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Abstract: Nanocomposites based on polymers and nanoparticles are used in agriculture for photocon-
version of solar radiation, as a basis for covering material, as a packaging material, and as functional
films. At the same time, nanocomposites are almost never used in agriculture as biosafe structural
materials. In this work, we have developed a technology for obtaining a nanocomposite based on
PLGA and iron oxide nanoparticles. The nanocomposite has unique physical and chemical properties
and also exhibits pronounced antibacterial properties at a concentration of iron oxide nanoparticles of
more than 0.01%. At the same time, the nanocomposite does not affect the growth and development
of pepper and is biocompatible with mammalian cells. Nanocomposites based on PLGA and iron
oxide nanoparticles can be an attractive candidate for the manufacture of structural and packaging
materials in agriculture.

Keywords: iron oxide; poly(lactic-co-glycolic acid); nanoparticles; composite; biocompatibility;
antibacterial; cytotoxicity

1. Introduction

The creation of biosafety polymeric materials with antibacterial properties is an impor-
tant task of modern agricultural science. One of the promising ways to solve this problem
is the creation of polymeric materials containing nanoparticles of metals and their oxides,
such as Ag,O [1], ZnO [2], Fe; O3, Fe304 [3], Al, O3 [4], TiO; [5] and CuO [6]. It is known
that nanoparticles of these metals and their oxides have an antibacterial effect against gram-
negative and gram-positive bacteria, as well as an antifungal effect [3]. Numerous studies
have shown the bacteriostatic and bactericidal effect of Fe;O3 and FezO4 nanoparticles
against a wide range of microorganisms [7-9]. It is assumed that the antibacterial action of
iron oxide nanoparticles is based on: (1) The ability to generate ROS [10], (2) the ability to
inactivate a number of bacterial enzymes [11] and (3) the violation of the integrity of the
bacterial cell wall and membrane [12]. At the same time, iron oxide nanoparticles have
good biocompatibility in eukaryotes [13] and demonstrate the absence of cytotoxicity or
low cytotoxic effect on cell cultures in in vitro experiments [14,15].

For the synthesis of iron oxide nanoparticles, various methods are used, including
chemical precipitation [16], the sol-gel method [17], thermal coprecipitation [18], the hy-
drothermal method [19], laser ablation [20], etc. The laser ablation method allows nanopar-
ticles with desired physicochemical characteristics to be obtained; this method is ideal for
primary research [21]. Iron nanoparticles and their oxides are often magnetic; therefore,
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colloidal solutions of these nanoparticles tend to agglomerate, which is accompanied by
low stability of colloidal solutions and deterioration of biological properties [22]. One of
the ways to improve both the physical characteristics of the obtained nanomaterials (col-
loidal stability, rheological characteristics, photocatalytic properties, etc.) and the biological
properties (antibacterial activity, low cytotoxicity, pyrogenicity, etc.) of nanomaterials is
the development of polymer-NP composites (borosiloxane [23], gelatin [24], chitosan [25],
polyaniline [26], polyurethane [27], poly(lactide-co-glycolide) (PLGA) [28], etc.). Polyani-
line, polyurethane and PLGA are fundamentally suitable for structural materials. However,
only PLGA is a biocompatible polymer. In the present work, nanocomposites based on
PLGA and iron oxide nanoparticles of various concentrations were synthesized. Using the
TEM, MIM, DLS, ATM, DSC and spectroscopy methods, the physicochemical properties of
the nanocomposite material are characterized. It is shown that the nanocomposite exhibits
antibacterial properties. At the same time, the nanocomposite did not have a significant
effect on the growth and development of eukaryotes, both of plant and animal origin.

2. Materials and Methods
2.1. Synthesis and Characterization of Nanoparticles

Iron oxide nanoparticles were synthesized using the laser ablation method in deionized
water. An iron plate was used as a massive target. A pulsed ytterbium fiber laser was used.
The following laser parameters were used: wavelength, 1064 nm; pulse duration, 4-200 ns;
pulse repetition rate—20 kHz; average power-up to 20 W; pulse energy—1 m]. Deionized
water was used as the working liquid; the volume was 10 mL. The liquid layer above the
target was about 1000-1500 pm. Irradiation time varied in the range from 5 to 20 min. A
detailed description of the installation for the generation of nanoparticles by laser ablation
can be found in the work of Baimler et al. [29].

The Zetasizer Ultra Red Label (Malvern Panalytical, Malvern, UK) was used to de-
termine the hydrodynamic diameter of the obtained nanoparticles, as well as to obtain
the zeta potential distribution. A more detailed description of the features of recording
these parameters was described by us earlier [30]. A CPS 24000 disk analytical centrifuge
(CPS Instruments, Prairieville, LA, USA) was used to evaluate the diameter of the obtained
nanoparticles. The morphological features of nanoparticles (shape, topology), as well as the
elemental composition of nanoparticles, were studied using a Libra 200 FE HR transmission
electron microscope (Carl Zeiss, Jena, Germany) in combination with a JED-2300 energy-
dispersive X-ray spectrometer. To assess the morphological features of the surface of the
obtained composite films, a Seiko SII NPX-200 atomic force microscope (Seiko Instruments
Inc., Tokyo, Japan) was used. The distribution of nanoparticles in the polymer was assessed
using an interference modulation microscope MIM-321 (Amphora Lab, Moscow, Russia).
Further, to confirm the composition of the obtained nanoparticles, the spectrum of aqueous
colloids of nanoparticles was recorded using a Cintra 4040 differential spectrophotometer
(GBC Scientific Equipment, Braeside, Australia).

2.2. Composite Fabrication, Production of Plates from Composite Material, Rheological Properties

The low-temperature technology developed earlier at our research center was used
to obtain a composite based on PLGA and iron oxide nanoparticles [31]. The resulting
composite material was heated to 40 °C and then rolled through rollers. As a result, a
composite film with a thickness of about 1000 pm was obtained. The resulting film was
further cut into samples of various sizes. For work with plants, the composite material
was heated to 40 °C and then rolled. As a result, composite rods with a diameter of about
0.5 cm were obtained.

2.3. Hydrogen Peroxide Concentration Measurement

The concentration of the formed hydrogen peroxide in aqueous solutions was carried
out using a highly sensitive chemiluminescence method [32]. A highly sensitive chemilumi-
nometer was used to register and measure luminescence Biotox-7A-USE (ANO Engineering
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Center—Ecology, Moscow, Russia). The calibration and registration procedure is described
in detail in a number of our other works. Composite samples were placed in polypropylene
vials with the addition of 1 mL prepared before measuring the “counting solution”. This
solution contained 1 mM Tris-HCl buffer pH 8.5, 50 uM p-iodophenol, 50 uM luminol,
10 nM horseradish peroxidase. The sensitivity of this method made it possible to determine
H,0O; at a concentration of <1 nM [33].

2.4. Hydroxyl Radicals Concentration Measurement

To quantify the content of hydroxyl radicals in aqueous solutions, the reaction with
coumarin-3-carboxylic acid (CCA) was used. The hydroxylation reaction produced
7-hydroxycoumarin-3-carboxylic acid (7-OH-CCA), a convenient fluorescent probe for
detecting the concentration of OH radicals. To a solution of CCA in water (0.5 mM, pH 3.6)
0.2 M phosphate buffer (pH 7.4) was added. Next, the samples in polypropylene bottles
were heated in a thermostat at a temperature of 80.0 = 0.1 °C for 2 h. A JASCO 8300
spectrofluorimeter (JASCO, Tokyo, Japan) was used to detect fluorescence of 7-OH-CCA at
Aex =400 nm, A = 450 nm. Calibration was carried out using commercial 7-OH-CCA [20].

2.5. Long-Lived Reactive Protein Species Concentration Measurement

Detection of luminescence is an efficient and sensitive method for determining free
radical reactions. The interaction of radicals is accompanied by the release of energy in
the form of emitted light quanta [34]. In this case, the interaction of radicals releases the
energy emitted in the form of light quanta. Chemiluminometer Biotoks-7A (AND “Engi-
neering Center—Ecology”, Russia) was used to study long-lived reactive protein species
by measuring the chemiluminescence of protein solutions with increasing temperature.
The measurements were carried out in the dark at room temperature in 20 mL plastic
polypropylene vials. All samples were stored in the dark at room temperature for 30 min
after exposure. Protein solutions not subjected to heating were used as controls. A more
detailed description of the method was presented in the work of Sharapov et al. [35].

2.6. Enzyme-Linked Immunosorbent Assay (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) [36]. DNA samples (350 pug/mL) were denatured by boiling in a water bath for
5 min and cooled on ice for 34 min. Aliquots (42 puL) were applied to the bottom of the
wells of the ELISA plates. DNA was immobilized using a simple adsorption procedure with
incubation for 3 h at 80 °C until the solution was completely dry. Non-specific adsorption
sites were blocked with 300 pL of a solution containing 1% skimmed milk powder in
0.15 M Tris-HCl buffer, pH 8.7 and 0.15 M NaCl. Next, the plates were incubated at room
temperature overnight (14-18 h). The formation of an antigen-antibody complex with
antibodies against ti-8-OG (at a dilution of 1:2000) was carried out in a blocking solution
(100 uL/well) by incubation for 3 h at 37 °C. It was washed twice (300 pL/well) with
50 mM Tris-HCl buffer (pH 8.7) and 0.15 M NaCl with 0.1% Triton X-100 after 20 min
incubation. Next, the complex with the conjugate (anti-mouse immunoglobulin labeled
with horseradish peroxidase (1:1000)) was formed by incubation for 1.5 h at 37 °C in a
blocking solution (80 uL/well). The wells were then washed 3 times as described above.
Next, 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 by adding an equal volume of 1.5 mM NaN3 in 0.1 M citrate buffer (pH 4.3) when
color was achieved. The optical density of the samples was measured on a plate photometer
(Titertek Multiscan, Vantaa, Finland) at A = 405 nm. The method was described in more
detail earlier [37].
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2.7. Thermal Analysis

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) were per-
formed using a SETSYS Evolution TGA-DTA /DSC instrument (SETERAM Instrumentation,
France) on the obtained samples of PLGA /iron oxide NP composites. The designated tem-
perature range is from room temperature to 1200 °C. The data were adjusted for baseline
by performing a blank test and subtracting it from the original data [38].

2.8. Antibacterial Activity Assay

The antibacterial activity of the obtained PLGA /iron oxide NPs composites was
evaluated against gram-negative bacteria Escherichia coli. Film samples 10 X 10 mm in size
were pre-sterilized by soaking in a 70% ethanol solution for 30 min. Next, the film was put
on a sterile hoop, on which a liquid LB nutrient medium with a known number of CFU
was placed. The resulting construct was placed in an ES-20 shaker incubator (Biosan, Riga,
Latvia) and cultured at 37 °C, at approximately 150 rpm for 24 h. Using microscopy and
the previously developed algorithm for detecting optically dense objects in the frame, the
concentration of bacterial cells was estimated during the cultivation time. At the end of the
experiment, the structure was dismantled, and the concentration of bacteria was assessed
using a drop spectrometer [39].

2.9. Determination of Leaf Area

The experiments were carried out in a climate chamber. Plants were grown in soil
under standard conditions (illumination 16 h a day, temperature 22 °C). The leaf area of
Capsicum annuum was changed using the Greenlmage software developed by us [40]. The
original RGB images of plant leaves were obtained in a vertical position with the same distance
from the camera lens to the leaf. To select the pixels corresponding to the image of the leaves,
the following green selection procedure was used: Ig = Iy — al; — bly,, where Ig, I; and L,
are the intensities of the RGB color components of the pixel, I is the resulting intensity
of the selected green and a and b are weight coefficients. Then, a threshold procedure
was applied. To estimate the sheet area, the total number of pixels was normalized to the
specific area of one pixel [41].

2.10. Cytotoxicity Study

The obtained samples of the PLGA /iron oxide NPs composite films were evaluated for
their in vitro cytotoxicity against permanent human neuroblastoma cell lineage SH-SY5Y.
These cells are a good model for studying the development and differentiation of nerve cells
in vitro. A feature of this cell line is the possibility of their growth both in the monolayer
and as aggregates in the volume of the medium [42]. DMEM (Biolot, Moscow, Russia)
containing 10% fetal calf serum (Gibco, USA) and 30 pg/mL gentamicin (PanEco, Moscow,
Russia) was used as a culture medium. Cultivation was carried out in a CO, incubator S-Bt
Smart Biotherm (Biosan, Riga, Latvia) at 37 °C and 5% CO,.

Sterile samples of the PLGA /iron oxide NPs composite 20 x 20 mm in size were
placed in Petri dishes & 35 mm for each of the samples. A suspension of SH-SY5Y cells
(10* cells/cm?, V = 3 mL) was placed on the surface of the samples. The in vitro cul-
tivation time on the surface of the studied films was 72 h. Next, the viability of cell
cultures was assessed by staining the cultures with fluorescent dyes Hoechst 33342 (Sigma,
St. Louis, MO, USA) and propidium iodide (Sigma, St. Louis, MO, USA) at concentrations of
2 ug/mL each. Hoechst 33342 stains both living and non-viable cells. Propidium iodide
stains non-viable cells with a damaged cytoplasmic membrane. This dye penetrates into
living cells extremely slowly.

An imaging system based on Leica DMI6000 (Leica, Wetzlar, Germany) was used for
microscopic analysis of cells on the surface of PLGA /iron oxide NPs composite samples.
At least 500 cells were counted on the film surfaces during the analysis [43]. A number
of photographs were taken on a randomly selected field of the culture in question in
transmitted light, with filters for Hoechst and propidium iodide. The number of non-viable
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cells, the cell culture density, the percentage of cell-free surface area and even the mitotic
index was evaluated as the main parameters that determine the growth and development
of cells using the Image] software. Cell mitotic index scores were used to analyze cell
proliferation. Cells in the state of mitosis were identified by the distribution of chromatin
stained with Hoechst 33342 (Sigma, St. Louis, MO, USA) characteristic of prophase (P),
metaphase (M), anaphase (A) and telophase (T). The mitotic index (MI) was calculated
using the formula MI = (P + M + A + T)/N x 100%, where (P + M + A + T) is the number of
cells at the prophase, metaphase, anaphase and telophase stages, respectively, and N is the
total number of analyzed cells. This method was described in more detail by us earlier [44].

2.11. Statistic

The data were analyzed using GraphPad Prism eight and Origin software and were
presented as means &= SEM. Data from at least three independent experiments were used
for averaging.

3. Results

Iron oxide nanoparticles were synthesized by laser ablation in water. The concen-
tration and hydrodynamic diameter of the resulting nanoparticles were determined us-
ing a Malvern Ultra Red Label instrument. The resulting colloidal solution contained
~4.2 x 10° nanoparticles per ml, the average hydrodynamic diameter of nanoparticles was
about 50 nm (Figure 1a). The size distribution of nanoparticles was monomodal with a
distribution half-width of about 30 nm. Moreover, the zeta potential of the nanoparticles
was determined, which was in the order of +20 mV (Figure 1b). Optical absorption spectra
were obtained using a differential spectrophotometer (Figure 1c). The absorption spectra
suggest that the nanoparticles probably consist mainly of Fe;O3. Morphology analysis was
performed using TEM. It was found that all nanoparticles in the colloidal solution had a
spherical shape, with an average diameter of about 50 nm (Figure 1d).

Using energy-dispersive X-ray spectroscopy (EDX), the chemical composition of the
resulting nanoparticles was determined. The content of two elements in the composition of
nanoparticles was revealed: iron and oxygen. It was found that the colloidal solution contained
chemically pure nanoparticles without impurities, consisting of iron oxide (Figure 2a—c).

The fabrication of a nanocomposite based on PLGA and nanoparticles from iron
oxide was carried out by a low-temperature method developed by us earlier [31]. The
resulting composite material visually had a uniform and smooth surface. Using atomic
force microscopy, it was found that the surface of the resulting composite is homogeneous
and has no cracks, breaks or other artifacts (Figure 3).

To study the location of nanoparticles in the polymer, we used the method of modulation-
interference microscopy (MIM), which makes it possible to reveal patterns in materials that
differ in refractive index and other optical properties. The refractive index was determined
at the wavelength of the laser microscope. The refractive index of the unmodified PLGA is
1.47 at 405 nm, and the refractive index of the Fe,O3 is 2.5 at 405 nm. The refractive index of
PLGA and iron oxide nanoparticles differ by 60%. It was shown that PLGA, in the absence
of nanoparticles, is an optically homogeneous material (Figure 4a). The introduction of
iron oxide nanoparticles into the PLGA matrix, even at the lowest concentration (0.001%),
led to the formation of domains distinguished by a change in the phase of laser radiation
(Figure 4b). Merging of the domains of nanoparticles with the formation of clusters
several micrometers in size was noted with an increase in the concentration of iron oxide
nanoparticles up to 0.1% (Figure 4c,d). Therefore, it has been shown that the distribution of
iron oxide nanoparticles in the PLGA-based composite was uneven, with a pronounced
domain structure.
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Figure 1. Physicochemical characteristics of a colloidal solution of iron oxide nanoparticles. Concen-
tration (DLS, solid crimson line) and size distribution (CPS, black dashed line) of iron oxide NPs (a);

zeta potential of iron oxide NPs (b); optical absorption spectrum of the obtained colloidal solution of

iron oxide nanoparticles (c); TEM image of a single iron oxide nanoparticle (d).

The thermal analysis of the obtained nanocomposites was carried out. Figure 5 shows
the thermograms of the samples obtained in the heating and cooling mode. The numerals
indicate different concentrations of iron oxide in the composition of the composite. The
addition of iron oxide NPs to PLGA led to a decrease in the glass transition temperature.
In the temperature range of 317-320 K, the glass transition process of the composites
was observed, which is common for all considered composite samples. Using differential
scanning calorimetry, the glass transition temperatures Tg and the change in heat capacity
ACp of the samples under study were determined (Figure 5b,c). The glass transition
temperature is in the range of 317-319 K, which corresponds to the literature data for pure
PLGA. The ACp values did not change statistically when nanoparticles were added to the
PLGA composition. There was a trend towards an increase in the heat capacity of materials.

It is known that iron oxide nanoparticles are capable of generating ROS, mainly in
the course of the Fenton and Haber—Weiss reactions [45]. The ability of the synthesized
nanocomposite based on PLGA with iron oxide nanoparticles to generate such ROS as
hydrogen peroxide and hydroxyl radicals was studied. It was shown that pure PLGA had
no effect on the generation of ROS in aqueous solutions. When iron oxide nanoparticles
appear in PLGA, an increase in the rate of formation of both hydrogen peroxide (Figure 6a)
and hydroxyl radicals (Figure 6b) is observed. An increase in the concentration of iron
oxide nanoparticles in the composition of the composite contributed to an increase in the
rate of ROS generation. In particular, composites with the highest concentration of iron
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oxide nanoparticles of 0.1% contributed to an increase in the formation of H,O; by ~6 times
and OH radicals by ~7 times compared with the control values.

(b)
Fe Kol
40 — Okul
|9}
9 30
~~
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>3
Q20
"
[= ¥
O 104
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0 20 40 60
Size, nm
(0)

Figure 2. Elemental analysis of iron oxide NPs. (a) TEM image of a single iron oxide NP, analysis section
is indicated by line 1. (b) Enlarged measurement site. (c) Nanoparticle profile by Fe Kal and O Ko1.

[bm]

(@)

Figure 3. Images of the surface of a composite material obtained using atomic force microscopy with
different resolutions (a) high, (b) low.
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Figure 4. Modulation-interference images of nanocomposites with different dopant content in the
composition (pure PLGA (a), nanoparticles 0.001% (b), 0.01% (c) and 0.1% (d)). X and Y-axis frame
size (um); Z-axis phase incursion (nm). The image in the lower left corner for each figure is a plan
view projection showing the dopant distribution in the matrix.

It is known that high concentrations of ROS lead to damage to biopolymers, in par-
ticular DNA. We have studied the effect of a material based on PLGA with iron oxide
nanoparticles on the formation of 8-oxoguanine in DNA in vitro. It was found that under
PLGA conditions without nanoparticles, it did not affect the rate of 8-oxoguanine formation
in DNA. With the appearance of iron oxide nanoparticles in PLGA, an increase in the rate
of formation of 8-oxoguanine in DNA was observed in proportion to the increase in the
concentration of nanoparticles. At a concentration of nanoparticles 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 nanoparticles of 0.01%, 6 times; at a concentration of 0.1%, ~12 times (Figure 7a).
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Figure 5. Results of thermal analysis of synthesized composite materials; (a) thermograms obtained
in the mode of heating and cooling of the material based on PLGA and iron oxide nanoparticles with
different concentrations; (b) and (c) dependences of the heat capacity and glass transition temperature
on the concentration of nanoparticles in the samples.
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Figure 6. Effect of a PGLA-based material with iron oxide nanoparticles on the generation of ROS in
aqueous solutions: hydrogen peroxide (a), hydroxyl radicals (b). *—statistically significant differences
compared with the control group (p < 0.05). Data are presented as mean =+ standard error of the mean.
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Figure 7. Effect of PGLA-based material with iron oxide nanoparticles on the formation of 8-
oxoguanine in DNA (a) and the dynamics of the formation of active long-lived forms of proteins (b).
*—statistically significant differences compared with the control group (p < 0.05). Data are presented
as mean = standard error of the mean.

The effect of a material based on PLGA with iron oxide nanoparticles on the formation
of long-lived reactive protein species has been studied. PLGA, which does not contain
nanoparticles in its composition, did not affect either the rate of generation of long-lived
reactive protein species or their half-life. Doping of the polymer with iron oxide nanopar-
ticles resulted in a statistically significant increase in the rate of formation of long-lived
reactive protein species (Figure 7b). At the same time, the addition of nanoparticles did not
significantly affect the half-life of proteins, which was about 4-5 h.

The obtained nanocomposites were studied for the growth and development of E. coli
bacterial cultures. PLGA without the addition of iron oxide nanoparticles had no effect on
the growth and development of bacterial cells. The addition of iron oxide nanoparticles to
PLGA led to a sharp decrease in the number of bacterial cells. An increase in the concentra-
tion of nanoparticles led to an increase in the antibacterial effect. The number of cells in
contact with composites containing 0.001% nanoparticles was reduced by approximately
35%; with 0.01%, approximately 5.2 times. The PLGA composite containing 0.1% iron oxide
nanoparticles had the most pronounced bacteriostatic properties (Figure 8).

3000
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*

2000

1500

1000

[
o
o

Cell count, bacteria per mm?2

B

control 0%  0.001% 0.01% 0.1%

o

PLGA + Fe,0,(%)

Figure 8. Influence of composite material based on PLGA and iron oxide nanoparticles on the growth
and development of E. coli. *—indicates a significant difference at 5% level in comparison with the
control (p < 0.05). Data are presented as mean values and standard errors of the mean.

The effect of a nanocomposite based on PLGA and iron oxide nanoparticles on the
growth rate of peppers (Capsicum annuumy) has been studied. The growth rate was deter-
mined by the leaf area. A nanocomposite rod with a diameter of 0.5 cm was stuck into
the soil to the entire depth of the vessel with soil at the rate of one rod per 10 cm? of soil
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area. It was shown that neither PLGA without nanoparticles nor PLGA with iron oxide
nanoparticles affected the growth rate of Capsicum annuum (Figure 9).

0% 0.001% 0.01% 0.1%

PLGA
(a) (b)

Figure 9. Influence of a nanocomposite based on PLGA and iron oxide nanoparticles on the leaf size
of Capsicum annuum pepper plants (a). Data are presented as mean values and standard errors of the
mean. On the right is a comparative photograph of random plants from groups (1) Control, (2) PLGA
without nanoparticles and (3) PLGA with 0.1% iron oxide nanoparticles (b).

The cytotoxic effect of the material based on PLGA with iron oxide nanoparticles was
studied in vitro against the SH-SY5Y cell line (Figure 10a—d). It was shown that the growth
rate of cell cultures on the surface of the culture plastic (control group) was worse than on
the surface of the medical alloy (TiNbTaZr group). This was manifested in a statistically
significant decrease in the % of mitosis events and a lower surface area occupied by cells in
the control group. When using PLGA without iron oxide nanoparticles (group 0%) as a
surface for cell growth, all parameters under consideration did not change and were at the
level of the “control” group. About 4% of non-viable cells were present in cultures; ~1.3%
of cells showed mitotic activity; the culture density was ~1000 cells/mm?, ~30% of the
area of the composite sample was occupied by cells. The formation of a single monolayer
was not observed. Doping of PLGA with iron oxide nanoparticles led to an increase
in the percentage of non-viable cells. When using the nanocomposite with the highest
concentration of iron oxide nanoparticles (group 0.1%), a statistically significant increase
in the proportion of non-viable cells in cultures (~7%) was revealed. Other indicators
did not change; there was a tendency to increase the density of cell cultures, as well as
the proportion of cells showing mitotic activity. Thus, it was found that the surface of
nanocomposites is suitable for the adhesion, growth and development of eukaryotic cells
of the SH-SY5Y line.
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Figure 10. Results of evaluation of the cytotoxic effect of the nanocomposite based on PLGA with
iron oxide nanoparticles on cultures of eukaryotic cells of the SH-SY5Y line. Proportion of non-viable
cells in culture (a); mitotic index (b); cell culture density (c); surface of the composite free of cells (d).
*—statistically significant differences compared with the control group (p < 0.05). **—statistically
significant differences compared with the “TiNbTaZr” group (p < 0.05). Data are presented as mean
=+ standard error of the mean.

4. Discussion

We have obtained nanoparticles of iron oxide (III) by laser ablation in water. A
competitive method for obtaining iron oxide nanoparticles is the thermal decomposition
of iron salts or their complexes (oleate, acetylacetonate, N-nitrosophenylhydroxylamine
or iron carbonyl) in the presence of reducing agents and stabilizing agents [46—-48]. If
the metal in the compound is in oxidation state 0, then decomposition will result in a
simple substance, which is then oxidized to the mixed-valence state FeZ* /Fe3t. As a result,
homogeneous nanoparticles with a narrow size distribution are obtained. The advantage of
the thermal decomposition method is the possibility of mass production of nanoparticles. The
disadvantage of this method is the synthesis in an organic solvent and as a result, the need for
an additional stage—the transfer of nanoparticles from the organic to the aqueous phase, since
aqueous solutions of nanoparticles are used for biomedical and agricultural applications.

The TEM method showed that these nanoparticles had a spherical morphology
(Figure 1d). DLS analysis showed that the colloidal solutions of the synthesized nanopar-
ticles are monodisperse and stable (Figure 1a,b). X-ray spectroscopy confirmed that the
obtained nanomaterials have a high chemical purity (Figure 2). These nanoparticles were
successfully loaded into a PLGA polymer matrix using an efficient low-temperature method
previously developed by our team. The surface of the obtained films was visually homoge-
neous, without significant defects (Figure 3). Using modulation-interference microscopy, it
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was found that the iron oxide nanoparticles are distributed unevenly in the PLGA matrix,
forming domain structures (Figure 4). The size of the domain increased with an increase
in the concentration of nanoparticles in the polymer. Thermal analysis of the obtained
PLGA /iron oxide NP’s composites showed that the addition of iron oxide nanoparticles to
PLGA leads to a decrease in the glass transition temperature of the composite (Figure 5¢). The
increase in the concentration of nanoparticles in the composition of the material does not affect
the change in the glass transition temperature. The heat capacity did not change when iron
oxide nanoparticles were added to the polymer matrix and was within the error (Figure 5b).

The formation of reactive oxygen species is one of the main mechanisms of the antibac-
terial action of iron oxide nanoparticles [49,50]. Fe* ions released by nanoparticles react
with ROS in accordance with the Fenton equations with the formation of free hydroxyl
radicals [10]. High concentrations of ROS damage cell biopolymers in a process called
oxidative stress, which leads to its further death [51]. One of the results of such damage
is the formation of 8-oxoguanine in DNA, which promotes the formation of mismatched
nucleotides with adenine [52]. It was found that the resulting PLGA /iron oxide NPs
composite increases the rate of formation of hydrogen peroxide and hydroxyl radicals by
several times (Figure 6a,b). The concentration of ROS formed increased as the concentration
of nanoparticles in the composite composition increased. Moreover, it was found that this
composite material promotes the formation of 8-oxoguanine in DNA in vitro (Figure 7a)
and long-lived forms of proteins (Figure 7b). Pure PLGA was found to have no effect on
bacterial cell growth. The use of a composite material containing even the lowest con-
centration of iron oxide nanoparticles had a bacteriostatic effect (Figure 8). At present, a
significant number of studies devoted to the successful creation of composite materials
based on polymers and iron oxide nanoparticles have been accumulated [3]. Some of these
studies are presented in Table 1. In several works, the authors noted a higher antibacterial
potential of iron oxide nanoparticles in combination with a polymer component compared
to pure nanoparticles. It is also important to note that the composite material we developed
did not have a significant effect on the growth and development of plants (Figure 9) and
cell cultures (Figure 10a—d). All considered parameters were kept at the proper level.

Table 1. Bacteriostatic properties of composites based on polymers and iron oxide NPs reported in
other studies. BS—bacteriostatic effect, BC—bactericidal effect, FS—fungistatic.

Composition Size of NPs, nm Bacterial Strains Effect MIC/MBC Results References
olvaniline inhibition of bacterial growth
polyam® . was enhanced by the
(PANI)/iron ~20 E. coli, S. aureus BS - . [26]
oxide FesOy -NPs combined use of PANI Fe;O4
compared to pure PANI
Bacteria: E. coli, B. the effect of chitosan-coated
chitosan coated subtilis; Iron oxide nanoparticles was F.
Fe;04 -NPs 14452 Fungi: F. solani, A. BS, FS B solani/A. niger < C. albicans < 1531
niger, C. albicans E. coli/B. subtilis
Fe304 -NPs nanocomposite exhibited
/polyguanidine ~30 E. coli BS - strong antibacterial activity [54]
nanocomposite against E. coli
F6203 -NPs . e ltliies
/chitosan (CH) ~30 E. coli, S. aureus BS ; more active growth inhibition [55]
. of E. coli compared to S. aureus
nanocomposite
FeO -NPs E. coli. B. subtilis higher antibacterial effect of
/chitosan 50-120 ’ ’ ’ BS - the CH/FeO composite as [25]

nanocomposite

S- aureis compared to pure FeO NPs
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Table 1. Cont.
Composition Size of NPs, nm Bacterial Strains Effect MIC/MBC Results References
FeO -NPs Escherichia coli rCPiI{iF 6384 ihr(iW\i/dEdlmf(f)ret
/chitosan 20-22 BS MIC: 8 mg/mL eastve bacteriara ere [56]
. KL226 against E. coli species up to 8
nanocomposite
mg/mL
Hyperbranched activity increases with
polyurethane S. aureus, K. . . ,
- . BS - increasing concentration of [57]
(HBPU)/Fe304 pneumonia .
-NPs nanoparticles
Hyperbranched
polyurethane
(HBPU)/Fe30,- this nanocomposite
NPs .
nanocomposites K. pneumonia, S. accelerateq the wound healing
decorated ~11 aureus MTCCI6 BS - process with enhanced wound [27]
. closure rate, good
multiwall carbon . . a
antibacterial activity
nanotubes
(MWCNTs)
nanohybrid
Fe3O4 -NPs
coated with
catechol- S. aureus ATCC developed NIR-irradiated
conjugated 20-25 25424, E. coli BC - photothermal antibacterial [58]
poly(vinylpyrrolidone) ATCC 25922 nanoparticles
sulfobetaines
(C-PVPS)
Fe203 / Fe3O4
-NPs modified
with rapid bactericidal
quaternarized 208+ 1.7 E. coli, S. aureus BC - performance for both E. coli [59]

and S. aureus

5. Conclusions

A new nanocomposite material based on PLGA and iron oxide nanoparticles has been
synthesized. For this, iron oxide nanoparticles were obtained by laser ablation in water. The
resulting nanoparticles had unimodal distributions. It is shown that the temperature prop-
erties (glass transition temperature and thermal conductivity) of the synthesized materials
depend on the concentration of introduced nanoparticles. The resulting nanocomposite
significantly inhibited the growth and development of bacterial cells, while the nanocom-
posite did not affect the growth and development of plant and animal cells. The resulting
nanocomposite can be a promising candidate for the manufacture of structural materials
and packaging in agriculture.
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