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1 | INTRODUCTION

Abstract

Pectin-Ag nanocomposites with a core-shell structure are synthesized by the
“green chemistry” method based on the reduction of silver nitrate with pectin
(amidated, low-, or high methoxylated) in an alkaline medium at room tempera-
ture. TEM and DLS measurements show that the average size of the inorganic
core (10-30 nm) and hydrodynamic diameter of the nanocomposite (284.8-
649.2 nm) depend on the type of pectin. The films based on pectin-Ag nanocom-
posites and polyvinyl alcohol (PVA) with different molecular weight (30, 66, and
145 kDa) are obtained by casting evaporation technique. A comparative study of
their mechanical, optical, degradation and antibacterial properties is carried out.
The films with the smaller size of Ag nanocomposite exhibit higher antimicro-
bial activity against Bacillus strains. The pectin-Ag/PVA films are loaded with
antibiotic kanamycin (KAN). Prolonged release of antibiotic and pronounced
(up to full inhibition) antimicrobial effect of pectin-Ag/PVA/KAN films against
Escherichia coli, Pseudomonas aeruginosa, Bacillus pumilus, and Bacillus subtilis
is due to the formation of pectin-Ag/KAN complexes. Moreover, pectin-Ag/
PVA/KAN films show high potency against resistant strains Pseudomonas aeru-
ginosa. The obtained multifunctional films are expected to find promising appli-
cations in biomedical engineering and wound healing.
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resistance to antibiotics and disinfectants. Bacterial drug
resistance causes dramatic problems in the prevention

The worldwide escalation of bacterial multi-drug resis-
tance (to conventional medical antibiotics) is a serious
challenge to modern medicine and veterinary science.
The spread of infections is a growing problem in most
countries, aggravated by the development of microbial

and treatment of infectious diseases."

One of the promising approaches to overcome bacterial
resistance is the use of metallic nanoparticles,> ® for exam-
ple silver nanoparticles (AgNPs). Silver nanoparticles are
effective antimicrobials’ and promising disinfectant.® It
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was found in comparative experiment that nanosilver is
superior in antibacterial activity to other antimicrobial
agents (titanium dioxide, polysilazane, zinc pyrithione
etc.).” Nowadays, different physical and chemical strategies
and technologies for AgNPs synthesis have been
described.'®* Synthesis of AgNPs by physical methods
(evaporation-condensation, laser ablation, electrical irradi-
ation, gamma irradiation, and lithography) usually
requires the extremely high temperature, vacuum condi-
tions, and expensive equipment.'>'” Chemical methods,
on the one side, are the most common methods because of
their convenience (simple and mild conditions) and simple
equipment, and on the other side, are usually need multi-
ple steps and utilization of environmentally hazardous
waste.” Green chemistry” methods are preferential to
chemical and physical ones as more cost-effective and eco-
friendly.'®"® Generally, in green synthesis metal ions form
NPs that are stabilized using biological entities in aqueous
solutions at ambient temperatures, neutral pH and eco-
friendly conditions.'®'? Plant extracts as biological entities
possess valuable properties (antihyperglycemic, antioxidant,
antimutagenic, antifungal, anti-inflammatory, antiviral and
antibacterial) which may be expressed in the biological
activities of the final colloidal solution containing silver
nanoparticles with potential medical applications™ (e.g., in
the wound healing as shown in?'). However, multicompo-
nent and variable composition of plant extracts does not
enable to obtain nanoparticles with controlled properties
(size, shape, and charge). The individual natural biopoly-
mers such as polysaccharides allow to avoid these draw-
backs. The multifunctional biopolymers can be considered
as smart materials due to the presence of various functional
groups (anionic and cationic, hydrophilic and hydrophobic)
on the polymer skeleton, the activating key for which is
external physicochemical stimuli (pH, temperature, ionic
strength, etc.). Thus, the authors® reported that lignin is
intelligent nano-engineer (reducer and stabilizer) for synthe-
sis of size and shape regulated silver, gold and palladium
nanoparticles. In other work,* alkali-activated dextran was
used as nanogenerator and protector for synthesis of metal-
lic gold, silver and palladium nanoparticles. Moreover, bi-
and multi-metal particles could also be obtained using poly-
saccharides. Ahmed et al.** proposed the energy saving
method to fabricate 58.8 nm of Ag-Au-Pd catalytically
active ternary core-shell nanostructures with promising
applicability in water treatment using alginic acid as stabi-
lizer. Emam et al.® applied arabic gum as bio-synthesizer of
antibacterial Ag-Au nanocomposite by quite simple, energy
saving and cost effective method. And hydroxyethyl cellu-
lose was also used to synthesize monometallic and bimetal-
lic antipathogenic Au-Au nanostructures.”® In most cases,
syntheses are thermally induced: the efficiency of silver ion
reduction increases with increasing temperature. Moreover,
the thermo chemical reduction of silver is possible not only

in solutions of polysaccharides, but also in films of polyelec-
trolyte complexes based on biopolymers.”’” The authors
proved the mechanism of thermally induced reduction of sil-
ver by polyelectrolyte complexes consists in the formation of
an Ag" bond with the carboxyl groups of the polyanionic
component of the film and their subsequent reduction due
to the oxidation of the hydroxyl groups in the glucopyranose
units of the polycationic components (chitosan, functiona-
lized cyclodextin, and starch). The synthesized monometal-
lic and multimetallic bionanocomposites exhibit
antibacterial and antifungal activity,”>*’ and also have the
potential to be used in the remediation of pesticides and as
an effective recyclable catalyst.*®

Pectin is a polyanionic biodegradable and biocompati-
ble natural polysaccharide formed from residues of D-
galacturonic acid in the pyranose form linked by
a-1,4-glycosidic bonds. Pectin exhibits anti-inflammatory,*
mucoadhesive,* antitumor,*~* antimicrobial®®> proper-
ties and widely used in biomedical applications.** The
presence of functional (carboxyl and hydroxyl) groups
allows simultaneously to use of pectins as a reducing
agent and stabilizer of gold® and silver nanoparticles.*
At our previous study,”” we have presented environmen-
tally friendly technique to obtain aggregately stable negatively
charged core-shell structured pectin-Ag nanocomposites by
alkali-activated polymer as reducer and stabilizer at room tem-
perature. Although the preparation of pectin-silver nanocom-
posites in an alkaline medium has been described in
several works,*>>%** the main advantage of our proposed
technique is the synthesis of size-controlled nanoparticles
due to the complete chemical reduction of silver ions by
pectin without heating. The obtained pectin-silver nano-
composites are promising antibacterial materials for bio-
medical applications. Thus, Hussain et al. reported that
functionalization of AgNPs with biopolymers showed
promising improvement of their various biomedical prop-
erties such as wound healing, tissue regeneration, anti-
bacterial, anti-inflammatory, and so forth.*°

Another effective way to overcome bacterial resistance is
combining silver nanoparticles with antibiotics. These com-
binations are able to synergistically inhibit bacterial
growth.*’™* Thus, Deng et al.* found that enoxacin, kana-
mycin, neomycin, and tetracycline show synergistic growth
inhibition against the multidrug resistant bacterium Salmo-
nella typhimurium when combined with AgNP. According
to Patra et al.*> the AgNPs displayed positive antibacterial
activity against different foodborne pathogenic bacteria, as
well as strong synergistic antibacterial activity with low con-
centrations of kanamycin or rifampicin. In study,* authors
demonstrated that a combination of AgNPs with either gen-
tamicin or neomycin showed synergistic antibacterial prop-
erties in Staphylococcus aureus isolates from mastitis.

Thin-film materials are frequently used in clinical
therapy of wounds and skin lesions.*>*’ Antimicrobial
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TABLE 1 SPR maxima of the
pectin-Ag nanocomposites, pectin-Ag/

PVA and pectin-Ag/PVA/KAN films
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SPR maxima (nm)

Type of nanocomposite

Molecular weight of PVA Citrus-Ag Classic-Ag Amid-Ag
Nanocomposite
— 412 410 415
Film
30,000 429 445 435
66,000 426 441 443
145,000 424 442 441
Kanamycin-containing film
30,000 413 425 421
66,000 413 420 422
145,000 415 422 420
Abbreviation: PVA, polyvinyl alcohol.
coatings and films with active ingredients could be reli- 09
L . g 2
able tools for active killing of microorganisms.”™ Metal 0.8 -
nanoparticles as mentioned above (Ag,* Au,” Cu,”" ZnO,> 0.7
TiO,,>">* etc.) as well as common antiseptics®*>> and 3
antibiotics,”®>” natural biological active substances™ ® are 9 &6
widely applied as effective antimicrobial components of S 05
such films. Polyvinyl alcohol (PVA) is one of the synthetic, % 04
water-soluble, biodegradable, biocompatible, film forming 2
material®"* often engaged as a basis of wound dressings, e 1
artificial skin and transdermal patches.**®> Moreover, it 02 -
shows excellent mechanical properties.® Nevertheless, the p \/—\\
aspects of preserving antibacterial potential of silver nano- ' -
particles in thin PVA films remains the subject of additional 0+
. . 300 350 400 450 500 550 600
studies. Furthermore, there are few and fragmentary litera-
ture data on the properties of PVA-nanobiocomposite- Wavelsngth [ne]
antibiotic multicomponent films, the features of the interac- . . .
FIGURE 1 Ultra violet (UV)-visible absorption spectra of

tion of the components and the relationship between the
composition of the films and their biological properties.

In this paper, we describe preparation and properties
of polymer films, including kanamycin-loaded ones,
based on pectin-Ag nanocomposites. We carried out a
comparative analysis of the physicochemical characteris-
tics and antibacterial properties (including against
antibiotic-resistant strains) of the obtained films.

2 | RESULTS AND DISCUSSION
2.1 | Characterization of pectin-Ag
nanocomposites

At previous study,’” we reported that synthesized pectin-
Ag nanocomposites are hydrosols of AgNPs stabilized by a
shell of pectin. The presence of surface plasmon resonance

Citrus-Ag (1), Classic-Ag (2) and Amid-Ag (3) nanocomposites
[Color figure can be viewed at wileyonlinelibrary.com]

band in the region of 410-415 nm in the absorption spec-
tra of synthesized pectin-Ag nanocomposites indicates the
presence of Ag® nanoparticles (Table 1, Figure 1).

The pectin-Ag nanocomposites had a spherical shape
with the average diameter of nanoparticles <50 nm
(Figure 2) and negative {-potential values (40 + 50 mV).
The size of AgNPs decreases in Amid-Ag-Citrus-Ag-
Classic-Ag series (Figure 2). It is known’® that the size
and structure of pectin-Ag nanoparticles depend on the
type and number of functional groups (OH, COOH, and
NH,) of the polymer, which in turn predetermine the
reducing and stabilizing potential of the polysaccharide.
Thus, non-amidated pectins are characterized by the fast-
est reduction rate of silver ions, which promotes the yield
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FIGURE 3 Scheme of reduction of silver ions with pectin

of a large number of crystal nuclei, resulting in the for-
mation of single small-sized nanoparticles.***’

2.2 | Mechanism of reduction of
silver ions

In this study, pectins with different degrees of esterifica-
tion and amidation were used to reduce silver ions. As
we showed earlier*®*’ the mechanism of reduction of sil-
ver cations by pectin consists of two stages (Figure 3).

At the first stage, silver ions react with the carboxyl
groups of the polysaccharide to form a salt (silver pecti-
nate). Moreover, additional hydrogen bonds are formed

1044 nm 2817 nm

Particle amount [%]

mmmmmmmmmmmmmmmm
100 Qoo o

Size [nm] Size [nm]

Transmission electron microscopy (TEM)-images and size distribution of Citrus-Ag (a), Classic-Ag (b) and Amid-Ag (c)
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due to the participation of the hydroxyl groups of the glu-
copyranose ring and amide groups (in the case of ami-
dated pectin), fixing Ag" on the polymer chains. At the
second stage, the chemical reduction of silver ions by the
functional groups of pectin occurs. It should be noted
that in an alkaline medium the reducing hemiacetal
hydroxyl groups of pectin are activated, which, along
with the secondary hydroxyl groups of arabinan, galac-
tan, and D-galacturonic acid fragments of pectin, partici-
pate in the reduction reaction, being oxidized to ketones.
Simultaneously, the base-catalyzed hydrolysis (saponifi-
cation) of ester groups of the methoxylated pectin mole-
cule occurs, and free carboxyl groups formed, along with
the free hydroxyl groups of the ring, participate in the
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FIGURE 4
pectin-Ag nanocomposites (1-Citrus-Ag, 2-Classic-Ag, 3-Amid-Ag)

Fourier transform infrared (FTIR) spectra of

stabilization of the synthesized metal nanoparticles. A
similar mechanism of participation of hydroxyl groups of
glucopyranose rings of polysaccharides in the reduction
of silver ions was also described by the authors®” in the
synthesis of pectin-silver hydrosols and the thermochemi-
cal synthesis of silver nanoparticles in interpolyelectro-
lyte complexes.>”®® At the same time, the authors proved
that the high temperatures lead to a deeper oxidation
reaction of the secondary hydroxyl groups of the ring to
aldehyde and carboxyl groups, which causes structural
degradation of the polysaccharide.

2.3 | FTIR spectroscopy of pectin-Ag
nanocomposites

Fourier transform infrared (FTIR) spectra of pectin-Ag
nanocomposites in 4000-400 cm ™' range are shown in
Figure 4. The broad band at 3443-3423 cm ™' and weak
band at 2937-2926 cm ™! are assigned to the vibration of
—OH groups and v(C—H), respectively.®®’° The intense
bands at 1630-1610 and 1416 cm ' are related to
1,(CO0O7) and v,(COO™). The deformation vibrations
C—H and O—H group in the pyranose rings of the pectin
chain appear at 1333-1331 and 1240-1238 cm ™ '>7%%7!
Few peaks at 1200-1000 cm ' (main maxima: 1144,
1100, and 1016 cm ') correspond to w(C—O—C) glyco-
sidic bonds and W(C—C)(C—O) of the ring. The bands at
955-953 cm ™! are attributed to 5(COH) vibrations.”*

In addition, FTIR spectra of pectin-Ag nanocompo-
sites showed presence of the band at 1740 cm™ ' corre-
sponding to the stretching vibrations of the carbonyl
group v(C=0) of the methyl ester (COOCH3) or to the
undissociated carboxyl group®’®’? for Classic-Ag and
Citrus-Ag and its absence for Amid-Ag. At the same time
in FTIR spectra of Amid-Ag the weak band at 1670 cm '
which is attributed to stretching vibrations of the v (C=0)
of the amid group was observed.

Applied Polymer wiLEY-L =~
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Characterization of pectin-Ag/PVA

The resulting pectin-Ag/PVA films are transparent
(Table 2), have a smooth uniform morphology and a color
from orange-yellow to brown-red (Figure 5). The Classic-
Ag/PVA and Citrus-Ag/PVA films have a high transpar-
ency (>84%) except for Citrus-Ag/PVA 30000 film, which
has a lowest transparency (31%). This effect can be
explained by sweating-out of plasticizer during storage due
to weaker hydrogen bonding between Citrus-Ag and PVA
30000, which is consistent with the spectroscopic data for
Citrus-Ag/PVA 30000 films: the SPR maximum shift
(A17 nm) was the smallest (Table 1). Moreover, glycerin
diffuses more easily to the surface of film based on low
molecular weight PVA compared to high molecular
weight polymer due to less steric hindrance. The decrease
in transparency of the film by sweating-out of glycerol was
also observed for mung bean starch/guar gum,”
poly(lactide)/whey protein,”* and alginate’® films. The
obtained data indicate good compatibility between PVA
and pectin-Ag nanocomposites, which might result from
their strong hydrogen-bond interaction. The Amid-Ag/
PVA films are less transparent in comparison with Classic-
Ag/PVA and Citrus-Ag/PVA films (Table 2). This differ-
ence can be explained by higher light scattering due to the
larger size of the Amid-Ag nanoparticles.

The weight of obtained films was 0.50 + 0.02 g and the
thickness < —50 um (Table 3). The position and maximum
of SPR band in the 424-445 nm region in the absorption
spectra of the films (Figure 6) indicates preservation of the
shape and size of Ag® nanoparticles (Table 1). In comparison
with the initial hydrosols (4.x = 410-415 nm), a bathochro-
mic shift of the SPR maximum of the films was observed
(Figure 6). Probably, this shift was caused by the interaction
of carboxyl groups of pectin macromolecules and hydroxyl
groups of PVA and changes in the AgNPs environment.”

2.5 | FTIR spectroscopy of PVA and
pectin-Ag/PVA films

The neat PVA films showed (Figure 7) main bands at 3281,
2937-2910, 1711, 1657, 1418, and 1327 cm ' which are
attributed to the WOH), (CH,), (C=0), 5(OH), (CH—OH),
S6(CH + OH), respectively. The other characteristic bands at
1142, 1094, and 1036 cm " are related to (C—0).”°

In FTIR, spectra of pectin-Ag/PVA films all characteris-
tic peaks of PVA were preserved (Figure 7). New intense
bands appear at 1650-1600 cm " and correspond to vibra-
tions of carbonyl groups W(COO™) of pectin macromolecules
in pectin-Ag nanocomposite. Also, in comparison with ini-
tial components (PVA and nanocomposites) the band
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Transmittance (%)

Type of nanocomposite

Molecular weight of PVA Citrus-Ag
30,000 31+4
66,000 93+4
145,000 91+3

TABLE 2
pectin-Ag/PVA films
Classic-Ag Amid-Ag
86+ 5 54+5
84 +3 74 + 2
95+5 72+4

Transparency of the

Abbreviation: PVA, polyvinyl alcohol.

FIGURE 5
[Color figure can be viewed at wileyonlinelibrary.com]

TABLE 3 Mechanical properties of pectin-Ag/PVA films

Pectin-Ag nanocomposite  Tensile strength (MPa)

Percent elongation (%)

The image of the films based on pectin-Ag nanocomposites (1-Citrus-Ag, 2-Classic-Ag, and 3-Amid-Ag) and PVA 30,000

PVA 30000
Citrus-Ag 7.4+ 1.0 27+7
Classic-Ag 112+ 1.7 43+ 6
Amid-Ag 9.2+ 17 25+6
PVA 145000
Citrus-Ag 14.0 +£ 4.0 120 + 22
Classic-Ag 18.2 + 4.7 222+ 19
Amid-Ag 145 + 4.4 146 + 36

Young's modulus (MPa) Thickness (pm)
128.0 +45.9 46.0 + 4.7
121.5 +20.3 45.0+ 3.0
244.5 + 55.0 327+ 23
93.5 + 30.5 43.5+ 3.8
72.1 +13.9 442 +4.3
70.0 + 9.4 372+ 32

Abbreviation: PVA, polyvinyl alcohol.

shifting (from 3281 cm ™' in PVA and 3443-3423 cm™ ' in
nanocomposites to 3265-3263 cm”' in pectin-Ag/PVA
films) was detected (Figures 4 and 7). The bands at 3600-
3200 cm ! are linked to the —OH groups involved in intra-
molecular and intermolecular H— bonds. Therefore, FTIR
peak shifting towards a lower wavenumber side indicates
the strong H— bond interaction between PVA and pectin-
Ag nanocomposite.”’

2.6 | Degradation of pectin-Ag/PVA
films in PBS

The degradation of the films was studied in vitro in
PBS (Figure 8). PBS was used as a system simulating

internal environment of the organism. The weight of
the samples decreased by 30%-45% after 28 days of
aging. During the first day of aging the maximum
weight loss of the films was observed and it under-
went no further changes with time. The degradation
of the films did not depend on the type of nanocompo-
site, it was determined mainly by the molecular
weight of PVA. Thus, weight loss decreased in the fol-
lowing series: pectin-Ag/PVA 30000-pectin-Ag/PVA
66000-pectin-Ag/PVA 145000. This might be due to a
decrease in the solubility of PVA with an increase in
its molecular weight.”” Moreover, the main contribu-
tion to weight loss could be made by release of the
glycerol containing in the film. The strong affinity of
glycerol to water (due to the hydrophilic nature of
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3-Amid-Ag [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Fourier transform infrared (FTIR) spectra of
polyvinyl alcohol (PVA) 145,000 film (4) and pectin-Ag/PVA films
based on: 1-Citrus-Ag, 2-Classic-Ag, 3-Amid-Ag

plasticizer) acts as a strong driving force for leaching
of glycerol from pectin-Ag/PVA film immersed in
PBS. The similar effect was also observed for glycerol-
containing films based on starch,”® starch and
chitosan,”® starch and montmorillonite.?° It should be
noted that the final content of glycerol in the pectin-
Ag/PVA film was 32.75 wt%, which corresponds with
the minimum weight loss (~30 wt%) typical for films
based on poorly soluble PVA 145000.

0
300 350 400 450 500 550 600

0
300 350 400 450 500 550 600

Wavelength [nm] Wavelength [nm]

Ultra violet (UV)-visible absorption spectra of pectin-Ag/PVA and pectin-Ag/PVA/KAN films: 1-Citrus-Ag, 2-Classic-Ag,

2.7 | Mechanical properties of pectin-
Ag/PVA films

Mechanical properties of polymeric films are very
important parameters for their medical and food appli-
cations. It was established that the mechanical proper-
ties of the pectin-Ag/PVA films were affected both by
molecular weight of PVA and the type of nanocompo-
site (Table 3). Thus, the increase in the molecular
weight of PVA led to the increase in the tensile
strength by ~1.5-2 times and the percent elongation by
~5 fold as well as the decrease in Young's modulus by
~1.5-3 times. The high molecular weight PVA com-
pared to low molecular weight has a larger number of
hydroxyl groups capable to form of intra- and intermo-
lecular hydrogen bonds, which cause the increase in
tensile strength and the percent elongation of the films.
The authors®’ also reported that PVA with higher
molecular weight improves tensile strength and elon-
gation at break of fish myofibrillar protein/PVA blend
films. It was found that the films based on PVA 145000
were more elastic.

The films based on Classic-Ag nanocomposite com-
pared with other films had the highest values of tensile
strength and elongation at break. It may be explained by
stronger H— bond networks between functional groups
(carboxyl and hydroxyl) of Classic-Ag and PVA. In fact,
the analysis of FTIR spectra showed that Classic-Ag/PVA
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Amid-Ag

FIGURE 8 Degradation of pectin-
Ag/PVA films in PBS: 1-PVA 30000; 2-
PVA 66000; 3-PVA 145000
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TABLE 4 Characteristics of pectin-Ag nanocomposites and pectin-Ag/KAN complexes
Citrus-Ag Classic-Ag Amid-Ag
C-potential (mV) —42.5+1.0 —415+1.2 —47.1+ 0.6
dy (nm) 356.8 + 8.1 649.2 + 58.5 284.8 + 45.8

film had the most intense band of carbonyl vibrations at
1608 cm ™! (Figure 7), indicating that Classic-Ag nano-
composite possessed more number of carboxyl groups
capable to form hydrogen bonds with PVA macromole-
cules. These data corresponds with the results of SPR
analysis: the most significant bathochromic shift (A31-
35 nm) was observed in films based on Classic-Ag. There-
fore, on the one hand, the formation of crosslinking net-
work via H— bonds of Classic-Ag and PVA increased the
tensile strength of these films and, on the other hand,
improved their flexibility.

2.8 | Interaction between pectin-Ag
nanocomposites and kanamycin

The absolute value of {-potential of AgNPs decreases in
1.7-2.2 times (Table 4) upon addition of kanamycin to
pectin-Ag hydrosols due to electrostatic interaction of
negatively charged carboxyl groups of pectin and posi-
tively charged amino groups of antibiotic. Further-
more, the increase of hydrodynamic diameter of
AgNPs compared with initial one in 1.2-1.4 times was
observed, which also confirms the interaction of
pectin-Ag with the antibiotic. The change of dyg was
apparently caused by the loosening of the polymer
shell of the nanocomposite by entrapment of kanamy-
cin. It should be noted that the hydrodynamic diameter
of nanocomposites changes in the series Amid-
Ag < Citrus-Ag < Classic-Ag and this phenomenon
was also observed for pectin-Ag/KAN (Table 4).

Citrus-Ag/KAN Classic-Ag/KAN Amid-Ag/KAN

—25.5+27 —23.7+05 —21.7 +26

466.5 + 29.1 773.8 + 44.3 384.2 + 35.1
2.9 | FTIR spectroscopy of pectin-Ag/

KAN complexes

Fourier transform infrared (FTIR) spectra of pectin-Ag/
KAN samples in 2000-1000 cm™' range are shown in
Supplementary Information (SI). It should be noted that
in contrast to FTIR spectra of pectin-Ag nanocomposites,
a new band of vibrations appeared at 1535-1529 cm ™
(SI). This band attributes to deformation vibrations of
NH;* group of kanamycin. The shift of peak position
from 1520 cm ™' (pure kanamycin) was detected. Also the
peak position of COO™ groups at 1630-1610 was shifted
(SD). These changes in FTIR spectra is caused by intermo-
lecular interaction of amino groups of KAN and carboxyl
groups of pectin-Ag nanocomposite.”” Thus, obtained
DLS and FTIR results indicate that pectin-Ag nanocom-
posite forms a complex with kanamycin.

2.10 | Characterization of kanamycin-
containing pectin-Ag/PVA films

The thickness of pectin-Ag/PVA films containing kana-
mycin was 67,3 + 7,5 pm. The content of antibiotic in the
film was ~15 wt%. The obtained films were transparent,
without pores or cracks and were colored from lemon
yellow to brown-red depending on the type of pectin-Ag
nanocomposite. When kanamycin was added a hypso-
chromic shift of the SPR maximum in the ultra violet
(UV)-Vis spectra of the films was observed (Table 1). It
may be attributed to the interaction of the carboxyl
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FIGURE 9 Fourier transform
infrared (FTIR) spectra of KAN (4) and
pectin-Ag/PVA 145000/KAN films based
on: 1-Citrus-Ag, 2—-Classic-Ag, 3-
Amid-Ag

Transmittance

4000 3600

groups of pectin and the amino groups of kanamycin, that
is, formation of the pectin-Ag/kanamycin complex due to
electrostatic interaction, as evidenced by altered intensity
of vibrations in the 1700-1600 cm ™' region in the FTIR
spectra of the films (Figures 7 and 9). It should be also
noted that in contrast to FTIR spectra of pectin-Ag/PVA
films, a new weak band of vibrations appeared at 1544—
1518 cm™ ' in the FTIR spectra of pectin-Ag/PVA/KAN
films (Figure 9), which may be correlated with the defor-
mation vibrations of NH; " group of kanamycin.*

211 |
films

KAN release from pectin-Ag/PVA

The bioavailability of kanamycin entrapped into the
pectin-Ag/PVA films did not decrease. The full release of
the included KAN in 0.9% NaCl solution occurred during
the first 180 min (Figure 10). The rate of KAN release
from the films did not significantly depend on molecular
weight of PVA and the type of nanocomposite.

2.12 | Antibacterial activity of pectin-Ag/
PVA films against gram-positive bacteria
strains

It was previously shown that pectin-Ag nanocomposites®’
and hydrogels** based on them exhibited antimicrobial
activity against gram-negative and gram-positive bacteria.
It was found that the obtained pectin-Ag/PVA films
exhibited antibacterial activity against selected spore-
forming bacteria of the genus Bacillus: strains B. subtilis
BIM B-210, B. pumilus BIM B-211, B. pumilus BIM B-373
(Table 5). Bioactivity of the films was comparable or even

3200
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higher than kanamycin action (disk 30 pg). The sole
exception was bacterial strain B. subtilis BIM B-25 which
was not sensitive to both pectin-Ag/PVA films and KAN.

It was shown that the control PVA films did not
exhibit antibacterial activity. Therefore, the antimicrobial
properties of pectin-Ag/PVA films against gram-positive
bacteria were due precisely to the presence of pectin-Ag
nanocomposite. In general, the highest growth-inhibiting
effect was registered for films with Citrus-Ag nanocom-
posite. These results correspond with the previous data
on nanocomposites alone: antimicrobial activity against
gram-positive bacteria increased in Amid-Ag—Classic-Ag-
Citrus-Ag series.*> Thus, the incorporation of the pectin-
Ag nanocomposite in the polymer matrix of PVA with
various molecular weights did not change its antibacter-
ial activity.

The obtained results are well correlated with the liter-
ature data. Antibacterial activity increases with decrease
in size of nanocomposite, and this effect was observed
both for colloid silver hydrosols®* and nanobiocomposites
immobilized into films.®®*** The authors® also showed
the enhanced activity of nanobiocomposites, immobilized
on cellulose sheets, against gram-positive bacteria. The
pectin-Ag/PVA films have demonstrated the efficiency of
growth inhibition of gram-positive bacteria (Table 5)
comparable or higher to PVA films incorporated with
pre-synthesized by green method and using standard
reducing agents (NaBH,/citrate) silver nanoparticles (the
size of inhibition zone was 9-10 and 7 mm for S. aureus,
respectively)®> and exceeded the activity of PVA films
containing silver nanoparticles synthesized in situ®
although the amount of silver in the prepared pectin-Ag/
PVA films was less (0.6 wt%).

It is known that the mechanism of the antibacterial
action of silver nanoparticles is due to both the released
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FIGURE 10 Kanamycin release in 0.9% NaCl solution from (a) Citrus-Ag/PVA, (b) Classic-Ag/PVA, and (c) Amid-Ag/PVA films
TABLE 5 Antibacterial activity of the pectin-Ag/PVA films

Film composition Inhibition zone (mm)

Pectin- Mw B. subtilis B. subtilis B. pumilus B. pumilus P. aeruginosa E. coli
Ag PVA B-25 B-210 B-211 B-373 B-153 B-378
Citrus- 30,000 2-3 12 12 12 N/A N/A
Ag 66,000  1-2 15 12 11 N/A N/A
145,000 2 12 12 12 N/A N/A
Classic- 30,000 N/A 9 12 16 N/A N/A
Ag 66,000  N/A 11 13 10 N/A N/A
145,000 N/A 13 12 13 N/A N/A
Amid-Ag 30,000 N/A 11 10 12 N/A N/A
66,000 N/A 11 11 12 N/A N/A
145,000 N/A 14 11 15 N/A N/A
Kanamycin (disk 5 10 10 6 2 7
30 pg)

Note: N/A-No antibacterial activity was found with the used initial concentration.

metal ions and the direct contact effect of nanoparticles
on bacterial cells.*” Since, the pectin-Ag nanocomposite
was incorporated into the PVA polymer matrix, which
excludes direct contact with pathogen cells, we suppose
that the mechanism of the antibacterial action of
pectin-Ag/PVA films was due to the diffusion of silver
ions without leaching of Ag nanoparticles from the
films. Francis et al.*® proved the similar mechanism for
PVA films containing CuO and ZnO nanoparticles by
inductively coupled plasma-optical emission spectrom-
etry and energy-dispersive X-ray spectroscopy. Accord-
ing to®” the slow but prolonged Ag" release from film-
embedded pectin-Ag nanocomposite (8%-11% of total
Ag released after 24 h) resulted in a very strong micro-
bicidal effect against planktonic E. coli and S. aureus
bacterial strains.

Silver nanoparticles could be considered as a silver
ions depot, the release kinetics of which depends on the

size of nanoparticles, functionalization of their surface,
temperature, and composition of the medium.’*** Nano-
particles release ions by slow oxidation via oxygen pre-
sent in the moist environment of the growth medium. In
addition, acidification of the environment by uptake of
CO, from the ambient air or by metabolites released by
bacteria can enhance the dissolution of Ag metal.”® Silver
ions have a strong bactericidal effect mainly due to inter-
actions with thiol and amino groups of proteins, with
nucleic acids, and with cell membranes.”’**> Moreover,
the smaller the size of silver particles, the greater the
local concentration of silver ions was registered.”
Authors® supposed, that high release rate of Ag" by
small nanosilver particles (<10 nm) could be related to
their high specific surface area and enhanced curvature
that facilitates mass transfer from their surface (Kelvin
effect) and/or the presence of an oxide layer on the nano-
silver surface.
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TABLE 6 Antibacterial activity of pectin-Ag/PVA/KAN films
Pectin- Mw B. subtilis B. subtilis B. pumilus B. pumilus P. aeruginosa E. coli
Ag PVA B-25 B-210 B-211 B-373 B-153 B-378
Citrus- 30,000 6 15 8 15 10 10
Ag 66,000 7 15 9 15 7 9
145,000 7 15 9 15 8 10
Classic- 30,000 12 15 10 7 7 10
Ag 66,000 10 16 9 6 10 9
145,000 8 15 9 5 8 10
Amid-Ag 30,000 7 full inhibition >10 >10 7 10
66,000 9 >10 >10 10 9
145,000 7 >10 >10 9 10
FIGURE 11 B. subtilis B-210 inhibition zones of KAN-containing films based on citrus-Ag (a), classic-Ag (b), amid-Ag

(c) nanocomposite. PVA molecular weight was 30,000 (1), 66,000 (2) and 145,000 (3). [Color figure can be viewed at wileyonlinelibrary.com]

2.13 | Antibacterial activity of
kanamycin-containing pectin-Ag/PVA
films against gram-positive bacteria strains

Regardless of the type of nanocomposite and PVA molecu-
lar weight, pectin-Ag/PVA films containing kanamycin
showed more pronounced antimicrobial activity against
selected gram-positive bacteria of the genus Bacillus,
except for B. pumilus (for Citrus-Ag and Classic-Ag), com-
pared with initial pectin-Ag/PVA films and, in some cases,
it resulted in full inhibition of bacterial growth (Table 6,
Figure 11). Pectin-Ag/PVA/KAN films even retarded
growth of resistant bacteria strain B. subtilis BIM B-25.

It should be noted that Amid-Ag/PVA/KAN films had
the highest antibacterial activity against B. subtilis BIM-
210, B. pumilus BIM B-211, and B. pumilus BIM B-373.

2.14 | Antibacterial activity of films
against gram-negative KAN-sensitive and
KAN-resistant bacteria strains

The films based on nanocomposites did not exhibit antibac-
terial properties against strains of gram-negative bacteria

Pseudomonas aeruginosa BIM B-153 and Escherichia coli
BIM B-378 (Table 5). However, KAN-containing films pro-
duced statistically significant inhibition zones of bacterial
growth (Table 6). The size of inhibition zone for Pseudomo-
nas aeruginosa BIM B-153 was 7-10 mm. Antibacterial
activity of the films against strain Escherichia coli BIM B-
378 was even more evident (Table 6).

In addition, KAN-containing films induced significant
zones of growth inhibition of P. aeruginosa B-807
(Figure 12) and B-994 strains which are resistant to KAN.
The films based on Amid-Ag showed the lowest antibac-
terial effect: the inhibition zone was only 1.5-2.5 mm. In
case of Citrus-Ag/PVA/KAN and Classic-Ag/PVA/KAN
films, the inhibition zone reached 5-6 mm. This striking
difference is due to the fact that kanamycin in films is
available in native and bound (to pectin-Ag) forms. It
was established that percentage of KAN binding to
pectin-Ag nanocomposites is variable and depends on the
type of nanocomposite (Figure 13).

The amount of bound KAN decreases from 67.8 + 4.5
to 16.0% + 3.3% in the series Citrus-Ag-Classic-Ag-
Amid-Ag. According to obtained FTIR and DLS data, the
pectin-Ag/KAN complexes are mainly formed due to the
electrostatic interaction between carboxyl groups of
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FIGURE 12

P. aeruginosa B-807 inhibition zones of KAN-containing films based on citrus-Ag (a), classic-Ag (b), amid-Ag

(c) nanocomposite. PVA molecular weight was 30,000 (1), 66,000 (2) and 145,000 (3). Standard kanamycin disk-in the center. [Color figure

can be viewed at wileyonlinelibrary.com]|
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FIGURE 13 Binding of kanamycin to pectin-Ag
nanocomposite

pectin-Ag and amino groups of KAN. Thus, the lowest
percentage of KAN binding for Amid-Ag is attributed to
the smaller number of free COOH groups. In view of the
above, Amid-Ag/PVA/KAN films compared to other
films contain the larger amount of native kanamycin not
entrapped in the complex. Therefore, in case of KAN-
sensitive strains, these films were characterized by the
highest inhibitory effect owing to the maximum concen-
tration of native kanamycin enhanced by the impact of
the Amid-Ag/KAN complex. On the contrary, minimal
inhibitory effect was observed in case of KAN-resistant
strains (Figure 12), because kanamycin in the native form
proved ineffective and the concentration of pectin-Ag/
KAN complex was minimal compared with Citrus-Ag/
PVA/KAN and Classic-Ag/PVA/KAN films.

The enhancement of the antibacterial activity of
kanamycin-containing films corresponds to the literature
data. It is known that among bactericidal and bacteriostatic
antibiotics, including tetracycline and chloramphenicol, sil-
ver ions most effectively enhance the toxic effect of amino-
glycosides (minimum inhibitory concentration is reduced

by 10 or more times).** The similar effect was also observed
for metallic silver nanoparticles. Authors™ reported an
increase in the antibacterial effect for kanamycin adsorbed
on silver NPs compared with individual components
against clinically important pathogenic (S. aureus,
B. megaterium, P. vulgaris, and S. sonnei) and non-
pathogenic (B. subtilis and P. fluorescens) strains. Synergistic
and additive antibacterial effects were proven for combina-
tions of chitosan-silver nanobiocomposite with azithromy-
cin, levofloxacin, and tetracycline against gram-negative
and gram-positive bacterial strains.”® The authors proved
the adsorptions of the drugs on the silver surfaces using
Raman and SERS spectroscopy, therefore, polysaccharide-
silver nanobiocomposites could be considered as carriers of
drugs. And this silver-drug interaction provides the decrease
in the minimum inhibitory concentration of the drugs by
37%-97%.

Finally, the experimentally established fact of the
action of kanamycin-containing films against antibiotic-
resistant P. aeruginosa strains is also in agreement with
the literature data. The authors®>®” showed that silver
disrupts multiple bacterial cellular processes and destabi-
lizes the membrane in a protein translation-dependent
pathway. These changes cause the increase in production
of reactive oxygen species and improve membrane per-
meability of gram-negative bacteria that can enhance the
antimicrobial activity of antibiotics, as well as restore
antibiotic susceptibility to a resistant bacteria strain.’’
Indeed, silver ions could restore antibiotic susceptibility
to a tetracycline resistant E. coli mutant®” and Ag nano-
particles assisted revival of streptomycin against multi-
drug resistant strain S. aureus.”®

3 | CONCLUSION

In this study, pectin-Ag nanocomposites with size of 10-
30 nm were synthesized by “green chemistry” method at
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room temperature. A comparative study of the structural
organization, mechanical and antimicrobial properties of
PVA films with incorporated pectin-Ag nanocomposites
has been carried out. The pectin-Ag/PVA films showed
attractive mechanical (strength, flexibility) and optical
(transparency) characteristics, which makes them prom-
ising materials for biomedical and food applications. It
was demonstrated that the antimicrobial properties of
pectin-Ag/PVA films correlate with the size of embedded
silver nanoparticles. The obtained results showed that
PVA films containing smaller Ag nanoparticles, on aver-
age, exhibited antimicrobial activity against gram-positive
spore-forming bacteria of the genus Bacillus comparable
or even higher than kanamycin activity. The films based
on pectin-Ag nanocomposites can be used to entrap
kanamycin, prolong its release, and can provide the anti-
microbial effect against gram-positive and gram-negative
bacteria. The mechanism of antibacterial activity of
KAN-containing films is related with the formation of
ionic complexes between antibiotic and pectin-Ag nano-
composite. Finally, we have demonstrated that the
obtained pectin-Ag/PVA films containing kanamycin are
effective against resistant microbial strains and, therefore,
can be used as wound dressings.

4 | MATERIALS AND METHODS

41 | Materials

Silver nitrate (AgNO3, Sigma-Aldrich), kanamycin sulfate
(KAN, Sigma-Aldrich), sodium hydroxide, sulfuric acid,
phenol were purchased and used in further studies. Pec-
tins with different degrees of esterification (DE) and ami-
dation (DA) (Citrus, DE 71%, Mv ~ 141,000, Sigma-
Aldrich; Amid, DE 32%, DA 18%, Mv ~ 120,000, Herb-
streith and Fox; Classic, DE 35%-42%, Mv ~ 89,000,
Herbstreith and Fox) were used for preparation of pectin-
Ag nanocomposites. Polyvinyl alcohol (PVA 30000,
Mw ~ 30,000, degree of hydrolysis [DH] > 98%, Merck;
PVA 66000, Mw ~ 66,000, DH >99%, Japan; PVA
145000, Mowiol 28-99, Mw ~ 145,000, DH 99%) was
used for preparation of pectin-Ag/PVA films. Glycerol
(purity 99%) was purchased from AppliChem (Germany).
All aqueous solutions were prepared with distilled water.

4.2 | Preparation of pectin-Ag
nanocomposites

Pectin-Ag nanocomposites were synthesized by «green chem-
istry» method®**” with slight modification. The freshly pre-
pared aqueous 2.0 mM AgNO; solution (10 ml) was added to

Applied Polymer_wiLEY- L=

an aqueous pectin solution (100 ml) under stirring with a
magnetic stirrer and left thereafter for 10 min. Then, a 3.0%
sodium hydroxide solution (3.4 ml) was added to the reaction
mixture under intensive stirring. After 6 h, the synthesized
pectin-Ag nanocomposite was purified by dialysis against dis-
tilled water. Thus, three types of pectin-Ag nanocomposites
were obtained: Citrus-Ag, Classic-Ag, and Amid-Ag.

The amount of unreacted Ag® after synthesis was
measured by Atomic Absorption Spectroscopy. Once the
reaction is over, the obtained hydrosol of silver nanopar-
ticles coated with pectin (113.4 ml) was placed in a dialy-
sis tubing cellulose membrane. The dialysis was carried
out three times against distilled water (2 L) and water
samples were collected. The concentration of Ag" in dial-
ysis water was determined using High-Resolution Con-
tinuum Source Flame Atomic Absorption Spectrometer
ContrAA 300 (Analytik Jena AG, Jena, Germany),
equipped with a xenon short-arc lamp. Acetylene flame
(C,H,) was used for atomization of Ag".

It was determined that amount of silver ions in dialy-
sis water was less 1%. So, the Ag content of pectin/Ag
nanocomposite is app. Equal the Ag content of initial salt
(AgNOy).

4.3 | Preparation of pectin-Ag/PVA films
The pectin-Ag/PVA films were prepared by a casting evapo-
ration technique from aqueous polymer solutions: pectin-
Ag nanocomposite hydrosol and 3.0% PVA solution of dif-
ferent molecular weight were premixed. The glycerol was
used as a plasticizer in the ratio (w/w) PVA: glycerol = 2:1.
The mixture (10 ml of pectin/Ag nanocomposite and 10 g
of PVA solution) was poured into 90 mm Petri dishes and
dried at 50.0 + 2.0°C for 18 h. The final silver concentration
in the film was 0.05 mg cm 2.

Antibiotic-containing films were prepared by adding a
KAN aqueous solution to the mixture of pectin-Ag nano-
composite and PVA. The mixture was poured into 90 mm
Petri dishes and dried at 50.0 + 2.0°C for 18 h. The final

KAN concentration in the films was 1.0 mg cm™ %

44 | Binding of kanamycin to pectin-Ag
nanocomposite

Pectin-Ag hydrosols were mixed with KAN solution
(15.0 mg ml ™) for at least 1 h. To separate native KAN
from AgNP bound form, the mixture was dialyzed against
distilled water for 24 h. Then, amount of native KAN in
dialysis water was determined by Molisch's test described
in the previous study.** Test solution (1 ml) was mixed
with 2.5% aqueous solution of phenol (1 ml) and
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concentrated sulfuric acid (5 ml). After 10 min the
absorption spectrum of the mixture was recorded using
spectrofluorimeter CM2203 (Solar, Belarus). Concentra-
tion of KAN was determined from calibration curve
Ay — 430 = f(Cgan)- All KAN binding experiments were
repeated three times.

4.5 |
films

Degradation of pectin-Ag/PVA

The film degradation was studied in vitro in the phos-
phate buffered saline (PBS, pH 7.4) solution at 37.0°C for
28 days. The samples were incubated in tenfold volumes
of PBS, after definite time intervals (1, 7, 14, 21, and
28 days) the films were evacuated from the buffer, the
excess solution was removed with filter paper and films
were dried and weighed. All experiments were carried
out three times.

4.6 | Kanamycin release from pectin-Ag/
PVA/KAN films

The KAN release from the films in physiological solution
(0.9% NacCl) at 37.0°C was investigated using dialysis tub-
ing cellulose membrane (14,000 Da, Sigma-Aldrich). The
amount of released antibiotic was determined by
Molisch's test as previously described in Section 2.4. Data
presented were averaged for duplicate measurements.

4.7 | Antimicrobial activity of pectin-Ag/
PVA and pectin-Ag/PVA/KAN films

Antimicrobial properties of the films were estimated by
an agar diffusion test. The samples (10 x 10, or @ 6 mm
in case of KAN-resistant bacteria strains) were placed in
Petri dishes with nutrient agar inoculated with the sus-
pension of microorganisms (concentration
1.0 x 10® CFU ml™%). The samples were tested against
gram-negative bacteria Escherichia coli and Pseudomonas
aeruginosa, gram-positive bacteria Bacillus pumilus, and
Bacillus subtilis. After incubation period (24 h at 37.0°C)
the samples were visually analyzed by measuring inhibi-
tion zones (mm), that is, the distance from the edge of
the sample to the border of bacterial growth.

4.8 | Instrumentation

Average hydrodynamic diameter (dy) of the AgNPs and
their complexes with KAN was measured by dynamic

light scattering (DLS) technique using Zetasizer Nano-ZS
analyzer (Malvern, UK). &-potential values of AgNPs
were calculated from the Smoluchowski equation on the
basis of electrophoretic mobility data obtained by Zetasi-
zer Nano-ZS analyzer (Malvern, UK).

Shape and size of AgNPs were determined by trans-
mission electron microscopy (TEM) using JEOL-LEM-
1400 unit (Jeol Ltd., Tokyo, Japan). TEM samples were
prepared by dropping colloidal solution onto a copper
grid with collodium layer and drying in the air.

Film thickness was measured at 10 positions by coat-
ing thickness gauge TT220 (TIME Group Inc., China)
and the mean thickness was calculated.

Transparency of the films was estimated by light
transmission through the samples in the wavelength
range 400-800 nm using UV-Vis spectrofluorimeter
CM2203 (Solar, Belarus). Data presented were averaged
for duplicate measurements.

Surface plasmon resonance (SPR) spectra of nano-
composites and films were recorded using spectrofluo-
rimeter CM2203 (Solar, Belarus) from 350 to 700 nm at
room temperature.

Fourier transform infrared spectra (FTIR) of the
obtained pectin-Ag/PVA and pectin-Ag/PVA/KAN films
were recorded using Tensor 27 FTIR spectrometer
(BRUKER, Germany) by scanning along spectrum range
from 4000 to 400 cm . Structure of the samples was evalu-
ated by attenuated total reflection (ATR) infrared spectros-
copy using Tensor 27 FTIR spectrometer equipped with
diamond ATR unit. Data collection was performed with a
4 cm™ ! spectral resolution and 32 scans.

Tensile strength (TS) and elongation at break
(EB) were measured with an Instron Universal Testing
Machine (Instron Tensometer 2020). Deformation rate-
100 mm min~'. The standard film strips 150 mm long
and 25 mm wide were used. TS and EB tests were repli-
cated at least three times for each type of films.

4.9 | Statistical analysis

Results were presented as mean + SD. The statistical
analysis of the obtained data was performed using the
one-way analysis of variance (ANOVA) with a significant
level of p = 0.05. The value of p < 0.05 was considered to
be statistically significant.
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