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Abstract: A technology for producing a nanocomposite based on the borsiloxane polymer and
chemically unmodified fullerenes has been developed. Nanocomposites containing 0.001, 0.01,
and 0.1 wt% fullerene molecules have been created. It has been shown that the nanocomposite with
any content of fullerene molecules did not lose the main rheological properties of borsiloxane and
is capable of structural self-healing. The resulting nanomaterial is capable of generating reactive
oxygen species (ROS) such as hydrogen peroxide and hydroxyl radicals in light. The rate of ROS
generation increases with an increase in the concentration of fullerene molecules. In the absence
of light, the nanocomposite exhibits antioxidant properties. The severity of antioxidant properties
is also associated with the concentration of fullerene molecules in the polymer. It has been shown
that the nanocomposite upon exposure to visible light leads to the formation of long-lived reactive
protein species, and is also the reason for the appearance of such a key biomarker of oxidative stress
as 8-oxoguanine in DNA. The intensity of the process increases with an increase in the concentration
of fullerene molecules. In the dark, the polymer exhibits weak protective properties. It was found
that under the action of light, the nanocomposite exhibits significant bacteriostatic properties, and the
severity of these properties depends on the concentration of fullerene molecules. Moreover, it was
found that bacterial cells adhere to the surfaces of the nanocomposite, and the nanocomposite can
detach bacterial cells not only from the surfaces, but also from wetted substrates. The ability to
capture bacterial cells is primarily associated with the properties of the polymer; they are weakly
affected by both visible light and fullerene molecules. The nanocomposite is non-toxic to eukaryotic
cells, the surface of the nanocomposite is suitable for eukaryotic cells for colonization. Due to the
combination of self-healing properties, low cytotoxicity, and the presence of bacteriostatic properties,
the nanocomposite can be used as a reusable dry disinfectant, as well as a material used in prosthetics.
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1. Introduction

Nanoparticles and systems based on them are of great interest due to their promising
applications in biomedical technologies. The use of metal oxide nanoparticles is one of
the promising ways to overcome bacterial antibiotic resistance [1]. Fullerenes are known
to have biological activity [2,3]. Antibacterial properties are also found in carbon nano-
materials, which include graphene, carbon nanotubes, fullerenes, and various forms of
diamonds [4–10]. Moreover, it was shown that the antibacterial properties of C60 fullerenes
are not associated with the production of reactive oxygen species (ROS), and materials
based on them exert oxidative stress independent of ROS [11–14], thereby significantly
reducing cytotoxicity. The ability of fullerene to photocatalyze in a nanocomposite can
be used to create self-cleaning materials [15]. However, the hydrophobicity of fullerene

Nanomaterials 2021, 11, 2804. https://doi.org/10.3390/nano11112804 https://www.mdpi.com/journal/nanomaterials

https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0002-8814-6906
https://orcid.org/0000-0002-2751-1615
https://orcid.org/0000-0001-8915-2411
https://orcid.org/0000-0002-1287-6427
https://doi.org/10.3390/nano11112804
https://doi.org/10.3390/nano11112804
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nano11112804
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano11112804?type=check_update&version=2


Nanomaterials 2021, 11, 2804 2 of 19

molecules and low solubility in most organic solvents complicate their introduction into
a living organism. Therefore, it can be expected that polymer materials doped with car-
bon nanoparticles will find application in medicine and biology as drugs, antimicrobial
agents [16,17], and inhibitors (catalysts) of enzymatic processes. An important area of
application of fullerene composites in a polymer matrix is the development of biological
sensors [18–20] and bacterial biosensors [16,21,22] based on the electrically conductive and
corrosive properties of fullerenes [23,24].

The antibacterial properties of fullerenes are interesting when added to a material
that does not affect biomacromolecules. A biocompatible polymer matrix can act as such
a material [25–27]. Controlled synthesis of the polymer in strictly defined nanoparticles
makes it possible to control the physicochemical properties of the matrix. Borosiloxane (BS),
which has adjustable stickiness [28], the ability to self-repair [29], and dissipates impact
energy [30], can be a suitable polymer for creating a nanocomposite.

BS-based materials are used in various fields. Borosiloxane provides good protection
of nanoparticles from physical and chemical influences and has a low production cost.
Another important property of BS is the ability to quickly, like an ordinary liquid, restore
integrity without any marks at the place of rupture when the separated parts are connected.
This ability of BS makes it a promising material for various systems with self-healing
properties. Assumptions are made about the complex multiphase structure of BS [31]. This
assumption is supported by the similarity of the behavior of BS with dilatant dispersions
called shear thickening fluids (STFs). Most researchers of STF materials believe that they
thicken due to the formation of so-called hydroclusters [32–34], which are connected by
hydrogen bonds. A number of researchers of BS also associate its dilatant properties
with hydrogen bonds [35]. Other works prove that donor–acceptor interactions between
boron and oxygen of neighboring molecules are the key reason for the manifestation of
non-Newtonian properties [36].

Thus, the use of a composite based on borosiloxane and fullerene nanoparticles is
of great interest for use in prostheses and biomedical devices. One of the well-known
examples of the use of BS is in sports protective equipment, where materials based on it are
used as shock absorbers, effectively protecting parts of the human body in such extreme
sports as motorcycle and bicycle racing, alpine skiing, etc. Such materials are issued, for
example, under the D3O trademark [37]. Thus, the system BS/fullerenes with antibacterial
properties can be widely used in the production of sportswear.

The fields of biocompatible and self-healing electronics and display technology are
relatively new trends for research and development [38–41]. In the previous works of the
authors [42,43], new materials based on BS for electro-optical and electronic devices were
obtained, investigated, and patented.

The aim of this work was to create a self-healing polymer material with photoinduced
bacteriostatic properties, capable of adhering bacterial cells to itself. This material is based
on borosiloxane and fullerene molecules. The resulting nanocomposite did not lose the
basic rheological properties of borosiloxane and is capable of self-healing of the structure.
When exposed to light, it is capable of generating ROS and damaging biopolymers. It
shows photoinduced bacteriostatic properties and is able to adhere bacterial cells to itself.
At the same time, the nanocomposite is biocompatible with mammalian cells; the surface
of the nanocomposite is perfect for eukaryotic cells for colonization.

2. Materials and Methods
2.1. Fullerene C60 Nanoparticles Characteristics Assay

We used commercially available fullerene C60 nanoparticles (Sigma-Aldrich, Saint Louis,
MO, USA). A hydrodynamic diameter distribution of nanoparticles was measured by
dynamic light scattering with Zetasizer Ultra (Malvern Panalytical, Malvern, UK). The
features of measuring the hydrodynamic radius were described earlier [44]. The spectrum
of aqueous colloid of fullerene was recorded using Cintra 4040 (GBC Scientific Equipment,
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Braeside, Australia). The features of the optical spectrum have previously been described
in detail [45].

2.2. Borosiloxane Composites Synthesis and Rheological Characteristics Assay

The starting materials were hydroxyl-terminated polydimethylsiloxane (PDMS) (molec-
ular weight 20,000 g/mol) and crushed boric acid (BA) (basic substance content 99.9%,
mass fraction of boric anhydride 57.1%, average particle size BA 0.075 mm). The mass
ratio of PDMS and BA was 10 to 1. BS samples were obtained by heating PDMS with BA
at a temperature above 200 ◦C. NPs were added into heating mixture of PDMS with BA.
Rheological characteristics of borosiloxane and nanocomposites based on it were measured
with modular compact rheometer MCR 302e (Anton Paar, Graz, Austria). To describe
the non-Newtonian behavior of systems, one can apply the approach [46], which uses
multiparameter rheological equations in a wide range of shear rates.

To study the effect of composite material on the properties of aqueous solutions, the
composite material was heated to 40 ◦C and rolled through rollers. After rolling, a polymer
film with a thickness of about 700–900 µm was obtained. Rectangular films with a size of
20 × 25 mm were cut from a massive workpiece. The total area of the films is approximately
10 cm2 (5 cm2 on each side). The films were placed in polypropylene vials and filled with
20 mL of water or aqueous solutions. The methodological subtleties of measuring reactive
oxygen species or damage to biological macromolecules are described below.

2.3. Hydrogen Peroxide Concentration Measurement

The highly sensitive method of upgraded chemiluminescence in the luminol-p-iodophenol-
horseradish peroxidase system was used for the quantitative evaluation of hydrogen per-
oxide in aqueous solutions [47]. Measures were carried out with ultrasensitive chemilu-
minometer Biotox-7A-USE (ANO Engineering Center—Ecology, Moscow, Russia). The
samples were heated in polypropylene bottles, in a U-10 thermostat (Prüfgeräte-Werk Medi-
gen, Berlin, Germany) at different temperatures (with an accuracy of ± 0.1 ◦C) for different
time intervals. The concentration of the produced hydrogen peroxide was calculated using
calibration curves, which were built on intensity values of chemiluminescence of samples
containing known concentration of hydrogen peroxide. The initial H2O2 concentration
used for calibration was evaluated spectrophotometrically with Cintra 4040 (GBC Scien-
tific Equipment, Braeside, Australia) at a wavelength of 240 nm with a molar absorption
coefficient of 43.6 (M−1 × cm−1) [48]. The samples were placed in polypropylene vials
(Beckman, Bray, CA, USA) and 1 mL of a “counting solution” containing 1 cM Tris-HCl
buffer pH 8.5, 50 µM p-iodophenol, 50 µM luminol, 10 nM horseradish peroxidase were
added to determine nanomolar concentrations of H2O2. The “counting solution” was
prepared immediately before the measurement. The sensitivity of the method makes it
possible to determine H2O2 at a concentration of <1 nM [49].

2.4. OH-Radicals Concentration Measurement

OH-radicals concentration evaluation was carried out using the reaction with coumarin-
3-carboxylic acid (CCA), which led to CCA hydroxylation to 7-hydroxycoumarin-3-carboxylic
acid (7-OH-CCA) [50]. The 7-OH-CCA is a convenient fluorescent probe for determining the
formation of these radicals. A 0.2 M phosphate buffer (pH 6.8) was added to a CCA solution
in water (0.5 mM, pH 3.6). Experimental samples (and control) were heated in polypropy-
lene bottles in a U10 thermostat (Berlin, Germany) at a temperature of 80 ± 0.1 ◦C for
2 h. The fluorescence of 7-OH-CCA (the product of the reaction of CCA with a hydroxyl
radical) was measured on a JASCO 8300 spectrofluorimeter (JASCO, Tokyo, Japan) with
λex = 400 nm, λem = 450 nm. Calibration was performed using commercial 7-OH-KKK [51].

2.5. Long-Lived Reactive Protein Species Concentration Measurement

A chemiluminescence method is an effective and sensitive technique for determining
free radical reactions [52]. In this case the interaction of radicals, energy is emitted in
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the form of light quanta. The study of long-lived reactive protein species was carried
out by measuring the chemiluminescence of protein solutions induced by an increase in
temperature using a Biotox-7A chemiluminometer (ANO Engineering Center—Ecology,
Russia). The measurements were performed in the dark, at room temperature, in 20 mL
plastic polypropylene vials for liquid scintillation counting (Beckman, Bray, CA, USA).
The use of large volumes in comparison with standard (0.1 mL) volumes increased the
method sensitivity by almost 200 times [53]. All samples had been kept in the dark at room
temperature for 30 min after exposure to X-ray radiation. The proteins which were not
exposed to heat served as controls. The method was described in more detail earlier [54].

2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

A non-competitive enzyme-linked immunosorbent assay (ELISA) with using mon-
oclonal antibodies specific to 8-oxoguanin (anti-8-OG antibodies) was developed for the
quantitative measurement of 8-oxoguanine in DNA [55]. DNA samples (350 µg/mL) were
denatured by boiling in a water bath for 5 min and cooled in ice for 3–4 min. Aliquots
(42 µL) 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. Nonspecific adsorption sites were blocked by 300 µL of a solution contain-
ing 1% skimmed milk powder in 0.15 M Tris-HCl buffer, pH 8.7, and 0.15 M NaCl. Further
the plates were incubated at room temperature overnight (14–18 h). The antigen-antibody
complex formation with anti-8-OG antibodies (at a dilution of 1:2000) was carried out in a
blocking solution (100 µL/well) by incubation for 3 h at 37 ◦C. Washed twice (300 µL/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. Further a complex with conjugate (anti-mouse immunoglobulin labeled with
horseradish peroxidase (1:1000)) was formed by incubating for 1.5 h at 37 ◦C in a blocking
solution (80 µL/well). Then the wells were washed 3 times as described above. Further
a chromogenic substrate containing 18.2 mM ABTS and hydrogen peroxide (2.6 mM) in
75 mM citrate buffer, pH 4.2 (100 µL/well) were added in each well. The reactions were
stopped by adding an equal volume of 1.5 mM NaN3 in 0.1 M citrate buffer (pH 4.3)
upon reaching color. The optical samples density was measured on a plate photometer
(Titertek Multiscan, Vantaa, Finland) at λ = 405 nm. The method is described in more detail
earlier [56].

2.7. Bactericidal Activity Assay

Experiments in a cultural environment. Gram-negative bacteria Escherichia coli were
cultured. Using aseptic techniques, we carefully transferred a 5 mL aliquot of LB broth
into a sterile, lidded glass culture tube [57]. Using a sterile applicator stick, one well-
isolated colony was transferred from the solid medium plate to the culture tube. Then the
colony was resuspended in a glass culture tube. To determine the concentration of bacteria,
a spectrophotometric study was carried out. The optical density of the resulting medium
was determined using a drop spectrophotometer UV5Nano Excellence (Mettler Toledo).
For analysis, 10 µL of the medium containing the bacteria was irreversibly taken. After
determining the concentration of bacteria, the resulting concentrated medium containing
bacteria was diluted in a larger volume. For the experiments, films of a composite material
with a thickness of 700–900 µm and a size of 10–15 mm were made. The film was sterilized
by soaking three times in ethyl alcohol for 30 min. After that, the film was put on a round
sterile hoop. A nutrient medium with bacteria was poured into the hoop, and the top of
the hoop was sealed with a piece of glass slide. The resulting structure was placed in an
ES-20 incubator shaker (Biosan) (37 ◦C, approximately 150 rpm). During incubation, the
concentration of bacteria was estimated using microscopy and an algorithm developed by
us for determining optically dense objects in the frame. At the end of the experiment, the
structures were disassembled and the concentration of bacteria was estimated again using
a drop spectrometer.
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Experiments on the surface of a solid substrate. Initially, LB agar was prepared
by weighing the appropriate powder medium, agar and water into a sterile flask. The
medium was autoclaved. In a laminar, approximately 25–30 mL of LB agar was poured
into sterile Petri dishes. Thereafter, the agar plates were allowed to solidify. Sometimes
agar plates were stored upside down at 4 ◦C for several days. During the experiment,
about 100 µL of a suspended culture of E. coli was added to a Petri dish with LB agar.
The culture was spread over the entire dish using a sterile glass spatula. The Petri dish
is incubated for several hours at 37 ◦C. After that, using a heated composite material,
we tried to transfer bacterial cells from the surface of the substrate to the surface of the
material. The concentration of microorganisms remaining on the surface was determined
using microscopy. Microorganisms stained using a crystal violet indicator and examined
under a microscope at 1000 magnification. The details of the experiment were described
earlier [58]. Since we used a drop spectrophotometer (optical path length of about 50 µm)
and microscopy, we reported the concentration of microorganisms in the number of bacteria
per unit area.

2.8. Cell Culture

Biocompatibility studies were performed using standard in vitro test systems. Human
neuroblastoma SH-SY5Y cell culture was used as a standard cell model. Initially, the
SH-SY5Y cell line was subcloned from the SK-N-SH cell line isolated from the bone marrow
material of a four-year-old female patient with neuroblastoma. SH-SY5Y cells are a classic
model of neuronal function and in vitro differentiation. SH-SY5Y cells usually grow in
tissue culture in two different ways, which is why they are used in the study of cell
differentiation. The differentiation is the process of implementing a genetically determined
program for the formation of a specialized cell phenotype, reflecting their ability to certain
profile functions. SH-SY5Y cells are also interesting in that they can grow not only in
monolayers, but also form cell aggregates, which also take root on substrates. Moreover,
SH-SY5Y cells in vitro can spontaneously inter-contain two phenotypes, neuroblast-like
cells and epithelial-like cells [59].

The cells were grown in DMEM medium (Biolot, Ankara, Turkey) supplemented
with 10% fetal calf serum (Gibco, Waltham, MA, USA), 30 µg/mL gentamicin, at 37 ◦C
and 5% carbon dioxide in a CO2 incubator (Binder, Germany). Fragments of material
samples 20 × 20 mm in size were placed in Petri dishes with diameter 35 mm, 1 sample
pre dish. Then, on the surface of material samples, cells were inoculated at a concentration
of 104 cells/cm2, in a volume of 3 mL per dish. Cells were cultured on samples during
3 days. Cells growing on the samples surface were stained with fluorescent dyes 2 µg/mL
Hoechst 33342 (Sigma, Saint Louis, MO, USA) and 2 µg/mL propidium iodide (Sigma,
USA) to determine the numbers of living and dead cells respectively. Hoechst 33342 stains
all cells (live and dead). The propidium iodide dye penetrates into living cells extremely
slowly; therefore, during the short incubation time (we used about 10 min) it stains only
cells with a damaged plasma membrane. The plasma membrane with breaks leading to
dye penetration was one of the main criteria for determining that the cell was dead. Thus,
Hoechst 33342 stains both living and dead cells, while propidium iodide only stains dead
cells (Figure 1). Microscopic assay of the samples was carried out with imaging system
based on Leica DMI6000 (Leica, Berlin, Germany). On the surface of each sample at least
500 cells were counted for analysis [60].

The mitotic index of cells in the logarithmic growth phase (3 days from the moment
of seeding) was used to analyze proliferation of cells. The number of cells in a state of
mitosis was determined using fluorescence microscopy using in vitro staining with the
Hoechst 33342 fluorescent dye (Sigma, USA). Mitotic cells were identified by the chromatin
distribution characteristic of prophase (P), metaphase (M), anaphase (A), and telophase (T).
For analysis, at least 500 cells were counted on each sample surface. The mitotic index (MI)
was calculated by the formula MI = (P + M + A + T)/N × 100%, where (P + M + A + T)
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is the number of cells at the stage of prophase, metaphase, anaphase, and telophase,
respectively, and N is the total number of analyzed cells [61].
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Figure 1. The sample of cell culture micrograph. The mitochondria of the cells are colored green; they
can be used to estimate the size of the cells. Normal cell nuclei are colored blue. Nuclei of non-viable
cells are stained in purple.

2.9. Exposure to Visible Light

A laboratory illumination system based on a 150-W XBO150W/4 xenon lamp (OSRAM,
Munich, Germany) was used as a light source. The spectral characteristics of the setup
in various operating modes (including the modes when films were tested) were recorded
using a PM200 radiation power/energy meter complex (Thorlabs, Newton, NJ, USA). The
spectrum of the light source is shown in Figure 2.
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Figure 2. The spectrum of the light source.

2.10. 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
3.1. Physicochemical Characteristics of Materials and Composite

Dynamic light scattering studies have shown that the particle size distribution is
unimodal and rather narrow (Figure 3a). The average hydrodynamic particle diameter is
about 1.4 µm. Figure 3b shows the absorption spectrum of a colloidal solution of heptane
and fullerenes with a control sample of pure heptane. It is shown that the absorption
spectrum corresponds to the spectrum of fullerenes. The absorption spectrum of BS + C60
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solution in heptane with same control sample is shown in Figure 3c. It is clearly seen that the
spectral absorption maxima do not shift when fullerenes are added to the polymer matrix.
The absorption spectrum of the composites was also determined using the FTIR (Figure 3d).
The polymer was deposited in a thin layer on a ZnSe plate, which is why the spectra show
combs of narrow spikes characteristic of ZnSe (for example, in the range 4000–3500 cm−1).
In general, the spectra differ from each other in proportion to the fullerene concentration in
the composite material.
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Borsiloxane and fullerenes differ significantly in their optical properties. In this regard,
we used a modulation interference microscope. This microscope allows you to create
two-dimensional maps that show how the phase incursion of the wave changes. In the
case of optically opaque objects, the microscope works as a high-precision profilometer.
Using modulation interference microscopy, it was shown that on borosiloxane and com-
posites based on borosiloxane and fullerenes, areas in the form of oriented bands are
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observed (Figure 4). Moreover, the intensity of the bands increases with an increase in the
concentration of fullerenes in the composite.

We also tried to characterize the polymer using SEM. Nanocomposite does not have
sufficient electrical conductivity; therefore, it was not possible to use the SEM method
without metal deposition on it. When gold was sprayed onto the surface, the surface began
to change. The polymer is probably too soft and too fusible. We also tried to characterize
the composite using AFM. It turned out that available cantilevers sink and get stuck, both
in pure polymer and in composites based on it.
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(b), 0.01% (c) and 0.1% (d) using a modulation interference microscope.

A borosiloxane (BS) based material was selected as the particle matrix (Figure 5).
The use of borosiloxane as a polymer matrix is due to the presence of “smart” properties
(self-healing, variable elasticity) and the possibility of simple adjustment of mechanical
properties at the synthesis stage. Borosiloxane can be in both solid and liquid aggregate
state, as well as have a viscous, rubber-like or glassy consistency depending on the synthesis
conditions. From the point of view of the molecular structure, B512Ss belong to the class
of organosilicon compounds containing the R-Si-O-B group, where R is a hydrocarbon
radical. Depending on the molecular structure and molecular weight of the starting
organosiloxane, the conditions for the synthesis of BS, as well as the amount and properties
of the introduced functional additives (fillers, plasticizers, thickeners, etc.), BS-based
materials can have different mechanical properties. They can be in both solid and liquid
state of aggregation, and also have a viscous (Figure 3), rubbery or glassy consistency [62].
Highly elastic behavior is realized due to stretching of siloxane fragments, and viscous
due to the fact that these formed layers can freely move relative to each other. Thus, brittle
destruction of BS and composites based on it can occur many times without changing the



Nanomaterials 2021, 11, 2804 9 of 19

characteristics of the material and the molecular weight of its constituent molecules, since
there is no destruction of covalent bonds.
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BS-VT, where part of the sample is under the cover glass.

Assessment of the rheological characteristics of BS and systems based on it is impor-
tant for the possibility of their further application in bioactive substances. Figure 6 shows
the concentration dependences of the real and imaginary parts of the dynamic modulus of
elasticity at different concentrations of fullerene particles. With an increase in the concen-
tration of fullerenes, an increase in the viscoelastic properties is observed. BS has complex
rheological responses when shear loads are applied due to microstructural reorganization.
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From Figure 5 it can be concluded that at low shear rates the prevalence of the viscous
properties of the BS over the elastic ones is observed, with an increase in the speed, the
contribution of the viscous properties decreases, while the storage modulus reaches a
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constant value. In this case, the region of transition from viscous to elastic properties is
adjusted at the stage of borosiloxane synthesis, depending on the amount and properties
of the introduced functional additives.

3.2. Effect of Composite on ROS Generation and Damage to Biopolymers

The effect of polymer and fullerene particles on the generation of hydrogen per-
oxide, as the most stable representative ROS (Figure 7a), and hydroxyl radicals, as the
most reactive ROS (Figure 7b), was studied. It was shown that borosiloxane has no ef-
fect on the generation of hydrogen peroxide. To estimate a light influence on fullerene
bacteriostatic and cytotoxic actions we use an experimental protocol with dark and light
samples (indicated as “fullerenes + hv”). A composite material based on borosiloxane and
fullerenes + hv increases the rate of hydrogen peroxide generation by 2 times at a particle
mass concentration of 0.001%.
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difference at 5% level in comparison with the control (p < 0.05). Data are presented as mean values and standard errors.

The rate of generation of hydrogen peroxide increases by 9 times with an increase in
the mass concentration of particles 0.1%. Composite borosiloxane with fullerenes (in dark)
decreased hydrogen peroxide production by 20 and 30% at particle concentrations of 0.01
and 0.1%, respectively. Borosiloxane has no effect on the generation of hydroxyl radicals.
In this case, a composite material based on borosiloxane and fullerenes + hv increases
the rate of generation of hydroxyl radicals by 28, 77 and 250% at a particle concentration
of 0.001, 0.01, and 0.1%, respectively. Composite borosiloxane with fullerenes (in dark)
decreased hydrogen peroxide production by 40 and 60% at particles concentration 0.01 and
0.1%, respectively.

It is known that excessive ROS generation is associated with the damage to biomacro-
molecules. The effect of a composite material based on borosiloxane and fullerenes on the
formation of long-lived active forms of proteins (LRPS) was investigated (Figure 8a). The
borosiloxane without fullerenes did not affect the generation or decay rate of long-lived
active forms of proteins. All variants of nanocomposites in the dark did not influence long-
lived active forms of protein production. The borosiloxane with fullerenes + hv increased
significantly the rate of formation of long-lived active forms of proteins. An increase in the
rate by 37, 91, and 250% is observed at a fullerene concentration of 0.001, 0.01 and 0.1%,
respectively. The fullerenes have almost no effect on the average half-life of active forms of
proteins. In all groups, the half-life is about 4–5 h.
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The effect of a composite material based on borosiloxane and fullerenes on the for-
mation of 8-oxoguanine in DNA in vitro was investigated (Figure 8b). It was found
that borosiloxane did not affect the formation of 8-oxoguanine in DNA in vitro. It was
found that at a fullerene concentration of + hv 0.001, 0.01, and 0.1% increased the rate
of 8-oxoguanine production in DNA by 38, 200 and 300%, respectively. All variants of
nanocomposites in the dark did not influence 8-oxoguanine production in DNA.

3.3. Bacteriostatic Properties of the Composite

The effect of fullerenes in borosiloxane on the growth of E. coli was studied (Figure 9a).
The borosiloxane without fullerenes did not affect the growth and growth of E. coli bacteria.
It was found that when fullerenes + hv appear in the polymer, the density of bacterial
cultures grown on the composite decreases by 23, 50, and 69% at a particle concentration of
0.001, 0.01, and 0.1% at a particle concentration respectively. All variants of nanocomposites
in dark did not influence on E. coli growth.

In a separate series of experiments, the bacteriostatic properties of an aqueous colloidal
solution of C60 were investigated. The concentrations studied were 0.001, 0.01, and 0.1%. It
was shown that at all studied concentrations in the dark, fullerenes did not affect the growth
and development of bacteria. When exposed to light, fullerenes significantly affected the
growth and branching of bacteria. Thus, at a concentration of 0.001 and 0.01% fullerenes
in the medium and constant illumination, the growth of the number of bacteria in the
medium was not observed. At a minimum concentration of 0.0001%, the density of the
bacterial culture was 76% less compared to the illuminated control.

The effect of a composite material based on borosiloxane and fullerenes on the de-
tachment of E. coli bacteria from the substrate was studied (Figure 9b). The borosiloxane
without fullerenes effectively detached the E. coli bacteria from the substrate. The number
of bacteria on the substrate decreases by 10 times. The addition of fullerenes + hv to the
polymer in mass concentrations of 0.001 and 0.01% has no significant effect. With an in-
crease in the concentration of fullerenes in the polymer to 0.1%, the detachment of bacteria
from the substrate occurs 5 times more efficiently as compared to pure borosiloxane. The
number of bacteria on the substrate is reduced by 45 times. There were no differences
between bacterial detachment in dark and light.
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3.4. Biocompatibility with Mammalian Cells

The effect of a composite material based on borosiloxane and fullerenes on the viability
of mammalian cells was investigated (Figure 10a). The number of non-viable cells grown
on control substrates and culture plastic did not exceed 4%. Approximately the same
number of non-viable cells was observed on a composite material based on borosiloxane
without fullerenes or contains 0.001% of fullerenes particles. At the same time, when
nitinol medical alloy is used as a substrate, an almost 50% greater number of nonviable
cells is observed (approximately 6%). Number of nonviable cells were 5 and 7.5% on a
composite material based on borosiloxane and fullerenes + hv in concentration 0.01 and
0.1%, respectively.

The mitotic index of cells in the logarithmic growth phase was estimated to analyze
the ability of cells to divide (Figure 10b). The mitotic index of cells growing on the titanium
sample surface was 1.2%. The mitotic index on nitinol was 1.9%. The mitotic index was
0.6–1% in case of composite material based on borosiloxane and fullerenes + hv. The mitotic
index was 1.5–2.5% in case of composite material based on borosiloxane and fullerenes in
the dark.

The cell culture density averages 1050 cells per mm2 on titanium (Figure 10c). The
density reaches 1450 cells per mm2 on a nitinol substrate. The cell density reaches
550–900 cells per mm2 on a composite material based on borosiloxane and fullerenes
+ hv and 1300–1800 cells per mm2 on the composite in dark. After 72 h of culturing cells
on the surface of the materials, a morphological analysis was carried out. It was found
that the surfaces of the composite material based on borosiloxane and fullerenes are more
suitable for cell attachment and spreading (Figure 10d). Moreover, the degree of suitability
is comparable to culture plastic and the medical alloy nitinol. At the same time, after 72 h
of cultivation on the surface of all samples of materials, the cells do not form a merged
monolayer. Only some of its elements are observed. On the surface of all materials, cells
occupy about 70–75% of the surface available for growth.
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Table 1 presents data on the effect of a colloidal solution of fullerene nanoparticles
on the growth and development of eukaryotic cells. In these experiments, the cells were
in contact with fullerenes, but not in contact with the polymer. Fullerenes were in the
culture medium, and not on the surface of the polymer. It has been shown that fullerenes
affect the number of viable cells and the value of the mitotic index at significantly lower
concentrations as compared to the polymer containing fullerenes. This is probably due
to the fact that when fullerenes are found in deep layers of the polymer, most of the C60
molecules do not affect mammalian cells.
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Table 1. The effect of a colloidal solution of C60 on the growth and development of eukaryotic cells.

Concentration of C60, %
Cell Culture Parameter

Viable Cells, % Mitotic Index, %

Control 95.9 ± 1.5 1.2 ± 0.4
Control + hv 94.3 ± 1.9 1.3 ± 0.2

0.0001% 95.6 ± 2.1 1.4 ± 0.3
0.0001% + hv 95.3 ± 2.3 1.1 ± 0.4

0.001% 95.7 ± 1.7 1.5 ± 0.3
0.001% + hv 93.2 ± 1.8 0.9 ± 0.4

0.01% 94.2 ± 2.5 1.9 ± 0.2 *
0.01% + hv 92.1 ± 2.1 * 0.7 ± 0.2 *

*—indicates a significant difference at 5% level in comparison with the control (p < 0.05).

4. Discussion

The ROS generation in many cases can be considered as a negative effect and a key
factor of toxicity when using metal oxide particles in biomedicine [63,64]. Nevertheless,
the possibility of generation and quenching of ROS by fullerenes has been reported [65–70].
Our results show that the use of borosiloxane as a polymer matrix does not affect the
generation of ROS. At the same time, when composite samples are irradiated with light,
a significant acceleration of ROS formation is observed, in particular, at a concentration
of 0.1 wt%, the rate of generation of hydrogen peroxide increases by 9 times, and the
rate of generation of hydroxyl radicals by 2.5 times. Thus, light-induced acceleration of
ROS formation was detected in the studied composite. This ability is crucial in biological
applications of the developed material, as it allows adjustment of the balance between
toxicity and bacteriostatic properties of the composite.

A reliable marker of oxidative damage to biomacromolecules by ROS is the level of
long-lived active forms of proteins and 8-oxoguanine in DNA [71–76]. Our study showed
that borosiloxane does not affect the level of long-lived active forms of proteins and 8-
oxoguanine in DNA in vitro. The presence of fullerenes in the polymer matrix slightly
reduces the level of LRPS and 8-OH-Gua. Irradiation with light similarly to ROS causes
the opposite effect: at concentration of 0.1 wt% fullerenes, the level of LRPS and 8-OH-Gua
increases 2.5 and 3 times, respectively, in comparison with pure borosiloxane. The toxicity
level data obtained in our study is 2–3 times lower than in the works of other authors [77].

It is known that fullerenes have high bacteriostatic properties not only against E.
coli bacteria, but also against bacteria B. subtilis, S. Aureus, S. epidermidis, E. hirae, S. typhi,
P. acnes, and E. faecalis [11–13,78–85]. The use of borosiloxane as a carrier increases the
detachment of bacteria from the substrate by one order of magnitude, and the incorporation
of 0.1 wt% fullerenes decreases the density of bacterial structures by 3 times (under light
irradiation) and increases the detachment of bacteria five-fold. The bacteriostatic efficacy
of the composites obtained by us turned out to be comparable with the results obtained by
other authors.

In the present study, we researched the effect of the developed composite on both
the viability of mammalian cells and the ability to divide according to the mitotic index of
cells in the logarithmic growth phase. Borosiloxane matrix has no significant effect on cell
viability and division. The addition of 0.001–0.01% fullerenes did not have a cytotoxic effect
on cells or cell feeding in the dark, which is consistent with the literature data on the low
cytotoxicity and hemolytic activity of fullerenes [86,87]. Irradiation of 0.1 wt% fullerenes
leads to an increase in non-viable cells by 70% and a decrease in the mitotic index by 30%.
In this case, the mitotic index of the non-irradiated sample is 3.5 times higher than that of
the irradiated one.

Thus, the light-induced bacteriostatic activity of the composite based on borosiloxane
and fullerenes was found. At the same time, the used polymer matrix does not have a
cytotoxic effect and is biocompatible. The mechanical properties of a composite are mainly
determined by the polymer matrix and practically do not depend on the mass content of
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particles, and strict control of the viscoelastic properties of composites for various tasks is
carried out even at the stage of polymer synthesis.

The developed material, in contrast to composites based on metal oxide nanoparticles,
does not cause a constant increased content of ROS, and makes it possible to control the
level of cytotoxicity in a non-contact way (visible light). The results obtained in this study
will aid in the design of more efficient targeted biocides in the future.

5. Conclusions

In the present study, a composite based on borosiloxane and fullerenes for biomedical
applications was synthesized and characterized. Borosiloxane provides good protection
against physical and chemical damage to particles and has a low production cost. The
resulting material exhibits strong light-induced bacteriostatic properties by the example
of E. coli culture and has low cytotoxicity. In this case, the polymer matrix does not affect
either the growth and the development of bacteria or the viability of mammalian cells.
The mechanical properties of the composite at such low concentrations of the dopant
are almost completely determined by the properties of the polymer and can be tuned at
the stage of synthesis. The use of borosiloxane as a carrier increases the detachment of
bacteria from the substrate by one order of magnitude, and the incorporation of 0.1 wt%
fullerenes decreases the density of bacterial structures trebled (under light irradiation)
and increases the detachment of bacteria five-fold. Thus, a synergistic effect is observed,
which makes it possible to reduce the amount of incorporated fullerenes (and, accordingly,
toxicity) while maintaining the high bacteriostatic properties of the composite. The resulting
composite, based on borosiloxane and fullerenes, is of great interest for use in prostheses
and biomedical devices. A significant increase in bacterial detachment, together with
bacteriostatic properties, makes the developed material especially attractive for the use as
a reusable dry disinfectant.
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