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ABSTRACT: This paper presents a review of studies devoted to the synthesis, characterization, structure,
properties, and functionality of grafted silica/polyacrylamide “core-corona” hybrids as effective
nanoreactors and silver nanoparticle (AgNP) carriers for modern nanotechnologies. The evidence and
features of direct low-temperature radical polymerization of acrylamide from the unmodified surface of
Si02 nanoparticles are considered in the context of the manifestation of dynamic matrix effects. A simple
and reliable method for determining the number and length of grafted PAAm chains is indicated. Using a
number of hybrid samples, the effect of these parameters on the particle size, surface charge, height, and
permeability of the PAAm “corona” is demonstrated. A two-level fractal structure of hybrids in the bulk
state and two morphological forms of their particles in aqueous solutions are established. Based on the
proposed approach, the kinetics, mechanism of in situ synthesis, and the yield of AgNPs in hybrid solutions
are characterized depending on the concentration of reagents and the “corona” structure. Considerable
attention is paid to the possible application of AgNP/hybrid nanocomposites in promising nanotechnologies:
in the production of biocidal hygienic materials and textiles, in wound healing, agriculture, fish farming
and poultry farming, as well as anti-cancer agents.

© 2026 The authors. This is an open access article under the Creative Commons Attribution 4.0 International License
[ (https://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The unique antimicrobial and disinfectant properties of silver have been known for many centuries [1].
However, only in recent years has the use of the biocidal properties of silver in the form of ions or especially
nanoparticles (AgNPs) received fantastic development [2—-5]. Today’s consumer products containing
AgNPs include medical devices and cosmetics, electronics, building materials and textiles, food packaging
materials and food additives, and finally, home appliances, water disinfectants, and room sprays. This line
can be complemented by various modern nanotechnologies that involve AgNPs in biomedicine [2,6]. It is
therefore not surprising that AgNPs are the most widely used nanoparticles in consumer applications,
accounting for approximately 24% of commercial products [5]. In fact, antimicrobial properties have
become the basis for most applications of AgNPs.

Silver ions exhibit high biocidal activity against more than 650 bacteria, viruses, and fungi [7]. The
biocidal properties of Ag" ions are determined by their strong complexation with thiol, amine, and
phosphate residues of enzymes and proteins in the membranes and cytoplasm of microbial cells. This
disrupts protein structure, enzymatic activity, and lipid-protein interactions in the microbial cell
membrane,leadings to deterioration of cellular metabolis and, DNA replication, slowing of enzymatic
function, and decreased cell viability [8,9]. In cells, silver ions can generate reactive oxygen species (ROS),
causing oxidative stress that impairs the chemical structure and function of lipids, proteins, and DNA [10].

The development of a bottom-up methodology for the synthesis of metal nanoparticles in solution [11,12]
based on the original research of M.K. Lee (1889) and J. Turkevich (1951) opened a new era in the use of the
antimicrobial properties of silver and stimulated the creation of numerous composite materials with their
participation [13—15]. The biocidal action of AgNPs is not limited to the release of Ag" ions. Small AgNPs
are capable of attaching themselves to cell membranes, causing an increase in their permeability and leading
to the death of microorganisms [16,17]. Due to this, they effectively act against numerous pathogens,
including gram-positive and gram-negative bacteria, viruses, and fungi [2,18,19]. The properties of silver
nanoparticles, such as size, shape, surface charge, and stabilizing coating (“corona’), have a significant impact
on their antimicrobial activity. In particular, the destructive effect of AgNPs increased significantly with
decreasing nanoparticle size [20,21]. It was also higher for sharp triangular nanoparticles compared to
smoothed spherical ones [2,22] and in the case of positively charged particles [23]. In contrast to the similar
mechanism of destructive action of AgNPs and Ag" ions, these antimicrobial agents differed in the effective
concentration required to exhibit a bactericidal effect. Thus, for nanoparticles, this concentration, as a rule,
corresponds to the nanomolar level, whereas for ions it increases to the micromolar level [8].

Important advantages of AgNPs as biocidal agents are lower toxicity to the human body [8] and lower
resistance of microbial cells to them compared to silver ions [24]. The toxicity of AgNPs to human cells
has been shown to depend on many factors: cell type, size and dose of nanoparticles, nature and size of the
particle “corona”, and temperature [25,26]. Therefore, today all these aspects are actively studied and taken
into account when developing new nanotechnologies that use silver nanoparticles.

A significant range of biocidal preparations for household, medical, and industrial purposes is based
on organic substances that are toxic to humans and the environment due to various allergic reactions, side
effects, and resistance [27-29]. The surface of the body and wounds of various natures are a breeding
ground for numerous bacteria, in particular gram-positive Staphylococcus spp. and gram-negative
Pseudomonas aeruginosa. They can also be additionally infected with yeasts, filamentous fungi, and
microbial associations [30]. Pathogens causing hospital infections exhibit significant virulence and
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resistance to antibacterial drugs. This is why new generation biocidal agents such as metal nanoparticles
with broad antimicrobial activity [31-33], lower bacterial resistance [24], and higher tolerance to human
cells [8] have been required. They can be used as active disinfectant components of various hygienic
materials, bandages, and plasters.

Due to the broad antimicrobial activity of AgNPs and their high adaptability to various biological
systems, they have been actively tested in animal husbandry [34-38], particularly in poultry farming
[36,38—41]. The aim of these studies was to replace organic antibiotics used in this area, which have been
banned in the European Union since 2006. This was associated with the emergence of bacterial strains that
were resistant to one or more antibiotics. Resistant bacteria cause great economic losses to livestock and
poultry farming [36]. In addition, they can accumulate in animal products and pose a danger to humans.
Therefore, the use of AgNPs instead of antibiotics can solve the problem of bacterial resistance [36]. There
are numerous studies aimed at the application of AgNPs in poultry farming. They analyze the effect of
AgNP administration on the development of broiler chickens [39-48], chicken embryos [39,49-51], and
the condition of laying hens [52,53] and quails [54—56].

A promising application of the antimicrobial properties of AgNPs is aquaculture, primarily fish farming
[57-59]. Bacterial diseases of fish are considered one of the most serious problems in the fishing industry,
as their outbreaks lead to high losses for fish and the economy [57,60]. Bacterial diseases on fish farms are
usually treated with antibiotics. However, antibiotic therapy may be accompanied by such undesirable
consequences as overdose, ineffective metabolism of drugs, return of their unused parts into the
environment, and especially resistance of microorganisms to the antibiotics used. Many aquatic bacteria
have developed the ability to adapt and overcome the effects of antibiotics in the environment. Therefore,
the idea of using new methods to combat these bacteria in the form of silver nanoparticles has generated
great interest. Although AgNPs can be used in a variety of aquaculture applications, three main areas where
their application has been beneficial have been identified: nutrition, filters to improve aquatic culture habitat,
wastewater, and infectious disease control [59].

In recent years, metal nanoparticles, including AgNPs, have been used in the practice of growing
agricultural plants to stimulate their growth and combat diseases [61,62]. Biogenic metal ions in small doses
can improve plant growth and development [63]. As a result, attempts have emerged to use aqueous
dispersions of stabilized metal nanoparticles instead of metal salts or chelates to treat seeds or leaves of
growing plants [64,65]. MeNPs have lower toxicity and demonstrate complex action, namely, as small
particles that interact with plant cells and components, as sources of metal ions with controlled release, and
as biocidal agents that protect plants and soil from pathogenic bacteria, viruses, and fungi. The effects of
AgNPs on crop plants such as rice, corn, beans, pumpkin, spring wheat, pea, and radish have been described
in [65] as well as in [62] under real atmospheric conditions. They found significant effects of AgNPs on
plant physiology, morphology, biochemistry, and yield, which were determined by the nature of the plants,
the concentration, size, and properties of the nanoparticles, and the method of their introduction: by treating
plant seeds or leaves or through the soil [65].

Cancer is one of the leading causes of death, and the risk of cancer is gradually increasing worldwide
[66]. Growing multidrug resistance of tumor cells, serious side effects of chemotherapy and radiotherapy,
as well as the slow development and high cost of modern therapeutic strategies, aggravate the situation.
This requires the development of new promising approaches to the treatment of malignant tumors, one of
which is silver-based nanomedicine. Due to their physicochemical properties and cost-effective synthesis,
silver-based nanosystems are at the forefront of nanomedicine, especially anti-cancer research [66—68].
Over the past decade, the number of published papers devoted to the use of AgNPs has increased
dramatically, and this trend continues in oncologic medicine [68]. The anticancer efficacy of AgNPs largely
depends on the ability of Ag" ions to stimulate the production of free radicals [69—72], which can destroy
key cell membrane channels and cellular metabolic enzymes, damage DNA, and affect mitochondria,



Sustain. Polym. Energy 2026, 4(3), 10012. doi:10.70322/spe.2026.10012 4of 55

ultimately leading to cell death. By acting on mitochondria and causing increased production of reactive
oxygen species (ROS) and nucleic acids (RAN), AgNPs are able to induce various cell death pathways
(apoptosis, necrosis, and autophagy) [73—76]. In addition to non-specific mechanisms, several targets of
nanosilver action in cancer cells have been identified. Thus, AgNPs may influence the immune system and
the production of proinflammatory cytokines such as TNF-a and interleukins, leading to apoptosis [71,72].
AgNPs can affect the antioxidant system (SOD, CAT, GPX, Nrf2 pathway) and decrease glutathione levels
[77,78], affect glycolytic pathways critical for cancer cells [66], increase the level of pro-apoptotic proteins
(caspases 3, 7, 9, and Bax), and decrease the level of anti-apoptotic proteins (Bcl-2 [79,80]).

Currently, there are many modern methods for obtaining AgNPs, including physical, chemical, and
plant or bacterial methods, which have been described and discussed in a number of publications [2—
4,6,81,82]. Among them, in sifu chemical reduction of silver salts or oxides in aqueous solutions of various
polymer and hybrid matrices under mild conditions remains one of the most popular methods, since it
allows the stabilization of nanoparticles with a “corona” of controlled nature, structure, and size [83—87].
In this way, practically important properties of AgNPs can be easily controlled in the desired direction. For
the synthesis and stabilization of AgNPs in aqueous solutions by the indicated method, various synthetic
homopolymers were primarily used: poly(ethylene glycol), poly(vinylpyrrolidone), poly(vinyl alcohol),
polyacrylamide, poly(acrylic acid)/polyacrylate, poly(vinyltriazole), poly(N-isopropylacrylamide), and
others [88-93]. In addition, various hydrophilic hybrid block and graft copolymers [94-96], dendrimers
[97,98], block ionomer complexes [99], and natural hydrophilic polymers, in particular cellulose, chitosan,
dextran, starch, gelatin, gum arabic, sodium alginate, etc. [100—104] have also been used as nanoreactors
and matrices. The reduction of silver ions in their solutions occurred either due to active polymer groups,
or photochemical, microwave and y-irradiation processes, or by using various reducing agents, in particular,
sodium borohydride, formaldehyde, hydrazine, hydroxylamine, sodium citrate, ascorbic acid, glucose,
ethylene glycol, dimethyl sulfoxide and others.

There is a general mechanism for the reduction of Ag-salt in solutions of hydrophilic polymers of both
synthetic and natural origin, which was discussed in detail in our previous study [105]. In short, it consists
of preliminary interaction of Ag" ions with hydroxyl, carbonyl, amide, carboxylate, ester, amine or other
active polymer groups to form weaker or stronger complexes. This complexation is a competitive reaction
for the subsequent reduction of Ag" ions by the reducing agent. This means that by using a polymer matrix
with different strengths of active groups, it is possible to regulate to a greater or lesser extent the rate of
reduction of Ag" ions. When the reduction rate is lower, the possibilities for controlling the nucleation and
growth of nanoclusters and nanoparticles to obtain AgNPs of the required size and shape are significantly
expanded [90]. An important factor is the length of the polymer chains. Thus, the stability of Ag*/polymer
complexes to reduction and growing AgNPs to aggregation increases with the elongation of polymer chains
[89]. This factor becomes especially important when the rate of the reduction reaction is high. The strength
of the reducing agent, which depends on its RedOx potential, also influences the rate of reduction, as well
as the size, morphology, and especially the yield of nanoparticles [105].

The use of various heteropolymers, such as micelle-forming block and graft copolymers, as hydrophilic
matrices has opened a new page in the in sifu synthesis of AgNPs [94-96,105]. Due to the micellar
structures, it was possible to create a high local concentration of active polymer groups in the “coronas” for
effective complex formation with metal ions. The size of the reaction “cavities” in the micellar matrices for
growing AgNPs could also be easily varied. These factors make it possible to regulate the reduction process
and the parameters of the resulting AgNPs [105]. As matrices for the in situ synthesis of AgNPs, our
research group used double hydrophilic diblock and triblock copolymers based on asymmetric chemically
complementary (methoxy)poly(ethylene oxide)/polyacrylamide blocks: MOPEO-b-PAAmM (Mn = 34.8 kDa)
and PAAm-b-PEO-b-PAAmM (Mn = 240.0 kDa) [106]. They formed a special type of micelles in aqueous
solutions with a “core” of interacting (MO)PEO and PAAm segments and demonstrated a strong stabilizing
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effect for the resulting AgNPs upon rapid reduction of Ag" ions with NaBH4. The small average size of the
obtained spherical nanoparticles (dav = 5 and 6 nm in the case of diblock and triblock copolymers,
respectively) and the two-level fractal structure of the final composites in the bulk state were established.

In contrast to polymolecular micelles of block copolymers and interpolymer complexes, which in
principle could be destroyed during the synthesis of AgNPs in situ, micelle-like structures of graft
copolymers (monomolecular micelles) turned out to be more stable in solution from this point of view [107].
In this context, double hydrophilic graft copolymers containing interacting polyvinyl alcohol backbones
and grafted polyacrylamide chains (PVA-g-PAAm) were of particular interest. Due to the presence of an
additional system of hydrogen bonds between the main and grafted chains, the possibilities of changing the
sizes of reaction “cavities” in the matrices increased significantly. Thus, the use of a copolymer sample
with Mvpva = 90 kDa, Mypaam = 147 kDa, and the number of grafts N = 10 as a matrix in the sodium
borohydride reduction of Ag-salt at low temperatures led to the rapid formation of very small (dav = 3.5 nm)
spherical crystalline AgNPs in the grafted layer [107]. The resulting nanocomposite was stable in solution
over time and had a two-level fractal structure in the bulk state.

Later, the idea emerged to use grafted silica/polyacrylamide hybrids (SPH) with a SiO2 “core” and a
PAAm “corona” as matrices for the synthesis of AgNPs [108]. It was based on: (i) the combination of the
high adsorption capacity of the silica surface and the strong binding activity of PAAm chains with respect
to metal ions, colloidal particles and organic substances, (ii) the non-toxicity, biocompatibility and
biodegradability of SiO2 and PAAm [109,110], and (iii) the thermodynamic affinity (chemical
complementarity) of these components, which was realized through the formation of hydrogen bonds
between the amide and silanol groups [111]. We considered the presence of additional non-covalent
interactions between PAAm and SiO2 as an additional factor regulating the size of the cavity in the polymer
“corona” where AgNPs grew. A significant positive synergistic effect from the combined properties of
these components was observed in our previous studies [112,113], in which SPHs demonstrated high
efficiency as flocculants in drinking water production processes at waterworks. The successful application
of Si0O2 particles and PAAm chains individually as matrices for in situ synthesis of AgNPs has also been
well documented [90,114,115].

The literature of the last two decades contains many studies devoted to polymer/inorganic hybrids
containing silica nanoparticles and various hydrophilic polymers, including PAAm[85,116—-125]. They
discussed the classification of different types of hybrid materials, methods of production, properties, and
areas of their possible application. At the same time, studies testing SPHs as matrices for in situ synthesis
of AgNPs in solutions were virtually absent. We found only a few related studies that used SiO2 hybrids
with other hydrophilic polymers such as polyvinylpyrrolidone [126], sodium polyacrylate [127], and
hydroxypropyl cellulose [128] for this purpose. These studies were devoted to obtaining corresponding
hybrid materials (films) of silica/polymer with embedded silver nanoparticles. In contrast, the main goal of
our research was to create highly dispersed and solution-stable hybrid nanoparticles filled with small
AgNPs to solve many problems of modern nanobiomedicine.

The subject of this review article is a summary of all our studies devoted to the creation and use of
SPH as interesting and promising nanomaterials. The developed simple methods for the synthesis and
characterization of SPH, as well as the production of highly dispersed and stable in time and light
nanocomposites with small AgNPs, are considered. Finally, the areas of their possible successful
application in the production of hygienic materials and textiles, in wound healing, agriculture, fish farming
and poultry farming, as well as effective carriers for the delivery of AgNPs as anticancer agents are revealed.

2. Features of “Grafting from” Polymerization of Acrylamide on the Surface of Silica Particles

The development of increasingly advanced methods for creating polymer/inorganic hybrids has
received considerable attention in the scientific literature [85,116,117,119,123,124]. The processes of
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“grafting from” and “grafting to” are currently the key methods for covalent grafting of polymers to
inorganic nanoparticles. The first of these involves the polymerization of monomers from a functionalized
surface, while the second involves the chemical reaction of functionalized polymers with the surface of
nanoparticles that is modified with the necessary chemical groups. The main advantage of the “grafting-to”
method is its simplicity and the use of well-characterized polymer chains. At the same time, this method
does not allow achieving a large number (density) of grafts, since the reaction process is limited by the rate
of diffusion of polymer chains with functionalized ends through the brush layer. In contrast, the “grafting
from” method allows for the production of dense polymer layers, since the active centers on the surface of
the nanoparticles and the growing polymer chains are easily accessible to the monomer molecules during
the polymerization process. A wide range of polymerization mechanisms has been used to create various
grafted polymer layers on inorganic surfaces: free radical polymerization and controlled radical methods
such as nitroxide-mediated polymerization, atom transfer radical polymerization, and reversible addition-
fragmentation chain transfer polymerization (NMRP, ATRP, and RAFT), living anionic and cationic
polymerization, ring-opening polymerization, and hyperbranching [119,129,130].

There are many studies devoted to the grafting of various polymer chains onto SiO2 nanoparticles using
most of the mentioned polymerization mechanisms [116-119,123,129,131]. Preliminary chemical
modification of the silica surface to create the necessary functional groups has long been considered as the
main method for graft polymerization of monomers from the resulting active centers [117,118]. At the same
time, radical polymerization of monomers on the surface of solid particles differs from liquid-phase
polymerization by a number of features that complicate the kinetic control of the process and do not allow
obtaining polymer/inorganic hybrids with given parameters of the grafted polymer layer, such as the density
and length of polymer chains. In addition, it is necessary to account for the significant influence of surface
chemistry and porosity on adsorption interactions with monomers and oligomers. Therefore, the mechanism
of these processes remains little studied. One of the reasons for this is the different structure and texture of
silica samples, the presence of uncontrolled impurities in them, which change the acidic properties of the
surface. In addition, the content of water and surface groups was often not taken into account or controlled.

Based on the preliminary successful experience of radical block and graft copolymerization of
polyacrylamide (PAAm) with polyethylene glycol and polyvinyl alcohol [132,133], we have developed a
similar version of direct grafting of PAAm from the surface of a monodisperse silica sol using a Ce'v
(cerium ammonium nitrate) complex salt as a Red/Ox initiator [134]. In contrast to the similar graft
polymerization of PAAm from SiO2 nanoparticles, first carried out in [135], the silica nanoparticles were
not pre-modified to obtain surface —C-OH groups. Thus, graft polymerization was initiated by the reaction
of the Ce'V salt with the =Si~OH groups containing a mobile proton. This process can be described by the

following chemical reactions (Figure 1).
@o—[—CHz—CIH—]n

v
. Ce . n-CH,~CH-CONH
OH + C¢¥ —> OH—> O +Cel '
CONH,

Figure 1. Reaction of graft polymerization of PAAm from the surface of silica sol.

N}

Y.

The kinetics of this process were studied depending on two ratios [Ce!]/[SiO2] and [Ce'V]/[AAm],
which determine the number and length of grafted chains, as well as in comparison with the
homopolymerization of AAm initiated by two Red/Ox pairs: Ce'V/EtOH and Ce'V/AAm and carried out
under the same experimental conditions [136]. The main focus of these experiments was on possible kinetic
matrix effects that often accompany radical template polymerization [137], taking into account the high
affinity of PAAm chains for the SiO: surface due to the formation of hydrogen bonds between the amide
and surface silanol groups [111].
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Monodisperse silica sol was prepared by mixing Aerosil with S = 1.85 x 10° m*-kg”' in deionized
water with a concentration of 10 kg-m ™ for 24 h and subsequent double centrifugation of the dispersion for
30 min at 6000 rpm. Thus, a stable concentrated silica sol was obtained. Its particle size (7.7 nm) was
determined by static light scattering [105]. Syntheses of polymer/inorganic hybrids were carried out in an
inert (argon) atmosphere at room temperature, adding the AAm monomer to the reaction mixture only after
complexation of Ce!¥ ions with the =Si—~OH groups of the nanoparticle surface. The concentration of SiO2
sol was constant (2.7 kg-m>). The obtained kinetic curves of AAm homopolymerization and its graft
polymerization from the SiO2 surface, measured by the dilatometry method, are presented in Figure 2, and
the found kinetic parameters are collected in Table 1.

100 100 L L L L

a 3 b
3

80 80
— 60 60
S £
T 40 40+

20 20

0 ; . : ; 0 . : ‘ .
0 100 200 300 400 0 100 200 300 400
t [min] t [min]

Figure 2. Dependence of monomer conversion on time during (a) polymerization of AAm and (b) graft polymerization of AAm
from the surface of the SiO; sol at ratios: [Ce'V]/[AAm] =1 x 10—, I, 2 (a,b) and 0.5 x 1073 mol-mol '—3 (a,b), as well as
[Ce™v)/[Si0,] = 0.2—1, 3 (b) and 0.4 kg-kg"'—2 (b). Homopolymerization was initiated by Ce'Y/AAm—I, 2, 3 (a) and
Ce"V/EtOH—1' (a) pairs. T=13 °C.

In the homopolymerization of AAm initiated by the Ce'V/AAm pair (Figure 2a, curves 1-3), an increase
in the concentration of Ce!¥ and AAm or only the monomer (syntheses of PAAm2 and PAAm3) led to a
reduction in the induction period, an increase in the initial reaction rate, and monomer conversion in the
same time (Table 1). However, the highest process rate was achieved with a simultaneous increase in the
concentrations of Ce!V and AAm (synthesis of PAAm?2).

Table 1. Kinetic parameters of PAAm grafting from SiO; surface and homopolymerization.

70® v20-10* @ vs0-104 @ q )

Sample o fr10° [min] [mol-dm 57| [mol-dm 35| [%]
SPH1 0.2 1 50 0.56 0.10 53
PAAmI ; 1 50 0.80 0.13 59
PAAMI’ : | 15 0.82 0.17 62
SPH2 0.4 1 9 1.73 0.93 80
PAAM2 : | 22 2.77 1.70 95
SPH3 0.2 0.5 0 2.90 1.50 82
PAAM3 : 0.5 0 229 1.04 84

() Weight ratio [Ce*"]/[Si0,]. @ Molar ratio [Ce*']/[AAm]. ® Induction period. ® The polymerization rate of PAAm at monomer
conversion ¢ = 20 and 50 wt %. ® Monomer conversion 400 min after the start of polymerization.

Ce!Y compounds do not oxidize water molecules in the presence of vinyl monomers. They interact with
monomers, forming free radicals on carbon atoms. Homopolymerization of vinyl monomers initiated by
Ce!V salts occurs with an induction period. The duration of this period depends, first, on the rate of
formation/destruction of the CelV/monomer complex, whose existence has been confirmed by different
methods [138,139]. The use of the initiating pair Ce!V/EtOH in one of the syntheses (PAAm1) had little
effect on the rate of the process and the conversion g, but significantly, by more than 3 times, reduced the
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induction period (Figure 2a, curves 1, 1’; Table 1). Therefore, the stability of Ce'Y complexes with hydroxyl
groups was lower.

Comparison of the kinetic parameters of graft and homopolymerization of AAm in Table 1 showed the
presence of negative dynamic matrix effects in the processes of formation of SPH1 and SPH2, and an
insignificant difference in the kinetic parameters of graft and homopolymerization of AAm in the
production of SPH3. The significant slowdown in the growth of grafted PAAm chains on the SiOz surface
compared to the polymerization of AAm in the liquid phase is due to the strong interaction of the polar
monomer molecules and the growing “daughter” PAAm chains with the silica surface. As a result, the
monomer molecules lost their diffusion mobility, and the resulting dense polymer layer on the SiO2 surface
hindered the transport of reagents into the reaction zone. Therefore, in order to enter into a chain reaction
of growth, the AAm molecules, which strongly interacted with the SiO: surface, had to overcome an
additional activation barrier, namely, weaken or break their bonds with the surface. In this context, the
PAAm grafting reaction to obtain hybrid SPH3 was of particular interest, since its parameters were close
to the parameters of AAm homopolymerization in solution (Table 1). The absence of a dynamic matrix
effect in this case can be explained not only by an increase in the thickness of the monomer adsorption layer
with an increase in its concentration. A significant role was also played by a sharp increase in the growth
rate of the “daughter” chains, so that it obviously exceeded the rate of interaction of the growing chains
with the surface. In this case, the PAAm chains apparently grew from the SiO: surface into the solution
without matrix control.

Thus, the processes of “grafting from” polymerization involving a hydrophilic, chemically
complementary polymer and nanoparticles similar to PAAm and SiO2, carried out in an aqueous medium
and accompanied by interactions between monomers and growing polymer chains and the nanoparticle
surface, can exhibit matrix character (Figure 3). This can be expressed in a change in the rate of such
processes compared to the homopolymerization of the corresponding monomers in the same environment
and experimental conditions. The magnitude of the dynamic matrix effect will depend on the relative
concentration of the monomer. Thus, in the process of grafting PAAm from the SiO: surface, an interesting
effect of the disappearance of the dynamic matrix effect with a significant increase in the monomer
concentration (with an increase in the growth rate of the “daughter” chains) was established.

Adsorption of growing
chains on the surface

NP - Nanoparticle
G - Graft
* - Radical

Initial stage of grafting
polymerization

Hybrid particle with
inorganic “core”

Figure 3. General scheme of matrix graft polymerization from the surface of a chemically complementary inorganic nanoparticle.

3. Molecular Structure of Hybrids: Confirmation and Characterization

The next important tasks after the synthesis of SPH were: (i) confirmation of the fact of grafting and
(i1) development of a methodology for detailed characterization of the molecular and structural parameters
of hybrids. To prove the fact of direct grafting of PAAm from the SiO2 surface without its preliminary
modification, a homopolymerization reaction of AAm with a special initiator was carried out [136]. In this
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case, the Red/Ox system was used as an initiator, including a complex salt of Ce'Y and a monofunctional
organosilicon compound, trimethylhydroxysilane, which was formed as a result of the hydrolysis of
1,1,1,3,3,3-hexamethyldisilazane. As a result, a homopolymer of PAAm with M, = 832 kDa and terminal
groups (CH3)3-Si-O-, determined by elemental analysis for silicon, was obtained [136].

The second problem was more complex. The degree of grafting is the most widely used parameter to
characterize the polymer content of polymer or polymer/inorganic hybrids, but not their detailed structure
[140,141]. This parameter means the increase in weight of the original component in the form of
macromolecules or nanoparticles to which another polymer component is grafted. Determination of the
degree of grafting is used in cases where experimental determination of the number and length of grafted
chains is difficult, since it often requires destruction of the original polymer or particle [142]. We addressed
this problem using our experience in characterizing polyvinyl alcohol/polyacrylamide graft copolymers
[132] and the known property of silica nanoparticles to dissolve in water at pH > 11 [110]. Thus, the
chemical structure and molecular parameters of the synthesized SPHs were characterized by static light
scattering (SLS), elemental analysis (EA), dynamic thermogravimetric analysis (DTGA), and viscometry
[105]. The SLS method was used to determine the average radius of silica sol nanoparticles (7sio2). Using
the EA data for C and N, the mass fraction of PAAm (wp44m) in SPH was determined. The weight fraction
of water (wr20) was determined using DTGA data. The weight fraction of SiO2 (wsio2) was calculated as
the difference: wsio2 = 1 — wpaam — wa20. To destroy silica nanoparticles, an aqueous solution of SPH was
kept for one week at room temperature and pH = 11.5. Thus, complete destruction of silica nanoparticles
occurred [110], and only minor hydrolysis of PAAm chains took place [143]. The reaction mixture was
reprecipitated with acetone, centrifuged, and redissolved in water. The degradation products were then
completely removed by prolonged dialysis of the solution against deionized water. The viscosity-average
molecular weight of PAAm was determined by viscometry, and the number of grafts () per SiO:
nanoparticle was calculated using the ratio (1):

3
N = 47 1505 P Weam * N 4
3 W02 M psam

Q)

In this formula, p = 2.1 g-cm™ is the density of silica, product 4/3(zrsio2**p) is the weight of a silica
nanoparticle, N4 is Avogadro’s number, Myra4m 1s the viscosity-average molecular weight of PAAm.

The following four synthesized SPH samples were characterized using the above scheme (Table 2).
They were used in our subsequent physicochemical and biological studies. Samples SPH4-SPH7 contained
a relatively small weight fraction of SiO2 nanoparticles: from 7.2 to 14.5 wt %. However, their presence in
hybrids has been reliably confirmed by Fourier transform infrared spectroscopy (FTIR) and small-angle X-
ray scattering (SAXS) methods.

An example of the FTIR spectrum for one of the SPH samples is shown in Figure 4a—c in comparison
with that of pure PAAm (Figure 4d,e), which was described in detail earlier [144]. The positions of the
individual bands together with their interpretation are collected in Table 3. The appearance in the hybrid
spectrum of the vibration bands of Amide I», Amide II», Amide III (Figure 4a,b), and vav.m) (Figure 4c),
corresponding to hydrogen-bonded amide groups in the structures of trans- and cis-trans-multimers
[111,144], indicated the presence of PAAm in the hybrid sample. The presence of SiO2 as a minor
component in this hybrid was clearly confirmed by the appearance in the spectrum of an intense band of
vsi-o-c and vsi-o-si vibrations at 1117 cm™! (Figure 4a, Table 3) [145].
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Table 2. Main characteristics of the synthesized hybrid samples.
@ 2 PNE)) .9y 4 ©)
Hybrid WPAAm WH20 Wsio2 FavSio2 Mypadm NGO
[wt %] [wt %] [wt %] [nm] [kDa]
SPH4 85.2 5.3 9.5 7.7 1588 14
SPH5 85.5 11.0 9.5 7.7 822 72
SPH6 72.9 12.6 14.5 7.7 1513 8
SPH7 79.0 13.8 7.2 7.7 5084 5

M Weight fraction of PAAm in the sample calculated from elemental analysis data. ® Total water content in the sample
determined from TG curves. ® Weight fraction of SiO; in the hybrid: wsio2 = 1 — Weaam — wizo. ¥ Average radius of silica
particles determined by static light scattering. © Viscosity-average molecular weight of grafted PAAm chains. © Average

number of grafted PAAm chains per SiO; particle.
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Figure 4. FTIR spectra of thin films of (a—¢) SPH4 and (d—f) pure PAAm cast on fluorite glasses in the regions of (a,d) dy.i, dc.m,
Vsi-o-si» Vsi-o-c and Amide III vibrations, (b,e) Amide I, and Amide 11, vibrations, and (¢,f) ve.n, Viven, Vom vibrations. T'= 25 °C.

Table 3. Vibration bands in the FTIR spectra of polyacrylamide and one of the hybrids.

Hybrid Band Position [cm™!] Type of Vibrations @
Component PAAm SPH4 (Group or H-Bond Structure)
~3400-3450 ~3400-3450 VN-H)f
3346 3352 vv-ms (trans-multimers)
3199 3204 vv-myp (cis-trans-multimers)
2922 2939 Vic-thas (CHa)
2850 2862 vie-iys (CHa2)
1662 1665 Amide Ib (V(C:O))
PAAm 1620 1621 Amide 1Ty (Sx-tyrans + Vie)
1348 1352 Oc-tyas (CHa)
1323 1324 Amide III (vic.y)
1184 1182 ON-H)ip
1118 1117 O(N-Hjoop
1041 - -
SiO, - 1117 V(5i-0-Si)as> V(Si-0-Clas

M) Designations: f—vibrations of free groups, b—vibrations of H-bonded groups, s—symmetric vibrations, as—antisymmetric
vibrations, ip—in-plane vibrations, oop—out-of-plane vibrations.
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In addition, under the influence of SiO2 nanoparticles, changes occurred in the structure of the hydrogen
bonds of the amide groups of PAAm. So, in the SPH4 sample, the length of the cis-trans- and trans-
multimers of the amide groups decreased. The observed high-frequency shifts of the Amide I» band by 3
cm ! and two vv-mps vibration bands by 5 cm™! and 6 cm™! in the spectrum of SPH4 compared to the
spectrum of PAAm confirmed this conclusion (Table 3). We also note the absence in the spectrum of SPH4
of the vo.# vibration band of free silanol groups at ~3700 cm™' (Figure 4c), which is observed in the
spectrum of silica sol [146]. This fact indicates the existence of hydrogen bonds between the grafted PAAm
and SiO: particles, as discussed earlier [111].

The small-angle X-ray scattering (SAXS) results for the same SPH4 sample obtained in the study [146]
and compared with similar data for pure PAAm [111] are shown in Figure 5.
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Figure 5. Small-angle X-ray scattering intensity as a function of wave vector g for (a) PAAm and (b) SPH4. Log-scale SAXS
profiles are shown as insets. 7= 20 °C. Log-scale SAXS profiles are shown as insets. In the inset of panel (b), the breakpoint g*
indicates the crossover between the low-g and high-¢ structural regimes.

For both samples, a sharp monotonic drop in scattering intensity with increasing wave vector (g) was
found, which indicates the absence of any periodicity in the arrangement of individual structural elements
of PAAm and SPH4 at the supramolecular level. These profiles were then normalized to the thickness of
the samples and the scattering intensity of the standard and were presented in two logarithmic coordinates
(two inserts in Figure 5) for their analysis in terms of known concepts of the fractal organization of the
polymer structure [146,147]. For pure PAAm, the linear decrease of log I» from log ¢ with a single slope
ratio was maintained in almost the entire studied region of ¢ (Figure 5a). This fact reflected the existence
in the SAXS profile of the homopolymer of a single power scattering regime by Porod (I = ¢”?), which
corresponded to the scattering pattern in a system where single-level fractal clusters existed [147]. The type
of these clusters: mass-fractal or surface-fractal could be determined by analyzing the modulus of the slope
ratio |Dy. In addition, their maximum diameter could be estimated by the relatio dma~27/g*, but only in the
case when the straight line of the Porod’s power scattering regime ended (or was “cut off”’) at small g by the
exponential Gineau scattering regime. The exponential scattering regime by Gineau and the corresponding
power regime by Porod (at larger ¢) characterized one structural level. However, the SAXS profile in Figure
5a for PAAm had no “the cutting border” at small g, so determining dmax in this case was impossible.

The found value of Dy for PAAm was <3 (Table 4). This meant that the amorphous structure of this
polymer had a porous nature and consisted of mass-fractal clusters with a fractal size of Dr= 2.7 [146].
Individual “building blocks” of such clusters were fragments of polymer chains [146,147]. These clusters
appeared due to the high hydrophilicity of this polymer. Indeed, the equilibrium moisture content of the
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PAAm film was significant, ~10 wt %. Therefore, even long-term drying of polymers in a vacuum oven
and vacuum desiccator did not ensure complete removal of adsorbed water from them.

Table 4. Parameters of individual elements of the fractal structure of PAAm and hybrid.

Sample SPH4
Value PAAm 1st Level 2nd Level
Dy 2.7 3.8 2.1
g*102MW A - 2.7 -
e P [nm] - 23.3 -
Rgfexp) [nm] - 9.0 -
Recarc) [nm] - 8.0 -

M “Cutting border” for the power scattering regime. @ Maximum diameter of hybrid surface-fractal clusters.

In contrast, the SAXS profile for the SPH4 sample in double logarithmic coordinates (insert in Figure
5b) revealed two linear dependences with different slopes, corresponding to two power scattering regimes
by Porod. These linear relationships were connected by a curve corresponding to the exponential scattering
regime described by Gineau [148]. This SAXS profile shape indicated a two-level fractal organization of
the SPH structure [147]. The types of individual elements at each level were determined based on the Df
values (Table 4). The remaining two parameters (¢* and dmax) could be determined only for the 1st lower
level of the SPH4 structure. For the 2nd structural level (at lower g), these parameters could not be found,
since the corresponding straight line of Porod scattering in Figure 5b was not limited at the top by the
Gineau scattering curve. The value Dy= 3.8, determined for the 1st linear part of the SPH4 SAXS profile
(Table 4), indicated the existence of surface-fractal clusters with a denser “core” and a fractal size Ds =6 —
Dr=2.2 [147], which constitute the 1st fractal-organized structural level of the polymer/inorganic hybrid.
This was direct evidence of the presence of SiO2 nanoparticles with grafted PAAm chains in the structure
of this nanomaterial. It is important to note that the average radius of gyration for these clusters (9.0 nm in
Table 4) obtained from the SAXS data correlates with the average radius of the SiO2 sol nanoparticles found
before PAAm grafting (Table 2).

The 2nd, higher level of structural organization of the hybrid is formed by mass-fractal clusters
consisting of fragments of PAAm chains. This conclusion was made on the basis of the value Dy < 3
determined for this level from Figure 5b (Table 4) [147]. The obtained value Dy=2.1 was in good agreement
with Dr= 2.7 for mass-fractal clusters of pure PAAm and Dy= 2.2-2.4 for those in the structure of triblock
copolymers PAAm-b-PEO-b-PAAm [147].

In the reference study [147], computer modeling of SAXS profiles was also carried out using the
method of global unified exponential-power functions developed by Beaucage et al. [148], which was
actively used in the study of fractal-organized polymers and composite materials.These authors showed
that log I» versus log ¢ dependences for fractal materials can contain two or more Porod’s power scattering
regimes. Their approach consisted of separating several structural levels using a number of power scattering
regimes, which were limited by the exponential Gineau scattering curves, and considering the contributions
of each structural level to the overall scattering function /(q) [148]. Using the Beaucage approach and
formula, we modeled the SAXS profile of SPH4, accounting for two levels of its structural organization.
The corresponding smooth curve is shown in the inset of Figure 5b. The Rgcaic) value for surface-fractal
clusters in the SPH4 structure (Table 4) was consistent with that found from the experimental SAXS profile.

Thus, using the described experiments, the fact of grafting of PAAm chains from the surface of SiO2
nanoparticles without its preliminary modification was completely proven.
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4. Morphology, Size, and Surface Charge of Hybrid Particles in Aqueous Solutions

Aqueous solutions of SPH contained two types of structures: individual hybrid particles and their
fractal aggregates of different sizes and shapes. This fact was established by TEM in a number of our
previous works [105,149]. The corresponding TEM images for one of the first synthesized SPH4 samples

are shown in Figure 6.
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Figure 6. TEM micrographs at (a) lower and (b) higher magnifications obtained using an aqueous solution of SPH4. (c)
Structural model of a single hybrid particle. The particle size distribution calculated using ImageJ program is shown in the inset.
Cspr=1.0 kg~m’3, T=20°C.

Individual hybrid particles were compact, had a nearly spherical shape, and had a smooth surface,
confirming the strong interaction of the grafted PAAm with the SiO2 surface. This structural feature was
reflected in the hybrid model proposed below (Figure 6¢). There was also an interaction between the surface
layers of the PAAm hybrid particles, leading to the appearance of fractal clusters. Apparently, the driving
force of such interaction was the formation of hydrogen bonds between the PAAm segments included in
the “coronas” of different hybrid particles [105].

Separate TEM studies were performed for a series of SPH5—-SPH7 samples (Figure 7), in which the
number of grafted PAAm chains decreased, and their length increased (Table 2). Based on the TEM images,
the size distributions and average diameter of individual hybrid particles (davsrs), as well as the average
height (thickness) of their PAAm “corona” (havr44m) were determined (Table 5). The size of individual
hybrid particles and the thickness of the PAAm “corona” increased when moving from the 5th to the 7th
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sample. As a result, in this hybrid series, the thickest polymer “corona” was found in SPH7 particles with
the smallest number of PAAm grafts, but their greatest length.

00 15 20 25 30
Diameter [nm]

e ‘ f

Figure 7. TEM images at different magnifications obtained using aqueous solutions of (a,b) SPHS5, (¢,d) SPH6 and (e,f) SPH7.
The corresponding particle size distributions calculated by Imagel program are shown as insets. Cspy = 1.0 kg'm 3, T'= 20 °C.

Table 5. Structural and hydrodynamic parameters of hybrids.

Hybrid daysprr® Ravpaam® Giim® 7] @ k®
[nm] [nm] [mol-kg™'] [m*-kg™]
SPH4 17.8+24 2.4 - - -
SPHS5 21.0+4.7 2.8 1.10 0.39 0.11
SPH6 21.6£2.8 3.1 1.86 - -
SPH7 30.1+£9.0 7.3 2.29 0.89 0.25

M Average diameter of hybrid particles. ® Average height (thickness) of the PAAm “corona”: Awpasm = duvspil2 = Favsioz. ©
Limiting value of hydroxyl ion absorption.  Intrinsic viscosity of solution. ® Huggin’s constant.

Determination of the surface charge of SPH nanoparticles in aqueous solutions was of particular
interest, given their subsequent use as nanoreactors and carriers of metal nanoparticles. For this purpose,
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potentiometric titration of the initial silica sol and aqueous solutions of SPH5-SPH7 samples with different
numbers and lengths of PAAm grafts was carried out [150]. The basis for these experiments was the
participation of surface =Si—OH groups simultaneously in two schematical equilibria: dissociation (2) and
formation of hydrogen bonds (3) with the amide groups of PAAm [150]:

9—0[{ e 9—0— +H* )
Si~OH , O . ;_, Si*OH--O
QQH + HIP\I;\C_% < ;I::Hg\c (3)

Therefore, the main task was to determine and compare the total number of =Si—~OH groups on the
surface of the initial SiO2 sol and the inorganic “core” of hybrids capable of participating in equilibrium (2)
and creating a negative surface charge. The results of potentiometric titration of an aqueous dispersion of
Si0O2 sol, hybrid solutions and deionized water 0.2 N NaOH are presented in Figure 8 in the form of
dependences of the absorption value of hydroxyl ions on pH [150]. The value of cor— at a certain pH
corresponded to the number of ionized negatively charged silanol groups on the surface of pure silica sol
(Figure 8a) and Si0O2 “cores” in the hybrids SPH5 (Figure 8b), SPH6 (Figure 8c), and SPH7 (Figure 8d). In
contrast, the limiting value of aiim was equal to the total number of free silanol groups participating in the
dissociation equilibrium (2). In the case of the pure sol, the oiim value was not reached, i.e., it was higher
than 7.33 mol-kg ! (Figure 8a). For all hybrid samples, the giim values were successfully determined (Figure
8b—d, Table 5) and showed a sharp decrease in free =Si—OH groups on the surface of their silica “cores”
compared to the pure SiO2 sol. The greatest decrease in the oiim Was observed for the SPHS5 sample, which
contained the largest number of short grafts (Table 2). This indicated the densest structure of the PAAm
“corona” in the SPHS5 particles.
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E £
S5 S ?
0 01— / .
11 6 7 8 9 10 M
pH
c d |
— _ A - _ 4
@ 2 c,,=1.86 mol kg 2’ o 2 0,.=2.29 mol kg
©° { )
)
E 1] E
31 ) L
-
P
0 A/ 0

6 7 8 9 10 11 6 7 8 9 10 M

Figure 8. Absorption curves of OH™ ions calculated based on potentiometric titration of (a) a dispersion of SiO; sol and aqueous
solutions of (b) SPHS, (¢) SPH6 and (d) SPH7. Csip2 = 0.7 kg'm >, Cspy=1kg-m 3, T=25+0.1 °C.
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The subsequent gradual decrease in the number of grafts in the SPH6 and SPH7 samples, together with
the increase in the PAAm chain length, led to an increase in the permeability of the polymer “corona”,
which was confirmed by a steady increase in the oiin value in Table 5.

Table 5 also presents the results of the viscometry studies of aqueous solutions of SPH5 and SPH7,
carried out in [150]. They are represented by the parameters of the intrinsic viscosity ([#]) and the Huggins
constant (k) and demonstrate a significantly higher hydrodynamic volume of SPH7 particles compared to
SPHS5 and good quality of water as a solvent in relation to both hybrid particles (k <0.3) [151]. These data
correlate fully with the changes in the average particle diameter for the two hybrids (Table 5).

Thus, in the SPH5-SPH7 hybrid series, an increase in the size of individual particles, the thickness and
permeability of the polymer “corona”, as well as the number of free ionic silanol groups on the surface of
the inorganic “core” was established.

5. In Situ Synthesis of Silver Nanoparticles in Hybrid Matrices

To prepare AgNPs/SPH nanocomposites with small metal nanoparticles in aqueous solutions and under
mild conditions, in situ reduction of silver nitrate with sodium borohydride as one of the most powerful
reducing agents was used. Although this method has been widely used to prepare many nanosilver/polymer
composites, its actual mechanism, including nucleation, growth, and crystallization of metal nanoparticles
in various polymer matrices and the real role of the latter in these processes, remains poorly understood
even today. This aspect was highlighted in our recent publication [152] to stimulate further detailed studies
in this direction.

For the in situ synthesis of AgNPs in aqueous SPH solutions, an optimal protocol comprising two
separate stages was developed [152]. In the 1st stage, after adding the Ag-salt to the SPH solution and
keeping the mixture in a dark box for 1 h, the primary amide groups of PAAm could form stable
monodentate ion-dipole complexes with Ag” ions, as shown in Figure 9 [153]. The high stability of these
complexes was confirmed by the high value of AH® = 176 kJ-mol ™!, which was measured for complexation
of Ag" ions with low-molecular-weight acetamide in the study [153].

@ /2.1 35 Acetamide

Figure 9. Model of monodentate ion-dipole complexes of Ag" ions with primary amides. Changes in the lengths of covalent
bonds C=0 and C—N in the acetamide molecule under the influence of complex formation are shown.

Moreover, at this time, Ag" ions could actively bind to the weakly negatively charged surface of SiO2
particles via electrostatic interactions. Thus, a high degree of binding of Ag" ions by SPH matrices could
be expected at the 1st stage of AgNP synthesis. To test this assumption, the degree of binding of silver ions
to SPH5 and SPH7 samples at the 1st stage of in situ synthesis was experimentally determined [152]. For
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this purpose, a potentiometric method was chosen using an Ag'-selective electrode and separation of hybrid
particles with bound Ag" ions by reprecipitation with ethanol and subsequent centrifugation. In the range
of studied concentrations of matrices and Ag-salt (Cspz = 0.5, 1.0, and 2.0 kg-m3; Cagnos = 1.82 x 1072
kg-m~%), a very high, close to 100% degree of binding of Ag* ions was found [150].

The addition of NaBHa4 in the 2nd stage initiated a reduction process that occurred within the “coronas”
of the hybrid particles and on their surfaces. The latter interesting fact was discovered thanks to our recent
studies [152]. The process of reduction of Ag-salt with NaBHa4 in an aqueous medium can be schematically
represented by the following main (4) and side (5)—(7) chemical reactions [154]:

2AgNOs + 2NaBH4 = 2Ag + H2 + B2He + NaNOs3 (4)
B2He + H20 = 6H2 + 2H3BO3 (5)

NaBH4 + 2H>0 = NaBO: + 4Hz (6)

BH4 + H3;O" + 2H20 = H3BOs + 4H> (7

The synthesis of AgNPs was carried out in hybrid aqueous solutions with pH = 5.7-6.4. Due to side
reactions, in particular, active hydrolysis of NaBHa4 in the acidic pH region with a high exothermic effect
[155], an eight-fold molar excess of NaBHa in relation to AgNO3 was used to achieve complete conversion
of Ag" ions to the zero-valence state.

For many practical applications of silver-containing nanocomposites obtained by chemical reduction
of silver salts, it is necessary to purify them from excess reagents and by-products. To solve this problem,
a simple, rapid, environmentally friendly, and efficient method for purifying AgNPs/SPH nanocomposites
immediately after synthesis was developed [105,152]. The purification procedure consisted of
reprecipitation of reaction mixtures with excess ethanol (4:1 v-v '), their subsequent centrifugation and re-
dissolution in deionized water. This opened up the prospect of their successful use in biomedicine, which
will be shown below.

6. Control of Kinetics and Yield of Silver Nanoparticles During In Situ Synthesis

In some previous studies [105,146], it was shown that the kinetic features of in situ AgNP formation
in the presence or absence of stabilizing agents can be correctly described by the time variations in the
position (Amax) and integrated intensity (S) of the surface plasmon resonance band (SPRB) observed in the
UV-Vis spectrum. This approach was based on the well-known optical properties of silver clusters and
nanoparticles, as well as on numerous theoretical and experimental studies [152,156—160], which related
the position, intensity, and shape of SPRB in extinction spectra to the size, shape, polydispersity, and
aggregation of AgNPs in solutions. In particular, according to Mie theory [154], the overall extinction
coefficient SPRB depends on both resonance absorption and scattering. However, if the size of spherical
silver nanoparticles is too small (<30 nm), resonance absorption makes an overwhelming contribution to
the extinction [158]. When the size of AgNPs is much smaller than the wavelength of incident light, the
absorption 4 of a colloidal dispersion containing N particles in an optical cell with path length L can be
expressed by Formula (8):

4= ®

where the extinction coefficient x for N particles of volume V is determined by Equation (9) [157]:

K__1872"N~V~831/2 £,
A [e,+2-¢, +&;

&)
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In the last formula, 4 is the wavelength of the absorbed light, ex is the dielectric constant of surrounding
medium, which is assumed does not depend on the frequency, €1 and 2 are the real and imaginary parts of the
dielectric function of the material: &(w) = e1(w) + i-e2(w), where w is the angular frequency of the light. The
width of the SPRB depends mainly on the imaginary part of the dielectric function, which is responsible for
the dissipation of the electric field energy. However, for silver, unlike other metals, e2(®w) value is insignificant
and weakly depends on frequency [157]. Thus, in the specified range of AgNP sizes, the intensity of SPRB
depends mainly on the concentration of the particles rather than on their size [156,157,159]. This property of
SPRB became the basis for characterizing the kinetic features of the appearance and accumulation of AgNPs
under various conditions and time intervals, especially in the first minutes after the onset of the reduction
process. With their help, we revealed the kinetic features of AgNP formation in aqueous solutions of
poly(vinyl alcohol)/PAAm graft copolymers [161] and later SPH [105,152].

Examples of kinetic studies of AgNP formation in aqueous hybrid solutions with two concentrations
of the initial Ag-salt (and NaBHa), carried out by UV-Vis spectroscopy, are presented in Figure 10 [161].
The formation of small spherical AgNPs during in situ synthesis results in the appearance of a single narrow
SPRB in the UV-Vis spectra with Amax = 380—425 nm [156—161]. These AgNPs were formed in a hybrid
solution at a lower Ag-salt concentration of 1.82 x 1072 kg'm > (Figure 10a). This was confirmed by the
presence of a narrow unimodal SPRB with Amax = 379-400 nm in the spectra. Then, the changes in the
position (Amax) and integrated intensity (S) of the SPRB over time were analyzed. The first parameter
characterized the size of the AgNPs [105,162], while the second, in the case of very small AgNPs
determined the yield of nanoparticles [105]. The overall yield of AgNPs in the reduction reactions was
estimated by the S value achieved after a certain time (after 60 min). To determine the integral intensity of
SPRB, its graphical integration in the spectrum was performed using the Origin program. The changes in
the position and integral intensity of SPRB with time in these examples are shown in Figure 10c,d.
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Figure 10. (a,b) Time evolution of the extinction spectra of the AgNO3/SPH6 mixture through 3—1, 6—2, 9—3, 12—4, 15—
5,21—=6, 36—7, 60—8, 72—9, and 90 min—/ 0 after adding the reducing agent. (c¢,d) Time dependences of the position (Amax)
and integrated intensity (S) of SPRB of AgNPs formed in SPH6 carriers. Cspyr = 1.0 kg'm™, Cyenos = 1.82 x 1072 (a,¢) and 3.64
x 1072 kg'm™3 (b,d), Cnasre/ Cagnos = 8 mol-mol™' (a—d), T = 20 °C.
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A sharp decrease in Amax (AgNP size) from 396 to 379 nm between 6 and 9 min of measurement was
observed for the lower Ag-salt concentration (Figure 10c). This correlated with a sharp increase in the
nanoparticle yield over the same time period (Figure 10c). This effect reflected the ordering or
crystallization of the primary AgNPs. The subsequent weak dependence of Amax on time up to 78 min can
be explained by the almost constant size of the AgNPs during this time period. A further gradual increase
in the AgNP size, which was reflected by a small increase in Amax, continued until 24 h (not shown). After
this, a stable AgNPs/SPH4 composite was obtained over time.

The integrated intensity of SPRB, reflecting the yield of metal nanoparticles, increased rapidly with
time to some constant value (Figure 10c,d). The value of Sso = 207 nm for Cagnvos = 3.64 x 1072 kg-m > was
more than 2 times higher than Seo = 83 nm for Cagnos = 1.82 x 1072 kg-m 2, indicating a significant increase
in the yield of AgNPs with increasing salt concentration. In addition, the position of SPRB also decreased
sharply in the first 10—15 min, reflecting the process of ordering or crystallization of primary AgNPs [105].
At the same time, the shape of intense SPRBs for AgNPs obtained at a higher concentration of Ag-salt
(Figure 10d) differed significantly from those observed at half the concentration of Ag-salt (Figure 10c).
Indeed, in the interval from 12 to 15 min, a second SPRB sharply appeared in the UV-Vis spectra with
Amax=412 nm (Figure 10d). Interestingly, the positions of both maxima and their total integrated intensity S
remained virtually unchanged over the next 90 min. This unexpected result was explained by drastic
structural changes in some hybrid matrices caused by the simultaneous growth of many AgNPs in them. It
was assumed that the simultaneous growth of several AgNPs in one hybrid particle can lead to the
detachment of grafted PAAm chains from the SiO: surface due to the rupture of hydrogen bonds. Our recent
study [152] devoted to the creation of AgNPs/SPH nanocomposites with different densities of metal
nanoparticles fully confirmed this conclusion.

7. Structure of Silver/Hybrid Nanocomposites Depending on Some Key Factors

Two examples of the real morphology of hybrid structures with AgNPs for SPH4 and SPH6 samples
and their schematic representation are shown in Figures 11 and 12. The TEM image in Figure 11a clearly
demonstrates the presence of two morphological forms of particles existing in the solution, such as swollen
diffuse hybrid nanoparticles with the average size duv = 27.4 £ 5.4 nm and small dense spherical AgNPs
with the diameter d.v = 3.1 £ 1.5 nm, most of which are incorporated into the hybrid matrices (Figure 11a).
The pattern obtained for the purified AgNPs/SPH4 composite with a lower nanosilver concentration (Cagnvos
= 1.82 x 1072 kg/m®) was in complete correlation with the schematic structure shown in Figure 11b.
Comparison of the compact, highly aggregated SPH4 particles in Figure 6a,b, with the swollen,
predominantly isolated hybrid particles in Figure 11a allowed us to draw an important conclusion about the
significant disaggregation of matrix particles during the in situ synthesis of AgNPs. It was obvious that
such disaggregation was initiated by the intense growth of silver particles in the SPH matrices.

A somewhat different situation was observed in the TEM images in Figure 12a,b, which reflected the
morphology of the purified AgNPs/SPH6 composite with a higher (twice) concentration of nanosilver
(Cagnos =3.64 x 1072 kg-m>). In these micrographs, only individual isolated swollen particles of the SPH6
matrices could be seen. Most of the matrix particles seemed to “dissolve” in the solution, making it
impossible to determine their sizes (Figure 12a,b). As subsequent studies showed [152], the apparent
“dissolution” effect was a consequence not only of the disaggregation of matrix particles during AgNP
growth, but also of the detachment of the grafted PAAm chains from the SiO: “cores” when the AgNP
concentration in the nanocomposite became too high. In contrast, the size and size distribution of AgNPs
could be easily determined (Figure 12, inset); dov = 2.4 + 1.0 nm.

In the study [152], a special series of kinetic and structural studies of the two-stage process of
AgNPs/SPH composite formation was conducted with the aim of identifying a more detailed mechanism
of AgNP formation in hybrid solutions depending on the matrix structure and reagent concentrations. For
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this purpose, two hybrid samples were used, in particular SPH5 and SPH7 in Table 5, which have different
heights and permeabilities of the PAAm “corona”. The significant influence of the initial concentration of
Ag-salt (the amount of formed AgNPs) on the final state of the nanocomposites was fully confirmed.
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Figure 11. (a) TEM image of AgNPs/SPH4 nanocomposite and calculated size distributions for AgNPs (upper inset) and swollen
hybrid particles (lower inset). (b) Schematic particle structure of AgNPs/SPH composite. Cspy = 1.0 kgrm™, Cygnos=1.82 x 1072
kg'm™, 7=20 °C.

4 6 8 10
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Figure 12. TEM images of the AgNPs/SPH6 nanocomposite obtained at (a) lower and (b) higher magnifications. The size
distribution of AgNPs calculated by ImagelJ program is represented in the inset. Cspy = 1.0 kgrm™, Cugno3 = 3.64 x 102 kg'm3,
T=20°C.

One of the most important results here was also the presence of two types of AgNPs (internal and
external) in the final nanocomposites, which arose due to the binding of Ag” ions and their subsequent
reduction both in the internal space of the hybrid “corona” and on its surface. The structure of the polymer
“corona” affected the ratio of both reduction processes. When the “corona” was denser and thinner, the
process of Ag" ion binding and reduction on its surface was dominant. However, with a thicker and more
permeable PAAm layer in SPH particles, there was a predominant formation of many small AgNPs inside
the polymer layer at a low concentration of Ag-salt. Their number could also increase with increasing salt
concentration even without swelling of the matrix. Purification of the nanocomposites from excess reagents
and by-products transformed them into fairly homogeneous systems. They contained highly swollen SPH
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particles that formed networks of entanglements in an aqueous medium, thereby stabilizing small AgNPs
for a long time.

The crystal structure of AgNPs in SPH composites after drying was confirmed by wide-angle X-ray
scattering (WAXS) method. Examples of WAXS and SAXS diffraction patterns for the AgNPs/SPH4
nanocomposite are shown in Figure 13 [147].
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Figure 13. (a) Wide-angle and (b) small-angle X-ray scattering intensities as a function of scattering angle 8 and wavevector g,
respectively, for the AgNPs/SPH4 nanocomposite. The smoothed WAXS profile and the log-log SAXS profile are shown as
insets. 7= 20 °C. In the inset of panel (b) the breakpoint ¢* indicates the transition between two structural regimes.

The bulk sample of AgNPs/SPH4 composite was prepared after in situ synthesis from an aqueous
solution (Csprr = 2.0 kg-m >, Cugno3 = 3.64 kg'm>) placed in a Teflon mold in a dark box, and dried in air
and in a vacuum desiccator. As can be seen from the WAXS profile in Figure 13a, the bulk composite
included amorphous regions of the hybrid, manifested by two diffuse overlapping maxima at 261 = 14.3°
and 26> = 21.2°, and AgNPs inclusions showing a crystalline peak of silver (111) at 263 = 38° (Table 6).
The latter peak indicated the presence of crystalline AgNPs with a tetragonal fcc lattice [163]. The presence
of two overlapping diffusion maxima in this diffraction pattern was explained [146,147] by the existence

of two systems of paracrystalline lattice planes in the amorphous regions of the hybrid (consisting mainly
of PAAm chains).

Table 6. Parameters of nanocomposite at molecular and supramolecular fractal levels.

Diffraction Maximums Interplane Distances DD Rgagves @ [nm)]

Composite 200 200  20°  dinm] di[nm] ds[om) St *nd

Level Level Exp. Cale.

AgNPs/SPH4 ~14.3 21.2 37.8 ~0.619 0.419 0.238 4.0 2.5 5.8 5.5

@ Fractal size. @ The average radius of gyration for AgNPs, found from SAXS data: Ry = dax/2(5/3)"? and calculated using the
Beaucage approach [148].

The first maximum with less intensity at 261 ~ 14.3° characterized the lateral periodicity in the
arrangement of PAAm chains, and the second, more intense maximum at 26> = 21.2° reflected the periodic
arrangement of planar hydrogen-bonded cis-dimers of amide groups in the structures of cis-trans-multimers
[147]. The average interplane distances in the paracrystalline lattice of amorphous polymer regions (d1 and

d>) and in the crystal lattice of silver nanoparticles (d3), calculated using the Bragg ratio, are presented in
the central part of Table 6.
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In contrast, the SAXS diffraction pattern in Figure 13b demonstrated a sharp drop in scattering intensity
with increasing ¢ without any diffraction maxima. This allowed us to conclude that there is no periodicity
in the arrangement of the composite structural elements. More interesting was the double logarithmic SAXS
profile, shown as an inset in Figure 13b. Here, two linear sections with different slopes Dy, corresponding
to two power scattering regimes by Porod, were clearly visible (Table 6). These lines were related by the
exponential scattering regime by Gineau and indicated a two-level fractal organization of the AgNPs/SPH4
nanocomposite structure. For the 1st structural level, the fractal size Dy= 4 (Table 6), which characterized
the power scattering regime by Porod on dense solid particles with a smooth surface [148]. This fact
additionally confirmed the formation of dense (crystalline) AgNPs in SPH matrices. The average radius of
gyration for these nanoparticles was determined using the value dmax = 27/g* (Where ¢ * was determined in
Gineau’s scattering region) and the ratio Rg = dmax/2(5/3)"? [147,148] (Table 6). Thus, small crystalline
AgNPs with R = 5.8 nm formed the 1st level of the fractal-organized structure of this composite.

Individual elements of the 2nd, higher level in the structural organization of the AgNPs/SPH4
composite were mass-fractal clusters consisting of fragments of polymer chains. This conclusion was based
on the fractal size Dy= 2.5 (Table 6), which was found for this structural level from Figure 13b [147]. This
value was somewhat higher than for mass-fractal clusters in the structure of the individual hybrid (Figure
13b, Table 4). In these works, we also simulated the SAXS profile for the AgNPs/SPH4 composite using
the method of global unified exponential-power functions of Beaucage [148] and taking into account two
levels of its structural organization. The resulting curve without points is shown in Figure 13b. As a result,
the calculated value of Rgcaic) for AgNPs in the composite structure was in good agreement with the similar
value found from the experimental SAXS profile (Table 6).

8. Stability of Nanocomposites Under Various Conditions

The stability of AgNPs depends on several factors, including pH, concentration, temperature, light
exposure, the presence of reactive species, surface chemistry, and storage conditions. As mentioned earlier,
stabilizers of various nature, also known as capping agents, play a crucial role in preventing nanoparticle
aggregation. Considering the possible application of AgNPs/SPH nanocomposites as disinfectants,
components of hygienic materials, and in biomedicine, it was important to monitor the changes in their state
under the influence of various extraneous factors. Therefore, their behavior in “salt solutions”, over time, at
different pH values, upon dilution, and in the light was of particular interest. The data of time monitoring of
UV-Vis spectra for one of the purified nanocomposites (AgNPs/SPH6) after adding sodium chloride to Cwacr
=9.0 kg'm 3, sodium hydroxide to pH = 9, and hydrochloric acid to pH = 2 are presented in Figure 14.

The first important result here was the absence of any changes in the position and integrated intensity
of SPRB of AgNPs in SPH carriers during 90 min upon addition of NaCl and NaOH (Figure 14a,b). This
meant that the metal nanoparticles remained completely stable in the composite in the “saline solution” and
at pH = 9. A different picture was revealed upon the addition of HCI (Figure 14c). There was a slow decrease
in the integrated intensity of SPRB (Figure 14c,d), which was caused by the gradual dissolution of AgNPs
in SPH carriers at pH = 2. In contrast, the position of SPRB with Amax = 405 nm was constant for 45 min
and then began to decrease, demonstrating a slow decrease in the size of AgNPs (Figure 14d). Similar
dissolution of AgNPs in polyvinylpyrrolidone carriers in the acidic pH region was also found in the study
[163,164]. At the same time, the dissolution rate of AgNPs in SPH carriers was relatively low, since it did
not end even after 1.5 h (Figure 14d). The chemical stability of the nanocarriers themselves under similar
experimental conditions was ensured by the properties of individual components. In particular, the rate of
possible hydrolysis of PAAm chains in the acidic and alkaline pH ranges was insignificant at the low
temperatures studied [143], whereas the possible slow dissolution of SiO2 nanoparticles could only occur
at higher pH values [110].
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Figure 14. Extinction spectra of the AgNPs/SPH6 nanocomposite recorded for 90 min under following conditions: (a) with the
addition of NaCl, (b) at pH = 9 and (¢) at pH = 2. (d) Time dependences of the position and integrated intensity of SPRB of
AgNPs calculated using figure (¢). Cspyr = 1.0 kg'm™>, Cyenos = 1.82x1072 kg'm™>, Cracy = 9.0 kg'm ™3, T=22 °C.

The next important test concerned monitoring the long-term stability of the purified AgNPs/SPH6
nanocomposite during storage under various conditions, including light. It turned out that the stability of
the nanocomposite to the effects of time and light was determined by the concentration of AgNPs in the

hybrid carriers (according to Cagnos in Figure 15).
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Figure 15. Extinction spectra of the AgNPs/SPH6 nanocomposites obtained at Cygno; = 1.82 x 102—7 and 3.64 x 102 kg-m>—
2 after storage: (a) for 3 months in a dark box and (b) for the next 4 months in the light. 7= 22 °C.

At a lower value of Cugnos = 1.82 x 1072 kg'm ™ (lower amount of AgNPs), the composite retained
long-term stability regardless of its storage in a dark box (Figure 15a) or in the light (Figure 15b). Over the
studied time, only a slight increase in the Amax value of the corresponding SPRB (from 405 to 416 nm) and
its integrated intensity S (from 73 to 83 nm) in the UV-Vis spectrum was observed (Figure 15a,b; spectra
1). The light stability of the composite with a higher value of C4gnvos = 3.64 x 1072 kg'm > (a larger amount
of AgNPs) was significantly lower (Figure 15a,b; spectra 2). Obviously, in this case, SPH6 carriers with
extended PAAm chains (see Section 7) provided less protection of AgNPs from their aggregation under the

influence of light.
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Another experiment was devoted to the stability of this nanocomposite to dilution, which can initiate
the release of a part of AgNPs from the carriers under the action of the concentration gradient of particles
inside the carriers and in the environment. For this study, the AgNPs/SPH6 nanocomposite with Cagnvos =
3.64 x 1072 kg/m? was prepared, purified from by-products, diluted 2-fold, and kept for 24 h. Then it was
reprecipitated with ethanol and centrifuged. The absence of SPRB in the UV-Vis spectrum of the
supernatant was a criterion for the complete stability of the studied composite to the release of AgNPs due
to their strong retention by the hybrid carriers.

9. Antibacterial and Antifungal Activity of Silver Nanoparticles in Hybrid Carriers

Along with fundamental studies of the processes of AgNP formation in hybrid solutions and the
structural features of the obtained nanocomposites, their potential as highly dispersed biocidal and
disinfectant agents was revealed. First, the biological effects of one of the silver/hybrid composites
(AgNPs/SPH4) on several bacterial and fungal cultures, which are traditional pathogens of hospital
infections, were assessed [149]. The selected composite consisted of swollen SPH4 nanoparticles (dav =
27.4 £ 5.4 nm) containing dense spherical AgNPs with a diameter of dov = 3.1 £ 1.5 nm (Figure 11). In
these experiments, the following test cultures were used: Staphylococcus aureus (ATCC 25923) and
Pseudomonas aeruginosa (ATCC 27853) bacteria, Candida albicans yeast, and Fusarium oxysporum (150
FCKU) and Cladosporium shpaerospermum (312 FCKU) mycelial fungi from the Taras Shevchenko
National University of Kyiv collection of microscopic fungi. The effect of AgNPs/PIH4 dispersion with
initial concentrations of Csprr =2 kg-m ™ and Cugnes = 1.2 x 1072 kg-m > on the test cultures was studied by
the agar diffusion method: for bacteria—the disk method, for mycelial fungi—the wells in agar method.
The presence or absence of a zone of inhibition of microorganism growth around the disk or well of agar
and its diameter were assessed. The cell content in the bacterial suspension was 1.5 x 10% colony-forming
units (CFU) cm 3, while the number of spores of mycelial fungi in the suspension corresponded to 1 x 10°
CFU cm.

According to microbiological tests, aqueous solutions of the AgNPs/SPH4 composite showed both
biocidal and biostatic effects of varying degrees with respect to the gram-positive and gram-negative
bacteria used, as well as mycelial fungi. Examples of the effects of the original composition and its dilutions
on bacterial cultures of Staphylococcus aureus and Pseudomonas aeruginosa are shown in Figure 16a—d.
The biocidal effect of the original composition and its diluted solutions 1:10 and 1:100 was revealed with
respect to both bacterial cultures. Indeed, the growth inhibition zones after 24 h corresponded to 7, 10—12,
and 11 mm, respectively, in the case of Staphylococcus aureus (Figure 16a) and 9—-10, 11-13, and 11-12
mm in the case of Pseudomonas aeruginosa (Figure 16¢). The biocidal effect persisted for the next 3—5
days (Figure 16b,d), i.e., it was prolonged.

Figure 16. Growth inhibition zones of (a,b) Staphylococcus aureus and (c,d) Pseudomonas aeruginosa bacteria under the
influence of the stock and 1:10 and 1:100 diluted AgNPs/SPH4 nanocomposite after (a,c) 24 h, (b,d) 4 days. 7= 35 °C.

The effect of the AgNPs/SPH4 nanocomposite of different concentrations on the reproduction of two
types of mycelial fungi is shown in Figure 17. The composite had a fungicidal effect on the test cultures of
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Fusarium oxysporum and Cladosporium sphaerospermum during the first 3—5 days of cultivation (Figure
17a—c,e). The growth inhibition zones in these cases were 12—-13 and 14-15 mm, respectively. The
fungicidal and fungistatic effect of the composition on Fusarium oxysporum fungi was stable and prolonged,
since it manifested itself in the form of growth inhibition zones and further growth inhibition for 30 days.

Figure 17. Zones of growth inhibition of filamentous fungi (a—e) Fusarium oxysporum and (f,g) Cladosporium sphaerospermum
under the influence of (a,f) the original AgNPs/SPH4 nanocomposite and diluted (b,d) 1:10 and (c,e,g) 1:100 times, which were
observed after (a—c,f) 5, (g) 9 and (d,e) 18 days. T=28 °C.

As for the test culture of Candida albicans yeast, only the biostatic effect of the AgNPs/SPH4
composite was established (data not shown). Only growth inhibition zones were observed, in which the
yeast growth rate decreased. Interestingly, the biocidal and biostatic effect of this composite, diluted 10 and
100 times, was more pronounced in almost all experiments [149].

Recently, new antibacterial tests were carried out with two nanocomposites AgNPs/SPHS5 and
AgNPs/SPH7, in which the hybrid matrices differed in the number and length of PAAm chains (Table 2),
which resulted in different heights and permeabilities of the polymer “corona” (Table 5) [152]. Despite this,
the size of AgNPs in both composites was similar (dav = 6.1-6.2 nm). The studies were carried out by
diffusion and broth microdilution methods using bacterial strains of gram-positive Staphylococcus aureus
(ATCC 6538) and gram-negative Escherichia coli (ATCC 25922), and Pseudomonas aeruginosa (ATCC
27853) [152]. The initial concentrations of the components in both nanocomposites were Csprr = 1 kg'm™>
and Cugnps = 5 x 102 kg-m 3. Two series of experiments were conducted. First, the cell concentration was
varied at a constant metal concentration of each composite. Then, the Cagnpes in the composites were varied,
and the bacterial concentration was maintained constant. Because of these experiments, the diameters of
the bacterial growth inhibition zones and the minimum inhibitory concentrations (MIC) were found. The
obtained MIC values were compared with those for the antibiotics ciprofloxacin, tetracycline, and
ceftriaxone, commonly used against the aforementioned bacterial pathogens.

As a result, both studied nanocomposites demonstrated high antibacterial efficiency against S. aureus,
E. coli, and P. aeruginosa. The found MIC values were in the range of (1.25-2.5) x 107> kg-m >, which are
lower than those for ciprofloxacin but comparable to those for ceftriaxone and tetracycline, depending on
the bacterial strain. Antibacterial efficiency was highly dependent on the AgNPs concentration. Thus, the
growth inhibition zones increased significantly with increasing Cagves from 1.25 x 10 t0 5.0 x 1073 kg-m>.
This allowed us to conclude that increasing the AgNPs content in SPH matrices may be a promising way
to improve the antibacterial properties of these nanocomposites [152].
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10. Silver/Hybrid Nanocomposites for Disinfection of Hygienic Materials and Wound Healing

The incorporation of AgNPs into textiles and various related hygienic materials, such as napkins,
bandages, plasters, face masks, efc., is one of the important areas of nanoparticle application today.
Therefore, methods for creating biocidal textiles are actively discussed in the literature, including
introducing AgNPs into various fibers (cotton, sheep wool, polyamide, polyester, efc.) or modifying the
fabric surface [165-169]. Considerable attention has been paid to the in sifu reduction of Ag precursors
either in textile fibers [165], directly on the original fabric surface [167,168], or on a surface pre-modified
with a reactive hyperbranched polymer [166]. At the same time, work [169] showed that coating cotton
fabric with a separately formed nanocomposite including AgNPs (based on kappa-carrageenan) is more
effective than direct synthesis of AgNPs on fabric, since in this way it is possible to achieve a more than
twofold increase in the silver content on the fabric surface. These works also considered the urgent problem
of ensuring the safety of embedded metal nanoparticles during washing.

The aim of our research in this direction was to demonstrate the great potential of using AgNPs/SPH
nanocomposites for creating biocidal wound dressings, underwear, and other clothing with firmly fixed
silver nanoparticles by simply impregnating cotton fabric with nanocomposite solutions or directly treating
the fabric or clothing by spraying the nanocomposite, followed by short-term thermal treatment. Therefore,
the first task was to study the antimicrobial activity of cotton fabric samples impregnated with one of the
AgNPs/SPH composites. In these experiments, fragments of sterile cotton fabric (30 x 30 mm) were treated
with the original AgNPs/SPH4 nanocomposite (Cspr = 2 kg'm >, Cagnes = 1.2 x 1072 kg'm ) and its three
dilutions: 1:10, 1:100, and 1:1000 [149]. Then, the antimicrobial activity of the cotton pieces was studied
using the bacteria Staphylococcus aureus (ATCC 25923) and Pseudomonas aeruginosa (ATCC 27853),
the yeast Candida albicans, and filamentous fungi such as Aspergillus ustus (165 FCKU), Cladosporium
shpaerospermum (312 FCKU), Fusarium oxysporum (150 FCKU), and the black yeast-like fungus
Exophiala alcalophila (304 FCKU). In addition, two additional fungi species, Penicillium variabile and
Exophiala alcalophila, were used as test cultures. An aqueous solution of benzalkonium chloride (BC) with
Csc = 30 kg'm™ was used as a control biocidal preparation. The microbiological research methodology
was the same as described above in Section 9.

Three examples of the biocidal action of the AgNPs/SPH4 composite on Staphylococcus aureus and
Pseudomonas aeruginosa bacteria are shown in Figure 18a—c.
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Figure 18. Zones of bacterial growth inhibition of (a) Pseudomonas aeruginosa and (b—d) Staphylococcus aureus under the
action of AgNPs/SPH4 nanocomposite diluted in (a) 1:10, (b) 1:100, and (c) 1:1000 times, and (d) benzalkonium chloride (Csc
=30 kg-m ) after 3 days. T'= 35 °C.

Around the fabrics treated with composites, in which Cagnps varied in a very wide range from 1.2 x
1072 to 1.2 x 107 kg'm3, growth inhibition zones of 2.7-3.3 mm remained. For cotton fabric treated with
the BS biocidal agent with a significantly higher concentration of the active substance, similar zones were
9-11 mm (Figure 18d). In the control variant, when pieces of fabric were moistened with sterile water,
growth inhibition zones of microorganisms were absent. Further examples relate to the effect of the
AgNPs/SPH4 composite on various fungi (Figure 19).
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Figure 19. Growth inhibition zones of fungi (a,b) Cladosporium sphaerospermum, (c—e) Exophiala alcalophila, (f,g) Fusarium
oxysporum, (h—j) Penicillium variabile, (K) Candida albicans, and (1-n) Aspergillus ustus under the action of AgNPs/SPH4
nanocomposite diluted in (c,fh,k,1) 1:10, (a,d,i,m) 1:100, and (b,e,j,n) 1:1000 times. (g) Benzalkonium chloride (Csc = 30 kg
m~3). T = (a—j,l-n) 28 °C and (k) 35 °C. Dashed line in (k) represents impregnation areas; none inhibition for C. albicans was
observed.

The width of the growth inhibition zones formed around the cotton fragments ranged from 2 to 6.5 mm
for dark-pigmented fungi such as Cladosporium sphaerospermum (Figure 19a,b) and Exophiala
alcalophila (Figure 19c—e). The effect of the composition on the yeast-like fungi Candida albicans was
expressed in the formation of a large growth inhibition zone (14-27 mm) after 2 days (Figure 19k).
However, after 3 days, this zone decreased to 2.5-7 mm. The growth inhibition zones of light-pigmented
filamentous fungi Fusarium oxysporum, Penicillium variabile, and Aspergillus ustus were 3—6 mm, 2—4
mm, and 1.5-2 mm (Figure 19fh—j,l-n, respectively). However, when cotton fabric was treated with the
control biocidal preparation BC, which had a significantly higher concentration, these same zones were 4—
7 mm (Figure 19g).

The described action of the AgNPs/SPH4 nanocomposite, which was applied to pieces of cotton fabric,
was assessed as fungistatic. The most sensitive to the treatment was the Candida albicans test culture, and
the most resistant was the Aspergillus ustus culture. It should be emphasized that the fungistatic effect of
this nanocomposite, diluted 10 and 100 times, was more pronounced in almost all tests. The results of these
experiments confirmed the stable and long-term bactericidal and fungistatic action of the AgNPs/SPH4
composite applied to cotton fabric in a very wide range of concentrations.

An important aspect of using biocidal preparations for impregnating dressings is their interaction with
open wounds and the possible impact on the rate of wound healing. To study the ability of the AgNPs/SPH4
composite to heal wounds, 4 groups of rats with 10 individuals in each were used. The skin of 10 x 10 mm in
size was removed from the back of each rat, and the resulting wounds were treated with equal volumes of
various preparations [149]. The AgNPs/SPH4 composite (Cagnes = 1.2 x 1072 kg'm>) was used in the 4th
group of rats, and the commercial preparation Carbopol, which promotes wound healing, and an aqueous
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solution of eumelanin (Cex = 1 kg'm™) produced by the black yeast Pseudonadsoniella brunnea were used
in the 2nd and 3rd groups of animals, respectively. EM preparation increased the body’s defenses and
accelerated wound healing. The exception was the 1st control group, in which wound healing occurred
naturally without any treatment. The wound area in rats was monitored at different time intervals.

The changes in wound area over time are shown in Figure 20. These data were discussed from different
points of view. When comparing the total number of days during which complete wound healing occurred,
the best result (~19 days) was observed in the 3rd group of rats, which were treated with the EM solution.
This time was 4 days shorter compared to the time of complete wound healing in the 1st control group of
animals. The time of complete wound healing in the 2nd and 4th groups of rats using the Carbopol
preparation and the AgNPs/SPH4 composite was approximately the same (~25 days) and was longer than
in the 1st control group (~22 days). However, when comparing the wound healing processes with different
preparations, the picture was different. Indeed, the most pronounced effect of EM on open wounds was
observed in rats of the 3rd group (Figure 20, curve 3), since this preparation caused the strongest additional
inflammation of wounds in rats during the first 3 days.
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Figure 20. Reduction of the average wound area in rats under the influence of various drugs. Control—/, Carbopol—2, EM—
3 and AgNPs/SPH4 nanocomposite—4. Ceyy =1 kg'm >, Cugnps = 1.2 x 102 kg'm3, T=22 °C.

This effect led to a 2-fold increase in the wound area, which was even 1.2 times higher than the
inflammation of wounds in rats of the Ist control group. The preparation Carbopol caused weak
inflammation of wounds in rats of the 2nd group (Figure 20, curve 2), expressed in an increase in the
average wound area by 29% during the first 3 days. On the contrary, the AgNPs/SPH4 composite in rats of
the 4th group turned out to be the most tolerant to open wounds. The composite did not cause inflammation
of the wounds during the first 3 days and promoted their rapid healing during the following 11 days (Figure
20, curve 4). Due to this, the condition of wounds treated with the AgNPs/SPH4 composite on the 14th day
was the best (S = 6 + 1 mm?) compared to wounds treated with EM and Carbopol (S =36 + 3 and 71 + 3
mm?, respectively) or not treated at all (S = 54 £ 1 mm?).

Another important aspect was the effectiveness of the drug, determined by the concentration of the
active substance in the solution. In this regard, the AgNPs/SPH4 nanocomposite was more effective in
wound healing than the EM solution, since it contained a significantly lower concentration of active AgNPs
(more than 83 times) compared to the EM solution. Thus, the developed nanocomposite demonstrated high
effectiveness in wound healing. Its advantages over other studied drugs were the absence of additional
wound inflammation during the first 3 days, a more rapid and reliable healing effect, and a very low
concentration of active silver nanoparticles.

Current results on wound healing by AgNPs are contradictory. Thus, in the study [170], a significant
reduction in healing time and an increase in bacterial clearance of infected wounds occurred with the use
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of AgNP-impregnated wound dressings compared to silver sulfadiazine solution. At the same time, AgNP-
filled wound dressings increased the healing time of superficial burn wounds, but showed no difference in
the healing of deep burn wounds compared to silver sulfadiazine [171]. Currently, biological mechanisms
of healing of various wounds and the influence of individual AgNPs and nanoparticles introduced into
dressings on these processes are actively studied and discussed in the literature [172—-175].

As is known, the healing of several wound types is a complex and insufficiently studied phenomenon
that includes three main phases: inflammatory, proliferative, and remodeling [172,173]. Inflammation
usually begins in the first minutes after skin damage, simultaneously with hemostasis. The first response to
inflammation is by white blood cells (neutrophils) that migrate through the endothelium of local blood
vessels to the wound. The next response involves monocytes infiltrating the tissue and differentiating into
macrophages. These macrophages secrete cytokines that initiate inflammation, leading to an increase in the
number of immune cells at the site of infection. The next 4 to 15 days are considered the proliferative stage,
during which initial repair of both the epidermis and dermal layers of the skin occurs. The final maturation
stage (6 to 12 months), involving further remodeling of granulation tissue and the synthesis of structural
proteins such as collagen, occurs when the wound is completely healed.

According to current knowledge, AgNPs can evoke a complex response in skin cells, including the
promotion of keratinocyte proliferation and migration, the differentiation of fibroblasts into myofibroblasts,
suppression of proinflammatory cytokines (IL-6, IL-12, TNF-a), and a bactericidal effect [176]. Bacteria
produce endotoxins that, in turn, promote inflammation; thus, the anti-inflammatory action of silver may
partly result from its bactericidal activity. AgNPs can also be used as anti-biofilm and anti-quorum-sensing
agents against multidrug-resistant bacteria [177].

It is well known that S. aureus and P. aeruginosa are the most common antibiotic-resistant pathogens
in post-surgical wound infections. As we have shown, Ag/SiO2-PAAm nanocomposites were highly
effective against these bacterial species. Notably, the antibacterial and anti-inflammatory effects of
Ag/Si02-PAAm are consistent with the observed reduction in wound area compared with the control during
the initial inflammatory stage of healing, which distinguishes this AgNP preparation from the other
treatments used in this study (Figure 20).

Carbopol is a high-molecular-weight polyacrylic acid preparation used to facilitate wound healing. As
our results showed, the Ag/SiOz-polyacrylamide nanocomposite was more effective than carbopol in
reducing wound area and shortening the healing process. Eumelanin is considered a promising wound-
healing agent because of its pronounced antioxidant effects [178]. However, in our study, eumelanin
markedly increased the wound area during the inflammatory stage (Figure 20), although it shortened the
overall duration of wound healing. Thus, the combined antibacterial and anti-inflammatory effects of
AgNPs may make this system preferable to treatment with carbopol or eumelanin alone. At the same time,
the combined application of AgNPs with these preparations may also be promising and warrants detailed
future investigation. Currently, only the main known benefits of using AgNPs in wound healing can be
highlighted, such as broad antimicrobial activity, anti-inflammatory effect, least bacterial resistance,
stimulation of angiogenesis and tissue regeneration, as well as modulation of signaling pathways associated
with wound healing [172—-175].

Based on the results obtained, a conclusion was drawn about the high potential of AgNPs/SPH
composites for the treatment and long-term disinfection of not only wound dressings and hygienic materials
such as bandages, napkins, and plasters, but also cotton fabrics, underwear, and other clothing. In addition,
the urgent problem of ensuring the durability of embedded metal nanoparticles can be easily solved by
short-term heating of fabrics or finished products treated with nanocomposites. The basis for this is the
effect of easy cross-linking of PAAm chains at elevated temperatures during short-term heating (20 min at
95 °C and then 10 min at 135 °C), which was previously revealed in a study of the effect of temperature on
thin films of pure PAAm and grafted copolymers of poly(vinyl alcohol)/polyacrylamide [179]. A promising
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alternative to the impregnation procedure can also be considered the treatment of fabric or finished products
with a nanocomposite spray due to its low viscosity.

11. Silver/Hybrid Nanocomposites in Fish Farming

The prospects of using one of the developed nanocomposites, AgNPs/SPH4, as an antibacterial agent
in fish farming were assessed primarily by studying its antibacterial activity against two typical bacterial
pathogens of the genera Aeromonas and Pseudomonas in Ukrainian fish ponds [105]. Aeromonas
hydrophila is an oxidase-positive, glucose-fermenting, gram-negative aquatic bacterium that inhabits
aquatic environments and exhibits resistance to common antibiotics such as penicillin, ampicillin, ticarcillin,
and carbenicillin [180]. Pseudomonas (sp.) is a nonspore-forming gram-negative bacterium that can cause
fish rotting in large quantities and is resistant to streptomycin, ampicillin, penicillin, etracycline,
oxytetracycline, and chloramphenicol [181,182]. The antibacterial activity of the composite against the
control cultures of Aeromonas hydrophila (strain 0433/1) isolated from trout and Pseudomonas sp. (strain
0649) isolated from white carp was studied by determining the minimum bactericidal concentration (MBC)
and the minimum inhibitory concentration (MIC) using serial dilutions in a liquid nutrient medium (broth).
The concentrations of the components in the initial composite were Csprr = 1 kg'm™>, Cagnps = 1.2 x 1072
kg'm™. A series of dilutions was prepared in test tubes so that each subsequent Cuenps was 10 times less
than the previous one. Then 0.2 cm® of a certain microbial culture was added to each test tube until the
density of microorganisms reached 2 x 10° CFU cm . The tubes were incubated at 37 °C, and changes in
solution turbidity were recorded after 24, 48, and 96 h.

According to the obtained data, the AgNPs/SPH4 composite exhibited bactericidal (killing) and
bacteriostatic (inhibitory) action against both types of bacteria [105]. At the same time, Aeromonas
hydrophila bacteria were more sensitive to the composite than Pseudomonas sp. bacteria, which was
reflected in different values of minimum bactericidal and inhibitory concentrations after 48 h: MBC = 1.2
x 107 and MIC = 1.2 x 107® kg-m™ for Aeromonas hydrophila and ~ 1.2 x 10 and = 1.2 x 10 kg'm >
for Pseudomonas sp. However, after 96 h in solutions with a dilution of 1:1000 (MBC = 1.2 x 10™* and
MIC = 1.2 x 107 kg'm™), only a bacteriostatic effect of the composition was observed. Thus, the
bactericidal and bacteriostatic effects of AgNPs in the composite with SPH4 were preserved to very low
concentrations of nanoparticles.

The antibacterial activity of the AgNPs/SPH4 composite was compared with similar results from other
studies. As shown in [180], AgNPs with an average size of 21 nm, synthesized in water in the presence of
polyvinylpyrrolidone as a stabilizer, completely prevented the growth of Aeromonas hydrophila bacteria
(with C =5 x 10° CFU cm) at a minimum concentration of Cmin = 1.7 x 1072 kg-m 3. Commercial ZnO
nanoparticles with a size of 66 nm prevented the growth of these bacteria under similar conditions at Cinin
=1.575 x 102 kg'm > [183]. In another study [184], the MBC and MIC values for 5-6 nm CuO nanoparticles
in experiments with Aeromonas hydrophila (at C = 1.5 x 103 CFU ¢cm ) were 3.0 x 107! and 8.0 x 1072
kg-m>, respectively. In comparison with these examples, the developed AgNPs/SPH4 nanocomposite
showed a very high antibacterial effect against the studied fish pathogens. From this point of view, it can be
considered an effective bactericidal/bacteriostatic agent for disinfecting aquariums/fish nurseries.

To characterize further the effect of AgNPs/SPH4 nanocomposite on the growth of Aeromonas
hydrophila, standard agar nutrient medium and disk method were used [105]. Here, information on the
antibacterial activity of the composite was obtained in comparison with metal citrates of Zn, Cu, Ag, Mn,
Mg and Fe having the same concentration in aqueous solution, Caecic = 1 x 1072 kg-m > (Figure 21).
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Aeromonas hydrophila

1 — Control

2-7 — Citrates of Zn, Cu, Ag, Mn,
Mg and Fe, respectively

8 — CPC antibiotic

9 — AgNPs/SPH4 composite
diluted 1:100 times

Figure 21. Growth inhibition zones (after 72 h) of Aeromonas hydrophila bacteria under the influence of citrates of various
metals, the antibiotic CPC, and diluted AgNPs/SPH4 composite. Cuecic = 1 X 102 kg'm™>, Cepc= 8 x 102 kg'm ™3, Cygnps = 1.2
x 10 kg'm3, T=25 °C.

A clean disk and a disk impregnated with an aqueous solution of the antibiotic chloramphenicol with
Ccrc =8 x 1073 kg-m ™ were also used in this experiment. The bacterial density was 2 x 10° CFU cm>. The
most effective, with a growth inhibition zone of 21.3 £ 0.2 mm was the AgNPs/SPH4 composite with Cagnps
= 1.2 x 10 kg'm™> (variant 9 in Figure 21). Bactericidal activity of all metal citrates (except silver citrate)
was absent in the range of Cuecit < 1 x 1072 kg-m™> (variants 2, 3, 5-7 in Figure 21). Silver citrate with a
growth inhibition zone of 16.7 + 0.2 mm and a significantly higher concentration of silver ions Cag+ = 6.3 X
1073 kg-m~> showed lower bactericidal activity (variant 4 in Figure 21). However, the least bactericidal effect
with a growth inhibition zone of 14.4 + 0.2 mm was achieved when using the antibiotic CPC (variant 8 in
Figure 21). These data once again confirmed the high antibacterial activity of our composite.

The next important part of these studies was to assess the risk of the nanocomposite to non-target species.
For this purpose, three separate studies were conducted to determine: (i) the biological risks relative to
relevant test organisms such as Danio rerio, Hydra attenuata, Daphnia magna, and Allium cepa L., (ii) the
toxicity of the composite to Danio rerio embryos, and (iii) the genotoxicity of the composite to Danio rerio
cells [105]. The effect of the composite was assessed mainly by the survival of the test organisms for 96 h.

Test organisms of different trophic levels were used to assess biological risks (Table 7). Danio rerio
(Hamilton, 1822) was a representative of freshwater fish of the carp family (Cyprinidae). Hydra attenuata
(Pallas, 1766) was a freshwater coelenterate of the class Hydridae. Daphnia magna (Miiller, 1785) was a
planktonic crustacean of the class Franchiopoda of the daphnia family (Daphniidae). Allium cepa L. was a
perennial plant of the onion family (4//iaceae), used as a standard for cytogenetic monitoring of the environment.

Test organisms were maintained in a nutrient medium after adding a composite with concentrations of
Cuagnes = 1.2 x 1072, 2.4 x 107> and 6.0 x 1072 kg-m>. The results presented in Table 7 revealed different
reactions of the animal test organisms to the introduction of the composite. Among them, Danio rerio
individuals showed the highest survival rates in the used range of Cagnes. However, based on the entire
complex of biological tests, a general range of Cagvrs < 1.2 x 1072 kg'-m~> was determined, in which no
lethal consequences for the test organisms were observed. The mass and size parameters of the roots of the
plant test organisms also did not decrease in this concentration range. Therefore, this range of AgNPs
concentrations in the composite with SPH4 was proposed for disinfection of aquariums/nurseries with fish.
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Table 7. State of test organisms under the influence of AgNPs/SPH4 nanocomposite ().

Survival [% to Control]

Studied Test Organisms Control, Cagnps' 102 kg m 3]
H.O0 1.2 24 6.0
Daniorerio 100 100 100 60
Hydraattenuata 100 95 85 40
Daphnia magna 100 100 70 40
War' 10 [kg] or ' 103 [m]/[% to control]
Alliumcepa L. (av. weight) 3.01/100.0 3.02/100.3 3.19/106.0 2.10/69.8
Alliumcepa L. (av. length) 28.4/100.0 26.7/94.0 24.0/84.5 /78.9
M T=22+2°C.

The toxicity of the composite was characterized using a zebra fish embryo test [105]. It should be noted
that both adult and embryonic Danio rerio are widely used to study the acute toxicity of various compounds,
particularly transition metals, pesticides, and other hazardous environmental pollutants [185-187]. Zebra
fish embryos were obtained from adult fish. Fertilized eggs were transferred to 96-well plates and various
concentrations of the AgNPs/SPH4 composite were added. The number of embryo deaths within 5, 24, 48,
and 72 h assessed the toxic effects. The results of the evaluation of the toxicity of the composition in relation
to the embryos are shown in Figure 22. The lowest mortality was observed in the control solution and in
the composite with Cagves = 1.2 x 1072 kg'-m 3. In the second case, the mortality of the embryos did not
exceed 10%, therefore, it was within the normal distribution. Based on these experiments, a conclusion was
made about the absence of a toxic effect of the AgNPs/SPH4 composition on the embryogenesis of Danio
rerio in the range of Cagnps < 1.2 x 1072 kg-m >,

30 1

25 A1

20 A

15 A

10 A

Lethal effect[%]

Exposure time [h]

Figure 22. Effect of AgNPs/SPH4 nanocomposite on Danio rerio embryos. Cygnps = 0—1, 1.2 x 102—2, 2.4 x 107>—3, and
6.0 x 102 kg m>—4 (p < 0.05).

Considering that the survival of test objects at different C4gne could not guarantee the absence of
sublethal effects and changes at the cellular level, the genotoxicity of the developed composite was also
studied based on a micronucleus test on fish blood cells [187,188]. Fish usually respond to toxic substances
by forming micronuclei due to chromosome fragmentation induced by viral infections, ionizing radiation,
and various mutagens [189]. Therefore, defects in blood nuclei, the percentage of double cells, and
apoptosis are recorded [190]. The criteria for the content of micronuclei in cells and the quantitative
characteristics of nucleoli are used.

The genotoxicity of the AgNPs/SPH4 nanocomposite was determined using a micronucleus test on
Danio rerio blood cells [105]. Cells were collected from groups of 10 fish, placed in water with standard
hydrochemical parameters (Control group) or in the same water contaminated with various Cluagnes
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(Experimental groups), and kept there for 96 h. The results of the analysis of cytological preparations are
presented in Figure 23 and Table 8.
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Figure 23. Results of micronuclear tests on Danio rerio blood cells. (a) The original cells (control) and (b—d) cells treated with
an AgNPs/SPH4 nanocomposite, which contained (b) double nuclei, (¢) micronuclei and (d) destroyed nuclei. Cygyps =6 x 1072
kg'm.

Table 8. Genotoxicity of AgNPs/SPH4 nanocomposite.

Number of Modified Cells [% to Control], n = 3000

Type of Cell Modification Control, Cagnes-10%, kg'm™
H:0 1.2 24 6.0
Micro nuclei 0 0 0.67 1.67
Double nuclei 0 0 0.33 1.33

Significant changes in the blood cells of the experimental fish groups compared to the control were
detected only at the maximum value of Cagves = 6 x 1072 kg-m>. In this case, it was possible to observe
the appearance of a large number of double nuclei, micronuclei, and even destroyed nuclei in the blood
cells of Danio rerio (Figure 23b—d, Table 8). Minor disturbances in the fish cells were also detected at
Cagnes = 2.4 x 1072 kg'm™>, but in the range of Cagves < 1.2 x 1072 kg-m >, the genotoxicity of the
AgNPs/SPH4 composite was completely absent.

Thus, the AgNPs/SPH4 composite demonstrated pronounced bactericidal and bacteriostatic effects
against fish pathogenic bacteria Aeromonas hydrophila and Pseudomonas sp., which were maintained at
very low concentrations of metal nanoparticles. Experiments with a series of model animal test organisms
allowed us to determine the overall safe range of silver nanoparticle concentrations (Cagnes < 1.2 x 1072
kg-m?), at which virtually no lethal effects were observed for the animal test organisms, and no decrease
in the root mass/size in the plant organism was observed. Based on the obtained results and special studies
of the composite’s toxicity to Danio rerio embryos and its genotoxicity to Danio rerio cells, the developed
composition can be successfully used as an antibacterial agent in fish farming in the found concentration
range without any biological risks, even at the cellular level.
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12. Biological Impact of Hybrid-Stabilized Silver Nanoparticles in Wheat Cultivation

One of the most interesting but unfortunately unfinished tests of the biological activity of AgNPs/SPH
nanocomposites was the study of their effects on the growth and yield of agricultural crops, particularly
winter wheat. In this direction, a single experiment was conducted on the treatment of winter wheat seeds
with our AgNPs/SPH4 composite and subsequent cultivation of wheat plants in the field from the treated
seeds [105]. According to the developed method, winter wheat seeds of the Arctis variety were treated with
aqueous dispersions of AgNPs/SPH4 after in situ synthesis and purification of the composite and
immediately before sowing. For this purpose, two dispersions were prepared: the original composite (1:1)
with Csprr =2 kg'm ™ and Cugnps = 1.2 x 1072 kg-m > and a 10-fold dilution (1:10). Using 250 cm? of each
dispersion, two portions of 50 kg of winter wheat seeds were treated. Each batch of treated seeds was
planted and grown on 0.4 acres of the Kernel Research Center field, near Kyiv, Ukraine, in 2018. For
comparison, two plots of the same field, each 0.4 acre, were sown with untreated winter wheat seeds. The
field with all areas marked is shown in Figure 24.

«= Control 2
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Figure 24. Photographs of (a) two experimental (Research 1-2) and comparative (Control 1-2) plots of a winter wheat field and
(b) several individual plants from these plots.

As a result of the experiments, a significant difference in the color of plants was established: yellow
versus green, grown from untreated seeds or treated with a diluted composite 1:10 (areas “Control 17,
“Control 2” and the left near area in Figure 24a) and seeds treated with the original nanocomposite 1:1 (the
right near area in Figure 24a). At the same time, we did not observe a noticeable effect of the composite on
the rate and degree of seed germination, as well as the length of plant stems, while the size of the spikelets
in plants grown from seeds treated with an undiluted composite was somewhat smaller (Figure 24b). The
observed significant differences indicated an increase in the vegetation period of winter wheat plants under
the influence of a composite with a higher concentration of AgNPs. This was especially evident in the very
dry summer of 2018. However, further research was required to establish the causes of this phenomenon
and its impact on the winter wheat yield.

By now, significant experimental material has already been accumulated in this area, allowing us to
understand the main directions of the influence of AgNP on the growth and development of various
agricultural plants, including wheat [191-201]. Positive effects include increased seed germination, plant
growth, and wheat yield, but only at strictly selected concentrations [191,193,194,199,200]. The use of
AgNPs can alleviate stress conditions for crops such as drought [200,201], frost [198,200], salinity
[191,194], and the presence of heavy metals in soil [193,197]. They can also control wheat pathogens due
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to their bactericidal, antifungal, and antiviral properties [190,191,197] and even promote positive shifts in
soil microbiota [192].

The most negative factor when using AgNPs is the high dose of nanoparticles, which initiates the
occurrence of various negative consequences, which are additionally size-dependent [194,200]. High doses
of AgNPs can reduce seed germination and growth, and affect the length and weight of roots and shoots.
These nanoparticles can accumulate in leaves and roots, thereby activating defense mechanisms at the
cellular and tissue levels and altering antioxidant activity and metabolism. Under the influence of high
concentrations of AgNPs, various botanical changes can be observed in plants, such as the formation of
active oxygen species, chlorophyll content, superoxide dismutase activity, an increase in the level of H202,
as well as the content of glutathione, carotenoids, ascorbate, and proline [194]. This leads to suppression of
photosynthesis, the appearance of irregular morphological changes, and other consequences.

Using the above information, we can explain the results of our experiments, presented in Figure 24. It
is obvious that the treatment of winter wheat seeds before sowing with the AgNPs/SPH4 composite with a
concentration of Cugves = 1.2 x 1072 kg'm™> had a beneficial protective effect on the growth and
development of wheat plants under hot and dry conditions of 2018, although it extended the seed maturation
period. This shows the potential for further research in this area, especially since the topic of using polymer
and hybrid carriers of silver nanoparticles in crop cultivation technologies remains virtually unexplored.

13. Promising Nanobiotechnology Based on Silver/Hybrid Nanocomposites in Poultry Farming

The objectives of this part of the research were to study the effect of one of our nanocomposites,
AgNPs/SPHG6 (Tables 2 and 5), containing very small silver nanoparticles (dav = 2.4 &+ 1.0 nm; Figure 12),
on laying hens and their eggs when administered orally [161,202,203]. The main focus was on the
accumulation of AgNPs in different parts of the chicken eggs, due to the lack of such information in the
literature. However, an important aspect of the influence of the composite on the morphological and
biochemical parameters of the blood and blood serum of laying hens was also monitored. We used the oral
method of introducing the nanocomposite to hens (through drinking water) as one of the most effective and
acceptable, which involves its passage through the mucous membrane of the digestive system, blood, and
liver, and provides a systemic effect on the body. Considering that the toxicity of AgNPs was lower at a
lower dose and non-daily introduction of the composite, a special research methodology was developed.

For the experiments, 45 High Line W36 laying hens aged 38 weeks were selected and divided into 3
groups (n = 15)—Control and Research 1-2. The hens in the Research groups additionally received
AgNPs/SPH6 dispersion in drinking water 3 times a month, with 10-day intervals. In Research groups 1
and 2, two concentrations of Cagnps, 1.0 x 10—3 and 2.0 x 10—3 kg-m—3, were used. They were obtained
by diluting the initial composite with Cagnes = 2.4 x 1072 kg'm™> and Cspz = 1 kg'-m~ (Figure 12) and
corresponded to nanosilver doses of 0.2 and 0.4 mg-m™> per day, respectively. On the 10th, 20th, and 30th
days of the experiment, 5 fresh eggs and blood from 5 hens of each group were collected for analysis. The
content of various metals (Ag, Cu, Zn, Fe, and Pb) in the shell, protein, and yolk of eggs, as well as the
main morphological and biochemical indices of blood and blood serum of hens of the Control and Research
1-2 groups, were determined using plasma-optical emission spectrometry and methods of biochemical
analysis [202,203].

Throughout the experiment, the behavior of the hens, their feed, and water consumption did not change.
The survival rate of the hens in all groups was 100%, and their egg productivity did not differ between the
groups. In addition, feeding them the nanocomposite dispersion three times at both doses did not affect the
morphological parameters of the hens’ eggs: the weight of the eggs and their components (whites, yolks,
and shells) was preserved. With single, double, and triple administration of the AgNPs/SPH6 composite to
laying hens at doses of 0.2 and 0.4 mg-hen™! per day, the number of erythrocytes, leukocytes and their
subpopulations in the blood of hens did not change. Only a slight decrease in hematocrit was observed with
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a single use of the composite compared to the control group [203]. Thus, this drug can be considered
biocompatible and safe for blood cells. Obviously, this is due to the good transport properties and small
sizes of the hydrophilic SPH carriers used to obtain and deliver AgNPs.

The most striking results were obtained concerning the accumulation of metals, primarily silver, in
different parts of chicken eggs [161,202]. So, a single administration of drinking water with AgNPs doses
of 0.2 and 0.4 mg-head™! per day to laying hens of groups Research 1 and Research 2 led to a relatively
small (by 33.3%) accumulation of silver in the eggshell (Table 9). However, the content of Zn, Fe and Pb
did not change within the error limits. An exception is the increase in the Cu content by 80.0%, but only at
a higher dose of AgNPs. After the composite solution was administered to laying hens twice, the silver
content in the eggshells of both groups, Research 1-2, increased significantly (by 9.0 and 11.4 times on
average) compared to the Control group. However, this did not affect the content of Cu, Zn, Fe, and Pb in
the shells (Table 9). After the composite was administered to laying hens three times with drinking water,
the amount of silver accumulated in the eggshells decreased slightly: the silver content in the Research 1
and 2 groups exceeded that of the Control group by only 6.3 and 10.0 times, respectively.

Table 9. Accumulation of metals in the shell of chicken eggs.

Metal Content [mg-kg™!] (x = SD, n=5)

Me Period Groups of Laying Hens
Control Research 1 Research 2

Ag 0.006 + 0.002 0.008 +0.001 0.008 + 0.001
Cu After 10 0.5+0.1 0.5+0.1 0.9+0.1
7n days 2.0+£0.2 1.5+0.6 2.8+0.9
Fe 0.6+0.3 0.5+0.2 0.6+0.2
Pb 0.009 £+ 0.004 0.004 + 0.001 0.008 + 0.004
Ag 0.007 +0.004 0.063 +0.020 0.080 £+ 0.006
Cu After 20 2.7+0.9 0.8+0.2 1.1+04
Zn days 30£1.0 2.0£0.2 3.0£2.0
Fe 0.5+0.2 0.7+0.1 09+0.2
Pb 0.024 £+ 0.009 0.007 £ 0.001 0.010 £+ 0.002
Ag 0.006 = 0.006 0.038 +0.007 0.060 £+ 0.020
Cu 0.7+0.2 0.6+£0.2 0.6+0.2
Zn Afgjo 23405 11403 25409
Fe 0.2+0.1 0.17+0.03 0.1+0.1
Pb 0.006 = 0.002 0.005 £ 0.001 0.006 + 0.001

The data in Table 10 reflect the accumulation of silver in egg white. A single feeding of different doses
of AgNPs to hens of Research 1-2 groups resulted in only a slight increase in the silver content in egg white
(by 33.3 and 16.7%, respectively) compared to the Control group. After two-fold exposure of hens to the
AgNPs/SPH6 composite, an increase in the silver content in egg white (by 50%) was observed only in the
Research 2 group, where the hens received a higher dose of nanosilver (Table 10). However, the strongest
accumulation of silver in the egg white of both Research groups compared to the Control group (on average
2.2 times) occurred 10 days after the third feeding of the hens with the nanosilver composite (Table 10).
The amount of the other indicated metals in the protein remained virtually unchanged.

Silver accumulation in egg yolk was different. The greatest increase in silver in the yolk of the Research
1-2 groups compared to the Control group (on average 5.7 times) occurred on the 10th day of the
experiment (Table 11).
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Table 10. Accumulation of metals in the protein of chicken eggs.

Metal Content [mg-kg™!] (x+SD, n=15)

Me Period Groups of Laying Hens

Control Research 1 Research 2
Ag 0.0006 £ 0.0001 0.0008 £ 0.0001 0.0007 + 0.0001
Cu After 0.30+0.10 0.28 +0.08 0.30 £ 0.05
7n 10 days 0.0020 £+ 0.0010 0.0018 + 0.0004 0.0020 + 0.0003
Fe 0.027 £ 0.004 0.030 +0.007 0.030 +0.008
Pb 0.033 £0.003 0.049 + 0.004 0.061 +0.005
Ag 0.0006 + 0.0001 0.0006 + 0.0003 0.0009 + 0.0002
Cu After 0.15+0.01 0.21 +0.07 0.19 +£0.02
7n 20 days 0.0020 £ 0.0003 0.0017 £+ 0.0004 0.0019 + 0.0001
Fe 0.010+0.010 0.014 £+ 0.009 0.010 + 0.002
Pb 0.040 +0.010 0.039 + 0.008 0.036 +0.003
Ag 0.0005 + 0.0001 0.0011 +0.0001 0.0011 +0.0001
Cu After 0.30+0.10 0.30+0.10 0.20 + 0.07
7n 30 days 0.0020 £ 0.0001 0.0017 + 0.0004 0.0021 + 0.0002
Fe 0.025 + 0.002 0.030 = 0.003 0.030+0.010
Pb 0.088 + 0.008 0.083 = 0.004 0.093 £0.003

On the 20th day after the second administration, such a level of silver was retained only in the yolk of
eggs of group Research 2, whose hens received 0.4 mg of nanosilver per hen per day. In Research 1 group,
with a nanosilver dose of 0.2 mg-hen ™! per day, the increase in silver content in the yolk was less significant:
only 1.4 times compared to the Control group. On the 30th day after the third treatment of laying hens with
the composite, the silver content in the yolk of the eggs of the Research 1 group remained virtually
unchanged (Table 11), it was 1.8 times higher than in the Control group. However, in the Research 2 group,
the silver content decreased compared to the data obtained on the 10th and 20th days of the experiment,
exceeding the Control group indicator by only 2.2 times (Table 11). The content of other metals in the yolk
of the eggs of the experimental groups remained virtually unchanged.

The accumulation of silver in different parts of eggs after oral administration of the composite to laying
hens proved the fact of AgNP penetration into the chicken bloodstream. This occurred by passing the
composite through the digestive tract and absorption through the intestinal epithelium, as well as further
transport into the chicken tissues, including the oviduct, where the formation of egg white and shell
occurred. The latter conclusion was made on the basis of our special studies of the stability of the
AgNPs/SPH6 composite under various conditions that exist in living organisms (Section 8) [161].

This composite turned out to be completely stable in “physiological solution” (at Cnac= 9.0 kg-m™>),
at pH =9 and when diluted. At pH =2, AgNPs began to dissolve gradually, but the rate of this process was
relatively low, so that it did not end even after 1.5 h (Figure 14c,d). This meant that the composite could
successfully “pass” the stomach (ventricle and stomach) of laying hens without significant damage to the
AgNPs. Indeed, the pH in the stomach of hens is =3—4, and the evacuation time of the stomach contents is
~40—45 min [204,205]. The known properties of SiO2 and PAAm determined the chemical resistance of
the SPH carriers themselves to these conditions. In particular, silica nanoparticles could slowly dissolve in
water at low temperatures only at high pH values [110]. In addition, PAAm chains could hydrolyze in acidic
and alkaline environments, but the rate of this process at low temperatures was insignificant [ 143].
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Table 11. Accumulation of metals in the yolk of chicken eggs.

Metal Content [mg-kg™!] (x+SD, n=15)

Me Period Groups of Laying Hens
Control Research 1 Research 2
Ag 0.0007 + 0.0001 0.0040 + 0.0020 0.0040 + 0.0040
Cu Aft 1.4+0.1 09+04 1.0+0.3
Zn er 22+8 20+8 19+5
10 days
Fe 27+8 35+ 10 23+ 10
Pb 0.035+£0.020 0.053 +0.030 0.025+0.010
Ag 0.0007 + 0.0001 0.0010 + 0.0001 0.0040 + 0.0001
Cu 1.6 +0.1 1.4+£0.5 1.2+0.5
After
7n 20+3 26+ 10 26+ 10
20 days
Fe 45+ 4 39+ 20 40 + 20
Pb 0.013 +0.004 0.020 + 0.020 0.017 +£0.003
Ag 0.0006 + 0.0001 0.0011 + 0.0002 0.0013 + 0.0001
Cu Aft 14+04 1.6+0.3 1.2+0.5
Zn 30er5 26+ 10 2845 1746
Fe Y 38 £ 20 41+ 10 29+ 10
Pb 0.029 +£0.010 0.047 = 0.009 0.030 = 0.002

The second surprising fact was revealed during the analysis of changes in the distribution of silver
among different parts of the eggs after single, double, and triple treatments of laying hens with the
composite (Table 12).

Table 12. Accumulation of silver in various parts of eggs.

Silver Content [%]

Groups of Hens Period [Days] Parts of Eggs
Eggshell Protein Yolk
10 82.2 8.2 9.6
Control 20 84.3 7.2 8.4
30 84.5 7.0 8.5
10 62.5 6.25 31.25
Research 1 20 97.5 0.9 1.5
30 94.6 2.7 2.7
10 63.0 5.5 31.5
Research 2 20 94.2 1.1 4.7
30 96.2 1.7 2.1

It consisted of the predominant accumulation of silver in the eggshell of both Research 1-2 groups,
starting with the second dose of the composite (on the 20th day of the experiment) [161]. The effect of
silver accumulation mainly in the shell was accompanied by a sharp decrease in the silver content in the
protein and yolk, which are in the edible part of the eggs (Table 12). In this regard, the difference in the
data on the distribution of silver between different parts of the eggs on the 10th day after the first dose was
attributed to the primary reaction of the hens’ organisms to the introduction of the new substance. After the
second and third doses, the organisms adapted to external influences.

Selective endogenous accumulation of silver in the eggshells of laying hens may be of great practical
importance due to its broad antimicrobial activity, which will significantly extend the shelf life of chicken
eggs without deteriorating their sanitary and hygienic properties. This assumption is supported by the
results of other authors who carried out exogenous treatment of bird eggshells with nanosilver [206—209].
The insignificant total intake of silver into the protein and yolk of eggs after three-fold oral administration
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of the composite to hens was 2.2 and 2.6 pug-kg ' (at doses of 0.2 and 0.4 mg-hen!, respectively). Thus,
there was no toxic threat to laying hens and consumers of their eggs. Indeed, the average silver consumption
by modern humans is approximately 5-8 ug-day !, while the recommended essential or vital dose per day
is 50-100 pg (World Health Organization, 2008). Therefore, even with daily consumption of 10 eggs from
hens treated two or three times according to our method, the human body will receive a significantly smaller
dose of silver than recommended per day.

The corresponding results on the effects of AgNPs/SPH6 administration in laying hens on the
biochemical parameters of their blood serum were discussed in detail in [161,203]. They are also partially
presented in Table 13.

Table 13. Parameters of blood serum of laying hens after 30 days.

Value (x = SD, n =5)

Biochemical Parameters Groups of Laying Hens
Control Research 1 Research 2

Total protein [g-dm 3] 44 +3 46+ 4 59+3
Albumin [g-dm ] 72+0.5 7.1£04 6.8+0.6
Cholesterol [g-dm] 1.9+0.3 2.2+0.1 1.3+0.1

Creatinine [umol-dm3] 70+ 6 76 +3 64 +4
Glucose [mmol-dm ] 99+1.0 11.9+0.5 8.7+0.7

ALT [U-dm™] 12+£2 14+1 111
AST [U-dm 3] 130 £ 20 109 £ 38 140 + 10
ALP [U-dm 3] 190 + 20 205+5 190 £ 20
GGT [U-dm ) 5.8+£0.9 6.5£0.5 3.7+£0.5
Ca [mmol-dm 3] 2.84+0.5 32+£04 3.0£0.2
P [mmol-dm] 1.8+£0.5 1.2£0.1 23+03
K [mmol-dm™] 44+03 52+02 43+04
Mg [mmol-dm 3] 1.0+0.2 1.0+ 0.1 1.1+0.2

As can be seen, the content of total protein and albumin in the blood serum of hens of Research 1 group
did not change after three-fold administration of the composite to laying hens at a dose of 0.2 mg-hen™'.
This indicated the preservation of good liver function in hens. The albumin content did not change in the
blood serum of hens of Research 2 group, which were administered the composite three times at a dose of
0.4 mg-hen!, and the total protein index even increased (Table 13), which was a positive result. The
creatinine content in the blood serum of hens in Research 1-2 groups remained at the level of the Control
group (Table 13), indicating normal kidney function in hens. However, the potassium content increased
slightly (by 18.2%) only in the blood serum of hens in Research 1 group. After three-fold exposure to the
composite, no serious and systemic changes in the activity of enzymes such as ALT, AST, ALP, and GGT,
characterizing the state of the liver and other vital organs of laying hens, were observed (Table 13). The
glucose and cholesterol levels in the blood serum of hens in Research 1-2 groups, which are indicators of
carbohydrate and lipid metabolism, also changed little compared to the Control group (Table 13). Mineral
metabolism in the blood serum of laying hens was reflected in the content of total calcium, inorganic
phosphorus, potassium, and magnesium. For the Research 2 group, whose hens received a higher dose of
the composite three times, both indicators remained at the level of the Control group within the error limits.
However, in the blood serum of the Research 1 group, a slight increase in calcium (by 14.3%), a decrease
in phosphorus (by 33.3%), and an increase in potassium were observed compared to the Control group
(Table 13). It should be noted that a lower dose of AgNPs in SPH carriers had a greater effect on mineral
metabolism in the body of laying hens.
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Our research results indicate a low cumulative capacity of silver nanoparticles in laying hens’ products,
particularly in eggs. This points to its possible excretion in feces in the first few days after ingestion. This
is consistent with the results of a study [209], where an experiment on laboratory mice showed that after
taking silver at doses of 0.1, 1.0, and 10 mg/kg body weight, 70.5-98.6% of the administered dose was
excreted in feces within the first three days. Meanwhile, <0.5% of the administered dose accumulated in
the liver, spleen, and intestines. The results obtained in another experiment on broilers with oral and
inhalation administration of nanosilver at doses of 2—4 ppm and 40 ppm also indicate the predominant
excretion of nanosilver in feces[210].

Even the intake of nanosilver in 10 chicken eggs does not exceed the daily dose according to the World
Health Organization requirements [211]. According to these requirements, a modern person consumes on
average 5—8 mcg of silver per day, while the recommended daily intake of silver (essential, or vital dose)
is 50-100 mcg.

The data from all studies showed no toxic effect of the composite on the body of laying hens when
administered orally three times in doses of AgNPs 0.2 and 0.4 mg-hen™! per day. This is a manifestation of
the high adaptive capabilities of laying hens in relation to this drug. The most important result was the
selective endogenous accumulation of silver in the shell of chicken eggs compared to their protein and yolk.
The reasons for this are not yet clear and require further research. However, this fact opens up the prospect
of creating a simple and effective nanobiotechnology based on the developed AgNPs/SPH composite for
obtaining chicken eggs with their own long-term protection from endogenous and exogenous pollution.

Currently, environmental risks and safety aspects of nanoparticle applications are attracting increasing
interest. We placed greater emphasis on this aspect in our study, and the safety of AgNP application in
laying hens was evaluated; the obtained results were promising. As we observed, after 20 days of AgNP
application, the content of heavy metals (Cu and Pb) in the eggshell was significantly reduced (Table 9).
However, prolonged AgNP application returned these parameters to control values. This finding is
important for future research, which needs to consider the duration and dosage of AgNP application in
poultry farming in greater detail.

14. Anticancer Properties of Silver/Hybrid Nanocomposites

In general, polymeric carriers significantly improve the stability of AgNPs and facilitate their
interaction with cell membranes [66—68]. The biological activity of nanosilver and silver nanocomposites
critically depends on the particle size, shape, synthesis method, carrier properties, and cancer cell type
[67,68]. Silver nanoparticles obtained in situ in SPH matrices have been previously shown to exhibit a wide
range of biological activity; their effectiveness against bacterial pathogens and fungi, in wound healing,
and their usefulness in poultry and fisheries have been demonstrated. However, the anticancer activity of
AgNPs/SPH composites remained unexplored for a long time. Therefore, the aim of our recent studies was
to evaluate the anticancer activity of a promising nanocomposite using the SPH5 matrix as an example
[212], the molecular and structural parameters of which are given in Tables 2 and 5.

The base AgNPs/SPHS composite for these studies was prepared (and then purified from by-products)
at the highest concentration of initial silver salt: Cagnvo3 = 7.1 x 1072 kg'm > and Cspr = 1.0 kg'm™>. In this
case, as shown in an earlier study [152], the resulting composite had a fairly uniform structure (Figure
25a,b), in which fully swollen matrix particles with extended PAAm chains formed a network of
entanglements in an aqueous medium (Figure 25d), holding numerous small AgNPs with dosv = 6.1 £ 2.8
nm (Figure 25, inset).

Because of the highly swollen state, individual matrix particles were poorly visible in TEM
micrographs. It is important to note that this structure retained high stability over time and in the light and
demonstrated almost the same AgNP size, dov = 7.7 + 2.0 nm (Figure 25c,d, and inset).
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The anticancer activity studies used two different types of cancer cell lines and a viability test. Cell
cultures were obtained from the European Collection of Animal Cell Cultures. Two cancer cell lines were
used, such as B95-8 (monkey leukocytes transformed with Epstein-Barr virus) and Wish (a derivative of
HeLa cell line with HeLLa marker chromosomes). The Madin-Darby canine kidney (MDCK) cell line was
used as a control. Cell cultures were obtained from the L.V. Gromashevsky Institute of Epidemiology and
Infectious Diseases, Academy of Medical Sciences of Ukraine (Kyiv, Ukraine). Cells were cultured in
sterile culture flasks in 45% DMEM (Dulbecco’s modified Eagle’s medium), 45% RPMI 1640 (Roswell
Park Memorial Institute medium), and 10% FBS (fetal bovine serum) from Biowest (France). Cytotoxicity
analysis was performed on the condition that at least 90% of viable cells were assessed using trypan blue.
Cells were incubated in 96-well plates for 24 h at 37 °C.

8 10 12 14
Diameter [nm)

Figure 25. TEM micrographs at (a,c) lower and (b,d) higher magnifications of the as-received purified AgNPs/SPHS5
nanocomposite and (c,d) the same nanocomposite after 3 months of storage in the light. (¢) Schematic network of entanglements
arising between swollen hybrid matrices due to the interaction of extended PAAm chains at a high concentration of formed
AgNPs. The size distributions of AgNPs are shown in the insets. Csppy = 1.0 kg'm ™, Cuenoz = 7.1 x 102 kg'm 3, T=20 °C.
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The effect of the AgNPs/SPHS composite on cell viability was assessed using the MTT test [212], which
is based on the reduction of methyl tetrazolium by mitochondrial succinate dehydrogenase, followed by the
formation of crystalline formazan, the concentration of which, after dissolution in DMSO, was determined
by absorbance at 590 nm. To study the dependence of concentration on cell viability, serial dilutions of the
original composite of 1:5, 1:10, 1:20, 1:40, and 1:80 were used. Cytotoxicity was assessed based on half-
inhibitory concentrations (/Cso) found by fitting sigmoidal dose-response curves using OriginPro 7.0. One-
way analysis of variance (ANOVA) was used to check reliability. p < 0.05 was taken as the significance level.

The effects of both the SPHS carrier alone and the AgNPs/SPHS nanocomposite on the viability of
cancer cells and control MDCK cells were studied. The effects were compared at equal dilutions as
described above. The SPH5 matrix was highly toxic to B95-8 cells but slightly toxic to Wish cells (Figure
26). In B95-8 cells, weak stimulation of viability by AgNPs/SPHS was observed at high dilutions, which
changed to inhibition with increasing concentration (Figure 26a). However, in the case of B95-8 cells, we
could not detect a significant difference in viability inhibition between AgNPs/SPH5 and the pure matrix
(Figure 26a). In contrast to B95-8 lymphocytes, the SPH5 carrier showed weak toxicity in Wish cells; the
inhibition of viability observed at high dilutions did not exceed 20%. At the same time, the AgNPs/SPHS5
composite showed high toxicity, significantly exceeding the toxicity of the pure carrier (Figure 26b). The
ICso values for B95-8 and Wish cells were 6.7 x 107 and 7.7 x 107 kg'm>, respectively. However, no
significant difference was found between the sensitivity of B95-8 and Wish cells to the composite. To
evaluate the utility of the AgNPs/SPH5 composite for further development of anticancer drugs, the
cytotoxicity of the composite toward MDCK cells selected as a control was studied. As noted, neither SPHS5
nor the AgNPs/SPH5 composite could achieve half-inhibition of cell viability. The maximum inhibition of
MDCK cell viability by SPH5 did not exceed 10%, while the inhibition by the composite was at the level
of ~30-35% (Figure 26c).

B95-8 Wish MDCK
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Figure 26. The effects of SPHS (light bars) and AgNPs(Ag)/SPHS (dark bars) on the viability of cancer cells: (a) B95-8, (b)
Wish, and (c¢) the control MDCK. M + m, n=3; * p <0.05 as compared to SPHS5.

Thus, low nanosized AgNPs in SPHS carriers exhibited high anticancer activity. Very low /Cso values,
compared to numerous published data, were found in B95-8 leukocytes and Wish cells, while the maximal
inhibition of control MDCK cell viability did not exceed = 30% (Figure 26¢). As mentioned above, particle
size is one of the important factors determining the anticancer efficacy of nanosilver [66,69-71]. However,
the /Cso values obtained for AgNPs in different cancer cell lines varied in a very wide range: from tenths
to hundreds of ng-mL ™' [66,68]. Based on the literary data, there was a tendency of increasing cytotoxicity
with the lessening of the particle size [66—71]. The ICso values determined in our work for the AgNPs/SPHS
composite in both cancer cell lines were close to published data obtained for similarly sized AgNPs and
were near the lower end of the /Cso range [67,68]. Considering the particle size dependence of cytotoxicity,
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obtaining particles with a narrow size distribution is important for data reproducibility. The relatively
narrow particle size distribution was one of the advantages of the AgNPs/SPHS composite compared to
many published systems [67,68].

It can be concluded that, compared to published data, the AgNPs/SPHS5 composite demonstrated high
anticancer efficacy, which distinguishes this system from many others described in the literature, and their /Cso
for the studied cancer cell lines were at the lower end of the concentration range found for AgNPs [66—68].

Based on the experiments conducted, the following main points can be emphasized. The AgNPs/SPHS5
nanocomposite exhibited high anticancer activity and significantly lower toxicity to control MDCK cells,
indicating that this system is a good candidate for the development of anticancer drugs. The advantages of
the AgNPs/SPHS5 composite include its cost-effective synthesis and high antibacterial activity. Low MIC
values close to /Cso obtained for cancer cells and low toxicity to control MDCK cells make this composite
promising for the development of both anticancer and antibacterial drugs, but their specificity to different
cancer cell lines and bacterial types requires further evaluation.

The studies reviewed in this work demonstrated a broad range of AgNPs applications, including
antibacterial and anticancer research, wound healing, and fish and poultry farming. However, several
limitations should be acknowledged. First, the antibacterial activity was strongly dependent on the Ag
loading of the nanocomposites, and the inhibition zones were closely related to the AgNPs metal
concentration (Cagnps). Notably, for the two studied systems with different AgNP loadings (1.2 x 102 and
5.0 x 102 kg/m?) and different molar ratios of Ag/PAAm, similar inhibition zones were obtained at similar
Cagnps values. Therefore, further detailed studies are needed to clarify how antibacterial properties depend
on the chemical and structural characteristics of AgNPs, including Ag loading, the molar ratio of Ag
nanoparticles to the polymer carrier, and the molecular weight of PAAm, in order to determine the optimal
relationships among these parameters for maximum antibacterial efficiency. Second, because the main
focus of this work was the range of potential AgNPs applications, we could not provide a detailed analysis
of the biological mechanisms underlying their effects. Extensive future studies are therefore required to
elucidate the mechanisms responsible for the antibacterial and anticancer activities, as well as for other
applications preliminarily demonstrated in this work. Third, environmental risks and safety aspects of
nanoparticle applications are currently attracting considerable attention. Although the safety of AgNPs
applications was evaluated in many of our studies, including those involving fish, poultry farming, and
anticancer experiments, future research should assess these risks more systematically and on a regular basis.

15. Concluding Remarks

The studied silica/polyacrylamide hybrids combine a special structure, high adsorption properties of
the ionic “core” SiOz2, high binding capacity of the non-ionic “corona” PAAm, and additional non-covalent
interactions between the “core” and the “corona”. This makes them excellent nanoreactors for in situ
synthesis and retention of various metal nanoparticles. Particularly successful are the obtained hybrid
composites with AgNPs, which, during the in situ synthesis process using sodium borohydride as a reducing
agent, are rapidly transformed in the hybrid matrices from the state of primary particles to an
ordered/crystalline state. This ensures the stability of the original and purified AgNP/SPH dispersions for
long periods (from several months to at least one year) even in light.

The creation of these highly dispersed and effective biocidal composites has a number of advantages
over many others. Both components of the hybrids are biocompatible and biodegradable. Simple and
inexpensive “one-pot” synthesis of individual SPHs of various structures is carried out at room temperature
and does not require preliminary functionalization of the silica surface. The developed method enables easy
determination of the structure of the obtained products, including the number and length of PAAm chains
per SiO2 “core” in hybrid particles. The subsequent in situ synthesis of AgNP/SPH composites is also low-
temperature and leads to the formation of small (<10 nm) silver nanoparticles with a high yield and a fairly
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narrow size distribution. This determines the high biocidal activity of such composites. The proposed
simple, cheap, and environmentally friendly method for purifying composites from excess reagents and by-
products of synthesis allows them to be used even in the field of biomedicine.

Aqueous solutions of AgNPs/SPH composites showed high and prolonged antibacterial and antifungal
effectivity against gram-positive and gram-negative bacteria (Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa), yeast (Candida albicans), and mycelial fungi (Fusarium oxysporum and
Cladosporium shpaerospermum), which are traditional pathogens of hospital infections. Further, wider
microbiological experiments conducted using cotton fabrics impregnated with one of these composites
confirmed the stable and long-lasting bactericidal and fungistatic action of the composite over a very wide range
of concentrations. The obtained results, together with the established ability of the composite to heal open
wounds at a high rate and without additional primary inflammation, allowed us to conclude that AgNPs/SPH
composites have high potential for the treatment and long-term disinfection of not only wound dressings and
hygienic materials (bandages, napkins, plasters) but also cotton fabrics, underwear, and other clothing.

AgNPs/SPH composites demonstrated significant bactericidal and bacteriostatic activity against fish
pathogenic bacteria Aeromonas hydrophila and Pseudomonas sp., common in fishponds. For one of the
composites, a general safe range of AgNPs concentrations (Cagnes < 1.2 X 1072 kg-m>) was determined, at
which virtually no lethal effects were observed for the animal test organisms, and no reduction in root
mass/size was observed in the plant organism. As special studies of the toxicity and genotoxicity of the
composite have shown, in the concentration range found, it can be successfully used as an antibacterial
agent in fish farming without any biological risks, even at the cellular level.

In the agricultural sector, the effect of the AgNPs/SPH composite on the growing season of winter
wheat plants after pre-sowing treatment of their seeds has been established. These experiments were not
completed, but their continuation is promising in terms of further accumulated data on the effect of AgNP
on the growth and yield of this crop.

Some of the most interesting studies were the in vivo effects of the AgNPs/SPH composite on laying
hens and their eggs when administered orally three times a month at 10-day intervals at AgNPs doses of
0.2 and 0.4 mg-hen™! per day. The most striking thing here was the first established effect of selective
endogenous accumulation of silver in the shells of chicken eggs, compared with their proteins and yolks.
This opened up the prospect of creating a new, simple, and effective nanobiotechnology for producing
chicken eggs with their own long-term protection from endogenous and exogenous contaminants. The
studies also did not reveal any toxic effects of the composite on the bodies of laying hens, indicating their
high adaptive capacity to this preparation.

The AgNP/SPH composite sample also proved to be a good candidate for anticancer drug development. It
demonstrated high anticancer activity with low MIC values close to the /Cso parameters for the studied B95-8
and Wish cancer cells, and significantly lower toxicity relative to control MDCK cells. Thus, AgNPs/SPH
composites can be considered as a promising multifunctional material for modern nanotechnologies.
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