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Abstract: Silver nanoparticles were prepared by chemical reduction method.
Silver nitrate was taken as metal precursor, chondroitin sulfate as stabilizing agent
and glucose as reducing agent. The formation of AgNPc was monitored by UV-VIS
absorption spectroscopy. UV-VIS spectroscopy revealed the formation of AgNPc by
showing typical surface plasmon absorption maxima at 420-429 nm in the UV-VIS
spectrum. Comparison of theoretical (Mie light scattering theory) and experimental
data showed that the diameter of AgNPc in colloidal solution is about 20 nm. X-ray
diffraction (XRD), FTIR spectroscopy and UV-VIS spectroscopy were used to
characterize the obtained nanoparticles. The peaks in the XRD curves are in good
agreement with the standard cubic shape values of metallic silver (JCPDS No. 04-
0783) and no peaks of other crystalline impurity phases were detected.

Key words: nanoparticles, surface plasmon absorption, UV-VIS and FTIR
spectroscopy.
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1. INTRODUCTION

The study of nanoparticles (NPs) has become a promising tool for searching
for new materials that can improve applications in various technologies, in
particular, catalysis, optical and electronic devices. Silver NPs (AgNOs) are among
the extensively studied NPs, because they exhibit unique electrical, optical,
mechanical, magnetic, and chemical properties that significantly differ from those
of bulk materials, which depend on their size and shape, and are becoming
extremely important for technological applications [1]. Recent studies have been
focused on the synthesis of homogeneous silver NPs and the determination of their
antimicrobial activity [2]. Metal particles in the nanometer size range have gained
considerable interest in recent years, because they serve as building blocks of next-
generation nanodevices. They have potential applications in surface-enhanced
Raman spectroscopy, display devices, catalysts, microelectronics (light-emitting
diodes and solar cells), and as biological diagnostic probes [3]. For this reason,
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current research on nanostructured materials is mainly dedicated to understanding
changes in the fundamental properties of matter at the nanoscale. The study of the
mechanisms involved in the NP formation and growth process is of fundamental
importance for understanding the chemical process and controlling the development
of the NP microstructure. The application of modern spectroscopic techniques to
study the microstructural evolution of metallic microclusters plays a major role in
the chemistry of these materials, because it provides the possibility of in situ
monitoring new reaction schemes for synthesizing nanometer clusters. Another
important point concerns the reproducibility of the microcluster formation and
growth process. Since the properties of nanostructured materials are strictly related
to their microstructure (i.e., shape, size, and composition), it is crucially important
to know the effect of different experimental conditions on the synthesis process to
provide the reproducibility of the reaction.

The surface morphology of the resulting nanomaterial is governed by the
nature of the stabilizing agent, the molar ratio between the reducing agent and the
silver salt, the redox potential, the stirring of the solvent, and the synthesis rate and
temperature. Of all the above parameters, the stabilizer concentration is essential
for the production of AgNPs. The use of AgNO; increases the possibility that
nitrate (NOs) is the dominant anion bound to the silver nanomaterial. The reducing
agent can be any chemical agent, plant extract, or biological agent, such as H., gas,
sodium borohydrin, hydrazine, ethanol, ethylene glycol, and ascorbic acid [4]. The
simplest and most commonly used method for synthesizing metal NPs in a bulk
solution is the chemical reduction of metal salts [5]. In fact, there are reports on the
synthesis of nanosized metallic silver particles with different morphologies and
sizes [6] using the chemical reduction of silver salts [3, 7]. This synthesis method
involves the reduction of an ionic salt in a suitable medium in the presence of a
surfactant using various reducing agents [8].

Silver NPs have attracted attention due to their unique ability to interact with
electromagnetic radiation, while reducing a multitude of characteristics, in
particular, surface plasmon resonance (SPR). This interaction imparts remarkable
optical properties, electrical conductivity, and chemical stability to these NPs.
These properties have paved the way for their use in diverse sectors, such as
medical science, gene therapy, thermotherapy, and environmental improvement.
Among the different methods to synthesize these NPs, especially for silver NPs,
the “green” synthesis holds a unique position [19]. Numerous studies have shown
the effectiveness of AgNPs against a variety of cancer cell lines and viruses.
Nanosized Ag particles can easily penetrate into cells either by simple diffusion or
by transporting through membranes, ion channels, or receptors [9].

Silver NP dispersions exhibit intense colors due to absorption induced by
plasmon resonance. The surface of a metal is similar to a plasma, with free
electrons in the conduction band and positively charged nuclei. Plasmon resonance
is a collective excitation of electrons in the conduction band near the NP surface.
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The electrons are confined to specific vibrational modes depending on particle size
and shape. Therefore, metallic NPs have characteristic optical absorption spectra in
the UV-VIS region [10, 18].

The aim of this study is to optimize the physical parameters for AgNP synthesis
using chondroitin sulfate (ChS) and glucose. These preparations were chosen
because they are commonly used in traditional medicine and are readily available.
In addition, the optimized NPs were characterized and analyzed for antibacterial
and hemolytic properties [16].

2. MATERIALS AND METHODS

This study was designed for the green synthesis of AgNPs. All chemicals
used in this study were reagent grade materials. Chondroitin sulfate with a purity of
99% was purchased from Merck (Sigma Aldrich); glucose with a molar mass of
40000 was purchased from POCH S. A. (Poland), and AgNO; with a purity of
99.99% was also purchased from Merck (Sigma Aldrich). Chondroitin sulfate was
used as a coating agent due to the excellent biocompatibility and biodegradability
of this material. Chondroitin sulfate is an anionic polyelectrolyte with negatively
charged sulfate and carboxylate groups.

2.1. SILVER NANOPARTICLE SYNTHESIS

The procedure for synthesizing AgNPs using ChS as a stabilizing agent and
glucose as a reducing agent is relatively simple. The synthesis of silver NPs was
run at a constant temperature of 40°C. In a beaker, 100 mg of glucose was
dissolved with 80 mL of bidistilled H2O; the resulting mixture was subsequently
poured into a glass reactor equipped with a magnetic stirrer (Fig. 1).

Fig. 1 — Silver nanoparticle synthesis reactor.
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The reactor was placed in a water bath, in which the temperature was
maintained constant at T = 40°C and monitored with an accuracy of 0.1°C. Upon
temperature stabilization over the glucose solution at 40°C, a ChS solution was
slowly added. In a separate beaker, AgNO3; was dissolved in 20 mL of bidistilled
water. Upon temperature stabilization at 40°C, the AgNOs solution was slowly
dripped into the reactor over the glucose—ChS solution. The resulting solution was
continuously stirred by means of a magnetic stirrer to allow homogenization of the
reagent mixture. At the selected temperature of 40°C, the synthesis reaction occurs
slowly, and the liquid in the reaction apparatus changes from colorless to light brown
in color no earlier than after 1 h. As a result of the synthesis reaction, transparent
solutions ranging in color from light brown (2 h) to dark brown (24-48 h of synthesis)
are formed (Fig. 2).

Fig. 2 — Colloidal silver solutions obtained by the method of chemical reduction of AgNO3
with chondroitin sulfate. 200 — at the start of synthesis, 201 — 1 h, 202 - 2 h,
203 -3h,204 —4 h, 20524 h, 206 — 48 h.

The conditions used to prepare AgNPs are shown in Table 1. The synthesis
conditions are shown in the table where the molar concentration of AgNOs, ChS
and glucose, as well as the solution temperature throughout the synthesis are
indicated.

Table 1
Synthesis conditions of AgNPs
Cm, M
Nr. Temperature, °C
AgNOs, 103 Chs, 103 glucose, 103
1 40 5.89 0.45 5.55
2 40 5.89 0.89 5.55
3 40 5.89 1.34 5.55
4 40 5.89 1.79 5.55
5 40 5.89 2.24 5.55

Sodium chloride was added to confirm the completeness of the reaction and
verify the complete conversion of silver ions to AgNPs. The appearance of
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opalescence in the reaction solution indicates the presence of silver ions, while a clear
solution confirms the completion of the reaction. The total nanosilver content in the
solutions was measured using the gravimetric method. The AgNPs were dissolved in a
10% nitric acid solution; after that, excess sodium chloride was added to the solution.
The total amount of silver was determined by weighing the AgCl precipitate. Although
most of the reduction is complete at a higher ChS concentration, only a small fraction
of the Ag* ions is reduced at an equimolar concentration.

The encapsulating process was implemented under isothermal conditions using
a thermostatic bath. The initial spectral data were not used in this study, because
the extinction values are affected by the variation in the microcluster concentration
(nucleation stage) and probably by a change in the diffusion coefficient (at the
early stages of growth, the microclusters move toward the center of the coil between
the particles); in addition, the analytical model is not really correct for extremely
small microcluster sizes. Usually, this initial period is of short duration, depends on
temperature and duration of synthesis. It was found that the growth rate calculated
from spectrophotometric data increases linearly with the square root of the
synthesis time, according to the law governing a typical diffusion-controlled process
(Sugumoto 1987). Since the kinetic sequences were found to be localized on the
same 48 h fitting curve, a high reproducibility of the microcluster growth process
can be obtained under these conditions. In particular, it is well known that one of
the main limitations in the synthesis of metal clusters by colloidal chemistry is the
poor reproducibility of the nucleus growth process due to difficulties in precisely
controlling the various physical or chemical parameters involved in the reaction
(e.g., reagent purity, reactor wall surface characteristics, stirring speed, etc.). However,
a poor reproducibility of the kinetic data is mainly due to the fact that the ChS
protective layer, which controls the diffusion rate of silver atoms toward the surface
of the growth nucleus, requires a certain time to reach thermodynamic equilibrium.
The ChS layer encapsulating the growing microclusters evolves dynamically by
absorbing the solvent during growth until it reaches thermodynamic equilibrium.
Therefore, to achieve a high reproducibility of the diffusion process and, consequently,
the particle growth rate, the protective layer should be at thermodynamic equilibrium
during the nucleation and growth of the microcluster and during the aging of the
ChS protective solution and can be explained on the basis of an increase in the barrier
to ChS, which in turn enhances the diffusion of silver atoms through the barrier. After
48 h of synthesis, the radial growth of microclusters always exhibits the same behavior,
because under these conditions the thermodynamic equilibrium is finally observed.

2.2. COLLECTING SILVER NANOPARTICLES

Excess unreacted ChS and silver ions remaining in suspension were separated
from the ChS-AgNPs nanoparticles using a sedimentation device by centrifugation at
3000 rpm for 15 min. At the end of the centrifugation process the AgNPs sediment to
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the bottom of the vial and the solution becomes transparent, which is illustrated in
Fig. 3.

-

Fig. 3 — Vial with sedimented nanoparticles after centrifugation.

The AgNPs prepared by this method were purified initially with bidistilled
water and then with a 50/50 ethyl alcohol-acetone solution. Finally, the AgNPs were
dried in an oven at 40°C. Figure 4 shows the synthesized AgNPs. The synthesized
silver powders are highly soluble in water to form stable colloidal solutions.

Fig. 4 — Synthesized silver NPs.

2.3. OPTIMIZATION OF DIFFERENT PARAMETERS FOR AgNP SYNTHESIS

The parameters (time, pH, temperature, and concentrations of silver nitrate,
glucose, and ChS) were optimized for rapid and maximum synthesis of AgNPs.
The pH was maintained at 2, 4, 6, and 8 and adjusted with sodium hydroxide (NaOH).
The synthesis reaction was monitored in a range of 048 h for the optimum synthesis
of AgNPs. The synthesis of silver NPs was monitored at different encapsulating
temperatures (30, 40, 50°C). The silver nitrate concentration was optimized at different
concentrations (0.5, 1.0, 1.5, 2.0 mM). Similarly, the concentration ratio of ChS,
glucose, and AgNO3 was optimized by increasing the ChS concentration ina 1 mM
AgNO; solution. Synthesis was observed at different ratios of ChS, glucose, and silver
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nitrate solution. Absorption of the NPs was observed in a range of 300-800 nm
using a UV-VIS spectrometer.

3. RESULTS AND DISCUSSION

3.1. ULTRAVIOLET-VIS SPECTROSCOPY

The visible color change from light brown to dark brown indicated the
formation and nucleation of silver NPs. The appearance of the dark brown color
can be attributed to the vibrational effect of the surface plasmon and the replacement
of Ag* ions by Ag® under the action of ChS. The optical characteristics of the
AgNPs extracted at different stages of their synthesis from ChS—glucose—-AgNO;
were studied by UV-VIS spectroscopy and represented as absorption spectra.
These spectra are shown in Fig. 5, which shows that the absorption intensity of the
colloidal solution of AgNPs increases with increasing reaction time. The lowest
spectrum corresponds to 2 h of reaction, while the spectrum with the maximum
intensity corresponds to 48 h of reaction. In addition, Fig. 5 shows that the position
of the absorption band of the surface plasmon of nanosized silver is shifted toward
longer wavelengths during the synthesis reaction.
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The increase in absorption intensity with increasing reaction time can be
associated with an increase in the AgNP size, which is shown in Fig. 6.
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Fig. 6 — Maximum uptake as a function of synthesis time.

Absorption of silver ions at the NP—solution interface also shifts the position
of the plasmon absorption spectrum toward longer wavelengths, especially for
silver NPs smaller than 10 nm. Under the synthesis conditions used in this work,
silver species can be adsorbed by the newly formed NPs and then undergo
reduction at the solid—solution interface.

Two absorption maxima are observed in the optical absorption spectra (Fig. 5).
Based on literature data [13] it can be concluded that the first peak corresponds to
the absorption maximum of ChS at a wavelength of 298 nm. An increase in the
ChS concentration leads to an increase in absorbance. In addition, a change in the
peak shape is observed; it indicates the involvement of ChS in the reduction of
AgNOs. The second peak corresponds to the absorption maximum of silver NPs at
a wavelength of 454 nm.

The optical properties of the colloidal nanosilver solutions were studied by
UV-VIS spectroscopy and plotted in Fig. 7.
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Fig. 7 — Ultraviolet-VIS absorption spectra of silver NPs dispersed in bidistilled
water for AQNPs—ChS.
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The UV-VIS spectra reveal the formation of silver NPs according to the
appearance of an SPR at 429 nm for AgNPs—ChS. The position and shape of
plasmonic absorption depend on particle size, shape, and dimension. This is in
agreement with the study by Mock J.1. et al. [14] who showed a correlation between
the absorption spectra of silver NPs and their size (20-100 nm) and shape (spheres,
decahedra, triangular pyramids). These studies showed that spherical and nearly
spherical NPs absorb in the blue, green, and red regions of the spectrum, respectively.

3.2. FOURIER TRANSFORM INFRARED (FTIR) ANALYSIS

The intermolecular interaction and the nature of the chemical bonding in the
resulting system were studied by FTIR. Figure 8 shows the FTIR spectra of AgNO3
and AgNPs—ChS.
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Fig. 8 — Fourier transform infrared spectra of AgNOs and AgNPs after reduction and ChS coating.

The AgNPs powder was analyzed by FTIR spectroscopy to obtain valuable
information about the functional groups involved in the reduction of silver ions.
The use of ChS and glucose as reducing and stabilizing agents was studied by FTIR
spectroscopy, which makes it possible to identify the functional groups attributed
to these substances. The FTIR spectra were recorded for powders of AgNQs, glucose,
and AgNPs after reduction and coating with ChS. The FTIR spectrum of AgNOs
exhibits characteristic bands of the nitrate group, which are localized at 1280, 1052,
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and 798 cm™!. The band at 1280 cmis slightly shifted relative to the typical range
of the asymmetric stretching vibrations of the nitrate group (1380-1410 cm™).
This difference can be attributed to the effect of the crystal structure or intermolecular
interactions. The band at 1052 cm™! fits well into a range of 1040-1060 cm™! for
the symmetric stretching vibrations of the NOs~ group. The band at 798 cm™ is
attributed to the bending vibrations of the NOs~ group.

The FTIR spectrum of glucose represents the complex structure of this
material with multiple hydroxyl groups, C—H bonds, and interactions between ether
and cyclic bonds, with bands identified at 3236, 2936, 1371, 1332, 1153, 1026, 1009,
851, 768, 713, and 510 cm™'. The band at 3236 cm™'is attributed to the O—H stretching
vibrations. The band at 2936 cm™! corresponds to the C—H stretching vibrations.
The band at 1371 cm™! is assigned to the C—H bending vibrations in the methyl
(CHs) and methylene (CH.) groups. The band at 1332 cm™! can be attributed to the
O-H bending vibrations in hydroxyl groups or represent other modes of the C-H
bond vibrations. The band at 1153 cm™! and the band at 1026 cm™ correspond to
the C-O and C-OH stretching vibrations. The band at 1009 cm™!is attributed to the
C-O-C and C-OH vibrations in the glucose structure. The band at 851 cm™! is
assigned to the C—H bond and cyclic bond stretching vibration modes in the
glucose structure. The band at 768 cm™! can be attributed to the pyran ring bending
vibrations or other C-H bond vibrational modes. The band at 713 cm™ is assigned
to the planar bending vibrations of the C—H bond or vibrational modes associated
with the ring structure. The band at 510 cm™! can be attributed to the bending
vibrational modes of the molecular skeleton.

In the FTIR spectrum of ChS, the band at ~3400 cm™! is attributed to the O—
H stretching vibrations of the hydroxyl (—OH) groups present in ChS. The band at
~1650 cm™! corresponds to the C=0 stretching vibrations in the carboxyl (-COOH)
groups and in the glycosaminoglycan structure. The band at ~1250 cm™' is assigned
to the S=O stretching vibrations of the sulfate groups (—S0O.2") present in ChS.
The band at ~1150 cm™! corresponds to the C-O and C-O-S stretching vibrations
of the ether and sulfate groups. The band at ~820 cm™! is assigned to the C-O-S
and C-O-H bending vibrations. The band at ~750-800 cm™' can be attributed to
the C—H bending vibrations and other vibrational modes characteristic of the ChS
structure. The band at ~570-600 cm™ can be assigned to the bending vibrations of
the molecular skeleton and bonding groups.

In the FTIR spectra of AgNPs synthesized using glucose, AgNOs, and ChS,
bands localized at 3675, 2981, 2909, 1451, 1395, 1244, 1063, and 882 cm™' were
identified. The band at 3675 cm™! is assigned to the O—H stretching vibrations of
free hydroxyl (OH) groups. The band at 2981 cm™! is attributed to the asymmetric
C—H stretching vibrations. The band at 2909 cm™! is similar to the band at 2981
cm™!; this band corresponds to the symmetric C—H stretching vibrations. The band
at 1395 cm™! is attributed to the C—H bending vibrations and can be associated with
the stretching vibrations of the sulfate groups. The band at 1244 cm™! is assigned to
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the S=0O stretching vibrations of the sulfate groups. The band at 1063 cm™!
corresponds to the C—O and C-O-C stretching vibrations. The band at 882 cm™!
is attributed to the C—H bond bending vibrations.

Comparative analysis of the bands identified in the FTIR spectra of AgNPs
with those of ChS, glucose, and AgNOs shows that most of the bands are in good
agreement with those observed in the ligands used (ChS and glucose); however,
there are some shifts, which can represent specific interactions and structural changes
caused by the synthesis of silver NPs. Shifts toward higher frequencies (3675 cm™)
suggest strong interactions of hydroxyl groups with the NPs. Slight shifts in the
bands for C-H (2981 and 2909 cm™!) indicate changes in the chemical environment
of the C—H groups. The good agreement of the bands of the sulfate and NOs~ groups
(1244 cm™) suggests that functional groups are present and interact with the NPs.

3.3. X-RAY DIFFRACTION (XRD) ANALYSIS

The XRD patterns confirm the formation of crystalline metal NPs with the
presence of coating agents on the NP surface. X-ray diffraction analysis is an
extremely useful tool to study the characteristics, crystallization, and structure of
the nanostructure. Figure 9 shows the XRD pattern peaks at 20 = 38.24°, 44.20°,
64.73°, and 77.73°, which correspond to the cubic structure of Miller indices (111),
(200), (220), and (311) of hkl values (JCPDS No. 04-0783) and are characteristic
of metallic silver.
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Fig. 9 — X-ray diffraction pattern of AgNPs—ChS.
The crystallite size can be calculated using the Scherrer equation:
D=0.9)\/Bcosb (8]

where A is the X-ray wavelength of 0.1541 nm (Cu),  is the full width at half
maximum (FWHM) of the peak, 0 is the diffraction angle, and D is the average
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crystallite size. Scherrer formula (1) gives a rough estimate of the crystallite size
and assumes that the peak broadening is attributed exclusively to the small
crystallite size. Other factors, such as instrument effects and deformation, can also
contribute to the peak broadening and should be taken into account for more
accurate measurements. Results of studying the sample using the XRD pattern to
measure the size of the synthesized NPs are shown in Table 2.

Table 2

Parameters of crystallites characterized by XRD analysis

Angle (©) in c0s® B (FWHM) in A (nm) D (crystallite size) in
degrees radians nanometers
19.12 0.945 0.006829 0.1541 21.49

After calculating the FWHM of the curve using the original software, the
average size of the synthesized NPs is about 21.49 nm. The peak intensity represents
the high degree of crystallinity of the AgNPs.

4. APPLICATION

Metal NPs are characterized by a high surface area for strong adsorption and
high reducibility, which can be used for biomedical applications, which include
antibacterial, anticancer, and antioxidant activities and drug delivery mechanisms
[15]. This “green” approach to synthesizing AgNPs is innovative and provides a
valuable contribution to photodynamic therapy for treating cancer cells by
functionalization of the metal phthalocyanine ZnPc with silver nanoparticles:
ZnPc(S0O3)4 chitosan/AgNPs [16] and ZnPc(S0O3)sChS/AgNPs [17].

5. CONCLUSIONS

In this study, a single-step environmentally friendly synthesis of AgNPs has
been developed. The synthesis is run in a stirred aqueous environment at T = 40°C
using ChS as a stabilizing agent and glucose as a reducing agent. The reaction
temperature, reaction time, and ChS concentration had obvious effects on the
amount of AgNPs formed and the distribution of the NPs. Chemical reduction of
silver species in a ChS—glucose—AgNOs; solution at T = 40°C yields monodispersed
AgNPs with an average NP size of 21.49 nm. The UV-VIS spectra indicate that
the position of the surface plasmon absorption peak of the AgNPs colloids is shifted
from 464 nm at 2 h after the start of the synthesis process to 471 nm. This redshift
in the absorption spectra of AgNPs is attributed to an increase in particle size, a process
that can involve the reduction of absorbed Ag~ at the particle-solution interface.
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Such a reduction of Ag- at the silver surface is the metal reduction potential
lowering facility also mentioned by the authors Zeena S. et al. [20]. Comparative
analysis of the bands identified in the FTIR spectra of AgNPs with those of ChS,
glucose, and AgNO; shows that most of the bands are in good agreement with
those observed for the ligands used; however, there are some shifts, which can
represent specific interactions and structural changes caused by the synthesis of
AgNPs. X-ray diffraction confirms the presence of a signal of elemental silver; no
peaks of other impurities are detected. The result indicates that the synthesized
product consists of high-purity AgNPs. These data of ChS-doped AgNPs are
compared with AgNPs prepared by the green method,; it is evident that the coating
agents for the NPs are different for different reducing agents. Therefore, we can
control the specific characteristics of our NPs by controlling the type of coating
agent and the synthesis method used.
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