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Abstract ZnO-Alg/CS composites doped with Ca?*, Zn?*, Cu®*, and Ag* ions were
synthesized for potential application in the treatment of damaged areas of the skin.
Polyelectrolyte binding of oppositely charged polymer chains of Alginate (Alg)
and Chitosan (CS), as well as additional “cross-linking” with metal ions, ensure
the composite’s stability in a physiological environment and provide antimicrobial
properties. Loading of composites with metal ions provides enhanced antimicrobial
properties and increases the degree of porosity, which positively affects the ability
of materials to absorb liquid and exudate and accelerate wound healing. It has been
experimentally proven that the Gram-negative E. coli ATCC 25922 is more sensi-
tive to the action of composites than the Gram-positive S. Aureus ATCC 25923. At
the same time, Cu-doped samples exert an antimicrobial effect on both bacteria.
The effect of Ca>* ions in the composition of the composite material is noteworthy.
Calcium by itself is not an antibacterial agent, but in a complex with CS, it shows
antimicrobial activity. The integrated indicator of antimicrobial activity for samples
containing Ca®*, Zn?*, Cu?*, and Ag* ions is close to or slightly higher than for
commercial pharmaceutical agents Chlorhexidine and Metrogyl Denta.

1 Introduction

Porous biomaterials based on polymers are widely used in the treatment of puru-
lent wounds and infected ulcers. Such materials include a highly absorbent material
capable of removing and storing a large amount of exudate, have high flexibility,
adhere well to the wound surface, and minimize pain [7]. Rapid wound closure is
the first goal of treatment for acute or chronic wounds that are difficult to heal due
to infections that can delay the healing process. Wound infection is caused by local
microflora or the environment growing directly in the wound area. Therefore, antibac-
terial agents play an important role in preventing wound infection. Historically, the
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resistance of microorganisms to antimicrobial drugs is the reason for their excessive
and long-term use. As microbes are exposed to therapeutic agents, they develop resis-
tance to antimicrobial agents through their rapid reproduction and genetic diversity.
Thus, there is a need to develop safe, non-toxic compositions that prevent microbial
proliferation [8].

Among biopolymers, natural CS and Alg have great scientific appeal in the fields
of medicine, biotechnology, pharmacy, and cosmetics due to their biocompatibility
with native tissues of the macroorganism, biodegradation, and antimicrobial activity.
CS derivatives are characterized by wound-healing properties, as they exhibit greater
antimicrobial activity compared to pure CS [4]. Chitosan is a polysaccharide compo-
nent of crustacean shells, one of the few natural cationites. In the structure, CS
has three types of reactive functional groups that ensure its chemical interactions,
namely amino groups in the C-2 position, as well as primary and secondary hydroxyl
groups in the C-6 and C-3 positions, respectively. This gives chitosan such proper-
ties as biocompatibility with native tissues of the macroorganism, biodegradation,
and antimicrobial activity [3]. Glucosamine links in the chitosan structure are places
of attachment to its molecular chain. Thus, amino groups in the protonated form
allow attachment through electrostatic interaction. The nucleophilic properties of
amines allow attachment by covalent bonds because amines have an active ionic
pair of electrons on the electronegative nitrogen atom. Metal ions bind to chitosan
through complexation mechanisms. The above properties of chitosan are widely used
in practice in combination with growth factors and antibacterial agents [15].

Another polysaccharide of natural origin is alginate, which is a component of
brown seaweed and is often used in tissue engineering due to its high biocompatibility
and ability to easily and quickly form a gel in very mild conditions [5]. Modification of
biomedical materials with metal ions and bioactive substances to provide additional
properties is one of the modern approaches in medical materials science. A key
property of functional polymers is their ability to form complexes with various metal
ions in solutions. The addition of divalent cations such as calcium, zinc, and copper
in an aqueous solution forms crosslinks between Alg and CS molecules, which leads
to the formation of hydrogels—a three-dimensional network that stabilizes polymers
[2].

ZnO nanoparticles are used as fillers for the polymer matrix due to their excellent
antibacterial activity. Moreover, they do not show any negative effect on normal cells
when used in appropriate concentrations [13]. The skin is the largest organ of the
body. One of the serious problems in wound healing is the infection of the damaged
part of the skin with microorganisms, such as bacteria. Infection delays skin recovery
and can lead to further problems [4].

Therefore, wound dressings with antimicrobial activity are useful in minimizing
microbial wound infections. In addition, porosity is a necessary and important char-
acteristic of the absorbing biomaterial, which ensures interaction with exudate and its
adsorption, and also ensures the necessary degree of water vapor penetration (water
vapor transition). At the same time, the degree of porosity should provide the neces-
sary mechanical stability to maintain the structural integrity of the biomaterial. Thus,
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the goal of this project is to create a composite material doped with metal ions and to
study the effect of metal ions on the degree of porosity and antimicrobial properties.

2 Experiment Details

2.1 Materials

The following materials and chemicals were used in the course of work: alginate
(Alg, E401) with a molecular weight of 15 kDa, chitosan (CS, Mm 300 kDa,
Acros organics, USA), zinc oxide ZnO (own synthesized), zinc nitrate Zn(NO3),,
polyethylene glycol (PEG-400), TWEEN-80, (China production).

2.2 Composite Preparation

The basis was a 3% solution of sodium alginate. Fine powders (< 63 pm) of ZnO
were mixed with 3% Alg aqueous solution in the ratio Alg: (ZnO) = 2:1 in terms
of dry substances. The 0.5% of TWIN-80 ta 5% polyethylene glycol was added
to the above mixture, followed by sonification. The resulting colloidal suspension
was poured into the mold 5 mm thick and lyophilized (— 55 °C) for 24 h. After
lyophilization, the composite was first immersed for 4 h in a 1% solution of CS for
polyelectrolyte interaction of CS and Alg functional groups. Additional ionic cross-
linking of CS macromolecules was carried out in 0.25 M solutions of CaCl,, ZnSOy,
CuSOy, and AgNO3; for 40 min. The samples were then immersed in ethyl alcohol
(50% solution), washed thoroughly with deionized water, and dried at 37 °C under
pressure.

According to our protocol, ZnO was synthesized in the presence of Alg [9]. Briefly,
4 ml of a 3 wt% solution of sodium alginate was added to 200 ml of a 0.2 M zinc
nitrate hexahydrate solution. The formation of the ZnO compound started after the
addition of 15 ml of a 25 wt% ammonia solution. Then, the entire volume of the
solution was additionally heated to a temperature of 80 °C with magnetic stirring
to complete the formation of ZnO. After cooling, the sample was repeatedly rinsed
with distilled water until neutral, and ZnO fraction was separated by centrifugation.
The product dried at 37 °C was crushed to a powder with a dispersion of < 63 pm.

The obtained ZnO-Alg/CS composite subsequently served as a control (Control).
Since the contents of Alg, CS, and ZnO are constant in all samples, these components
are not reflected in the sample’s name. According to the type of metal ion present,
the composites were named Ca, Zn, Cu, and Ag.
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2.3 Research Methods

The surface morphology investigation was carried out using an SEM FEI Inspect S
50. Porosity (P) determination of the experimental composites was carried out using
the earlier described method [14].

The elemental composition of synthesized samples was studied by an X-ray fluo-
rescence (XRF) analysis using an ElvaX Light SDD spectrometer (www.elvatech.
com). It is capable of identifying elements from Na (Z = 11) to U (Z = 92). A
rhodium anode tube is used to obtain X-ray radiation. The voltage of the X-ray tube
was 12 kV. The current was selected automatically to provide a sufficient load of
simultaneously registered characteristic photons of ~ 50,000 counts. The registration
time was the 30 s.

The antimicrobial activity of Me-ions doped biopolymer composites was studied
against Gram-negative Escherichia coli ATCC 25922, and Gram-positive Staphylo-
coccus aureus ATCC 25923 bacteria test cultures. The Agar diffusion methods carried
out for the antimicrobial assessment. For this, the sterile Miiller-Hinton nutrient
medium was poured into sterile Petri dishes with a 4 mm thick layer. The plates were
left at room temperature to solidify. Then, a suspension of the test microorganisms
(inoculum) was prepared. A pure daily culture grown on a solid nutrient medium
was used for that purpose. Identical, clearly isolated colonies were selected. The
loopful of cells from a single colony was transferred to a test tube with a sterile
saline solution. The inoculum turbidity was adjusted to a McFarland standard of 0.5,
corresponding to 1.5 x 108 CFU (colony forming units) in 1 ml. The 2 ml inoculum
pipetted on the surface of the nutrient medium in a Petri dish was evenly spread over
the agar surface by shaking, and then the excess liquid was removed. The opened
cups were left at room temperature for 10 min for drying. The 6 mm disks were
cut from experimental samples preliminarily moistened in sterile water and placed
on the surface of the nutrient. After the sample’s application, the Petri dishes were
incubated at 37 °C for 24 h in a thermostat, and then the growth inhibition zone (ZOI)
of the target microorganism was measured.

Integral index of antibacterial activity (A) is expected according to the method-
ology [12] by the following formula:

A= /(a1 D/25)* + -+ (a, - D,/25)%,

where

a,—the proportion of patients with selected pathogenic microorganisms in a
particular disease (range 0-1); D,—the average value of the diameter of zones of
inhibition growth of the studied test strains of microorganisms; A—integral index
of the antimicrobial drug activity; 25—constant. Ranges of the efficiency indicator:
1.0-1.5—the drug shows a weak antimicrobial activity; 1.5-2.5—drug shows a mean
antimicrobial activity; more than 2.5 shows strong antimicrobial activity.
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Statistical data was processed using the program Excel (VS Office 2003) with
geometric mean and the possibility of discrepancies (p) indicators.

3 Results and Discussion

The ZnO polymer scaffold is a macroporous three-dimensional network formed by
the polyelectrolyte interaction between macromolecules of natural polymers Alg and
CS, in the pores of which are immobilized particles of zinc oxide (ZnO). Polyelec-
trolyte binding of polymers ensures the stability of the composites in a physiological
environment. To provide antimicrobial properties and increase mechanical stability,
the synthesized materials were additionally cross-linked with metal ions from 0.25 M
solutions of CaCl,, ZnSOy4, CuSOy, and AgNOj;. Previous in vitro studies regarding
samples’ structural integrity in the buffer solution SBF (simulated body fluid) proved
that the composite is a three-layer structure, which has two surface layers doped
with metal ions Ca®*, Zn>*, Cu?*, Ag* and an inner porous layer, represented by a
grid of lyophilized Alg fibrils with immobilized ZnO particles. The surface layers
were resistant to degradation, dispersion, and swelling, while the inner layer swelled
much faster and acquired the consistency of a gel after 3 days of being in the SBF.
CS macromolecules were first of all bound to Alg macromolecules located on the
surface, forming a compacted film. In turn, metal ions bound to CS macromolecules
form bridges between Alg and CS and also adhere to the surface of inorganic ZnO
microparticles. Figure 1 schematically shows the composite components’ interaction
and the material’s structure.

Figure 2 shows the XRF spectra of experimental samples, which confirm the
content of metal ions in the composite structure.

As already mentioned, the degree of porosity is of great importance for bioma-
terials that can potentially be used as wound dressings. Studies have proven the
influence of metal ions (Ca, Zn, Cu, Ag) on the porosity of the composite material
(Fig. 3).

Doping composites with metal ions increases the degree of porosity compared to
the control sample. The change in porosity is influenced by the state of the dispersed
system caused by the action of adsorbed metal ions, namely the balance of the ener-
gies of electrostatic attraction and repulsion between charged particles. The predom-
inance of the repulsive energy of similarly charged adsorbed ions leads to the forma-
tion of a positive “wedging” pressure, which causes the repulsion of surfaces and, in
turn, affects porosity.

In electrolyte solutions, Cu”*, Zn>*, Ca®*, and Ag* ions are adsorbed on the
particles of the dispersed phase of the samples, giving them a positive charge. As a
result, repulsive forces arise, which, according to the theory of DLFO (Deryagin—
Landau-Fairway—Overbeek), are electrostatic in nature. A positive wedging pressure
is formed, which leads to an increase in the distance between macromolecules. This
is the reason for the increase in the porosity of samples containing metal ions.
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Fig. 1 Schematic representation of the interaction of components, the structure of the composite,
and the appearance of the composite material doped with metal ions

The morphology of the cross-sections of the experimental samples is shown in
Fig. 4. The images confirm the porous structure of the samples with a highly devel-
oped surface, which facilitates the absorption and retention of fluid and exudate when
used as wound dressings.

Macromolecules of CS form with metal ions chelate complexes, which are able
to exert an enhanced antimicrobial effect [11]. In vitro studies proved that the outer
layers of the formed scaffold doped with metal ions showed increased mechanical
stability in SBE.

Figure 5 shows the antimicrobial effect of metal ions containing composites in the
form of zones of growth inhibition (ZOI) of Gram-positive S. Aureus ATCC 25923
and Gram-negative E. coli ATCC 25922 microorganisms. Quantitative values of ZOI
are given in Table 1.

As the experiment shows, E. coli ATCC 25922 is more sensitive to the action of
composite materials. At the same time, Cu-doped samples have a good antimicro-
bial effect against both Gram-negative E. coli ATCC 25922 and Gram-positive S.
Aureus ATCC 25923 bacteria. The action of calcium ions in the composite material
is remarkable. Calcium by itself is not an antibacterial agent, but when combined
with chitosan, it has an antimicrobial effect. The antimicrobial activity of samples
containing Ag* ions is surprisingly low. This happens as a result of the interaction of
silver ions with the components of the reaction mixture with the formation of poorly
soluble compounds and, as a result, weak diffusion of Ag* ions. So, for example, the
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Fig. 2 XRF spectra of synthesized samples: Control ZnO-Alg/CS (a); Ca, Zn, Cu, Ag containing
composites—b—e, respectively

Fig. 3 Degree of porosity Porosity
(%) of the experimental
samples in dependence on
the metal ion present

20 %

formation of poorly soluble silver carbonate in the solution is likely: 2Ag* + CO3%~
— Ag2C03 i,

For the comparative characterization of the experimental samples’ antimicrobial
ability against the investigated test strains, the calculation of the integral indicator (A)
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Fig. 4 SEM images of synthesized samples: Control (a), Ca, Zn, Cu, Ag containing composites—
b—e, respectively
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Fig. 5 Antimicrobial action of synthesized composites containing metal ions against E. coli ATCC
25922 and S. Aureus ATCC 25923 microorganisms

Table 1 Zones of growth inhibition of microorganisms under the influence of experimental samples

Sample ZOI, mm Integral indicator of antimicrobial
activity (4)
E. coli ATCC 25922 | S. Aureus ATCC | Regarding Regarding metrogyl
25923 chlorhexidine | denta
Control | 16.3 +0.15 1+0.05 0.79 1.00
Ca 27.5+0.2 17.5 £0.13 1.51 1.97
Zn 293 +0.14 155 £0.11 1.55 2.01
Cu 273 +£0.16 25 +£0.15 1.67 2.21
Ag 145+0.1 124+ 0.1 0.87 1.14

Integral index A of the sample’s antimicrobial activity. p < 0.05

of antimicrobial activity was carried out in relation to the commercial Chlorhexidine
and Metrogyl Denta, which are used as antimicrobials in dentistry. The applied
vector theory made it possible to represent A as a vector in n-dimensional space with
coordinates in the form of a growth inhibition zone for each test microorganism. The
results showed that the value of A for samples containing Ca®*, Zn?*, Cu®**, and Ag*
ions is close to or higher than for the above pharmaceuticals. The smallest A value
is for the Control. According to methodological recommendations, the samples are
classified as having medium antimicrobial activity, except for Control and Ag, whose
antimicrobial activity is weak.

Scientific sources provide two main mechanisms of antimicrobial action: (a) the
toxic effect of metal ions on the cell membrane of bacteria; (b) the toxicity of ROS
(reactive oxygen particles), formed with the participation of ZnO, on the compo-
nents of the bacterial cell. Antibacterial activity is the result of the formation of
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such ROS as hydrogen peroxide (H,O,), peroxide anion (0?7), and hydroxyl radi-
cals (OH™). These particles damage cellular components such as DNA, lipids, and
proteins [1]. Positively charged metal ions can also directly interact with negatively
charged components of the bacterial wall [10]. Composites containing ZnO disrupt
the integrity of the cell membrane, which leads to damage to membrane proteins
and the lipid layer [6]. In addition, it is shown that chelate complexes of chitosan
with metal ions exhibit greater antimicrobial activity compared to pure chitosan [11].
Positively charged sites of CS, joining the negatively charged surface of a microbial
cell, disrupt its metabolism.

4 Conclusions

ZnO-Alg/CS composites doped with Ca*, Zn?*, Cu?*, and Ag* ions were created
for potential application in the treatment of damaged areas of the skin. Polyelec-
trolyte binding of oppositely charged polymer chains Alg and CS and additional
cross-linking with metal ions ensure the stability of composites in a physiological
environment and provide antimicrobial properties. Doping composites with metal
ions increase the degree of porosity compared to the control sample, which posi-
tively affects the ability of the material to absorb liquid and exudate. The advantage
of the repulsive energy of the same charged metal ions adsorbed on inorganic particles
leads to the formation of a positive “wedging” pressure, which causes the repulsion
of the surfaces and, in turn, affects the porosity.

It was experimentally proven that the Gram-negative microorganism E. coli ATCC
25922 is more sensitive to the action of composites than the Gram-positive S. Aureus
ATCC 25923. At the same time, Cu-doped samples exert an antimicrobial effect on
both bacteria. The effect of Ca®* ions in the composite is remarkable. Calcium is
not an antibacterial agent, but it has antimicrobial activity in a complex with CS.
The integrated indicator of antimicrobial activity for samples containing Ca®*, Zn>*,
Cu?*, and Ag* ions is close to or slightly higher than for commercial pharmaceutical
agents Chlorhexidine and Metrogyl Denta.
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