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Silver nanoparticles were prepared by chemical reduction method. Silver nitrate was taken as a metal
precursor, chondroitin sulfate as a stabilizing agent, and glucose as a reducing agent. The formation of
Ag nanoparticles was monitored using ultraviolet-visible absorption spectroscopy, X-ray diffraction, and
Fourier-transform infrared spectroscopy. X-ray diffraction analysis confirmed the presence of elemental
Ag signal, with no peaks of other impurities detected. The ultraviolet-visible spectra of colloidal solutions
of Ag nanoparticles show that the chondroitin sulfate concentration has a substantial influence on the
reaction rate of Ag nanoparticle formation, as well as on the size of the nanoparticles. The position
and shape of plasmonic absorption spectra of Ag nanoparticles also depend on the duration of the
synthesis reaction. Functional groups identified with Fourier-transform infrared spectroscopy confirm
the formation of high-purity Ag nanoparticles.
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1. Introduction

Silver nanoparticles (AgNPs) are among the
widely investigated nanoparticles due to their
unique electrical, optical, magnetic, mechanical,
and chemical properties that depend on their size
and shape, and make them extremely important
for their potential in technological applications. For
this reason, current research on nanostructured ma-
terials is devoted mainly to understanding changes
in the fundamental properties of matter at the
nanoscale. The study of the mechanisms involved
in the process of nanoparticle formation and growth
is of fundamental importance to understanding the
chemical process and controlling the microstructure
development of nanoparticles.

The application of modern spectroscopic tech-
niques to study the microstructural evolution of
metallic microclusters plays a major role in the
chemistry of these materials, as it provides the pos-
sibility to monitor in situ new reaction schemes for
the synthesis of nanometric clusters. Another im-
portant point concerns the reproducibility of the
microclast formation and growth process. Since the
properties of nanostructured materials are strictly
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related to their microstructure (i.e., shape, size, and
composition), it is very important to know the influ-
ence of different experimental conditions on the syn-
thesis process in order to enable the reproducibil-
ity of the reaction. The syntheses can be classified
as “green” and “non-green.” The “green” approach
involves the use of environmental agents such as
tannins, saccharides, and plant extract necessary
for the formation and stabilization of nanoparti-
cles. The main advantages of plant-based biologi-
cal systems, such as nanoparticle production, are
low cost of cultivation, low synthesis time of the
final product, and biological safety of the prod-
uct. Recently, biological methods of the synthe-
sis of nanoparticles (biosynthesis) have become in-
creasingly widespread. Biological methods include
synthesis using micro-organisms. A whole series of
nanoparticles have been obtained in this way, e.g.,
AuNPs, AgNPs, CdSNPs, etc. [1]. This “green” ap-
proach to the synthesis of AgNPs is quite innovative
and offers a valuable contribution to the field of ma-
terials for patterned and structural electronics [2].
Metal nanoparticles have a high surface area,
strong adsorption, and high reducibility and can
be wused in biomedical applications, including
antibacterial, anticancer, antioxidant, and drug
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delivery mechanisms [3]. The chemical reduction
method for the synthesis of AgNPs involves work-
ing with reagents containing the appropriate Ag
salt, a reducing agent, and a stabilizing agent. The
surface morphology of the resulting nanomaterial
is governed by the nature of the stabilizing agent,
the molar ratio of the reducing agent to silver salt,
the oxidation-reduction potential, the solvent stir-
ring, the synthesis rate, and temperature. Among
all the above-mentioned parameters, the stabilizer
concentration for the production of AgNPs is es-
sential. The use of AgNQj3 increases the possibility
that NOj is the dominant anion associated with the
silver nanomaterial. The reducing agent can be any
chemical agent, plant extract, or biological agent,
such as Hs, gas, sodium borohydrin, hydrazine,
ethanol, ethylene glycol, or ascorbic acid [4]. The
simplest and most commonly used method for the
synthesis of metal nanoparticles in bulk solution is
the chemical reduction of metal salts [5]. In fact, the
production of nanometric metallic silver particles
with different morphologies and sizes has been re-
ported [6] using chemical reduction of silver salts [7].
This synthetic method involves the reduction of an
ionic salt in a suitable medium in the presence of a
surfactant using various reducing agents [8].

In this work, a methodology was developed to
evaluate the growth of silver nanoparticles during
their formation in the chondroitin—glucose-AgNO3
system using the chemical reduction of silver ni-
trate.

2. Materials and methods

2.1. Materials

Chondroitin sulfate (ChS) was purchased from
Merck (Sigma-Aldrich) with a purity of 99%, glu-
cose was purchased from POCH S. A. (Poland) with
a molar mass of 40000, and AgNOg3 was also pur-
chased from Merck (Sigma-Aldrich) with a purity
of 99.99%.

2.2. “Green” synthesis of chondroitin-coated
AgNPs

Chondroitin sulfate (ChS) has been used as a
coating agent due to its excellent biocompatibility
and biodegradability. ChS is an anionic polyelec-
trolyte with negatively charged sulfate and carboxy-
late groups. The procedure for synthesizing silver
nanoparticles (AgNPs) using ChS as a stabilizing
agent and glucose as a reducing agent is relatively
simple. In a typical preparation process, silver ni-
trate (AgNOs3) solution was combined with ChS so-
lution and glucose, and then the mixture was stirred
at 40°C. In this method, double-distilled water was
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Colloidal
chemical reduction of AgNOgs using ChS and glu-
cose. The numbering of colloidal solutions is: 11 —
colloidal solution after 2 h from the beginning of
infusion; 12 — after 4 h; 13 — after 6 h; 14 — af-
ter 12 h, 15 — after 24 h; 16 — after 30 h; 17 —
after 48 h.

Fig. 1. silver solutions obtained by

Conditions for the synthesis of AgNPs. TABLE I

. Cym (x1073) [M
No. | Temperature [°] AgNOs | ChS GElu]cose
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
6 40 5.89 2.69 5.55

used as an environmentally friendly solvent. The re-
action time for the reduction of Ag™ ions at 40°C
was found to be essential to ensure complete reduc-
tion. The mixture was stirred continuously during
the entire synthesis process using a magnetic stir-
rer. At predetermined time intervals, samples were
taken from the reaction mixture to monitor sur-
face plasmon resonance. The conditions used for the
preparation of AgNPs are shown in Table I. There,
the synthesis conditions; including the molar con-
centration of AgNQOj, ChS, and glucose, and the
solution temperature throughout the synthesis are
indicated.

While most of the reduction is completed at a
higher ChS concentration, only a small fraction of
Ag™ ions is reduced at an equimolar concentration.
The overall shape of the plasmon absorbance re-
mains constant, indicating that the overall parti-
cle distribution is not influenced by the concentra-
tion of ChS. The reduction of silver Ag™ ions us-
ing ChS was monitored by analyzing the changes
in absorbance at different time intervals during the
synthesis.

It is well known that silver ions are soluble in
deionized water. Based on these results, it can be
concluded that all silver ions have been removed.
Sodium chloride was added to confirm the complete-
ness of the reaction and to verify the complete trans-
formation of the silver ions into silver nanoparticles
(AgNPs). The appearance of opalescence (Fig. 1) in
the reaction solution indicates the presence of silver
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ions, while a clear solution confirms the completion
of the reaction.

Excess unreacted ChS and the silver ions remain-
ing in suspension were separated from the ChS—
AgNPs nanoparticles using a sedimentation device
by centrifugation at 3000 rpm for 10 min. At the end
of the centrifugation process, the AgNPs sediment
to the bottom of the vial, and the solution becomes
transparent. Thus, the obtained AgNPs were puri-
fied initially with double-distilled water and then
with a 50/50 solution of ethyl alcohol and acetone.
Finally, AgNPs were dried in an oven at 40°C.

2.3. Investigation methods

The wultraviolet-visible (UV-Vis) spectra were
recorded using the UV-Vis spectrophotometer Cary
300, utilizing a spectral range of 200-800 nm, deu-
terium and halogen light sources, and a pho-
tomultiplier detector for a spectral resolution
of up to 0.1 nm and photometric accuracy
of £0.005 Abs. The Fourier-transform infrared spec-
troscopy (FTIR) spectra were recorded at room
temperature using the Bruker ALPHA spectrom-
eter, in the wavelength range of 4000400 cm~!, in
the scientific research laboratory “Advanced Materi-
als in Biopharmaceutics and Technics” of the State
University of Moldova, Republic of Moldova.

3. Results and discussion

3.1. SEM morphology

The scanning electron microscope (SEM) images
in Fig. 2 show the presence of well-dispersed parti-
cles that are more or less spherical, as well as some
faceted particles. The size distribution shows a bi-
modal distribution of particle sizes, with the first
group ranging from 20 to 40 nm and the second from
40 to 60 nm. Consequently, the shift of the surface
plasmon absorption maximum from 464 to 471 nm
(ChS concentration = 0.89 x 1073 M) could be due
to a difference in particle shape.

3.2. UV-VIS spectroscopy

The evolution of AgNPs was monitored using
UV-VIS spectroscopy [9]. Figure 3 illustrates the
UV-VIS absorption spectra of AgNPs at different
reaction time intervals. The characteristic surface
plasmon resonance (SPR) peak at about 456 nm
observed at different reaction times confirmed the
formation of AgNPs. During a longer reaction, from
2 to 48 h, the intensity of the SPR peak increased,
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Fig. 2. SEM images of synthesized AgNPs.

accompanied by a slight redshift, but without a sig-
nificant broadening of the peak. The increase in in-
tensity indicated a higher concentration of AgNPs,
while the small redshift of the SPR. peak suggested
a slight increase in particle size as the reaction pro-
gressed. To evaluate the effect of ChS concentration
on the preparation of AgNPs, the reactions were
carried out at different ChS/AgNO; mass ratios.
Colloidal silver obtained at the lowest mass ratios
showed a light red shade. As the mass ratios in-
creased, the color of the solution gradually changed
to red-brown, and the intensity of the SPR peak
increased, as shown in Fig. 3.

The ChS concentration has a substantial influ-
ence on the reaction rate of AgNPs formation, as
well as on the size of the nanoparticles themselves.
In Fig. 4, we observe that the SPR absorption max-
imum is positioned at 454 nm for 0.45 x 10~ M of
ChS and shifts up to 473 nm for 2.24 x 10~ M. After
48 h from the beginning of the synthesis, by com-
paring the curves in Fig. 3, we observe a shift of the
absorption maxima from 454 nm for 0.45 x 1073 M
to 517 nm, which can be attributed to the increase
in nanoparticle size, as well as the joining of other
nanoparticles to the already formed clusters. The
smallest shift of the absorption maxima was ob-
served for ChS concentrations of 0.89 x 102 M from
464 to 471 nm, which suggests that with increasing
synthesis duration the nanoparticle sizes, do not es-
sentially change.
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Fig. 3. UV-VIS spectra of colloidal solutions of

AgNPs, obtained for different concentrations of ChS
and different synthesis times.

The UV-VIS absorption spectra of silver
nanoparticles dispersed in double-distilled water are
shown in Fig. 5. The position and shape of the plas-
monic absorption spectrum (SPAS) depend on the
shape (spherical or nearly spherical) and size of the
synthesized silver nanoparticles. This is consistent
with the study by Mock et al. [10] that demon-
strated a correlation between the shape and size
(20-100 nm) of the synthesized silver nanoparticles.
Silver nanoparticles synthesized in the AgNOj3—
ChS—glucose system is completely covered with a
ChS shell, with a thickness of about 1 nm, which
causes the plasmon absorption spectrum to extend
over the wavelength range from about 325 nm to
800 nm or more, with a surface plasmon absorption
maximum around 429 nm.

3.3. FTIR spectroscopy

AgNPs powder was analyzed by FTIR spec-
troscopy 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 investigated by FTIR, which
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Fig. 4. UV-VIS absorption spectra of AgNPs in
dependence on the synthesis time and Cps of ChS
silver nanoparticles dispersed in double-distilled wa-
ter for AgNPs—ChS.
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Fig. 5. UV-VIS absorption spectra of silver

nanoparticles dispersed in double-distilled water for
AgNPs. UV-VIS spectra reveal the formation of
silver nanoparticles by surface plasmon resonance
at 429 nm for AgNPs—ChS.

can help to identify the functional groups associated
with these substances. FTIR spectra were recorded
for AgNO3 powders, glucose, and AgNPs after re-
duction and ChS coating.
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Fig. 6. FTIR spectra of AgNOs, glucose, and Ag-

NPs after reduction and coating with ChS.
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Fig. 7. XRD pattern of AgNPs-ChS.

The FTIR spectrum of AgNO3 (Fig. 6) shows
characteristic bands of the nitrate group, located
at 1280, 1052, and 798 cm~'. The band at
1280 cm ™! is slightly shifted from the usual range
for the asymmetric nitrate group stretching (1380-
1410 cm~!). This difference can be attributed to the
influence of crystal structure or intermolecular in-
teractions. The band at 1052 cm ™! falls well within
the range of 1040-1060 ¢cm~! for the symmetric
NOj group stretching. The band at 798 cm™! is
associated with the deformation of the NO3 group.
Comparative analysis of the bands identified in the
FTIR spectra of AgNPs with those of chondroitin
sulfate, glucose, and AgNO3 shows that most of
the bands align well with those observed in the
ligands used (chondroitin sulfate and glucose), but
with some shifts, which may reflect specific inter-
actions and structural changes caused by the syn-
thesis of silver nanoparticles. Shifts towards higher
frequencies (3675 cm~!) suggest strong interactions
of hydroxyl groups with the nanoparticles. Slight
shifts in the C-H bands (2981 and 2909 cm~—!)
suggest changes in the chemical environment of the
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C-H groups. The good alignment of the bands for
the sulfate and NO3 groups (1244 cm™!) suggests
that functional groups are present and interact with
the nanoparticles. X-ray diffraction (XRD) analysis
confirmed the crystalline nature of the AgNPs, re-
vealing a distinct plane shown in Fig. 7.

All the reflections correspond to pure silver metal
with face-centered cubic symmetry. The intensity of
peaks reflected the high degree of crystallinity of the
AgNPs.

4. Conclusions

In this study, a one-step “green” synthesis of Ag-
NPs was developed. The synthesis was carried out
in a stirred aqueous environment at T = 40°C, us-
ing ChS as a stabilizing agent and glucose as a re-
ducing agent. The reaction temperature, reaction
time, and ChS concentration had obvious effects
on the amount of AgNPs formed and the distribu-
tion of nanoparticles. Chemical reduction of silver
species in a ChS-glucose-AgNOg solution at T =
40°C yields monodispersed AgNPs with an average
nanoparticle size of 20 nm after 48 h of relapse.
The UV-VIS spectra indicate that the position of
the surface plasmon absorption peak of the silver
colloids shifts from 464 nm at 2 h of synthesis to
471 nm at 48 h of reaction. This pre-redshift of the
optical spectra of AgNPs is related to an increase in
particle size, a process that may involve the reduc-
tion of Ag™ adsorbed at the particle-solution inter-
face. Comparative analysis of the bands identified
in the FTIR spectra of AgNPs with those of ChS,
glucose, and AgNO3 shows that most of the bands
align well with those observed in the ligands used,
but with some shifts, which may reflect specific in-
teractions and structural changes caused by the syn-
thesis of AgNPs. XRD spectroscopy confirmed the
presence of elemental silver signal and no peaks of
other impurities were detected. The result indicates
that the synthesized product consists of high-purity
AgNPs.
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