at 377 nm mostly is caused by the
oscillation of electrons in the horizontal direction of the AgNWs,
the absorption shoulder at 350 nm is the characteristic resonance
peak for the bonding interaction of AgNWs in solution. Whereas,
the first resonance peak of the absorption spectrum of AGNWs@BSAs
at 415 nm which is attributed as a mode corresponding to the transverse
vibrational plasmon resonance mode of the electrons in the AGNW
shift towards longwave approximately 38 nm compare to the same
mode in uncoated AgNWs. This phenomenon is explained as follows:
The electromagnetic field propagates to the AgNWs surface, to interact
with the BSA molecules in the shell, also decreasing the interaction
energy of the electromagnetic field with the electrons on the AgNW
surface. The spectrum curves show that the thickness of BSA layers
on the AgNWs surface has a significant influence on the optical
properties. As the thickness of the BSA shell increases, the low-energy
resonance peak shifts towards the longer wavelengths.

Line 1: AGNW@BSA 1 Line 2: AGNW@BSA2 Line 3: AQNW@BSA 3 Line 4: AGNW

The appearance of a second resonance peaks on the long wave
in the resonance spectrum of AgNWs@BSAs are not due to the
longitudinally oscillating electrons of the wire contributed by lengths
up to 2 um (i.e., aspect ratio above 200). In addition, the longitudinal
plasmon resonance peaks of the AgNWs locate in the infrared region.
These peaks are not presentative for the BSA, because there is no
optical peak of BSA located in the visible light region [37]. Therefore,
the appearance of the second resonance peaks are caused by the
association of AgNWs@ BSA. Figure 7(c) shows the dependence of
the bonding resonance wavelengths on the BSA fill factor of the
AgNWs. The fill coefficients of BSA on AgNWs are 0.3, 0.5, and 0.6
corresponding to the low-energy plasmon second resonance peaks
at wavelengths of 594 nm, 635 nm, and 654 nm for AGNWs@BSA1,
AgNWs@BSA2, and AgNWs@BSA3 respectively.

It implies that when shifting to the longwave direction, the
binding resonance wavelength is proportional to the increase of the

filling coefficient. Because the adsorption of BSA and the thickness
of the BSA shell cause a change in the dielectric function of the
medium around the AgNWs. These results are in good agreement
with the effective environment approximation of Mie-Gans [38].
Therefore, we can design the optical properties of AgNWs by adjusting
the thickness of protein coat for these nanostructures in order to exploit
various applications of them.

We investigate the ability of AgNWs to enhance surface Raman
scattering for detecting toxic pigments at low concentrations. Figure 8(a)
presents the Raman scattering spectrum of the MB (10 M) dye on
the glass substrate. The scattering peak at 1620 cm™! has the highest
relative scattering intensity and it is the most characteristic Raman
signal of MB. This number is in good agreement with the characteristic
scattering peaks of MB presented by Yuxia Fan [39]. The scattering
peaks at wave numbers 1620 cm™, 1401 cm’!, and 450 cm™!, present
the bond patterns v(C—C) ring stretches, v(C—N) symmetric and
asymmetric stretches, and 6(C—N—C) skeletal deformation mode,
respectively [40,41]. The SERs spectra of MB in different concentrations
from 10713 M to 10* M enhanced on a substrate of AgNWs are shown
in Figure 8(b). SERs spectra show that the intensity of the Raman
scattering peaks of MB at low concentrations are significantly enhanced
compared to the original Raman scattering spectrum of MB. At the
same time, on the SERs spectra, there are peaks at 230 cm™! and
1724 cm™! which is not present in the scattering spectrum of MB.
These peaks are said to be the characteristic peak of Ag - Nor Ag-S
of the bond between AgNWs and MB [42,43]. The characteristic
scattering peak of MB at 1620 cm! shifts by about 44 cm™! to 1576 cm'!
when enhanced by AgNWs. It might be due to the influence of bond
formation between AgNWs and MB molecules. As the concentration
of MB increases, the interactions between its bonds become more
pronounced, causing a shift in the v(C—C) ring bond stretch away
from the original MB scattering peak. The level of enhancement in
scattering at a particular peak of the spectrum is evaluated through
an enhancement factor (EF). The EF of AgNWs is computed by the
Equation below [44]:

I, C
E F — SERs X NOR ( 2)
Inor Cskrs

where Isgrs is the Raman signal intensity at 1576 cm™! peak in case
the MB molecules adsorbed on AgNWs substrate; Inor is the Raman
signal intensity at 1620 cm™ on a glass; Cnor is the concentration
of 10* M initial MB, and Cskrs is the concentration of MB when
absorbed on the SERs substrate. we calculated the EF of AgNWs
for the largest scattering peak of MB (i.e., 1620 cm™!) at the nine
concentrations of 104 M, 10°M, 10°M, 107 M, 10°M, 10° M,
10719M, 10-'' M, and 1072 M respectively: 1.493 x 105, 1.25 x 10°;
8.37 x 10,7.33 x 107, 5.98 x108, 4.50 x 10°,2.43 x 10'%, 1.13 x 101,
0.9 x 102, Furthermore, we consider Raman signal intensity at
1576 cm! (Isers) as a parameter depending on the concentration of MB.
Figure 8(c) presents Isers corresponding to various concentrations of
MB (denoted by C). We also performed linear regression to obtain
a relationship between Isers and C in logarithmic space through
Equation (3).

log(Isers) = a x log(C) + b 3)

where a and b are regression coefficients. They are 0.28 and 6.5,
respectively. The fit line and its coefficient of determination (R?)
are presented in Figure 8(c). The R? value of 0.91 indicates a closed
dependence of the scattering intensity at the 1576 cm™! characteristic
peak of enhanced MB in the case of the presence of AgNWs in the
concentration of MB dye.
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In this study, We synthesize AgNWs considering polyol method
using PVP in the presence of ethylene glycol with the new AgCl
preparation at various reaction temperatures from 130°C to 170°C.
The obtained AgNWs are relatively uniform in shape and size (e.g.,
a length of over 2 pm and a diameter of smaller than 20 nm) which
are reacted at temperatures from 150°C and upwards, and almost no
by-products. We evaluated the influence of temperature on the
formation and growth of silver nanostructures through UV-Vis
absorption spectroscopy, SEM image, and XRD spectrum. The results
show that when the reaction temperature is smaller than 140°C,
AgNWs appear as a by-product of the reaction to create Ag nanocubes
because of the dominance of CI- ions in the solution. However, with
an increase in temperature, the process of AgNWs formation initiates
with the generation of spherical silver nanocrystals. These nanocrystals
exhibit preferential growth along the (111) facets, transforming into
AgNRs, which eventually elongate along an axis to form AgNWs.
Furthermore, this process exhibits enhanced kinetics at elevated
temperatures. The formation of uniform AgNWs occurred within
a duration of less than 10 min at a reaction temperature of 170°C,
whereas it took approximately 25 min to achieve the same under
a reaction temperature of 150°C.

We develop AgNWs@ BSA by binding BSA protein molecules
to AgNWs considering three fill coefficients of 0.3, 0.5, and 0.6.
We also investigate the optical properties of the AgNWs@BSA by
using UV-Vis absorption spectroscopy. The absorption spectra present
two characteristic peaks, the higher energy peak corresponds to the
horizontal plasmon resonance peak of the AgNWs, and the lower
energy resonance peak relates to the alignment of AgNWs @BSA.
As the BSA shell becomes thicker, this bonding resonance peak
shifts to a longer wavelength. The results on the optical properties of
the AgNWs@BSA complex are in good agreement with the theoretical
models of the plasmonic properties of the integrated systems. In
addition, we use obtained AgNWs for investigating the SERs effect
in detecting MB dyes. The results show that the AgNWs can detect
MB dye at concentrations as low as 10"'> M with an enhancement
factor EF of 0.9 x 10'2.
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