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ABSTRACT: The main objective of the study was to prepare a highly active antimicrobial remedy by combining active
agents such as tannic acid and silver nanoparticles, which are usually used separately. This was achieved by applying
a coating of 11 alternating layers of an insoluble complex of tannic acid with polyvinyl alcohol on paper by the layer-
by-layer approach, on the surface of which uniformly distributed spherical silver nanoparticles of uniform size, mainly
20-30 nm, were synthesized by in situ reduction using tannic acid, which also acts as a stabilizer, or an external reducing
agent, which prevented polyphenol oxidation. This gave an insight into which form-oxidized or reduced-is more active
against microorganisms. It was shown that sterilization was not required after the coating of the paper with tannic acid
and silver nanoparticles. When combined, their activity against the studied bacteria-gram-negative Escherichia coli and
gram-positive Staphylococcus aureus, as well as yeast Candida albicans was higher and lasting up to 7 days than when
tannic acid and silver nanoparticles were used separately, indicating possible synergism in their action.
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1 Introduction

The main antimicrobial drugs in medical practice are antibiotics, which after the beginning of industrial
production began to be widely used since the 40s of the last century [1], practically displacing traditional
remedies used for centuries [2,3]. As they were used, more and more factual evidence emerged indicating
that microorganisms adapt to them after some time, bringing into existence multidrug-resistant bacterial
strains [4-7]. As a result of antimicrobial resistance, the number of deaths is growing, the increase in which
by 2050 may reach 10 million [4]. The constant decrease in the effectiveness of the drugs employed as they
are used forces researchers to seek new types of remedies to prevent and improve the treatment of bacterial
infections, which turns into a race without a visible successful outcome [1,4,6].

Nowadays, there is a strong trend towards antimicrobial agents that were widely used before the
antibiotic era. These include silver and polyphenols.

The antiseptic and biocidal properties of silver have been known since ancient times [8,9], as indicated
by one of the first documented sources from 702-705 [10]. It was used in the form of salts, as shown in an
appropriate historical review [8], but a survey of the literature was performed in Ref. [11] revealed that silver
began to be used in nanosized form as early as 130 years ago in the form of preparations such as Collargol and
Colloidal Silver, which are still being produced today [9,12]. They have become quite widespread in medical

® Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



https://www.techscience.com/journal/JRM
https://www.techscience.com/
http://dx.doi.org/10.32604/jrm.2025.02024-0032
https://www.techscience.com/doi/10.32604/jrm.2025.02024-0032
mailto:yas@ich.dvo.ru

1294 ] Renew Mater. 2025;13(7)

practice along with AgNOs [13] after the development of a synthesis procedure proposed in 1889 [14]. It
included Ag nanoparticles, which will be further designated as AgNPs, ranging in size from 3.7 to 4.5 nm [15].
Currently, antimicrobial agents based on nanosized Ag are preferred because of their greater activity than
silver salts [16,17]. Moreover, the effect increases as the size of the nanoparticles decreases [18,19].

An important advantage of silver, which distinguishes it from antibiotics, is the lack of adaptation of
microorganisms to Ag [9,20,21]. This is evidenced by its constant use over centuries. In addition, silver
agents are characterized by a wide spectrum of action against some 650 different pathogens, demonstrating
bacteriostatic, antifungal, antiviral, anticancer and antiinflammatory activities [22-24], while antibiotics
have a very limited spectrum. To extend the range of action, it is necessary to combine at least 3 antibiotics,
but the effectiveness comparable to silver is not always achieved [25]. Moreover, it decreases over time due
to the adaptation of microorganisms. The difference is explained by the fact that silver does not act by
one mechanism, like antibiotics, but by several simultaneously [23,26,27]. The multiple effects do not allow
pathogens to adapt to silver [21,24]. It is also important that AgNPs do not suppress the immune system,
whereas antibiotics do, and they also cause allergic reactions [4,6,28].

The antimicrobial action of AgNPs is caused by partial dissolution. Owing to the huge surface area, the
concentration of silver ions quickly reaches the level of 50-100 ppm, remaining nearly constant for 3 to 9
days [3,23,25,29]. Silver salts allow for a higher concentration of highly active Ag* cations, but as a result of
their binding with CI™ anions, leading to the formation of an insoluble precipitate, it quickly drops to trace
amounts after a couple of hours [3]. This requires frequent changes of dressings [25]. The long-term action
of AgNPs is associated with the dissolution of silver in the elemental form of Ag®, in which an insoluble
compound with chlorine anions is not formed [3]. Although the solubility, according to estimates made
in [30], is less than 0.5%, the level of dissolved Ag is maintained over a long period of time, which determines

the long-term antimicrobial action of AgNPs [29].

A number of studies have mentioned that the activity of AgNPs against pathogens is caused not only
by the ionic form formed by partial dissolution, but is supplemented by their direct contact with microbial
cells [16,17,31]. A possible action may consist of pitting the cell membrane and its subsequent destruction,
which leads to cytoplasm leakage and cell death [17,23].

Among natural antimicrobial organic compounds that exhibit pronounced activity against a wide
variety of pathogens, polyphenols stand out [32-34]. They were used by the ancient Egyptians and Greeks
of the archaic period (ca. 800-500 BC) to prevent the rotting of leather and its tanning, in traditional
Chinese medicine to control infections, and in herbal medicine in Europe to treat wounds and suppress
inflammatory processes [34-37]. A distinctive chemical feature of this class of numerous chemically diverse
compounds is the presence of a varying number of phenolic groups in the form of dihydroxyphenyl and
trihydroxphenyl, represented by catechol and gallic acid residues [37-39]. They demonstrate various types of
biological activity, which is directly related to their biological function in the plant kingdom. Plants produce
secondary metabolites to protect themselves from attacks by bacteria, fungi, viruses and insects, as well as
protect against UV radiation and oxidants, an important component of which are polyphenols [40]. The
development of a protective response to them in microorganisms is not observed, which is explained by a
set of different mechanisms of antimicrobial action [33,37,38].

One of the best known and commercially available polyphenols is tannic acid (TA), which is isolated
efficiently from a variety of readily available herbaceous and woody plants [36,41-43]. Among its advantages,
which have been known since antiquity [44], is the combination of a wide range of biological activity with
a unique set of various physicochemical properties. TA exhibits antimicrobial, antiviral, antiinflammatory,
antihelminthic, antitumor, antimutagenic, antioxidant and homeostatic effects [42,45-48]. It is an ester of
glucose and gallic acids, which are attached in pairs to all five hydroxyl groups of the sugar (Fig. 1). The residue
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of the latter is in the center of the macromolecule, and on its periphery, there are numerous hydroxyl groups,
since each residue of gallic acid contains three hydroxyls. Due to its unique structure, TA is well soluble in
water and, as shown schematically in Fig. 1, is capable of entering into electrostatic interactions, forming
hydrogen and 7-7 bonds, acting as a chelating agent with respect to metal cations, exhibiting hydrophobic
properties and serving as a reducing and cross-linking agent [26,38,49,50]. This allows much room for
the chemical engineering of various functional materials for emergency technology and biomedicine
[34,47,51-53].
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Figurel: The chemical formula of commercial TA is considered to be C;6Hs,Oug, which includes a glucose residue and
10 gallic acid residues attached to all OH groups of the sugar. The bonds and interactions in which the phenolic groups
participate and which determine the reactivity, the formation of complexes with substances of different nature and the
biological activity of TA are shown schematically

Participation of TA in almost all types of physical interactions with the formation of non-covalent
bonds-electrostatic, hydrogen, ionic, m-m and coordination-leads to the association and complexation
with organic and inorganic compounds, with hydrophilic and hydrophobic polymers and biopolymers,
adsorption on the surface of materials of different polarity. Polyphenol has been used for centuries for leather
tanning, which is based on the formation of hydrogen bonds between TA hydroxyls, acting as H-bond donors
(Fig. 1), with H-bond accepting amino groups and carbonyl groups of protein peptide bonds, as well as
hydrophobic binding to hydrophobic cores of proteins [32,36,44,53,54]. Stable complexes are formed with
the amine-containing polysaccharide chitosan and its mixtures with collagen [42,47,55-57]. A well-known
example is hydrogels and films with polyvinyl alcohol (PVA), the association with which occurs due to
hydrogen bonds with numerous hydroxyl groups in the polymer macromolecule [41,58-60]. In the case of
poly(ethylene glycol), polyvinylpyrrolidone and poly(sodium 4-styrenesulfonate), gelation of solutions was
noted only after the addition of iron salt. Coordinate bonds (Fig. 1) with Fe’* cations complemented the
binding of TA to polymers through H-bonds [61].

Complexes of TA with cellulose are of considerable interest. Polyphenol is traditionally used as a
mordant in the dyeing of cotton with basic dyes, which it binds while in an adsorbed state on the surface of
the fibers due to hydrogen bonds with the OH groups of the polysaccharide [62,63]. This was the basis of a
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hydrogel of hydroxyethyl cellulose with polyacrylic acid that was used as an adsorbent for methylene blue.
TA has been employed by many authors for the sorption of dyes, as well as heavy metals [64-67]. In this
case, cellulose is taken in both traditional fibrous and nanosized forms [41,47,64,67,68].

Among the various properties of TA, the reduction of noble metal salts to the metallic state is of
particular practical utility (Fig. 1) [46,50-52,69]. One of the first articles devoted to the preparation of silver
was published by Lea in 1891 [70]. He described the formation of apparently nanosized silver, called allotropic,
which after the reduction of silver nitrate remained in the solution, coloring it, but did not precipitate. This
indicated the stabilizing effect of polyphenol, preventing the aggregation of nanoparticles. Currently, TA as
a reducing and stabilizing agent has been used by many research groups to obtain hybrid structures with
AgNPs [41,52,71-73].

Silver reduction using TA is related to green chemistry methods, since polyphenol is a natural substance
without pronounced toxicity [37,42,47,48,74]. It was shown in Ref. [75] that the complex of TA with AgNPs
is also not toxic, but their combination allows for obtaining highly effective bactericidal agents. Most
authors associated the antimicrobial activity of the polyphenol-nanosized silver complex with the AgNPs
[66,73,76-78]. In some studies, such as [79], it was noted that both TA and AgNPs had an effect on
microorganisms. An assumption was made about possible synergism in their antimicrobial action [80,81],
which, however, requires additional confirmation.

The aim of this article is to create a highly active antimicrobial coating on paper by combining TA
with silver nanoparticles, which are usually used separately, and to perform a thorough study of their
properties and structure by means of various methods. To achieve this, a layer-by-layer method is used for
the first time to form an insoluble film of alternating layers of polyphenol and PVA, on the surface of which
silver nanoparticles are synthesized in situ. It is shown that the combination of TA with Ag NPs leads to
synergism in antimicrobial activity against gram-positive and gram-negative bacteria and yeast for 6-7 days.
The proposed approach is universal and can be used to form an antimicrobial coating on various cellulose
materials for biomedical purposes.

2 Materials and Methods
2.1 Materials

TA, PVA and silver nitrate (99.9%) were purchased from Sigma-Aldrich, 2 M sodium borohydride
solution in triethyleneglycol dimethyl ether was purchased from Acros. Hydrazine was of chemical pure
grade (Reakhim, Russia). General purpose filter paper (Russia) served as a cellulose base for the antimicrobial
coating. Deionized water obtained from Rios-Di Clinical water purification system (Millipore) was applied
to prepare aqueous solutions with pH between 5.6 and 6.5.

For microbiological studies, typical strains of the gram-negative bacterium Escherichia coli VKPM
B-7335, gram-positive-Staphylococcus aureus subsp. Aureus VKPM B-6646, as well as yeast Candida albicans
KMM 455 from the Collection of Marine Microorganism Cultures of the Pacific G. B. Elyakov Institute of
Bioorganic Chemistry, Far East Department of the Russian Academy of Sciences were taken.

2.2 Antimicrobial Coating

Layer-by-layer technique was applied for coating the paper using a filtration setup including a plastic
Buchner funnel, a glass Bunsen flask and a laboratory vacuum station (Fig. 2). Filter paper was placed on the
perforated bottom of a 50 mm diameter funnel, moistened with a small amount of water and then soaked
with ~3.5 mL of a 1 wt.% tannic acid solution, evenly distributed over the surface. The excess was carefully
removed by suction under vacuum. The initial coating was not washed. A solution with 1 wt.% PVA was used
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to obtain the second layer. Approximately 3.5 mL of the solution was applied to the TA-coated filter paper
and then a vacuum was turned on to remove its excess. When the first drops flowed into the Bunsen flask
with the previously filtered TA solution, a suspension was immediately formed, indicating the formation of
an insoluble polyphenol complex with PVA. Vacuuming continued until the filter appeared dry. After the
vacuum was turned off, the filter was completely wetted with water, after which, continuing to add H,O, the
vacuum station was turned on again. About 5 mL of water was used for washing. The third layer was applied
by passing a TA solution. As in the previous case, the vacuum was turned off, ~3.5 mL of TA solution was
evenly distributed over the paper surface, the station was turned on and at least 5 mL of water was passed
through at the final stage. In this way, a coating of 11 layers was formed, consisting of alternating TA and
PVA. The final layer was represented by polyphenol.
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Figure 2: Schematic representation of the formation of a multilayered coating of alternating layers of TA and PVA on
a cellulose base (paper)

The filter with the applied TA-PVA coating was kept in a silver nitrate solution for 30 min. It was taken
out and after the solution drained, it was transferred to a Buchner funnel for washing. For this, a small amount
of water was added, a vacuum was turned on and up to 5 mL of H,O was passed through. The concentrations
of AgNO; in the preliminary experiment were 0.25, 0.5, 0.75 and 1 mM. After the synthesis of metallic silver,
it was found that a rather uniform coating with reproducible properties was formed from a solution with a
concentration of 1 mM AgNOs. Hereafter, only this solution was used for the synthesis of AgNPs.

Silver reduction was performed by:

- TA, located in the coating. The filter was placed in a drying cabinet with a temperature of 70°C for
60 min.

- Sodium borohydride or hydrazine. The concentration of the reducing agent was taken equal to 4 mM
in accordance with the previous study [82]. NaBHj is a highly active reducing agent. The process proceeded
at a high rate and was poorly controlled. Therefore, it was later abandoned in favor of hydrazine.

To identify the reduced or oxidized TA exhibits greater activity against microorganisms, coated filters
that do not contain silver were treated with hydrazine or kept at 70°C for 60 min. In the first case, the
polyphenol was completely converted to the reduced form, in the second, to the oxidized form.

As the control samples, the non-treated filter paper and the paper impregnated with 1 mM AgNO;

solution were used. In the latter case, no washing was performed after the impregnation. In addition, samples
were prepared for the study by single impregnation in the TA solution, as well as by impregnation in the TA
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solution and then in the AgNO; solution. In both cases, treatment with hydrazine was carried out to convert
the oxidized polyphenol to the reduced form and obtain AgNPs.

2.3 Scanning Electron Microscopy

Images of samples were obtained using a scanning electron microscope (SEM) SIGMA VP (Carl Zeiss,
Germany) operating in a deep vacuum. No sputtering was applied. The optimal value of accelerating voltage
was matched by varying it in the range of 1-15 kV. Elemental analysis was performed using Energy Dispersive
X-ray Spectroscopy (EDS).

2.4 FTIR Spectroscopy

Spectra were recorded on an IR Tracer-100 (Shimadzu) spectrometer in the wavelength range of 350-
4000 cm ™! with a resolution of 4 cm™" at room temperature. The final version had an average of 64 scans.

2.5 Microbiological Testing

The antimicrobial action of the prepared samples was studied using the most common disk diffusion
method [83]. A 200 uL suspension of daily cultures of microorganisms (1.5 x 10 CFU/mL) was applied to the
surface of agarized Mueller-Hinton medium (HiMedia Laboratories Pvt. Limited, Mumbai, India) in Petri
dishes, then samples were placed in the form of disks with a diameter of 8 mM. Incubation was carried out at
a temperature of 37°C. The testing duration was 7 days. A minimum of 3 replicates were made. Sterilization,
where indicated, was performed in an autoclave at 120°C for 20 min.

3 Results and Discussion
3.1 Coating Formation

The proposed method for applying an antimicrobial coating to paper was based on the properties of
TA to be attached to the surface of cellulose fibers [62,63] and to form a poorly soluble complex (associate)
with PVA [46,58,59,84,85] (Fig. 2). In the latter case, evidence of its formation was the almost instantaneous
appearance of a suspension in a solution with polyphenol when PVA got into it and vice versa. Confirmation
of TA binding to cellulose and formation of a coating on a paper filter was coloring caused by polyphenol. It
gradually increased with an increase in the number of TA coating cycles. Its presence on the paper surface was
confirmed by the analysis of the spectral data presented in Fig. 3. There are the FTIR spectra of paper, PVA,
TA and a bionanocomposite consisting of a multilayer coating of TA and PVA with AgNPs on its surface.

The spectrum of the paper (curve 1) includes characteristic bands, on the basis of which and in
accordance with literature data [86-90] it can be reasonably attributed to cellulose. The strong broad band
at 3339 cm™! corresponds to the stretching vibrations of the hydroxyl group, at 1432 and 1315 cm ™ is due to
the scissor and bending vibrations of the bonds of the CH,, CH and C-O groups, and at 1158 and 1024 cm™!,
respectively, refers to the pendulum vibrations of the C-O-C bond and the bending vibrations of the C-O
bond in the glucoside ring.

The spectral characteristics of PVA and TA are also in agreement with the literature data. In the first
case (curve 2), bands at 3298 and 2924 cm™! should be noted, which are due to stretching vibrations O-H
and C-H, as well as at 1376, 1328 and 1027 cm™', which can be associated with-CH, -wagging, -O-H and C-H
bending, respectively. Bands at 1725, 1437 and 1097 cm™! should be noted, apparently related to C=0, C-O-
C and C-O stretching of the vinyl acetate group, which remained after incomplete hydrolysis of polyvinyl
acetate [58,91,92].
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Figure 3: FTIR spectra of paper filter (1), PVA (2), TA (3) and bionanocomposite (4), which is a multilayer coating of
TA-PVA@AgNPs on cellulose fibers

In the case of TA (curve 3) there is also a broad intense peak at ~3300 cm™!, due to O-H stretching,
but hydroxyls are located in phenolic groups. The hydroxyl group also manifests itself at 1313 and 1178 cm ™.
The peak at 1702 cm™" is attributed to the stretching mode of C=O in the ester group, at 1606, 1532 and
1445 cm™, to the skeletal vibration of the benzene ring [93,94].

The spectrum of the bionanocomposite (curve 4), with a few exceptions, is practically a copy of that
for cellulose (curve 1). This is explained by the fact that the TA-PVA coating consists of small amounts
of polyphenol and polymer, the contribution of which to the spectral characteristics of the sample is not
so significant. Among the differences, it is worth highlighting the band at 1617 cm™!, which is absent in
the cellulose spectrum. Its presence is due to aromatic ring stretching vibrations observed in the range of
1625-1590 cm™! [95]. Its presence is unambiguous evidence of the presence of TA in the coating. There
is also a band at 1711 cm™', which is absent in the spectrum of cellulose. It can be attributed to the C=0O
group [95]. The carbonyl group occurs in TA, which contains residues of gallic acids linked by an ester bond
to a glucose residue (Fig. 1). It is also present in PVA, which contains vinyl acetate residues due to incomplete
hydrolysis of the initial poly(vinyl acetate) [91]. The presence of this band in the spectrum indicates the
availability of both polyphenol and polymer in the coating. This is also evidenced by the characteristic band
at 1205 cm™!, which is due to the asymmetric stretching vibration of the C-O-C ester group in the range of
1275-1185 cm™! [95]. The presence of the above both bands in the spectrum (curve 4) allows us to state that
using the proposed method, it is possible to apply a stable coating to cellulose fibers (paper), consisting of a
complex of TA with PVA.

3.2 Silver Nanoparticles

The next step after coating formation was to form nanoscale silver by reducing Ag* according to the
reaction:

Agh - Ag° 1)

The TA, which was in the coating, acted as a reducing agent. Polyphenol is widely used for the synthesis
of noble metal nanoparticles [46,52,71,75,81]. According to the suggested mechanism, the process occurs in
several stages [26,41,71,81,96] schematically shown in Fig. 4. Silver ions initially bind to the reduced form
of the gallic acid residue (A) due to electrostatic interactions (B) and are then reduced to the atomic state.
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The gallic acid residue is converted into the semiquinone form (C), which is an active reducing agent,
reducing the next silver ion in the adjacent layers of the aqueous solution. In this case, it is oxidized to quinone
(D), transferring to an oxidized state. As a result of the reduction of Ag", numerous silver atoms are formed,
which coalesce with each other into clusters. The latter merge further into AgNPs, filling the surface of the
paper (D). At this stage, TA also plays an important role, acting as a capping agent, preventing the merging
of clusters and nanoparticles into large agglomerates.
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Figure 4: Schematic representation of the process of in situ silver reduction on the surface of paper (cellulose fibers)
coated with a TA-PVA complex. For simplicity, only the gallic acid residue is shown. A-initial stage, the polyphenol is
in the reducing form; B-electrostatic binding of silver ions from the solution by the gallic acid residue; C-reduction
of bound silver with the transition of gallic acid to the semiquinone form; D-reduction of Ag" by active semiquinone
with the transition of TA to the quinone (oxidized) form

The presence of AgNPs on the surface of the TA-PVA coating was confirmed by means of SEM. The
image in Fig. 5 shows a snapshot of the paper surface. It was taken at a small magnification. One can clearly
see the remains of cellulosic fibers, randomly located at different angles.

Figure 5: SEM image of filter paper used as a substrate for forming the antimicrobial coating

A series of pictures of the surface of paper coated with alternating layers of PVA and TA with nanosized
silver particles synthesized under different conditions are shown in images A-D in Fig. 6. Each sample is
represented by two pictures taken at two different magnifications to provide a more comprehensive idea of the
structure at different dimensional levels. In addition, images E and F (Fig. 6) show pictures of nanoparticles
that were synthesized on the paper surface in the absence of TA-PVA coating.
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Figure 6: SEM images of AgNPs on the surface of TA-PVA coated filter paper (A-D) and directly on cellulose fibers
(E, F). The nanoparticles were synthesized by the reduction of Ag* ions by polyphenol (A, B) and hydrazine (C-F)

A comparison of the presented images in Fig. 6 reveals noticeable differences in the sizes and shapes, as
well as the packing density of AgNPs. The most uniform coating of silver nanoparticles with a small spread
in sizes was formed upon reduction of Ag* with TA (Fig. 6A and B). Most of the synthesized AgNPs are
much like spherical in shape, and their diameter varies in the range of 20-30 nm. They are fairly uniformly
distributed over the surface. There are individual pairs of contacting nanoparticles, and merged ones are
practically absent. This indicates that TA is an effective reducing agent for silver and also a stabilizer for the
synthesized AgNPs, preventing their merging into agglomerates. Our conclusion is consistent with numerous
results of other authors (see, for example, [71,96-98]).

The pair of images C and D in Fig. 6 shows nanosized silver synthesized with the help of hydrazine. It
is widely applied to reduce noble metals [99-102]. From a comparison of photographs C and A (Fig. 6), it
follows that in the first case, there are noticeably less nanoparticles on the surface than in the second, but
if we turn to picture D, taken with better resolution, we can see, along with them, smaller AgNPs, which,
due to their size, are practically not visible at low magnification. This leads us to conclude that spherical
nanoparticles of two sizes were formed during reduction with hydrazine. The diameter of some does not
exceed 20 nm, while others are 30-40 nm. AgNPs obtained by reduction of TA occupy an intermediate
position (Fig. 6B). The presence of silver nanoparticles of two sizes is evidence of more complex reduction
processes. It can be assumed that the main reducing agent for Ag" was the more active hydrazine, but
the formation of AgNPs also occurred with the participation of the less active TA. This could lead to the
formation of nanosized silver of varying sizes.

It should be noted that the synthesized nanoparticles (pictures C and D, Fig. 6) do not contact each other
and are distributed fairly evenly over the surface. This can be explained by the fact that TA, which is in the
coating, can act as a stabilizer, preventing their merging. Apparently, polyphenol takes part in the formation
of AgNPs along with hydrazine, being an active participant in the process.

The third alternative synthesis of silver nanoparticle is shown by images E and F in Fig. 6. It consisted
of the reduction of silver ions with hydrazine in the absence of TA-PVA coating on the paper. As can be seen



1302 ] Renew Mater. 2025;13(7)

from the comparison with the previous images A-D, there are significant differences between the synthesized
AgNPs. First, their number in the same area is very limited, and second, agglomerates are found, which
are absent in the two previous samples. Agglomerates are usually formed in the absence of a capping agent
that prevents the merging of nanoparticles [103]. This once again points to the important role and deep
involvement of TA in the synthesis of silver nanoparticles, which can act as both a reducing agent and
a stabilizer.

The formation of AgNPs on the surface of TA-PVA coated paper was confirmed by EDS. The initial
surface before silver synthesis consisted (pictures not shown) of 53.7 wt.% carbon and 46.2 wt.% oxygen. In
addition, up to 0.2 wt.% aluminum was found. Its presence is probably due to contamination by TA, which
forms a strong complex with this metal.

Fig. 7 shows an EDS image of the sample surface with AgNPs. They were synthesized by the action of
hydrazine. The greenish-blue background shows the distribution of carbon. Numerous dark red dots, fairly
uniformly distributed over the surface, are AgNPs. Their content is about 1.5 wt.%. Thus, EDS analysis allowed
us to independently confirm the in situ formation of silver nanoparticles on the surface of the TA-PVA coating
in the course of the reduction of Ag"* cations.

250:nm

Figure 7: The corresponding element map of the surface showing the distribution of AgNPs as red dots on a solid
greenish-blue carbon background

3.3 Microbiological Studying

The test cultures were strains of the gram-negative bacterium Escherichia coli, gram-positive bacterium
Staphylococcus aureus, and yeast Candida albicans. Traditional sample preparation included a sterilization
stage. In our work, standard autoclave treatment at 120°C for 20 min was used. In a number of cases,
noticeable changes in the color of the coating on the paper were observed. They were possibly caused by
oxidation of TA, which could change its state and, accordingly, differ from that planned in the experiment.
Furthermore, in the control experiment with AgNOs, which impregnated the paper, silver was not in the
ionic form, but partially in the nanosized state, since it was reduced by cellulose, which is an active reducing
agent with respect to Ag* [104-108]. Therefore, a decision was made to abandon sterilization. Trial testing
of antimicrobial activity of non-sterilized samples showed fairly good agreement with the results obtained
with sterilized analogs. Moreover, when samples were placed on the surface of the agar layer with the tested
culture, no foreign microorganisms were introduced to it. This was evidenced by the presence of only one,
tested culture throughout the entire experiment, which lasted up to 7 days. This fact indicates that when
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the studied antimicrobial coatings-TA and AgNPs-are applied to paper, apparently, no microorganisms are
introduced and its effective disinfection occurs as well.

Fig. 8 shows pictures of the surface of Petri dishes with two parallel series of samples-sterilized and non-
sterilized. In both cases, after applying the antimicrobial coating, the prepared samples were left overnight,
and then half of them was put through standard sterilization in an autoclave, and the other half were not
sterilized, after which both were placed on the surface of different Petri dishes with test cultures on an agar
coating. The experiment lasted for seven days. The samples showed comparable antimicrobial activity. On
this basis, it was decided to continue the study with non-sterilized samples. Hereafter, the results obtained
only with them are considered.

= Ecoli
“”""Of 1 Control 1
: 2 4 < 5 4:,
5 Ag : :
P TA-AgNPs 2 TA-AENT
S. aureus
C. albicans
[ ..,. [ ]
® : °
AN ~ J 1 ~ J
Sterilized Non-sterilized

Figure 8: Pictures of the surface of Petri dishes with test samples in the form of 8 mm diameter disks placed on an
agar layer. The numbers in the top row indicate the composition of coatings on the paper: 1-disk impregnated with TA
and then treated with hydrazine to reduce polyphenol; 2-disk with TA-PVA coating; 3-TA-PVA@AgNPs obtained by
reducing Ag* with hydrazine; 4-TA-PVA@AgNPs synthesized by reducing Ag" with polyphenol; 5-AgNPs on paper
obtained by reducing Ag* with hydrazine. The filter paper disk is designated as the control, and the disk impregnated
with AgNO; is designated as Ag". The samples on Petri dishes in the second and third rows are arranged in a similar
manner

Microbiological activity testing showed that the zone of growth inhibition was absent in most cases. In
addition, there was usually no growth of colonies of microorganisms on the surface of the samples. The result
with the control sample, which was sterilized filter paper, is a good example. The appearance of colonies of
microorganisms on its surface was not observed for seven days. This behavior can be explained by the fact
that cellulose is not a nutrient medium for the tested cultures. When the disk was picked up, microorganism
colonies that had developed on the nutrient medium were found underneath it. Similar situations were
observed with samples containing an antimicrobial coating. As an illustration, a photo of a disk (sample
1, Fig. 8) impregnated with TA (photo A, Fig. 9), which was taken 4 days after the start of the experiment, is
provided. There are no E. coli colonies on its surface. However, when the disc was removed (bottom image),
it was discovered that most of the surface of the resulting cavity had been colonized, i.e., bacteria were able
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to penetrate and growth due to the presence of a nutrients and a decrease in antimicrobial activity of coating
with time. In further experiments, it was decided to examine not only the surface, but also the areas under
the disks, beginning from the first day after the start of testing, to establish the dynamics of the processes.

Figure 9: Pictures of individual discs on the surface of an agar layer with E. coli (A-C) and S. aureus (D-G) on the
second (B-E), fourth (A) and sixth (E, G) days after the beginning of the experiments. A, B, D-disc impregnated with
TA and then treated with hydrazine to reduce polyphenol; C, E-disc with TA-PVA coating; F-TA-PVA@AgNPs obtained
by reducing Ag* with hydrazine; G-TA-PVA@AgNPs synthesized by reducing Ag" with polyphenol. Each sample is
presented in two images located one below the other; the upper one shows the disc on the surface of the agar layer, the
lower one, the cavity left after its displacement and a part of the displaced disc, as can be seen from the explanatory
notes in A. In the image E, the arrow indicates the colonies of microorganisms grown under the disc

It was of interest to correlate the antimicrobial action of TA with the TA-PVA complex, which was used
for the first time here for this purpose as a coating on paper. This can be done by comparing images B-E
in Fig. 9, taken on the second day after the beginning of the experiment. The testing was carried out with E.
coli (B, C) and S. aureus (D, E) cultures. It should be noted that there were no colonies on the surface of the
samples. The inhibition zone was absent in the case of E. coli (B, C), but was present in the case of S. aureus
(D, E), although the release of TA from the coated paper, revealing from the brown halo around the disks,
took place in both instances. The coloring was spread wider when the paper was impregnated with TA only
(B, D). In the case of the TA-PVA complex (B, E), a thin brown ring can be seen, indicating its sufficiently
strong adsorption on the cellulose matrix and poor solubility.

A number of differences are also revealed when examining the cavity exposed after removing the disks.
On the agar layer with E. coli, the colonies of microorganisms occupy a larger area under a disk impregnated
with TA (B, Fig. 9) than with the TA-PVA complex (C). In the case of S. aureus (E), the gram-positive
bacterium growth was limited to a small area marked with an arrow, while in D most of the cavity is filled
with colonies. In addition, the inhibition zone boundary is more diffuse and less distinct (D) than in the case
of the TA-PVA complex (E). The mentioned difference may be explained not by the fact that the polyphenol
is differently active, but by its surface concentration. It is lower in the experiment with the paper impregnated
with TA, since, judging from the wide brown halo, the polyphenol was released in greater quantities and
distributed over a larger area (B, D). Activity TA against bacteria depends on its concentration [42].
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Correlation of the antimicrobial action of TA and TA-PVA against E. coli and S. aureus, comparing,
respectively, images B and C with D and E in Fig. 9, shows that bacterial growth is suppressed to a greater
extent in the latter case, i.e., S. aureus. This follows from the presence of the inhibition zone and noticeably
less overgrowing of the areas under the disks. The noted difference allows us to make a conclusion that the
antimicrobial action of TA is expressed to a greater extent against the gram-positive bacterium S. aureus than
against the gram-negative bacteria E. coli. Our finding is in line with recent results published in [42,109,110].
However, there is an observation that the inhibition of E. coli growth was more pronounced than in the case
of S. aureus in experiments with films consisting of tannic acid and hyaluronan [111].

The combination of TA-PVA complex with AgNPs, each of which is an antimicrobial agent, brings up
the question of the peculiarities of their combined action on microorganisms and possible synergism. It
is also important to note that during the synthesis of nanosized silver, significant changes in the state of
the polyphenol occurred. In particular, when the polyphenol acted as a reducing agent, it was converted to
the oxidized (quinone) state (Fig. 4D). When hydrazine was applied as a reducing agent, it eliminated the
oxidation of TA or even converted most of the polyphenol to the reduced form. The reduced/oxidized forms
may have different antimicrobial activities, which may also have effect when TA combined with AgNPs. It
was inferred that a comparison of the studied samples should lead to clarification of the issues raised.

The corresponding results with S. aureus obtained on the sixth day are shown in images F and G
in Fig. 9. In both cases, narrow inhibition zones are present. They are colored brown, indicating the presence
of TA or, more likely, the TA-PVA complex, possibly together with AgNPs. Outside the zones, the color is
weak, pointing to a limited extension beyond their boundaries due to the poor solubility of the complex.
A comparison of the images shows that in F, which corresponds to the sample exposed to hydrazine, the
inhibition zone has become overgrown, while in G, which represents the sample with AgNPs reduced by TA,
no bacterial colonies are visible in the inhibition zone. This difference allows us to suggest, which requires
turther confirmation, that the polyphenol may exhibit higher antimicrobial activity in the oxidized state than
in the reduced one. This is also noted in [45,112].

It was also of interest to consider the antimicrobial action of AgNPs in comparison with the ionic form
of silver. Their comparison has been repeatedly performed in the literature (see, for example, [16,20]). In the
case of the ionic form, the paper disk was impregnated with AgNO;. Silver salt is widely used as an antiseptic.
The antimicrobial activity of Ag* was fully confirmed in our study. The effect of AgNO; was short-lived
as well. The day after beginning, a wide inhibition zone (up to 5-8 mm) was found on the surface of the
agar layer with the studied strains of microorganisms, but after some time its colonization began, which was
completed in 2-3 days. In the case of AgNPs, the presence of narrow inhibition zones (F and G, Fig. 9) was
found, but judging by them and the cavity, the antimicrobial activity was maintained for a longer time. In
particular, after 6-7 days, colonization by E. coli and S. aureus bacteria under the disks was only partial, and
at the initial stage, it was practically absent. In the case of C. albicans yeast, for example, small colonies were
detected only on the third day.

All the results obtained from daily testing of five samples of different compositions in relation to the
three studied strains of microorganisms are summarized in Fig. 10 as a 3-color diagram representing the state
of the areas under the disks-the absence of microorganism colonies, the presence of partial and complete
colonization. Partial colonization included the emergence of even small areas (~10%), as shown by the arrow
in picture E (Fig. 9), as well as the overgrowth of the areas under the disks with colonies by 80%-90%. No
distinction was made between them.
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Figure 10: Diagram characterizing the state of the cavities after the disks were removed for five test samples by testing
days. The colors corresponding to the absence of microorganisms, partial and complete overgrowth of the cavities by
the test strains are marked with arrows with corresponding notices at the top

A quick glance at the diagram shows that there are noticeable differences in the color gamma, both
among individual samples and among strains, pointing to differences in the antimicrobial activity of the
compositions studied. The following main conclusions can be drawn from the analysis of the diagram.

- All the studied coating compositions applied to paper showed high antimicrobial activity against gram-
negative and gram-positive bacteria, represented by strains of E. coli and S. aureus, as well as yeast C. albicans.
The conclusion reached is in full agreement with the results of the study of TA and AgNPs by other authors
(see, for example, [12,23,42,55]).

- The new coating in the form of an insoluble TA-PVA complex had an antimicrobial effect comparable
to TA. Unlike the latter, it is less soluble in water and better bound to the cellulose matrix, reducing the release
and staining of the surface of the agar layer.

- Comparison of the TA-PVA complex with AgNPs showed that the latter had a longer lasting effect and
were somewhat more effective in suppressing the growth of microorganisms.

- The combination of TA-PVA with AgNPs in the coating resulted in some increase in antimicrobial
activity compared to that which they showed separately. This allows us to assume that the combination led
to the synergism in their action against the studied microorganism strains.

- Correlation of the effect of the studied substances and compositions-TA-PVA and TA-PVA@AgNPs-
on the growth of E. coli and S. aureus, showed its more pronounced suppression in the case of gram-positive
bacteria than gram-negative ones. The trend was rather the opposite when studying only AgNPs.

- The effects of the above samples on C. albicans yeast and bacteria did not differ significantly, which
did not allow us to come to an unambiguous conclusion about the differences in their action.

It should be emphasized that the conclusions made are preliminary. They require additional confirma-
tion, for which a detailed study is needed.
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In closing, it is important to note the high efficiency and duration of the antimicrobial action of the
TA-PVA coating with AgNPs (Fig. 10). It reached 6-7 days, despite the fact that standard sterilization of
the samples before testing was not carried out. In most studies, the experiments were limited to several
days. In the article [113], the paper was coated only with TA and AgNPs without using a complex with PVA,
the antimicrobial activity was observed for up to 96 h, i.e., 4 days. The authors noted that this result was
achieved only with a high content of nanoparticles in the sample, which was 15%. When a smaller amount
was examined, the duration did not exceed 24 h. In our experiments, a thin coating with an extremely low
content of antimicrobial components was applied to paper. According to EDS analysis data, there was only
about 1.5 wt.% AgNPs (Fig. 7), which is 10 times less than in [113].

4 Conclusions

Nanosized silver, as noted in [23], is a “double-edged sword” that kills and inhibits the growth of
pathogenic microorganisms, but also turns out to be cytotoxic to several human cell lines, i.e., it kills
microorganisms, but it can be toxic to the body. Combination with TA, which has almost the entire set of
biological activities, exerting a beneficial effect on the body as a whole [35-38,42,47,48] gives hope for partial
neutralization of the negative action of AgNPs. This seems very important since there is an urgent need for
effective bacteriostatic agents due to the rapid adaptation and resistance of microorganisms to antibiotics.
Silver has proven itself as an effective antiseptic for centuries, to which adaptive mechanisms have not been
developed. Therefore, its use is in demand and will remain so in the future. At the same time, reduction
or compensation of the negative effect on the human body remains highly desirable. The use of TA for
these purposes can be quite successful. Moreover, polyphenol itself has an antimicrobial effect, which is
synergistically enhanced when combined with AgNPs. This allows reducing the content of nanosized silver
in preparations, thereby reducing its negative impact. Further research is needed to fully elucidate this effect
and use it in the development of antimicrobial remedies.
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