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Abstract. One of the tasks of modern nanotechnology is the creation of
new materials with a wide range of applications and good antibacterial
activity. In this work, we developed a new composite material based on
poly(lactic-co-glycolic acid) and zinc oxide nanoparticles. The resulting
material had a smooth surface without microdefects. The polymer matrix
did not affect the generation of reactive oxygen species, 8-oxoguanine, and
long-lived protein forms. The addition of ZnO-NPs enhanced the
generation of these compounds. The addition of ZnO-NPs to the polymer
at a concentration of 0.001-0.1 wt% made it possible to achieve a
significant bacteriostatic effect, while not affecting the growth, division,
and viability of eukaryotic cells. The resulting composite material is of
great interest for biomedical use and the food industry due to controlled
biodegradability and antibacterial activity.

1 Introduction

Nanotechnologies are currently being used in various areas of human life, including
biomedicine, the food industry, and agriculture [1-3]. Of particular interest is the use of
nanoparticles (NPs) of metals and metal oxides as antibacterial agents [4]. Numerous
studies have demonstrated the activity of nanosized zinc oxide against both Gram-positive
and Gram-negative bacteria [5-7]. One of the main advantages of ZnO-NPs over other
nanomaterials is their high antibacterial efficacy at low concentrations (0.16—-5.00 mM),
activity against a wide range of bacterial strains, relatively low cost, and ease of synthesis
[8]. ZnO-NPs realize antibacterial properties due to the generation of reactive oxygen
species (ROS) in the course of photocatalytic reactions. The resulting ROS, hydroxyl
radicals (OHe), superoxide anions (O2"), and hydrogen peroxide (H>O,) cause oxidative
stress and damage cell biopolymers [9, 10]. One of the promising strategies for increasing
the antibacterial properties and controlling the biocompatibility of NPs is the creation of
polymer-NP composites. The following are used as matrices for creating composites:
chitosan, gelatin, polyvinyl alcohol (PVA), polylactate (PLA), polypropylene,
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polyurethane, borosiloxane, poly(glycolide-co-lactide) (PLGA), etc. [11-13]. PLGA is a
polymer with good biocompatibility and biodegradability [14]. In the body, PLGA is
degraded to polyglycolic acid (PGA) and polylactic acid (PLA). Successful creation of
composites based on PLGA containing NPs of metals and metal oxides was noted [15-18].
The main advantage of PLGA is its ability to adjust biodegradability in the recipient's body
by changing the ratio of lactide/glycolide monomers in the composition [19].

In this study, we synthesized a PLGA/ZnO-NPs composite material using low-
temperature technology. The physicochemical properties of the obtained samples of
materials were characterized using methods such as dynamic light scattering,
electrophoretic light scattering, absorption spectroscopy, transmission electron microscopy,
modulation-interference microscopy. We also studied in vitro antibacterial and cytotoxic
properties of newly synthesized composites with different concentrations of ZnO-NPs in
the composition (0.1; 0.01; 0.001 wt%) against E. coli and SH-SYSY cell line.

2 Materials and methods

2.1. Synthesis and characterization of ZnO-NPs

Thelaser ablation in a liquid method (deionized water) was used for the synthesis of ZnO-
NPs. A pulsed ytterbium-doped fiber laser was used. Laser radiation parameters: A=1064
nm, 7=4-200 ns; v=20 kHz; average power up to 20 W; E=1 mJ. The liquid layer above the
target (metal zinc plate) was about 1 mm. Irradiation time varied in the range of 5-20
minutes. The hydrodynamic diameter and zeta potential of the resulting NPs were
determined using a Zetasizer Ultra Red Label (Malvern Panalytical, UK). The NPs
diameter was confirmed using a CPS 24000 [20]. Morphological features (shape, topology),
as well as the elemental composition of NPs, were studied using a Libra 200 FE HR
transmission electron microscope (Carl Zeiss, Germany) in combination with a JED-2300
energy-dispersive X-ray spectrometer. The colloid composition of the obtained NPs was
confirmed using Cintra 4040 (GBC Scientific Equipment, Australia).

2.2. Preparation and characterization of the composite material

To obtain a PLGA/ZnO-NPs composite material, a technology developed earlier was used.
Briefly, the composite material was prepared by preliminary preparation of a 3% solution
of PLGA (Creative Biolabs, USA) in chloroform with stirring until a homogeneous state for
1 h at a solution temperature of 57°C. Next, a colloidal solution of zinc oxide NPs of the
required concentration was added to the dissolved PLGA [21]. The material was heated to
40°C and then rolled through rollers. As a result, a composite film with a thickness of about
1000 um was obtained, from which rectangular samples were cut. The troubleshooting of
the material surface was carried out using atomic force microscopy, and the distribution of
NPs in the material was evaluated using modulation interference microscopy.

2.3. Quantification of ROS

The concentration of hydrogen peroxide formed in aqueous solutions was estimated from
the intensity of chemiluminescence of the luminol-p-iodophenol-horseradish peroxidase
system. Chemiluminescence was measured on a highly sensitive Biotox-7A
chemiluminometer (Engineering Center - Ecology, Russia). Samples of the films of the
material were placed in polypropylene vials (Beckman, USA) with the addition of 1 mL of
the "counting solution" prepared immediately before the measurement, containing 1 mM
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Tris-HCI buffer pH 8.5, 50 uM p-iodophenol, 50 pM luminol, 10 nM horseradish
peroxidase. The sensitivity of this method is <1 nM [22]. To quantify the content of
hydroxyl radicals in aqueous solutions, the reaction with coumarin-3-carboxylic acid
(CCA) was used. The hydroxylation reaction produces the fluorescent product 7-
hydroxycoumarin-3-carboxylic acid (7-OH-CCA). Fluorescence of 7-OH-CCA) was
recorded using a JASCO 8300 spectrofluorimeter (JASCO, Japan) at Aex = 400 nm, Aem =
450 nm.

2.4. Measurement of the concentration of the formed active long-lived forms
of proteins

The number of long-lived reactive forms of proteins (LLRPF) was estimated from the
intensity of chemiluminescence of protein solutions after heating after 40°C for 2 hours. All
samples were stored in the dark at room temperature for 30 min after exposure. The
measurements were carried out in 20 mL polypropylene vials (Beckman, USA) in the dark
at room temperature on a highly sensitive Biotox-7A chemiluminometer (Engineering
Center - Ecology, Russia). Protein solutions not subjected to heating were used as controls
[23].

2.5. Quantitative determination of 8-oxoguanine in DNA in vitro by ELISA

To quantify 8-oxoguanine in DNA, a non-competitive enzyme-linked immunosorbent assay
(ELISA) was used using monoclonal antibodies specific for 8-oxoguanine (anti-8-OG
antibodies). The formation of an antigen-antibody complex with mouse antibodies against
8-OG (at a dilution of 1: 2000) was carried out in a blocking solution (100 pl/well) by
incubation for 3 h at 37°C. A complex with a conjugate (immunoglobulin to mouse Fc
fragments labeled with horseradish peroxidase (1:1000)) was formed by incubation for 1.5
h at 37°C in blocking solution (80 pl/well). A chromogenic substrate containing 18.2 mM
ABTS and hydrogen peroxide (2.6 mM) in 75 mM citrate buffer, pH 4.2 (100 pl/well) was
added to each well. Reactions were stopped after formation of visible color by adding an
equal volume of 1.5 mM NaNj in 0.1 M citrate buffer (pH 4.3). The optical density of the
samples was measured on a plate spectrophotometer (Titertek Multiscan, Finland) at A =
405 nm. The method was described in more detail earlier [24].

2.6. Evaluation of the antibacterial activity of the samples

The antibacterial activity of the obtained PLGA/ZnO-NPs composites was evaluated on the
gram-negative bacterium Escherichia coli. Film samples were sterilized in 70% ethanol for
30 min. A sample of the material in the form of a film was put on a sterile hoop, on which
then liquid LB nutrient medium with a known number of CFU was placed. The resulting
construct was placed in an ES-20 shaker-incubator (Biosan, Latvia) and cultivated at 37°C,
at 150 rpm for 24 hours. Using microscopy, drop spectrometry, and the previously
developed algorithm for detecting optically dense objects in a frame, the concentration of
bacterial cells after cultivation was estimated.

2.7. Cytotoxicity study on SH-SY5Y cells

The human neuroblastoma cell line SH-SYS5Y was used as an in vitro test system. These
cells are widely used to study the development and differentiation of nerve cells in vitro.
Cultivation was carried out in DMEM medium with L-glutamine (Biolot, Russia)
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containing 10% fetal calf serum (Gibco, USA), 100 U/mL penicillin, and 100 pg/mL
streptomycin (PanEco, Russia) in a CO; incubator S-Bt Smart Biotherm (Biosan, Latvia) at
37°C and 5% CO,. Samples of PLGA/ZnO-NPs composite were placed one by one into @
35 mm Petri dishes. A suspension of SH-SYS5Y cells (104 cells/cm2, 3 ml) was placed on
the surface of the samples and cultured for 72 hours. The viability of cell cultures was
assessed by staining the cultures with fluorescent dyes Hoechst 33342 and propidium
iodide (PI) (Sigma, USA) at concentrations of 2 pg/ml each. To register the growth of cell
cultures on the surface of samples of PLGA/ZnO-NPs composites, a Leica DMI6000
system (Leica, Germany) was used. A number of pictures were taken on a randomly
selected field of the crop in question in transmitted light, with filters for Hoechst and PI.
The number of non-viable cells, the cell culture density, the percentage of cell-free surface
area, and the mitotic index were evaluated using the Imagel] software as the main
parameters that determine the growth and development of cells.

2.8. Data processing

Data were analyzed using GraphPad Prism 8 and Origin software and presented as mean +
standard error of the mean. Data from at least three independent experiments were used for
averaging. The statistical significance of differences was assessed using Student's t-test.

3 Results and discussion

ZnO-NPs were synthesized by laser ablation in water. This method makes it possible to
obtain stable colloidal solutions of NPs with a narrow particle size distribution and does not
require the use of stabilizing agents and reducing agents [25, 26]. The concentration and
hydrodynamic NP were determined using dynamic light scattering. The colloidal solution
contained ~450 million NPs/mL with an average hydrodynamic diameter of 47 nm (Fig.
la). The size distribution of NPs was monomodal with a distribution half-width of about
45-60 nm. Also, using electrophoretic light scattering, the profile of the NP zeta potential
was determined, which was distributed in the range from 6 to 40 nm with a maximum of 15
mV (Fig. 1b). Absorption spectroscopy confirmed the composition of the obtained
nanoparticles corresponding to zinc oxide (Fig. 1c). Morphology analysis using TEM
showed the presence in the colloidal solution of nanoparticles with a rod-like morphology,
about 40-70 nm long (Fig. 1d). A number of papers reported that the antibacterial properties
of nanoparticles may depend on the morphological features of the particles, which is
associated with a change in the specific surface area and the number of adsorption centers
on the particle surface [27]. Energy-dispersive X-ray spectrometry was used to determine
the chemical composition and purity of the obtained NPs. The content of zinc and oxygen
in the composition of NPs was revealed. The resulting NPs contained ~75% ZnO and ~25%
zinc metal (Fig. le).
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Fig. 1. Physicochemical properties of ZnO-NPs. Concentration (solid line) and size distribution
(dashed black line) of zinc oxide NPs (a); distribution of the zeta potential of zinc oxide NPs (b);
optical absorption spectrum of an aqueous colloidal solution of zinc oxide NPs (c); TEM image of a
group of zinc oxide NPs (d), EDX profile of NPs (bottom) and enlarged measurement site (top) (e)

The PLGA/ZnO-NPs composites were fabricated using the low-temperature technology
developed by us earlier. Using the atomic force microscope method, it was shown that the
resulting composite material had a uniform and smooth surface without cracks, ruptures,
and other artifacts (Fig. 2a).

(@ (b)

Fig. 2. Analysis of the surface of the composite material and the distribution of NPs in the polymer
matrix: Reconstruction of the microrelief of the surface of the composite sample based on PLGA,
performed using an atomic force microscope (a). Images of PLGA, without NPs (b) and composite
material with a concentration of 0.1% NPs (c), obtained using MIM. On "b" and "c" three-
dimensional visualization of the material surface profile is presented. Axes X and Y - the size of the
investigated surface in microns. The Z-axis is the relief as a phase change expressed in nm. In the
lower left corner of figures "b" and "c" there is a 2D image (height map of the material surface)

Using MIM, it was found that the surface of PLGA without NPs did not have a
pronounced structure (Fig. 2b). The addition of ZnO-NPs led to the formation of domains
that were distinguished by a change in the phase of laser radiation (Fig. 2c). It was found
that ZnO-NPs are distributed in the volume of PLGA in the form of domain structures, the
size of which reached several microns at the highest concentration (Fig. 2c). Thus, the
distribution of ZnO-NPs in the PLGA/ZnO-NPs composite was non-uniform.

The ability of a material to exhibit antibacterial properties may be due to the structure of
the surface, including due to electrostatic or mechanical damage to cells [28], and the
release of biologically active compounds by the material [29]. Often, reactive oxygen
species are used as such compounds. As is known, ROS are highly reactive compounds that
damage macromolecules (membrane lipids, proteins, and nucleic acids) [30]. In this regard,
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the ability of the resulting PLGA/ZnO-NPs composite to form ROS: hydrogen peroxide and
hydroxyl radicals was studied. It was found that pure PLGA had no effect on the generation
of ROS in aqueous solution. However, the PLGA/ZnO-NPs composite increased the rate of
formation of hydrogen peroxide (Fig. 3a) and hydroxyl radicals (Fig. 3b) at all studied
concentrations of ZnO-NPs. An increase in the concentration of ZnO-NPs in the
composition of the composite contributed to an increase in the rate of ROS generation. In
particular, composites with the highest concentration of ZnO-NPs (0.1%) increased the
formation of H>O, by ~5 times and OH radicals by ~2.5 times.
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Fig. 3. Effect of the PGLA/ZnO-NPs composite material on the generation of ROS: generation of
hydrogen peroxide (2 h, 40°C) (a); formation of hydroxyl radicals (2 h, 80°C) (b); * - statistically
significant difference with the control group (p < 0.05). Data are presented as mean with SEM.

Nucleic acids are often a target for ROS, especially in bacterial cells [31]. The key
product of oxidative damage to DNA is 8-oxoguanine, which causes adenine mismatch
[32]. The accumulation of 8-oxoguanine in DNA also plays a role in the development of
cancer and in the aging process [33]. On the other hand, ROS cause oxidative damage to
protein macromolecules with the formation of LLRPF that can cause cellular mutations and
transformations, and are also a source of secondary free radicals that cause subsequent
damage to biomolecules [23, 34]. The addition of ZnO-NPs to the composition of PLGA
increased the rate of formation of 8-oxoguanine in DNA in proportion to the increase in the
concentration of ZnO-NPs. At a ZnO-NP concentration of 0.001%, an increase in the rate
of formation of 8-oxoguanine in DNA by 1.5 times was observed; at a concentration of
ZnO-NPs of 0.01% by 2.3 times; at a concentration of 0.1% by 2.8 times (Fig. 4a). Also,
we studied the effect of PLGA/ZnO-NPs composite on the formation of LLRPF. The
addition of ZnO-NPs to the polymer led to a statistically significant increase in the rate of
formation of LLRPF (Fig. 4b). The addition of ZnO-NPs did not affect the half-life of
LLRPF, which was about 4-5 hours. The study of the effect of PLGA/ZnO-NP composites
on the growth and development of E. coli bacterial cultures (Fig. 4c) showed that PLGA
without ZnO-NPs in the composition does not affect the growth and development of
bacterial cells. The addition of ZnO-NPs to PLGA led to a sharp decrease in the number of
bacterial cells on the surface of the composite. An increase in the concentration of ZnO-
NPs led to an increase in the bacteriostatic effect. The number of cells on the surface of the
composite with 0.001% ZnO-NPs decreased by 2 times; with 0.01% ZnO-NPs by 10 times.
The PLGA/ZnO-NPs composite containing 0.1% ZnO-NPs had perfect bacteriostatic
properties. In general, the results of microbiological studies are in good agreement with
other data demonstrating the ability of nanomaterials based on metal oxides to inhibit the
growth and development of bacteria [8,35,36].
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Fig. 4. Effect of the PGLA/ZnO-NPs material on the 8-oxoguanine in DNA formation (2h, 45°C) (a);
LLRPF formation (2h, 40°C) (b); microbiological test results against E. coli (c).* - statistically
significant difference with the control group (p<0.05). Data are presented as mean with SEM.

We also studied the cytotoxic effects of PLGA/ZnO-NPs on the SH-SYSY cell line
(Fig. 6a-d). When cells were cultivated on PLGA containing no ZnO-NPs, all parameters
under consideration did not change and were at the level of the “control” group. About 4%
of non-viable cells were observed; 1.3% of cells showed mitotic activity; the culture density
was ~1200 cells/mm?, ~30% of the polymer area was occupied by cells. It is noteworthy
that the formation of a single monolayer was not observed. PLGA is often used to
accelerate tissue regeneration and coating of nanomaterials in order to reduce the cytotoxic
effect [37,38]. Functionalization of PLGA with ZnO-NPs led to an increase in the
percentage of nonviable cells. When using the PLGA/ZnO-NPs composite with the
maximum concentration of ZnO-NPs (0.1%), a decrease in the number of viable cells to
~92% and an increase in the cell-free surface compared to cultures growing on cultural
plastic ("control") by ~5%. However, these changes are not critical for cell cultures. Thus, it
was found that the surface of the synthesized composite material PLGA/ZnO-NP composite
was suitable for adhesion, growth, and development of SH-SY5Y cell cultures and was not
toxic to this cell line.
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Fig. 5. Effect of the PLGA/ZnO-NPs composite material on the main characteristics of the growth
and development of human neuroblastoma cell line SH-SY5Y after 72 hours of in vitro cultivation.
Viability of cell cultures (a); mitotic index of cells (b); cell culture density (c); colonization of the free
surface by cells (d). * - statistically significant difference with the control group (p<0.05). Data are
presented as mean with SEM.

4 Conclusions

A composite material based on PLGA functionalized with nanosized ZnO was obtained
using a low-temperature method. It was shown that the resulting composite material is
capable of generating ROS and, potentially, causing damage to DNA and proteins of
bacterial cells. The composite with the addition of ZnO-NPs in PLGA, even at the
minimum concentration (0.001%), significantly reduced the growth of E. coli bacteria. At
the same time, the resulting composite was not toxic to SH-SY5Y cells. The PLGA/ZnO-
NPs composite material is of great interest for biomedical use as well as for the food
industry due to the controlled biodegradability of the material and its bioactive properties
against bacterial cells.
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