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Abstract—Unique features of metal nanoparticles (NPs) are attracting the attention of researchers from var-
ious fields of science, including biomedicine, microbiology, biotechnology, and agriculture. The biological
activity of NPs depends on their size characteristics, composition, physicochemical properties, and method
of preparation. Chemical, biological, and physical methods are used to obtain NPs. In this review, we discuss
the main methods for the chemical synthesis of metal-based NPs. The advantages and disadvantages of the
most commonly used reducing agents are described. Particular attention is paid to the effect of the synthesis
conditions on the NP properties. The potential use of polysaccharides, in particular, chitosan, as a reducing
and stabilizing agent of an NP suspension is considered.
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INTRODUCTION

Metal nanoparticles (NPs) are a dispersed system
in which a particle of a metal or its oxide is a dispersed
phase and a liquid, as a rule, is the dispersion medium.
In accordance with modern concepts in the field of
nanotechnology, NPs are structures with sizes from 1
to 100 nm (in one dimension). They have a large ratio
of interface area to volume, i.e., a large specific surface
area, which grows with decreasing particle size [1].
This feature of NPs underlies their unique properties,
such as their high reactivity and the appearance of sur-
face plasmon resonance (SPR), i.e., resonant oscilla-
tions of electrons upon the excitation of a surface plas-
mon by an external electromagnetic wave. Metal NPs
are used to develop biosensors [2, 3], show antitumor
activity in cell cultures [4, 5], possess antiviral activity
[6, 7], are characterized by nonspecific toxicity for
bacteria [8, 9] and microscopic fungi [10–12], are
used as drug carriers [13, 14], have a stimulating effect
on plant growth, and increase plant resistance to stress
[15–17].

Taking into account the potential for the wide-
spread use of NPs, special attention is directed to the
study of their toxicity to humans, animals, and plants,
as well as their impact on the environment. The toxi-
city of metals can vary depending on the degree of
their oxidation, the solubility of the compounds or the
morphology of particles, the presence of ligands capa-
ble of forming complex compounds with the metal,

the environmental conditions, the exposure time, and
the method of application [18, 19].

Nanoparticles are described by such fundamental
characteristics as their shape, size, polydispersity, sur-
face charge, time and degree of agglomeration, ele-
mental composition, surface chemical composition,
surface area, crystal structure, etc. These parameters
are largely determined by the method of NP synthesis.

METHODS OF NANOPARTICLE FORMATION
At present, metal NPs are obtained with several

approaches:
(1) NP preparation via the destruction of larger

structures with physical methods (sputtering, grind-
ing, laser ablation, etc.);

(2) the preparation of metal NPs with microorgan-
isms;

(3) the formation of NPs containing metals in
reduced or ionized form with polymers;

(4) the preparation of NPs of metals and metal
oxides with reducing agents.

The last two approaches are chemical and do not
require the use of specialized equipment, which makes
them relatively inexpensive and may be interesting
from the point of view of further practical use. This
review is devoted to methods for the synthesis of NPs
of metals and metal oxides with reducing agents. The
potential use of polysaccharides, in particular, chi-
97



98 LYALINA et al.
tosan and its derivatives, as a reducing agent and stabi-
lizer for a NP suspension is discussed.

NANOPARTICLE SYNTHESIS 
WITH REDUCING AGENTS

Agents such as hydrazine hydrate, sodium borohy-
dride, reducing agents containing the borane group
BH3, alcohols, formaldehyde, ascorbic acid, citrates,
and others are used to synthesize NPs via the reduc-
tion of metals from their salts. Further, we will con-
sider the reagents most often used for the synthesis of
metal NPs.

HYDRAZINE HYDRATE
Hydrazine hydrate is a strong reducing agent and is

widely used to isolate metals from solutions of their
salts. Using a combination of hydrazine hydrate and its
mixture with sodium citrate as a reducing agent,
spherical silver NPs of various diameters from 9 to
30 nm were obtained [20]. Aggregation and the forma-
tion of two fractions of NPs differing in size were
observed. The appearance of the SPR peak at 418 nm
indicated the formation of metallic NPs. The crystal
structure of the particles corresponded to the face-
centered cubic structure of Ag. When sodium citrate
was added, the optical absorption peak shifted to the
412 nm region with the formation of a shoulder in the
540 nm region. A study on the effect of NP size on
antibacterial activity against a number of bacteria
(Staphyloccoccus aureus, Escherichia coli, and Pseudo-
monas aeruginosa) showed that silver NPs 9 nm and
11 nm in size have a tenfold lower minimum inhibitory
concentration (MIC) than the 23- and 30-nm particles.

The authors of [21] found that an increase in the
concentration of hydrazine hydrate from 2 to 10 mM
led to a broadening of the SPR peak that corresponded
to the appearance of silver NPs of various structures; a
decrease in NP stability was also observed. To prevent
aggregation, polyvinylpyrrolidone was added to the
reaction mixture. At a hydrazine concentration of
6 mM, NPs 10–15 nm in size were obtained. It was
shown that silver NPs have a face-centered cubic
structure, and their planes are predominantly ori-
ented. An increase in the concentration of silver
nitrate from 2 to 4 mM led to the formation of a second
absorption peak in the region of 656 nm, which,
according to the authors, indicates a change in the
morphological characteristics of the particles. During
the determination of the antibacterial activity of silver
NPs against E. coli and S. aureus by diffusion in agar,
it was shown that particles with a high concentration of
silver nitrate and hydrazine hydrate did not show a vis-
ible antibacterial effect, while the formation of a lysis
zone was observed at lower concentrations. The
authors explain this effect also by a change in the par-
ticle morphology, which affected the ability of parti-
cles to diffuse.
APPLIED BIOCHEMI
Saikova et al. [22] studied the effect of the reaction
conditions on the characteristics of copper NPs. The
ultraviolet (UV) spectra of the product of the reduc-
tion of copper sulfate with hydrazine hydrate at a tem-
perature of 20–80°С are broad absorption bands with
a maximum at a wavelength of λ = 600 nm, which is
characteristic of the ammonium–copper complex.
Upon heating to 90–100°С, the formation of a red
colloid with a SPR peak in the region of λ = 590 nm
was observed; this indicated the formation of metallic
copper. Microwave treatment led to a shift in the SPR
peak to 580 nm and was accompanied by an increase
in intensity. To avoid the formation of copper(I) oxide
or hydroxide during reduction, the reaction was car-
ried out under alkaline conditions in the presence of
complexing agents that maintain the level of copper
ions in solution. The addition of complexing agents
increased the particle yield, which was reflected by an
increase in SPR intensity in the presence of tartrate
ions. The presence of strong alkalis in the reaction mix-
ture led to a shift in the reaction towards the formation
of copper(I) oxide. An increase in the copper salt con-
tent led to the formation of a “copper mirror” on the
walls of the reaction vessel and was accompanied by a
decrease in SPR intensity; in this case, the optical
absorption in the red region increased significantly.

The effect of surfactants depended on their nature
and concentration. Sodium dodecyl sulfate promoted
the formation of smaller NPs and reduced the propor-
tion of oxidized particles. The addition of cetyltrime-
thylammonium bromide led to a sharp decrease in
SPR intensity and, hence, the yield of copper NPs.
Their yield increased significantly with the addition of
polyvinylpyrrolidone at a concentration of 0.0001 M,
but a further increase in the concentration led to a
decrease in the yield of copper NPs, which is associ-
ated with the coordination of oxygen atoms in polyvi-
nylpyrrolidone with copper(II) ions.

To prevent the formation of copper(II) oxide and
to stabilize the suspension, a solution of low-molecu-
lar-weight chitosan was added to the reaction mixture
before the introduction of hydrazine hydrate to copper
sulfate [23]. The size of the obtained particles was
100–200 nm. Particles up to 5 nm in size were
obtained based on copper chloride; however, the reac-
tion mixture was multicomponent and contained
hydrazine hydrate, as well as polyvinyl alcohol (stabi-
lizer), trisodium citrate (dispersing agent), and glyc-
erol (solvent) [24]. Both types of particles showed high
fungicidal activity.

It should be noted that hydrazine hydrate is an
extremely toxic substance for living organisms, includ-
ing mammals; therefore, the synthesis of metal NPs
with this reagent requires compliance with increased
safety measures. For the same reason, its presence in
the composition of the NP suspension can make a
significant contribution to the biological activity of
the obtained NP preparations. The colloids obtained
STRY AND MICROBIOLOGY  Vol. 58  No. 2  2022



OBTAINING OF METAL NANOPARTICLES USING REDUCING AGENTS 99
with this reducing agent tend to aggregate and pre-
cipitate [21]. To ensure a stable synthesis of metal NPs
and a high yield with the use of hydrazine hydrate, the
selection of stabilizers and optimization of the synthe-
sis conditions are required.

SODIUM BOROHYDRIDE (NаBH4)
Sodium borohydride is often used as a reducing

agent. Dong et al. [25] found that, at low temperatures,
the reduction of silver nitrate with NaBH4 in the pres-
ence of sodium citrate is completed in 1 min, and further
reduction of silver nitrate does not occur even after 50 h.
When 2 × 10–7 M NaBH4 was added at a low tempera-
ture, almost no precursor consumption was found.
After heating to 70°C, the silver nitrate was gradually
consumed, and almost no silver nitrate remained after
4 h. The amount of NaBH4 in the reaction mixture
affected the particle morphology. The spherical and
rod-like silver NPs obtained at a low concentration of
NaBH4 (2 × 10–7 M) were similar to those obtained by
reduction with sodium citrate in the absence of
sodium borohydride. Triangular silver nanoprisms
accompanied by some spherical NPs were obtained at
a medium concentration of NaBH4 (5 × 10–6 M).
Small, spherical NPs prevailed in the product at a high
concentration of NaBH4 (5 × 10–4 M).

Polish researchers studied the effect of oxygen on
the formation of silver particles in a similar system (sil-
ver nitrate as a precursor, sodium citrate as a stabilizer,
and sodium borohydride as a reducing agent) [26]. At
low NaBH4 concentrations, silver NPs obtained at a
natural oxygen concentration were approximately five
times larger than silver NPs synthesized in an inert
argon atmosphere. With an increase in the NaBH4 con-
centration at the natural concentration of oxygen in the
air, the average size of NPs decreases; conversely, in an
inert medium, an increase in the concentration of the
reducing agent led to an increase in NP size.

SODIUM CITRATE
When silver NPs were obtained at 85°C with the

citrate method and the UV spectra of the colloid were
analyzed, the presence of several peaks and broaden-
ing of the absorption band were revealed [27]. The
authors attributed this to the large NP variation in size
and shape. This assumption was confirmed via scan-
ning electron microscopy.

Sreelekha et al. compared the “green” method to
obtain silver particles with a plant extract and synthe-
sis with sodium citrate [28]. The SPR peak of chem-
ically synthesized NPs was detected at a wavelength
of 446 nm, whereas the optical absorption of synthe-
sized NPs increased with time in both the case of green
and chemical synthesis. For chemically synthesized
silver NPs, a bathochromic shift of the absorption
maximum was observed simultaneously with a
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decrease in the absorption intensity after 1 week,
which the authors attributed to the increase in particle
size. It was concluded that NPs synthesized with the
citrate-reduction method were less stable than NPs
synthesized with the green method. The observed
effect is likely to be due to the stabilizing components
contained in plant extracts, as well as the competitive
mechanism of interaction between metals and compo-
nents of plant extracts, which have different binding
specificities [29]. The effect of tannic acid, a polyphe-
nolic compound contained in plant extracts, on the
synthesis of silver NPs by the reduction of silver nitrate
with the citrate method was studied in [29]. With the
addition of tannic acid, a narrower optical absorption
peak was observed and homogeneous spherical silver
NPs formed; without it, NPs were characterized by an
inhomogeneous shape, which was shown by transmis-
sion electron microscopy. With an increase in the
polyphenol concentration from 0 to 2 × 10–6 mol/L,
the average size of silver NPs decreased from 98 ± 53
to 16 ± 5 nm.

It should be noted that the citrate method for NP
synthesis is also widely used to synthesize gold NPs used
in the development of sensors, as well as in biomedical
research [30, 31]. Nanoparticles obtained with sodium
citrate as a reducing agent are more narrowly dispersed
than particles obtained via reduction with sodium boro-
hydride, but they have a larger size [32].

ASCORBIC ACID

Particles of different shapes were obtained with the
use of different copper salts: rods (based on copper
acetate, 250–350 nm in length and 40–60 nm in
thickness), triangular plates (based on copper chlo-
ride, 150–250 nm), and spherical (based on copper
sulfate up to 100 nm) [33]. It was shown that these par-
ticles contained copper in the form of oxide. The
resulting NPs inhibited the growth of both gram-pos-
itive and gram-negative bacteria.

Nanoparticles based on copper chloride were syn-
thesized with ascorbic acid in [34]; their size was
about 2 nm. The obtained NPs proved to be stable for
2 months of storage.

The study of the effect of the pH of the reaction
medium, the concentration of the stabilizing agent
polyvinylpyrrolidone, and the reaction time with
ascorbic acid showed that NPs did not form in an alka-
line medium, and the NP size increased from 120 to
330 nm as the pH decreased from 7.0 to 3.0. This was
accompanied by a shift of the maximum absorption
spectrum in the visible region from 584 to 600 nm [35].
The reaction duration did not affect the number of
formed particles for more than 3 h, and an increase in
the concentration of polyvinylpyrrolidone led to their
enlargement. Inhibition of the growth Fusarium oxys-
porum and Phytophthora capsici by copper NPs was
l. 58  No. 2  2022
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increased with increases in the incubation time and
decreases in the particle size.

The copper and silver NPs were obtained with
ascorbic acid as a reducing agent [36]. It was shown
that the samples had characteristic SPR peaks for sil-
ver NPs (420 nm) and copper NPs (550 nm). With an
increase in the concentration of the precursor in the
reaction mixture, the NP size also increased; upon an
increase in the concentration of the stabilizer chi-
tosan, the particle size decreased. Bimetallic Ag–Cu
NPs exhibited a synergistic antibacterial effect in com-
parison with the antibacterial activity of silver NPs or
copper NPs. At the same time, the preparation
obtained via the mixing of ready-made metal particles
did not show synergy, in contrast to bimetallic NPs.

POLYOL SYNTHESIS
The advantage of polyols as reducing agents is that

they have high boiling points and dissolve metal salts
well. In addition, polyhydric alcohols possess coordi-
nating properties that allow surface functionalization
and colloidal stabilization of NPs.

Polyvinylpyrrolidone and ethylene glycol were
used as reducing agents in [37]. The authors studied
the effect of the time, reaction temperature, and con-
centration of the silver precursor on NP formation. It
was found that polyhedral plates with a size of about
300 nm and a high polydispersity formed at very short
reaction times and at low temperatures. With an
increase in time to 2 min and temperature to 120°C, a
decrease in particle size and the formation of spherical
NPs 10 nm in size with low polydispersity were
observed. An increase in the reaction time by more than
2 min led to a gradual increase in size. The optimal tem-
perature to obtain a homogeneous NP suspension was
120°C, while no particle nuclei formed at a temperature
of 60°C, and the number of aggregates increased at tem-
peratures of 150–160°C. An increase in the concentra-
tion of silver nitrate in the reaction mixture from 1.0 to
20 mM led to an increase in NP size from 11 nm to
20 nm without changes in the polydispersity and was
accompanied by a bathochromic shift in the absorption
maximum in the UV spectrum.

During the reduction of copper acetate with ethy-
lene glycol (EG) in the presence of Tween 80 as a sta-
bilizer, copper (Cu0) NPs were obtained under condi-
tions of natural oxygen concentration [38]. When the
reaction mixture was heated to 190–200°C, the metal
was completely reduced, and it was found that the syn-
thesized NPs were formed by phase-pure copper with-
out any impurities, e.g., CuO, Cu2O, and Cu(OH)2.

Ethylene glycol (EG), diethylene glycol (DEG),
and tetraethylene glycol (TEG) were used to obtain
nanosized zinc oxide (ZnO) via the heating of zinc
acetate at 160°C [39]. According to the hypothesis,
glycols as chelating agents form complexes of growing
NPs, as a result of which the growth of grains is limited
APPLIED BIOCHEMI
and particle agglomeration is hindered. The size of the
synthesized ZnO NPs correlated with the glycol chain
length: with an increase in the glycol chain length, the
average size of ZnO particles also increases: 19.62,
38.84, and 68.57 nm for ZnO/EG, ZnO/DEG, and
ZnO/TEG, respectively. The shape of ZnO NPs also
changed depending on the chain length of the reduc-
ing agent, from spherical for ZnO/EG, spherical and
rod for ZnO/DEG to diamond-like structure for
ZnO/TEG.

Due to the wide range of polyhydric alcohols dif-
fering in their characteristics, the synthesis process
can be adapted for any metals and NPs with different
characteristics can be obtained [40].

SODIUM HYDROXIDE
Sodium hydroxide can be used to obtain NPs con-

sisting of metal hydroxides and oxides. For example,
NPs of cobalt oxide Co3O4 were obtained from cobalt
acetate [41]. Cobalt hydroxide obtained as a result of
interaction with NaOH was oxidized by atmospheric
oxygen to cobalt oxide. Co3O4 NPs had a cubic shape.
The intensity of the cubic structure of NPs increased
with increasing NaOH concentration. Agglomerates
and irregular CoO(OH) particles formed at high con-
centrations of sodium hydroxide (0.7 M NaOH). It
was shown that NP agglomeration led to a decrease in
the catalytic activity of NPs in the Fenton degradation
of methylene blue.

The effect of counterions in copper salts on NP for-
mation during reduction with sodium hydroxide was
studied [33]. Micrographs obtained via scanning elec-
tron microscopy indicate the formation of fibrous NPs
of various lengths and thicknesses. The length of
nanofibers increased in the following order: copper
acetate, copper chloride, and copper sulfate. Based on
the presence of an oxygen peak in the energy disper-
sive X-ray spectrum, the authors came to the conclu-
sion that the obtained NPs contained precisely copper
oxide.

Copper(II) oxide NPs of about 23 nm in size that
were synthesized with NaOH had antimicrobial pro-
perties with the following MICs: 31.25 μg/mL for
E. coli; 125 μg/mL for Pseudomonas aeruginosa; and
62.5 μg/mL for S. aureus [42].

PLANT EXTRACTS
At present, green methods, i.e., solutions of plant

extracts, are used to synthesize metal NPs [43, 44].
Plants contain many active, natural compounds such
as alkaloids, f lavonoids, saponins, steroids, tannins,
etc. Since the plant extract contains a variety of sec-
ondary metabolites, it acts as a reducing and stabiliz-
ing agent. Various parts of plants can be used to obtain
extracts: leaves, stems, roots, f lowers, bark, fruits,
and seeds of various plants. For example, extracts
STRY AND MICROBIOLOGY  Vol. 58  No. 2  2022
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obtained from pomegranate seeds [45], ginger and
garlic roots [46], rose petals [47], and others have been
used. Copper NPs with a size of 20–30 nm with a
small negative zeta potential were obtained with lemon
juice [48]. The particles were also characterized by the
appearance of a SPR peak in the region of 615 nm. The
resulting NPs did not contain copper oxide and had a
crystal structure typical of metallic copper. It has been
shown that they stimulate the growth of shoots and
roots of the pigeon pea and promote an increase in the
dry biomass of the plant in comparison with the control.

This approach has been actively used in recent
years as an alternative, efficient, inexpensive, and
environmentally friendly method to produce NPs.
However, when this approach is used to produce NPs,
it is difficult to determine the true activity of the
obtained NPs due to the presence of many biologically
active substances in plant extracts. Another disadvan-
tage of this approach is the complexity of standardiza-
tion due to the significant dependence of biochemical
processes in plants on the environmental conditions,
which affects the chemical composition of the obtained
extracts.

NANOPARTICLE SYNTHESIS
IN THE PRESENCE OF POLYSACCHARIDES

Physical and chemical methods for the synthesis of
metallic NPs usually lead to the formation of reaction
by-products; in addition, instability of the final pro-
duct is observed at physiological pH values [49]. The
factors listed above can limit the use of metal NPs in
practice.

One strategy to overcome the listed disadvantages
of NPs and enhance their biological activity is the
modification of metal NPs with polysaccharides.
Polysaccharides, e.g., starch, cellulose, chitin, chi-
tosan, cyclodextrin, alginate, carrageenan, and their
derivatives, are widely used in the field of biomedicine.
These polymers have a variety of properties and can be
isolated from a variety of sources of plant, animal, and
microbial origin.

The use of polysaccharides as a modifier of the NP
surface affects the biocompatibility and stability of the
nanomaterial. It has been shown that the in vitro toxic-
ity of copper NPs decreases as a result of their inclusion
in the polysaccharide matrix. This simultaneously
increased the parameters of the inflammatory process
in the lungs of mice [50]. Polysaccharides successfully
prevented the agglomeration of iron oxide NPs and pro-
moted their protection from macrophages, increasing
their half-life [51]. The so-called green methods for the
polysaccharide-based synthesis of NPs, in which the
polysaccharide is used as a reducing and stabilizing
agent of the resulting NPs, are increasingly discussed in
the scientific literature [52, 53].

Chitosan is a linear polysaccharide, a heteropoly-
mer consisting of glucosamine and acetylglucosamine
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units linked by β-(1-4)-glycoside bonds. Chitosan is a
product of the chemical modification of chitin with a
certain degree of deacetylation (DD). As a rule, it is
more than 50%; i.e., it is predominantly composed of
glucosamine [54].

The main physicochemical characteristics of chi-
tosan are the molecular weight (MW) and DD. It
should be noted that the distribution of acetylglucos-
amine and glucosamine units in the polymer struc-
ture is also an important parameter of the polysac-
charide [55]. Chitosan is soluble only in an acidic
medium due to protonation of the amino group of the
glucosamine units of the biopolymer. The average
value of the dissociation constant of chitosan is pKa =
6.5 [56]. It follows from this that the amino groups of
chitosan are in the protonated form at a pH of <6.5.
With an increase in the pH of aqueous solutions, the
polymer solubility is significantly reduced. This fact
significantly limits the potential use of the biopolymer
in solution under physiological conditions (pH close
to neutral). Depolymerization and chemical modifi-
cation of chitosan make it possible to overcome the
problems associated with the polymer solubility and
increase its biological activity.

The polycationic structure determines the special
physicochemical properties of chitosan, which dis-
tinguish it from other biopolymers and polysaccha-
rides [57]. Chitosan and chitooligosaccharides are
characterized by bacteriostatic, fungicidal, chelating,
antioxidant, immunomodulatory, and antitumor
activities; they are also biocompatible, biodegradable,
and have low toxicity [58].

NANOPARTICLE SYNTHESIS
WITH CHITOSAN AND ITS DERIVATIVES
Chitosan and its derivatives can be used as reducing

agents in the synthesis of metal NPs. The ability to syn-
thesize silver NPs in a chitosan medium (η 200 Pa s,
85% DD) was demonstrated in [59]. In a chitosan solu-
tion at 95°C for 12 h, the formation of spherical silver
NPs was observed. The SPR peak at 419–424 nm in the
UV spectrum indicated the formation of metallic NPs.
The main fraction of NPs, according to transmission
electron microscopy (TEM), consisted of particles
with a size of 6–8 nm. The amino groups of chitosan
are capable of forming complexes with metal ions, due
to which chitosan is a highly effective polymeric che-
lating agent for Ag+ ions. Thus, silver NPs form as a
result of a process involving the complexation of Ag+

with amino groups and the subsequent reduction to
Ag0,which is accompanied by chitosan oxidation. The
study of the antibacterial activity of the synthesized
silver NPs against E. coli, Staphylococcus aureus, and
Bacillus subtilis showed that the MICs were 10, 10, and
48 μg/mL, respectively.

Carboxymethyl chitosan (95% degree of substitu-
tion) was used as a matrix for the synthesis of silver
l. 58  No. 2  2022
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NPs under the action of light [60]. The formation of
NPs was detected by the appearance of a characteristic
peak in the UV spectrum. The SPR peak was absent in
the control AgNO3-containing samples placed in the
dark. Thus, it was shown that the formation of silver
NPs proceeded only in light. The NP size was on the
order of 30–100 nm (according to TEM data). X-Ray
diffraction analysis of the nanocomposite showed the
formation of polycrystalline metallic NPs.

A nanocomposite based on silver NPs and quater-
nized chitosan (MW 250 kDa, 85% DD) was proposed
as a substrate for the development of a system to detect
Sudan I and tricyclazole via surface-enhanced Raman
scattering (SERS) [61]. [Ag(NH3)2]OH was used as a
precursor. The synthesis proceeded in a solution of
quaternized chitosan under the action of microwave
radiation. Nanoparticles about 19 nm in size formed
under optimal conditions (according to TEM data). It
was shown that an increase in the degree of substitu-
tion of quaternized chitosan led to the formation of
larger NPs. A decrease in the molecular weight of chi-
tosan as a result of degradation of the polymer chain
under more drastic synthesis conditions led to a
decrease in nanomaterial stability and the formation
of NP agglomerates. The resulting nanocomposite was
stable in an aqueous medium for a month, but it was
aggregated in ethanol.

Gold NPs were synthesized based on Au(III) chloride
trihydrate; in this case, chitosan (MW ~ 1278 ± 8 kDa,
DD 89 ± 2%) was used as reducing and stabilizing
agent for the formation of NPs [62]. The synthesis was
carried out via heating to 60°C with stirring for 4 h. An
absorption maximum at ~525 nm was observed in the
spectrum of colloidal gold NPs; this is characteristic of
spherical NPs, which was confirmed by TEM data. As
the NP concentration increased, the SPR absorption
intensity and the colloid color intensity increased. The
particle size was 10–20 nm. The use of phosphotung-
stic acid for staining chitosan made it possible to visu-
alize the chitosan coating in the form of a homoge-
neous halo (approximately 3–4 nm). It was shown that
this nanocomposite has a low cytotoxicity on macro-
phage cells. Gold NPs exhibited antibacterial activity
against E. coli and S. aureus. Flow cytometry and
scanning electron microscopy have shown that the
predominant mechanism of antibacterial action is the
destruction of the bacterial cell wall.

It was shown in [63] that cubic silver NPs can be
synthesized in a medium with chitosan (MW 190–
310 kDa, 75–78% DD) under the action of ultra-
sound. The treatment of a solution of chitosan and
AgNO3 with ultrasound was carried out for 1 h at a
temperature of 60–90°С. An increase in NP size was
observed with an increase in the reaction temperature.
Samples of the obtained NPs were analyzed via scan-
ning electron microscopy (SEM) and electromotive
force (EMF). The cubic structures were in the range of
120–450 nm. Starch was chosen as a control polysac-
APPLIED BIOCHEMI
charide for NP formation. The presence of cubic
structures was observed only in chitosan, which indi-
cates a significant effect of the nature of the polysac-
charide on the silver NP morphology.

CHITOSAN AND ITS DERIVATIVES 
AS A STABILIZING AGENT 

FOR METAL NANOPARTICLES

Trimethylchitosan (η 3.6 mPa s, 93.8% DD) was
used as a stabilizing agent [64] in the synthesis of silver
NPs with a positive surface charge. Glucose was used
as a reducing agent. The process of NP synthesis at
different concentrations of NaOH and glucose was
studied. It was shown that the amount of NaOH had a
significant effect on the rate of the process and the size
of silver NPs. The formation of spherical NPs with
average sizes within 60 nm was shown via transmission
electron microscopy (TEM). According to the results
of dynamic light scattering (DLS), the average particle
size was 180 nm. Elemental analysis proved the pres-
ence of silver in the particles. The catalytic activity of
the obtained NPs was studied via the reduction of
nitrophenol with NaBH4. It was shown that the reac-
tion rate increased linearly with an increase in the
amount of catalyst. The antibacterial activity of the
synthesized silver NPs against eight antibiotic-resis-
tant bacterial strains, including one gram-negative
and seven gram-positive strains, was assessed by the
MIC value, which ranged from 3.6 to 12.25 μg/mL.

The fungicidal properties of chitosan NPs and a
nanocomposite based on silver NPs and chitosan were
studied in [65]. The NPs were synthesized via the
reduction of AgNO3 with NaBH4 in a medium with
chitosan. The TEM results showed the formation of
spherical NPs with an average size of ~373 nm and a
positive surface charge of 47.5 mV. The NP samples
exhibited a fungicidal effect against F. oxysporum. It
was found that the fungicidal effect of NPs is associ-
ated with an increase in the formation of reactive oxy-
gen species (ROS) in the mycelium; in addition, NPs
affected the synthesis of ergosterol, which is similar to
the action of azole fungicides. At the same time, NPs
did not possess significant cytotoxicity in the MTT
assay at a concentration of up to 400 μg/mL on A549
human lung carcinoma cells.

A water-soluble, N-methylated, chitosan thiomer
(MCT) synthesized based on low-molecular-weight
chitosan (MW 24.5 kDa, 74.9% DD) was proposed as
a stabilizing agent for silver NPs [66]. It is known that
thiol functional groups are capable of reversible oxida-
tion and the formation of covalent bonds with metals.
The sizes of the silver–MCT complex and the nano-
composite based on silver NPs and MCT were deter-
mined. The formation of spherical NPs 9–15 nm in
size was observed; the NPs exhibited antibacterial
properties against model microorganisms E. coli and
S. aureus. The NPs also had the ability to inhibit the
STRY AND MICROBIOLOGY  Vol. 58  No. 2  2022
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formation of bacterial biofilms on the surface of poly-
styrene.

CONCLUSIONS
Numerous studies have demonstrated a wide range

of possibilities for the chemical synthesis of metal NPs
with various properties. Metal NPs exhibit biological
activity that significantly distinguishes them from pre-
cursors. Moreover, their properties (size, charge, and
biological activity) can vary significantly depending
on the synthesis conditions. In the considered works,
metal NPs are largely inseparable from the dispersion
medium that affects their surface properties. Thus, the
consideration and study of new approaches and condi-
tions for NP synthesis is an important task. For exam-
ple, metal NPs can be modified with polysaccharides,
including chitosan, which makes it possible to increase
their stability, reduce their toxicity, and change the
mechanism of action on biological objects. Chitosan
and its derivatives can act as reducing and, at the same
time, as stabilizing agents in the preparation of various
NPs of metals.
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