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Abstract

:

Carbon nanoparticles with antimicrobial properties, such as fullerenes, can be distinguished among the promising means of combating pathogens characterized by resistance to commercial antibiotics. However, they have a number of limitations for their use in medicine. In particular, the insolubility of carbon nanoparticles in water leads to a low biocompatibility and especially strong aggregation when transferred to liquid media. To overcome the negative factors and enhance the action of fullerenes in an extended range of applications, for example, in antimicrobial photodynamic therapy, we created new water-soluble complexes containing, in addition to C60 fullerene, purified detonation nanodiamonds (AC960) and/or polyvinylpyrrolidone (PVP). The in vitro antibacterial activity and toxicity to human cells of the three-component complex C60+AC960+PVP were analyzed in comparison with binary C60+PVP and C60+AC960. All complexes showed a low toxicity to cultured human skin fibroblasts and ECV lines, as well as significant antimicrobial activity, which depend on the type of microorganisms exposed, the chemical composition of the complex, its dosage and exposure time. Complex C60+PVP+AC960 at a concentration of 175 µg/mL showed the most stable and pronounced inhibitory microbicidal/microbiostatic effect.
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1. Introduction


The search for antimicrobial agents is becoming increasingly important due to the growing resistance of viruses and bacteria to the commercial drugs that are used at present. Fullerene is emerging as an important material for effective antimicrobial preparations [1], including the means of disinfection and sterilization of environments and surfaces contaminated with micro-organisms. The antimicrobial properties of fullerenes are due to the fact that they are membranotropic substances that easily penetrate into microorganisms, interacting with cellular structures. When excited by light, fullerenes exhibit the properties of photosensitizers that generate a reactive singlet oxygen (SO), which causes cell death, and this effect underlies photodynamic therapy [2,3,4,5,6]. It is noteworthy that the C60 fullerene possesses the highest quantum yield of singlet oxygen (96%) [7], and the adaptation of microorganisms to chemotherapy when using photodynamic exposure is practically impossible [1,8,9].



However, for use in biology and medicine, water-insoluble fullerenes must be functionalized [10]. At the same time, functionalization, including the addition of hydrophilic groups, molecules, oligomers, and polymers [11,12,13,14], must retain the properties and biological activity inherent in fullerenes. Fullerenes can be modified with amino groups for better binding to the surface of bacteria [15], carboxyl groups [16], and used to synthesize complex compounds with antimicrobial properties [17,18]. A combination of fullerene derivatives with antimicrobial agents greatly enhances the effectiveness of the latter [19]. Fullerenes modified with cationic groups showed a high photodynamic activity against a wide range of microorganisms. The hydrophobic carbon shells of modified fullerenes contributed to their penetration through cell membranes, and positive charges on the shells enhanced the binding of fullerenes by microbial cells [9]. For photodynamic antibiotic therapy, a hydrogel was obtained by the peptide-modulated self-assembly of fullerenes, preventing their aggregation by non-covalent binding to the peptide. It has been shown that peptide–fullerene hydrogels are more effective than the original fullerene in inhibiting antibiotic-resistant Staphylococcus aureus and promoting wound healing [20]. For the photoinactivation of microorganisms, photodynamic polymers with fullerenes have also been created [21].



An alternative way is the association of fullerenes with hydrophilic nanoparticles, such as nanodiamonds (NDs), which can serve as a platform for the transfer of fullerenes into aqueous media. It should be noted that ND particles themselves also exhibit antimicrobial activity [22,23,24], presumably due to the deformation and destruction of cell walls [25] that protect microorganisms from osmotic changes [26], as well as due to oxidative stress [22]. The antibacterial activity of nanodiamonds can be due to the negatively charged acid anhydride groups present on the surface [27,28]. Nanodiamonds are effective not only against planktonic cells, but also against biofilms [29]. For example, mannose-modified NDs have in particular shown a high potential in countering E. coli-biofilm formation [30]. ND surface modification methods [31] include a functionalization of diamonds by grafting various groups (H, OH, and COOH), which makes it possible to create stable aqueous diamond dispersions by controlling the sign and magnitude of their surface potential [32]. Such hydrophilic diamonds can serve as universal active platforms for the delivery of fullerenes and other hydrophobic molecules (drugs) to biological media. At the same time, NDs are radiation-resistant and chemically inert, which makes it possible to activate fullerenes not only by visible light or UV, but also by higher-energy quanta (X-rays) with a great penetrating power. It is important to create new photosensitizers (PS) based on fullerenes and diamonds, since diamonds are capable of X-ray luminescence. In addition, they can serve as converters of hard radiation into visible light for the excitation of optically active molecules attached to them, which is necessary for the implementation of X-ray photodynamic therapy (XRD) [33,34,35].



Especially, it is of interest to create C60 and ND complexes additionally stabilized with a medical polymer polyvinylpyrrolidone (PVP), as new antimicrobial agents with high photodynamic properties against antibiotic-resistant microorganisms. The PVP is a non-toxic, non-ionic polymer containing a hydrophilic pyrrolidone moiety and a hydrophobic carbon chain. It is able to serve as a model of natural macromolecules with amide groups (protein molecules), a carrier of biologically active substances, and a component of drugs due to low toxicity and biocompatibility [36,37]. PVP macromolecules in aqueous solutions have a high ability to form complexes with inorganic ions, organic molecules, and natural and synthetic polymers, which is of great interest for chemical, biochemical, and pharmaceutical technologies, especially in connection with the ability to combine PVP with carbon nanoparticles (fullerenes, nanotubes, graphenes, and diamonds) [38,39,40,41].



In this regard, the aim of our work is to study the antibacterial action and toxicity of the first prepared triple hydrophilic complex consisting of C60, ND, and PVP in comparison with the action of the binary complexes C60-PVP and C60-ND.




2. Materials and Methods


2.1. Preparation of the Samples of Carbon Nanoparticles


To create the complexes, we used purified detonation nanodiamonds (our notation AC960, produced by Hongwu International Group Ltd. (Guangzhou, China), www.hwnanomaterial.com (accessed on 12 July 2020), mark C960 with minor impurities). C60 fullerenes (99.9% wt. of main component with residual higher homologues) were synthesized from graphite in an electric arc discharge process with subsequent extraction from carbon soot and chromatographic purification (PNPI) [42].



To obtain the complexes of fullerenes with diamonds, ultrasonic stirring (US, 20 °C) was used to dissolve separately C60 powder in o-xylene and PVP (molecular weight of 9.5 × 103) in dimethyl sulfoxide (DMSO). The solutions were then mixed and sonicated to enhance the interaction and bind the components into primary complexes.



Under the same conditions, AC960 powders (quite spherical particles of ~10 nm in size; carbon is not less than 99% wt, impurities of Ni (<0.0005%), Mg (0.005%), Fe (0.005%), Cu (0.0007%), Na (<0.0005%), Ca (0.0042%)) were dispersed in DMSO by sonication. Then, the diamond colloid was mixed with the solution of C60+PVP complexes, and C60+PVP+AC960 system was prepared. The ternary colloid was dried to remove DMSO completely and further dissolved again in deionized water to produce the target product being an aqueous colloid of the C60+PVP+AC960 complex (Sample 1). Binary aqueous systems C60+PVP and C60+AC960 were prepared in DMSO in a similar way. These colloids were dried and then dissolved in water to obtain the reference samples C60+PVP (Sample 2) and C60+AC960 (Sample 3).



The prepared aqueous systems (Samples 1–3) had the total concentrations of 0.7, 0.5, and 0.4 mg/mL. To saturate the samples with fullerenes, the mass proportions for the components for the synthesis were initially preset:



Sample 1: C60 (11.1%)+PVP (44.4%)+AC960 (44.5%);



Sample 2: C60 (20%)+PVP (80%);



Sample 3: C60 (20%)+AC960 (80%).




2.2. Particle Size Analysis in Samples and the Stability Test of the Complex


Nanoparticle Tracking Analysis (NTA) is the method for analyzing particle size distribution in liquids, based on relating Brownian motion to the hydrodynamic diameter of the single particle. The size distribution and concentration were analyzed by NanoSight LM10 (Malvern Panalytical, Malvern, UK), which utilizes NTA, using a cuvette with a 405 nm laser (Nano-Sight, Malvern Panalytical, Malvern, UK). To perform better measurement, the suspension was diluted up to 100,000 times to obtain the optimum concentration. Measurements were performed in triplicates of 60 s video captures with a camera level 16, the lowest expectable particle size = 30 nm, and the detection threshold = 7 throughout the characterization. Video processing, size/concentration analysis, and statistics were conducted using the NanoSight NTA 2.3 software (Malvern Panalytical, Malvern, UK).



We performed the tests to assure the stability of complexes in the physiological conditions and measured the optical density of the aqueous solutions of complexes by spectrophotometer DU-8600RN(PC) (Drawell Scientific, Yuzhong District, Chongqing, China) at ambient temperature (23–24 °C) and then heated the solutions up to 37 and 50 °C, followed by cooling to 25 °C. For the ternary and binary complexes at the enhanced temperatures and final one, we evaluated a variation in optical density vs. light wavelength regarding the initial temperature. Along with this, we stored the samples 1–3 at ambient temperature (dark conditions) for three months and measured the optical density of these solutions; the final states were compared with the initial one.




2.3. Concentrations of Test Substances and Evaluation of Sterility


To assess the antibacterial activity of the samples, the following sample concentrations were used: sample 1: 350 µg/mL (C60—38.9 µg/mL, PVP—155.4 µg/mL, AC960—155.7 µg/mL) and 175 µg/mL (C60—19.4 μg/mL, PVP—77.7 μg/mL, AC960—77.9 μg/mL); sample 2: 250 μg/mL (C60—50 μg/mL, PVP—200 μg/mL) and 125 μg/mL (C60—25 μg/mL, PVP—100 μg/mL); and sample 3: 200 μg/mL (C60—40 μg/mL, AC960—160 μg/mL), and 100 μg/mL (C60—20 μg/mL, AC960—80 µg/mL). To analyze toxicity in cell culture, concentrations from 1 μg/mL to 300 μg/mL were selected depending on the experimental conditions. Since ultrasound was used to prepare the preparations, the solutions were not sterilized. To confirm the sterility of the colloids of the studied compounds, the microscopy of the samples and their inoculation on a rich dense nutrient medium (Columbia agar with 5% sheep blood, bioMerieux SA, St. Louis, MO, USA) were conducted. All colloids studied, when tested for sterility, did not show growth of any microorganisms on a nutrient medium. Facultative anaerobic microorganisms were chosen as objects for the experiment. Therefore, since the cultivation of these microorganisms does not require the creation of anaerobic conditions, it was decided to consider the suitable colloids according to microbiological criteria to implement the goals of the experiment.




2.4. Cell Cultures


Human skin fibroblasts (cell line FD2) and ECV cells (human umbilical vein endothelial cells) (Institute of Cytology of the Russian Academy of Sciences, Saint-Petersburg, Russia) were used as an in vitro model for toxicity analysis. Cells were cultivated in DMEM F12 with glutamine (Biolot, St. Petersburg, Russia), bovine serum 10% (Biolot, St. Petersburg, Russia), and fibroblast growth factor (for line FD2) at a concentration of 20 ng/mL (cat#PSG060-10. Lot#16F0519F2, Sci-Store, Skolkovo, Russia). Cells were incubated at 37 °C in 5% CO2. To analyze the morphology, ECV cells grown on coverslips were fixed with 96% ethanol, stained for 30 s with Mayer’s hematoxylin (BioVitrum, St. Petersburg, Russia), and analyzed using a Leica DM 2500 (Leica microsystems, Wetzlar, Germany) light microscope. The MTT assay and apoptosis assay were used to determine toxicity.




2.5. MTT Assay


Fibroblasts were seeded in 48-well plates and incubated until reaching 60–70% confluency. Then, the medium was changed to the other one containing the samples with the concentrations 1, 10, 50, and 100 μg/mL (200 μL per well) and the cells were cultured for another 24 or 48 h. Samples with the concentrations of 175–300 μg/mL were added for 45 or 90 min. Then, 20 μL of the MTT working solution (5 mg/mL) was added to each well (except for those marked as “blank”) and incubated under the same conditions for 2 h. The medium was then removed, the cells were gently washed with fresh medium, and 200 μL of dimethyl sulfoxide (DMSO) was added to all wells (including the “blank” ones) to dissolve the formazan granules. After the 30 min incubation at room temperature needed for a complete dissolution of the formazan crystals, the solution was transferred to a 96-well plate (100 μL per well).



ECV cells were plated in 96-well plates (10,000 cells per well), incubated for 24 h in a 5% CO2 atmosphere at 37 °C. Then, we added the samples. Analysis was conducted as described elsewhere [43].



The optical density (OD) of the contents of the wells was measured (Multiskan FC spectrophotometer, Thermo Scientific (Waltham, MA, USA), wavelength of 540 nm). The cell viability in the experimental samples was found as the percentage of the control by the formula (%) = [OD experiment − OD blank]/[OD (control) − OD blank] × 100%. OD blank data were used to take into account the contribution of the samples to the total OD magnitudes.




2.6. Apoptosis Assay


Cell death was analyzed by flow cytometry. The cells were seeded in 6-well plates and incubated as in the previous experiment. Then, the samples were added to obtain the concentration of 10 or 100 μg mL in the final mixtures for 48 h. Cells without added compounds were used as the experimental control. The treatment and analysis were conducted as described elsewhere [44].




2.7. Research Object of Antimicrobial Activity


Clinical isolates of staphylococci (Staphylococcus aureus), enterobacteria (Escherichia coli), fungi of the genus Candida, as well as bacilli (Bacillus subtilis) from the collection of the Department of Microbiology, Virology, Immunology of the OrSMU were used as the biological test objects. The assessment of the biochemical activity of microorganisms was conducted using the MIKRO-LA-TEST test systems (Lachema, Brno, Czech Republic). Standardized MALDI-TOFMS methods (VitekMS, bioMérieux, Craponne, France) were used for the species (genus-level) identification of the tested microorganism by the comparison of the protein spectrum of the studied strain to the collection of reference spectra of the known species contained in the database.




2.8. Cultivation of Microorganisms


Escherichia was cultivated on agar and Muller–Hinton broth (Himedia, Mumbai, India) for 18–20 h at 37 °C. Staphylococcus was cultivated using Nutrientagar and Nutrientbroth (Himedia, India) and the GRM medium (Obolensk, Moscow, Russia) for 18–20 h at 37 °C. Nutrientagar and Nutrientbroth (Himedia, India) were used for Bacillus cultivation, and the culture was grown for 18–24 h. The cultivation of fungi of the genus Candida was conducted on Sabouraud’s medium at 30–37 °C for 48 h.




2.9. Sample Preparation of Microbial Cultures


To study the effect of the tested compounds on the biological properties of microorganisms, microtubes were prepared, in which the necessary ingredients were added (a suspension of microorganisms and various concentrations of the studied compounds). At the stage of logarithmic growth, 100 mL of cultures of microorganisms in broth were mixed with the substance under study (the volume of the matrix solution depends on the required final concentration) and the broth was adjusted to a final sample volume of 200 mL. In all samples, the same series of liquid nutrient medium was used as at the stage of obtaining the cell sediments of the studied cultures. This was conducted to eliminate the stress associated with changing the chemical composition of the medium used. Samples in microtubes were incubated for 45 min and 90 min. The time of co-incubation was chosen according to the literature [45,46]. It was conducted according to the ability of the studied compounds to influence the degradation of the biofilm matrix. After co-incubation for a predetermined time, the tubes were centrifuged at 3000 rpm, followed by the supernatant removal, and the cell sediment was washed 3 times with saline NaCl to remove the trial compounds.




2.10. Evaluation of the Antibacterial Effect


The antibacterial effect was assessed by the indicators of the inoculation of microorganisms from the samples. For this purpose, the seeding of each sample was conducted with a microbiological loop using the method of depleting inoculation on a dense nutrient medium. The culture medium contained 5% sheep erythrocytes (Columbia agar with 5% sheep blood, bioMerieux SA). The cultures were incubated for 18–24 h at 37 °C. The result was taken into account by counting the number of grown colonies on the experimental and control plates [47].




2.11. Biofilm Analysis


Into 96-well sterile flat-bottomed plates (Medpolimer, St. Petersburg, Russia), 100 µL of a daily broth culture suspension of microorganisms was added simultaneously. The microorganisms Staphylococcus aureus and Escherichia coli were used at a concentration of 0.5 × 106 cfu/mL. Additionally, 100 µL of the liquid nutrient medium was added as a control. Then, the complexes were added in the same volume at the previously described concentrations. Samples were incubated at 37 °C statically for 24 or 72 h. After the removal of planktonic cells, the wells were washed three times with PBS (pH 7.4) (200 μL each). The plates were dried in air for 30 min. Then, the formed biofilms were stained for 45 min at room temperature (22 °C–25 °C) with 1% crystal violet solution according to the method [48]. The free dye was washed three times with PBS (pH 7.4). The biofilm-fixed dye was then extracted with 96% ethanol (200 μL per well). The extract was transferred from the wells into clean 96-well sterile flat-bottomed plates (Medpolimer, Russia). The intensity of staining corresponding to the degree of biofilm formation was measured spectrophotometrically on a plate densitometer Multiskan Ascent (Thermo Electron corporation, Vantaa, Finland) at a wavelength of 540 nm.




2.12. Statistical Analysis


Statistical analysis was performed using KyPlot 6.0 software. A Dunnett’s test was used for a comparison of two samples (toxicity and antimicrobial activity) and the Tukey–Kramer test was used for multiple comparisons (to analyze biofilm formation). Data are presented as mean ± SET (standard deviation) or mean ± SEM (standard error of the mean). Differences at p < 0.05 were considered statistically significant.





3. Results


3.1. Characteristics of the Complexes


To maximize the use of the antibacterial activity of fullerenes, in the preparation of the samples, the option of obtaining complexes was chosen. This is due to the fact that the fullerenes in them do not form chemical bonds with components and retain their original physical and chemical properties to the greatest extent. In complexes, fullerenes are not aggregated and can be released from them, penetrate into the membranes of microorganisms, disrupt their metabolism, and inhibit growth.



During the preparation of the complexes, the abilities of the polymer and diamond to bind fullerene were significantly different. PVP is able to form a complex with C60 by electron transfer from the carbonyl group of the chain unit to fullerene. Earlier, this made it possible to obtain compositions by the solution or solid-phase methods with the achieved fullerene fraction up to 1% and 2.0–2.3% wt., respectively [14].



Complexes of this kind make it possible to achieve the finest dispersion of fullerenes in an aqueous medium according to the data of hydrodynamic methods and neutron scattering [14,49,50]. Due to the specific nature of detonation synthesis and subsequent chemical purification, the used diamonds had carbonyl, carboxyl, hydroxyl, and other groups on the surface [32]. The presence of groups created opportunities for bonding diamonds with fullerenes, which was also enhanced by the hydrophobic interactions of the components.



Thus, both the polymer and diamond components were capable of associating with fullerenes. This was confirmed (Figure 1A) in the measurements of the optical density of diluted aqueous colloids in the samples 1–3 in the wavelength range λ = 190–1100 nm (UV-VIS Spectrophotometer DU-8600RN(PC)). The spectrum for o-xylene fullerene with the characteristic maximum at the wavelength λmax~335 nm is also shown in the figure. The binding of fullerene with PVP led to a shift of the fullerene absorption band towards longer wavelengths (λmax~370 nm), indicating a change in the electronic structure of fullerene due to the interaction with polymer. In the same position on the curve for the ternary complex, there is a weak increment in optical density against the background of a growing contribution from diamonds at shorter wavelengths. This confirms a transfer of fullerenes into the aqueous solution by means of complexes. However, this spectral effect is almost imperceptible in the case of the C60+AC960 system without PVP when the association of fullerenes with diamonds is not revealed (Figure 1A).



More clearly, fullerenes binding to diamonds in comparison with the result when using PVP are shown in Figure 1B, where the curves for the modified optical densities D•λ are plotted for the C60+AC960 and C60+PVP+AC960 complexes. These data correspond to the absorption coefficient, multiplied by the wavelength.



In the spectrum for the ternary complex, a characteristic fullerene peak in the band of 320–420 nm is clearly visible while in a shifted position (λmax~370 nm) relative to the similar peak for C60 in o-xylene (Figure 1B). For the C60+AC960 complex in the same λ range, a small contribution of fullerene to the optical density is manifested against the background (Figure 1B). A detailed comparison of the peak amplitudes for complexes and fullerene in xylene, taking into account the concentrations of the dissolved substances, made it possible to estimate the actual fractions of fullerene (CF) in the dry binary and ternary complexes: CF = (2.2 ± 0.2) % wt., C60+PVP; CF = (0.6 ± 0.2) % wt., C60+AC960; and CF = (1.2 ± 0.2) % wt., C60+PVP+AC960.



The evaluated amounts of fullerenes in water-soluble complexes are by an order of magnitude lower than the concentrations of C60 taken initially to prepare the compositions. Finally, the ternary complex C60+PVP+AC960 has, on average, ~two fullerenes on a diamond particle surface. In the case of the direct association of fullerenes with diamonds in the C60+AC960 complex, only ~one C60 molecule was attached to the diamond particle. The number of fullerene molecules in the complex with PVP was ~one C60 molecule per ~ three polymer chains (~300 monomer units), providing fullerene shielding from aqueous environment.



Thus, ternary complexes allowed us to obtain the molecular dispersion of fullerenes in the aqueous medium due to the polymer shell around C60 molecules and their attachment to diamonds. This created the conditions for most effective use of the biological potential of fullerenes when interacting with microorganisms.



We also elaborated the necessary criteria for the usage of complexes. In additional tests, we studied the temperature and long-term stability of ternary and binary complexes (2.2). The optical density D(λ) was measured depending on the wavelength of light for the aqueous solutions of the complexes C60+PVP+AC960, C60+PVP, and C60+AC960 at the same concentrations as in the primary experiments (Figure 1), but under the conditions of heating from room temperature (TI = 23–24 °C) to 37 and 50 °C, followed by cooling to TF = 25 °C. In this temperature cycle, the samples showed only small changes in the D(λ) values. Figure S1 represents the differences ΔDT(λ) = D(λ,T = 50 °C)-D(λ,TI) between the optical density magnitudes at 50 °C and the initial temperature for the three aqueous systems. Figure S2 displays similar differences ΔDFI(λ) = D(λ,TF)—D(λ,TI) for samples at the final (TF = 25 °C) and initial temperatures (TI = 23–24 °C). For all samples, in a wide range of wavelengths (200–800 nm), the values of ΔDT(λ) ≤ 0.01 and ΔDFI(λ) ≤ 0.01 were very small, which confirms the stability of the binary and ternary complexes in water upon heating to 50 °C and subsequently being cooled down to room temperature. Then, we stored these samples for three months at room temperature (dark conditions) and repeated the optical tests. They showed the optical density of the solutions of the complexes, which changed by no more than 10%, demonstrating the satisfactory long-term stability of the complexes.



Along with this, we took into account that the biological efficiency of carbon nanoparticles may depend on their aggregation. Therefore, we measured the distributions of possible aggregates in size for C60+PVP+AC960, C60+PVP, and C60+AC960 complexes by nano-track analysis (NTA) (Figure 1C). We found that these complexes tend to form aggregates in the size ranges of 61 ÷ 102 nm, 33 ÷ 60 nm, and 69 ÷ 101 nm respectively. The C60+PVP complex had the smallest particle size.




3.2. Antimicrobial Activity Assay


In the first stage of the work, we studied the antimicrobial activity of the prepared complexes. The microbial contamination was found to be affected by the composition of the drug, its concentration, and exposure time (Table 1). At the same time, these factors may vary greatly for different types of microorganisms.



Similar consistent patterns have been noted previously. For example, the minimum inhibitory concentration of fullerene C60 functionalized with gentamicin was not the same for several bacterial species [51], and the effect of nanodiamonds on the viability of S. aureus depended on many factors, including the concentration and size of the nanoparticles, the suspension medium, and incubation time [24]. In [52], the authors demonstrated the different effectiveness of nanodiamonds against S. aureus and E. coli.



Along with this, the important characteristic of an antimicrobial agent is its ability to inhibit the formation of biofilms by microorganisms, which was analyzed in S. aureus and E. coli (Figure 2). All complexes prevented the formation of a biofilm, but their effectiveness varied greatly.



The activity of biofilm formation is represented in Figure 3 for Staphylococcus aureus and Escherichia coli (% relative to the control) as depending on the incubation time and sample concentration. It can be seen from the graph that all the samples, except for C60+PVP at the maximum used concentration, reduced biofilm formation in Staphylococcus aureus at a longer exposure time. The most effective there were the low concentrations of complexes containing nanodiamonds (C60+PVP+AC960 and C60+AC960). In the case of Escherichia coli, the complexes C60+PVP+AC960 (at a lower concentration) and C60+PVP (at a higher concentration) demonstrated the greatest effect. However, the effectiveness of C60+PVP did not increase with a longer incubation with it.



3.2.1. Antimicrobial Activity of the C60+PVP+AC960 Complex


When analyzing the effect of the ternary complex on the growth of microbes, we observed the following regularities: C60+PVP+AC960 at a concentration of 350 µg/mL reduced the germination rate for all the tested microbes, while the efficacy against fungi of the genus Candida was low. The exposure time mattered only in the case of B. subtillis. The growth of these bacteria decreased by more than two times with an increase in exposure time from 45 to 90 min, and the greatest inhibitory effect was observed. With a twofold decrease in the concentration of the complex (up to 175 µg/mL), the effectiveness of the drug increased significantly. The seeding rate of Bacillus strains also depended on the time of exposure, but was much lower than at a higher concentration (at 45 min of exposure, it was 33 ± 11%, while at 90 min, it was even lower, at 6.7 ± 3.7%). The effect of the complex on S. aureus for both 45 and 90 min was accompanied by complete growth inhibition. At the same time, a low concentration of the complex had a sharply suppressive effect on E. coli, reducing the number of seeded colonies by three times after 45 min of exposure and by more than 10 times after 90 min. At a concentration of 175 µg/mL, the complex depressed biofilm formation well for S. aureus and E. coli, and it was also effective against Candida; their germination was low regardless of exposure time. The phenomenon of an increase in efficiency caused by a decrease in the concentration of nanoparticles obtained in this experiment was observed earlier. For example, it was shown in [53] that, upon the dilution of the polycarboxylic derivative of fullerene C60 in the aqueous medium, the relative number of aggregates decreased, while the number of single molecules increased, enhancing the activity of the compound per molecule.




3.2.2. Antimicrobial Activity of the C60+PVP Complex


The effect of the binary complex consisting of C60 fullerene and PVP (which makes it possible to convert C60 into a soluble form) on S. aureus did not vary with the drug concentration, but inversely depended on the incubation time. With its doubling, the effectiveness of the impact also decreased. In contrast, for B. subtillis, 45 min of exposure was not enough to reduce microbial contamination. The increase in exposure time to 90 min was accompanied by the death of a half of the cells at a high concentration, and at lower one, the growth was 36 ± 7%. For Gram-negative E. coli, the highest concentration of the complex (300 µg/mL) and the maximum exposure time (90 min) were the most effective. In this case, the growth was completely suppressed. For fungi of the genus Candida, the lower concentration (145 µg/mL) with the increased exposure time proved to be the most effective. However, in other cases, the complex showed a good fungicidal activity. The C60+PVP complex had a minimal inhibitory effect on biofilm formation for S. aureus. However, the effect for the E. coli biofilm was effective, especially at high concentrations (50%).




3.2.3. Antimicrobial Activity of the C60+AC960 Complex


When using the binary complex consisting of C60 and ND and existing as a stable suspension, the following consistent patterns were observed: For all the trial microorganisms, except of S. aureus, a higher concentration (200 µg/mL) was more effective than a lower one (100 µg/mL). At the same time, for E. coli and Bacillus, a longer exposure time provoked an increased effect, but for Candida, a reversed trend was observed. In the case of S. aureus, the exposure time was more important, as it was in the experiments with the C60+PVP complex. The same patterns we observed for biofilm formation.



As it follows from the results obtained, the response of the microorganisms to the complexes was not the same and depended on a number of factors. For Gram-positive bacteria, the ternary complex C60+PVP+AC960, containing both fullerene and nanodiamonds, showed higher efficiency (with increased incubation time for bacilli). The phenomenon of enhancement in the antimicrobial activity of nanoparticles against S. aureus by nanodiamonds was demonstrated previously [54,55]. However, with respect to Gram-negative Escherichia coli, the absence of a bactericidal effect of nanodiamonds has been reported [24,52]. In our study, nanodiamonds were effective, but the C60+PVP complex, which does not contain diamonds and is the most nontoxic for the cells as shown below, more actively reduced the growth, thereby preventing the formation of a biofilm of E. coli. The complex consisting of C60 and diamonds, without PVP stabilizing the colloid, had the least bactericidal properties, but limited biofilm formation for S. aureus and E. coli, probably due to the action on a biofilm.



It is known that one of the mechanisms of the death of microbes under the influence of carbon nanoparticles is a “direct contact”. Thus, the difference in the antimicrobial efficacy of carbon nanoparticles (CNPs) against Gram-negative and Gram-positive bacteria is associated with differences in the structure of their cell wall, while the size of NP aggregates can be of great importance [23]. In our case, the measurement of the average sizes of the aggregates showed no significant differences between the complexes. At the same time, we cannot say anything about the rate of aggregation under the conditions of biological media, since the measurements of such kind can only be conducted in water.



It was suggested in [56] that a lower efficiency of ND against E. coli can be associated not only with the composition of the cell wall, but also with the close values of the surface potential of the diamond and E. coli. The surface potential is an important parameter that can be regulated using such factors, such as surfactants, temperature, and pH. At the same time, it was shown in [57] that fullerenes demonstrated a strong binding ability to the outer membrane protein (OmpA) of Gram-negative P. aeruginosa. In our case, the contribution of the complexes to the antimicrobial activity against E. coli is also probably associated not only with the destruction of the cell wall of the microbe, but is mediated by the membranotropic properties of fullerenes and their high lipophilicity. This allows fullerenes to be integrated into membranes and penetrate into cell organelles, changing and disrupting their functions [58,59,60]. The effect of complexes on biofilm formation can be associated both directly with the bactericidal action and following the decrease in the number of microbes involved in the formation of the biofilm, and with the effect on the biofilm itself. For example, it is known that fullerenes prevent the aggregation of amyloid proteins, which are one of the components of the biofilm. Presently the effect of ND on this process is not fully explored.



Of particular interest is the antifungal activity of CNPs. Candida species cause various diseases of the oral cavity: caries, including in young children, and infections of the oropharyngeal mucosa [29]. C. glabrata is thought to have both innate and acquired resistance to antifungal drugs. The authors [28,61] discovered a concentration dependence of the effect of NDs on Candida albicans. In the analysis of our results, we have to state that all complexes had antimycotic properties to varying degrees, depending crucially on the preparation’s concentration range as well as the exposure time.





3.3. Analysis of the Toxicity of the Complexes in Human Cell Cultures


An important characteristic of any new drug is its low toxicity to normal human cells. Dermal fibroblasts are the main cellular component of the connective tissue layer of the skin. These cells provide skin homeostasis and its morphological and functional organization. They serve as the most adequate in vitro model for the analysis of promising drugs for wound and burn healing, as well as potential treatments for bacterial and fungal skin infections. Therefore, this test system was used in our experiments. To confirm the results, we duplicated the study on ECV cells, which have the properties of both endothelial and epithelial cells and are described as healthy transplantable cells.



According to the MTT test, the studied preparations differed in toxicity. Toxicity depended not only on the composition of the complex, but also on its concentration in the medium, on the time of exposure to the drug, and the nature of cells. During the 24 h incubation of cells in a medium that contained one of the complexes, C60+PVP+AC960, C60+PVP, or C60+AC960, the first complex, which contained all three components, showed the highest toxicity to fibroblasts (Figure 4A).



A concentration of 100 μg/mL in this case reduced the cell viability by approximately 20%. With a decrease in concentration, toxicity decreased: 10 μg/mL did not cause changes in cell viability. With increasing exposure time to 48 h, all the concentrations of this complex showed toxicity to fibroblasts (Figure 4B). However, the effect did not exceed 25% at the maximum concentration. It was of 15–20% at the concentrations of 50 µg/mL and 10 µg/mL, and became less than 10% for 1 µg/mL. However, the triple complex was only slightly toxic to ECV cells. Meanwhile, the C60+PVP and C60+AC960 complexes were less toxic compared to the ternary compound. With a 24 h incubation, only the maximum dose of 100 µg/mL (15–20%) showed toxicity, and exclusively for fibroblasts (Figure 4A,C). The 50 µg/mL dose also demonstrated toxicity after 48 h of drug exposure (Figure 4B,D).



With the antimicrobial activity of the complexes, higher concentrations of drugs (up to 350 μg/mL) were used with a shorter exposure time (45 and 90 min). To assess the response of DF2 and ECV cells under similar experimental conditions, an MTT test was made. The preparations C60+PVP and C60+PVP+AC960 at exposure times not exceeding 90 min were not toxic, even at the concentrations of 300 μg/mL. However, the C60+AC960, in this case, demonstrated some toxicity, but to fibroblasts only (Figure 5A–D).



The MTT test is a metabolic test and only indicates a decrease in cell viability, without providing an answer to the question of whether cells really die and how. We checked how the studied complexes affect apoptotic cell death. Apoptosis is one of the causes of cell death under the influence of damaging agents. To detect changes in membrane permeability associated with apoptosis, YO-PRO-1 dye, which does not accumulate in living cells, was used. In the early stages of apoptosis, ion channels are activated, which facilitates the transport of the dye into the cell. Propidium iodide passes through the damaged cell membrane; therefore, it is used to detect dead cells in the late stages of apoptosis and in the stage of necrosis. We analyzed the effect of 10 μg/mL and 100 μg/mL complexes at the time of their exposure to cells for 48 h (Figure 6). When exposed to drugs at a concentration of 10 μg/mL, we did not observe apoptotic cell death in the experimental samples, even in cases where the MTT test demonstrated toxicity (C60+PVP+AC960 complex). Upon incubation with 100 μg/mL of C60+PVP+AC960 and C60+AC960, cell death slightly increased and amounted to about 10%. The C60+PVP complex was the least toxic.



The addition of all complexes to the cell culture at the concentration of 1–100 μg/mL for 24–48 h did not show any morphological changes in the cells (Figure 7).



However, when the cells were cultivated with complexes containing ND, numerous inclusions were observed in the cytoplasm after 24 h, the number of which increased with the increasing concentration of the complex. When using C60+AC960, the particles were especially numerous both on the surface and inside the cells. The short-term incubation of the cells with the complexes for 60 and 90 min reduced the number of inclusions. It is believed that fullerenes quickly penetrate into eukaryotic cells by endocytosis, for example, clathrin-mediated endocytosis [62]. Earlier, we showed that 2 h after addition to the nutrient medium, hydroxylated derivatives of fullerenes, fullerenols, are detected in the cytoplasm of the cultured cells V 79 [63]. However, fullerene derivatives penetrate into cells at different rates. For example, the fullerene derivative F828 was detected in Hela cells only after 24 h [64], and a decrease in endocytosis was observed [65]. Presumably, in our case, the fullerene complexes on the diamond platform also penetrate the cells slowly; so, after 90 min, we see significantly fewer inclusions in the cytoplasm than after 24 h, regardless of the higher concentrations. Perhaps, this explains the non-toxicity of these complexes for cells under conditions similar to the assessment of antibacterial activity in the experiment. This fact is important, as it shows that, under conditions of short-term exposure, these complexes are effective against microbes, but less effective against human cells.





4. Conclusions


The data obtained during the experiments indicate that the studied complexes have low toxicity against the FD2 cell line, which is the most suitable for the study of anti-burn and wound-healing drugs. They do not cause apoptotic cell death; however, at high concentrations and with prolonged exposure, they cause metabolic disorders that are apparently not lethal.



It was established that all the studied complexes have a bactericidal effect, the severity of which depends on the type of microorganism tested, as well as on the chemical composition and the concentration of complexes, and exposure time. The effect on the microorganisms’ growth kinetics depended on the chemical nature of the preparation and the structural and metabolic features of the tested microbial cell.



According to the results of the tests, the complex C60+PVP+AC960 with a concentration of 175 µg/mL had the most stable, reliable microbicidal and inhibitory effect. Although, the amount of fullerene was minor in the dose of preparation (~1 wt. %); using the diamond platform, it was achieved a really high efficiency of fullerenes.



Such a significant effect of the preparation revealed, without optical activation, that fullerenes are the strongest photosensitizers. For new developed preparations, pronounced microbicidal photodynamic effects are expected, which could be studied further.



Thus, the complexes of fullerenes with PVP on the diamond platform obtained and successfully tested on bacteria will contribute to solving the problem of the effective suppression of pathogenic microorganisms and the disinfection of the environment, equipment, medical materials, and instruments, especially in medical institutions where microorganisms are resistant to serial antibiotics and diseases that occur there and are almost untreatable, leading to fatal outcomes in patients. Such complexes, which do not contain aggressive components, can be used to disinfect objects and materials that require a gentle and even delicate approach to their decontamination. The most significant are the prospects of the use of these drugs when excited by X-ray quanta for photodynamic therapy (XPDT) without restrictions on the penetrating power of activating radiation. In the next stages, we plan to develop prototypes of medical preparations based on diamond–fullerene complexes for a wide range of applications. This will require extensive studies of the mechanisms of antimicrobial action of new drugs in vivo, the study of various aspects of the use of drugs (safe dosages, methods of excretion from the body, and conditions for use in combination with other drugs). Thus, there is reason to consider the presented results as a real step towards the medical applications of fullerenes for the chemo-, radio-, and XPDT-therapy of socially significant diseases.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pharmaceutics15071984/s1, Figure S1. Differences ΔDT(λ) = D(λ,T = 50 °C) − D(λ,TI) between optical density values vs. light wavelength at 50 °C and initial temperature for aqueous solutions of ternary and binary complexes; Figure S2. Differences between optical density values ΔDFI(λ) = D(λ,TF) − D(λ,TI) vs. light wavelength for aqueous solutions of ternary and binary complexes at the final (TF = 25 °C) and initial temperatures (TI = 23–24 °C).





Author Contributions


Conceptualization, V.L.; methodology O.B., V.L. and E.M.; formal analysis O.B. and O.Z.; investigation, O.B., Y.K., N.Y., O.Z., L.A., V.B. and A.M.; resources I.M.; writing—original draft preparation, V.L., O.B., E.M. and O.Z.; writing—review and editing O.B., V.L. and S.S.; visualization, O.B., L.A., V.B., Y.K. and N.Y.; funding acquisition V.L. All authors have read and agreed to the published version of the manuscript.




Funding


The work was supported by the Russian Foundation for Basic Research (grant No. 18-29-19008).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data generated or analyzed during this study are included in the current manuscript.




Acknowledgments


The authors would like to thank L.I. Lisovskaya and I.N. Ivanova for the preparation and certification of the samples in the optical measurements. The authors sincerely acknowledge the Corporation Hongwu International Group Ltd. (www.hwnanomaterial.com (accessed on 12 July 2020)) for producing and delivering detonation nanodiamonds (C960) of excellent quality.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Troshin, P.A.; Kornev, A.B.; Razumov, V.F.; Derjabin, D.G.; Davydova, O.K. Application of Amine Derivatives of Fullerenes c60 and c70 and Based on Them Compositions as Antimicrobial Preparations. Russian Federation Patent 2 522 012 C2, 10 July 2014. [Google Scholar]

	



Markovic, Z.; Trajkovic, V. Biomedical potential of the reactive oxygen species generation and quenching by fullerenes (C60). Biomaterials 2008, 29, 3561–3573. [Google Scholar] [CrossRef]

	



Zhang, Y.; Wu, M.; Wu, M.; Zhu, J.; Zhang, X. Multifunctional Carbon-Based Nanomaterials: Applications in Biomolecular Imaging and Therapy. ACS Omega 2018, 3, 9126–9145. [Google Scholar] [CrossRef]

	



Moussa, F. [60] Fullerene and Derivatives for Biomedical Applications. In Nanobiomaterials. Nanostructured Materials for Biomedical Applications; Narayan, R., Ed.; Elsevier Ltd.: Amsterdam, The Netherlands, 2017; pp. 113–136. [Google Scholar] [CrossRef]

	



Gaur, M.; Misra, C.; Yadav, A.B.; Swaroop, S.; Maolmhuaidh, F.Ó.; Bechelany, M.; Barhoum, A. Biomedical Applications of Carbon Nanomaterials: Fullerenes, Quantum Dots, Nanotubes, Nanofibers, and Graphene. Materials 2021, 14, 5978. [Google Scholar] [CrossRef] [PubMed]

	



Mroza, P.; Tegosa, G.P.; Galic, H.; Whartonc, T.; Sarnad, T.; Hamblin, M.R. Photodynamic therapy with fullerenes. Photochem. Photobiol. Sci. 2007, 6, 1139–1149. [Google Scholar] [CrossRef] [PubMed]

	



Hamblin, M.R. Fullerenes as Photosensitizers in Photodynamic Therapy: Pros and Cons. Photochem. Photobiol. Sci. 2018, 17, 1515–1533. [Google Scholar] [CrossRef]

	



Liu, Y.; Qin, R.; Zaat, S.A.J.; Breukink, E.; Heger, M. Antibacterial photodynamic therapy: Overview of a promising approach to fight antibiotic-resistant bacterial infections. J. Clin. Transl. Res. 2015, 1, 140–167. [Google Scholar] [CrossRef] [PubMed]

	



Heredia, D.A.; Durantini, A.M.; Durantini, J.E.; Durantini, E.N. Fullerene C60 derivatives as antimicrobial photodynamic agents. J. Photochem. Photobiol. C Photochem. Rev. 2022, 51, 100471. [Google Scholar] [CrossRef]

	



Bolshakova, O.I.; Slobodina, A.D.; Sarantseva, S.V. Carbon Nanoparticles as Promising Neuroprotectors: Pro et Contra. I. Functionalization and Toxicity. Nanobiotechnol. Rep. 2022, 17, 132–140. [Google Scholar] [CrossRef]

	



Eropkin, M.Y.; Melenevskaya, E.Y.; Nasonova, K.V.; Bryazzhikova, T.S.; Danilenko, D.M.; Kiselev, O.I. Synthesis and Biological Activity of Fullerenols with Various Contents of Hydroxyl Groups. Pharm. Chem. J. 2013, 47, 87–91. [Google Scholar] [CrossRef]

	



Piotrovsky, L.B.; Eropkin, M.Y.; Eropkina, E.M.; Dumpis, M.A.; Kiselev, O.I. Biological Effects in Cell Cultures of Fullerene C60: Dependence on Aggregation State. In Medicinal Chemistry and Pharmacological Potential of Fullerenes and Carbon Nanotubes. Carbon Materials: Chemistry and Physics; Cataldo, F., Da Ros, T., Eds.; Springer: Berlin/Heidelberg, Germany, 2008; Volume 1, pp. 139–155. [Google Scholar] [CrossRef]

	



Partha, R.; Conyers, J.L. Biomedical applications of functionalized fullerene-based nanomaterials. Int. J. Nanomed. 2009, 4, 261–275. [Google Scholar]

	



Ratnikova, O.V.; Tarasova, E.V.; Melenevskaya, E.Y.; Zgonnik, V.N.; Baranovskaya, I.A.; Klenin, S.I. Behavior of poly-N-vinylpyrrolidone–fullerene C60 composites in aqueous solutions. Polym. Sci. Ser. A 2004, 46, 752–756. [Google Scholar]

	



Zhang, J.; Xu, J.; Ma, H.; Bai, H.; Liu, L.; Shu, C.; Li, H.; Wang, S.; Wang, C. Designing an Amino-Fullerene Derivative C70–(EDA)8 to Fight Superbacteria. ACS Appl. Mater. Interfaces 2019, 11, 14597–14607. [Google Scholar] [CrossRef]

	



Tsao, N.; Luh, T.Y.; Chou, C.K.; Chang, T.Y.; Wu, J.J.; Liu, C.C.; Lei, H.Y. In vitro action of carboxyfullerene. J. Antimicrob. Chemother. 2002, 49, 641–649. [Google Scholar] [CrossRef] [PubMed]

	



Mirza-Aghayan, M.; Mohammadi, M.; Boukherroub, R. Fullerene-C60/NH2: A recyclable heterogeneous catalyst for the green synthesis of chromene and pyrimidine derivatives and antibacterial evaluation. J. Heterocycl. Chem. 2022, 59, 1102–1115. [Google Scholar] [CrossRef]

	



Brady, T.E.; Dellinger, A.L.; Robertson, A.L.; Tinker-Kulberg, R. Synthetic, Multifaceted Halogenated, Functionalized Fullerenes Engineered for Microbicidal Effects Employing Controlled Contact for Safe Therapeutic and Environmental Utility. U.S. Patent 10,934,168 B1, 2 March 2021. [Google Scholar]

	



Ansari, M.J.; Soltani, A.; Ramezanitaghartapeh, M.; Singla, P.; Aghaei, M.; Fadafan, H.K.; Khales, S.A.; Shariati, M.; Shirzad-Aski, H.; Balakheyli, H.; et al. Improved antibacterial activity of sulfasalazine loaded fullerene derivative: Computational and experimental studies. J. Mol. Liq. 2022, 348, 118083. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zhang, H.; Zou, Q.; Xing, R.; Jiao, T.; Yan, X. An injectable dipeptide–fullerene supramolecular hydrogel for photodynamic antibacterial therapy. J. Mater. Chem. B 2018, 6, 7335–7342. [Google Scholar] [CrossRef] [PubMed]

	



Reynoso, E.; Durantini, A.M.; Solis, C.A.; Macor, L.P.; Otero, L.A.; Gervaldo, M.A.; Durantini, E.N.; Heredia, D.A. Photoactive antimicrobial coating based on a PEDOT-fullerene C60 polymeric dyad. RSC Adv. 2021, 11, 23519–23532. [Google Scholar] [CrossRef]

	



Torres Sangiao, E.; Holban, A.M.; Gestal, M.C. Applications of Nanodiamonds in the Detection and Therapy of Infectious Diseases. Materials 2019, 12, 1639. [Google Scholar] [CrossRef]

	



Beranová, J.; Seydlová, G.; Kozak, H.; Benada, O.; Fišer, R.; Artemenko, A.; Konopásek, I.; Kromka, A. Sensitivity of bacteria to diamond nanoparticles of various size differs in gram-positive and gram-negative cells. FEMS Microbiol. Lett. 2014, 351, 179–186. [Google Scholar] [CrossRef]

	



Ong, S.Y.; van Harmelen, R.J.J.; Norouzi, N.; Offens, F.; Venema, I.M.; Habibi Najafi, M.B.; Schirhagl, R. Interaction of nanodiamonds with bacteria. Nanoscale 2018, 10, 17117–17124. [Google Scholar] [CrossRef]

	



Moskvitina, E.; Kuznetsov, V.; Moseenkov, S.; Serkova, A.; Zavorin, A. Antibacterial Effect of Carbon Nanomaterials: Nanotubes, Carbon Nanofibers, Nanodiamonds, and Onion-like Carbon. Materials 2023, 16, 957. [Google Scholar] [CrossRef] [PubMed]

	



Chatterjee, A.; Perevedevtseva, E.; Jani, M.; Ceng, C.Y.; Ye, Y.S.; Chung, P.H.; Cheng, C.L. Antibacterial effect of ultrafine nanodiamond against gram-negative bacteria Escherichia coli. J. Biomed. Opt. 2014, 20, 051014. [Google Scholar] [CrossRef]

	



Wehling, J.; Dringen, R.; Zare, R.N.; Maas, M.; Rezwan, K. Bactericidal activity of partially oxidized nanodiamonds. ACS Nano 2014, 8, 6475–6483. [Google Scholar] [CrossRef] [PubMed]

	



Fouda, S.M.; Gad, M.M.; Ellakany, P.; Al-Thobity, A.M.; Al-Harbi, F.A.; Virtanen, J.I.; Raustia, A. The effect of nanodiamonds on candida albicans adhesion and surface characteristics of PMMA denture base material—An in vitro study. J. Appl. Oral Sci. 2019, 27, e20180779. [Google Scholar] [CrossRef]

	



Zhang, T.; Kalimuthu, S.; Rajasekar, V.; Xu, F.; Yiu, Y.C.; Hui, T.K.C.; Neelakantan, P.; Chu, Z. Biofilm inhibition in oral pathogens by nanodiamonds. Biomater. Sci. 2021, 9, 5127–5135. [Google Scholar] [CrossRef] [PubMed]

	



Szunerits, S.; Barras, A.; Boukherroub, R. Antibacterial Applications of Nanodiamonds. Int. J. Environ. Res. Public Health 2016, 13, 413. [Google Scholar] [CrossRef] [PubMed]

	



Arnault, J.-C. Surface modifications of nanodiamonds and current issues for their biomedical applications. In Novel Aspects of Diamond—From Growth to Applications; Chapter 4; Yang, N., Ed.; Springer: Berlin/Heidelberg, Germany, 2015; Volume 121, pp. 85–122. [Google Scholar]

	



Alexenskii, A.E. Technology of Preparation of Detonation Nanodiamond. In Detonation Nanodiamonds: Science and Applications; Chapter 2; Vul, A.Y., Shenderova, O.A., Eds.; Pan Stanford Publishing Pte. Ltd.: Singapore, 2014; pp. 37–72. [Google Scholar]

	



Mironov, V.P.; Emelyanova, A.S.; Shabalin, S.A.; Bubyr, E.V.; Kazakov, L.V.; Martynovich, E.F. X-ray luminescence in diamonds and its application in industry. AIP Conf. Proc. 2021, 2392, 020010. [Google Scholar] [CrossRef]

	



Chen, W.; Zhang, J. Using Nanoparticles to Enable Simultaneous Radiation and Photodynamic Therapies for Cancer Treatment. J. Nanosci. Nanotechnol. 2006, 6, 1159–1166. [Google Scholar] [CrossRef]

	



Larue, L.; Ben Mihoub, A.; Youssef, Z.; Colombeau, L.; Acherar, S.; Andre, J.C.; Arnoux, P.; Baros, F.; Vermandel, M.; Frochot, C. Using X-Rays in Photodynamic Therapy: An overview. Photochem. Photobiol. Sci. 2018, 17, 1612–1650. [Google Scholar] [CrossRef]

	



Kirsh, Y.E. Water Soluble Poly-N-Vinylamides: Synthesis and Physicochemical Properties; Wiley: Hoboken, NJ, USA, 1998; p. 248. ISBN 978-0-471-97630-1. [Google Scholar]

	



Buhler, V.; Kollidon, T. Polyvinylpyrrolidone for the Pharmaceutical Industry; BASF: Ludwigshafen, Germany, 1993; p. 287. [Google Scholar]

	



Kisilev, O.I.; Kozeletskaya, K.N. Antiviral activity of fullerene C60 with the poly(N-vinylpyrrolidone) complex. Mol. Mat. 1998, 11, 121–124. [Google Scholar]

	



Melenevskaya, E.Y.; Reznikov, V.A.; Litvinova, L.S.; Vinogradova, L.V.; Zgonnik, V.N. Water-soluble poly(N-vinylpyrrolidone)-fullerene C60-Tetraphenylporphyrin comlex. Polym. Sci. A 1999, 41, 578–582. [Google Scholar]

	



Kulvelis, Y.V.; Shvidchenko, A.V.; Aleksenskii, A.E.; Yudina, E.B.; Lebedev, V.T.; Shestakov, M.S.; Dideikin, A.T.; Khozyaeva, L.O.; Kuklin, A.I.; Török, G.; et al. Stabilization of detonation nanodiamonds hydrosol in physiological media with poly(vinylpyrrolidone). Diam. Relat. Mater. 2018, 87, 78–89. [Google Scholar] [CrossRef]

	



Panich, A.M.; Salti, M.; Prager, O.; Swissa, E.; Kulvelis, Y.V.; Yudina, E.B.; Aleksenskii, A.E.; Goren, S.D.; Vul, A.Y.; Shames, A.I. PVP-coated Gd-grafted nanodiamonds as a novel and potentially safer contrast agent for in vivo MRI. Magn. Reson. Med. 2021, 86, 935–942. [Google Scholar] [CrossRef]

	



Grushko, Y.S.; Sedov, V.P.; Kolesnik, S.G. Method of producing fullerene C60. Russian Federation Patent 2456233, 20 July 2012. [Google Scholar]

	



Lebedev, V.T.; Török, G.; Kulvelis, Y.V.; Bolshkova, O.I.; Yevlampieva, N.P.; Soroka, M.A.; Fomin, E.V.; Vul, A.Y.; Garg, S. Diamond-based nanostructures with metal-organic molecules. Soft Mater. 2021, 20 (Suppl. 1), S34–S43. [Google Scholar] [CrossRef]

	



Kyzyma, O.A.; Avdeev, M.V.; Bolshakova, O.I.; Melentev, P.; Sarantseva, S.V.; Ivankov, O.I.; Korobov, M.V.; Mikheev, I.V.; Tropin, T.V.; Kubovcikova, M.; et al. State of aggregation and toxicity of aqueous fullerene solutions. Appl. Surf. Sci. 2019, 483, 69–75. [Google Scholar] [CrossRef]

	



Mamonova, I.A.; Matasov, M.D.; Babushkina, I.V.; Losev, O.E.; Chebotareva, Y.G.; Gladkova, E.V.; Borodulina, Y.V. Study of physical properties and biological activity of copper nanoparticles. Nanotechnol. Russ. 2013, 8, 303–308. [Google Scholar] [CrossRef]

	



Federal Center for Hygiene and Epidemiology of Rospotrebnadsor. Microbiological and Molecular Genetic Evaluation Effects of Nanomaterials on Representatives of Microbiocenosis, Guidelines; Federal Center for Hygiene and Epidemiology of Rospotrebnadsor: Moscow, Russia, 2010. [Google Scholar]

	



Birger, M.O. Handbook of Microbiological and Virological Research Methods, 3rd ed.; revised and additional; Medicine: Moscow, Russia, 1982. [Google Scholar]

	



O’Toole, G.F.; Kaplan, H.B.; Kolter, R. Biofilm formation as microbial development. Ann. Rev. Microbiol. 2000, 54, 49–79. [Google Scholar] [CrossRef]

	



Vinogradova, L.V.; Melenevskaya, E.Y.; Khachaturov, A.S.; Kever, E.E.; Litvinova, L.S.; Novokrechchenova, A.V.; Sushko, M.A.; Klenin, S.I.; Zgonnik, V.N. Water-soluble complexes of C60 fullerene with poly(N-vinylpyrrolidone). Vysokomol. Soedin. Seriya A 1998, 18, 1854–1862. [Google Scholar]

	



Lebedev, V.T.; Evmenenko, G.E.; Alexeev, V.L.; Orlova, D.N.; Torok, G.; Cser, L.; Zgonnik, V.N.; Vinogradova, L.V.; Melenevskaya, E.Y.; Kever, E.E.; et al. Study of Polyvinilpyrrolidone-C60 Complex in Water Solution by Neutron and Light Scattering and Viscosimetry. Mater. Sci. Forum 2000, 321–324, 1119–1124. [Google Scholar] [CrossRef]

	



Nurzynska, A.; Piotrowski, P.; Klimek, K.; Król, J.; Kaim, A.; Ginalska, G. Novel C60 Fullerenol-Gentamicin Conjugate–Physicochemical Characterization and Evaluation of Antibacterial and Cytotoxic Properties. Molecules 2022, 27, 4366. [Google Scholar] [CrossRef]

	



Shirani, A.; Hu, Q.; Su, Y.; Joy, T.; Zhu, D.; Berman, D. Combined Tribological and Bactericidal Effect of Nanodiamonds as a Potential Lubricant for Artificial Joints. ACS Appl. Mater. Interfaces 2019, 11, 43500–43508. [Google Scholar] [CrossRef] [PubMed]

	



Bobylev, A.G.; Pen’kov, N.V.; Troshin, P.A.; Gudkov, S.V. The effect of dilution on the aggregation of polycarboxylated C60 fullerene nanoparticles. Biophysics 2015, 60, 30–34. [Google Scholar] [CrossRef]

	



Openda, Y.I.; Ngoy, B.P.; Nyokong, T. Photodynamic Antimicrobial Action of Asymmetrical Porphyrins Functionalized Silver-Detonation Nanodiamonds Nanoplatforms for the Suppression of Staphylococcus aureus Planktonic Cells and Biofilms. Front. Chem. 2021, 9, 628316. [Google Scholar] [CrossRef] [PubMed]

	



Openda, Y.I.; Nyokong, T. Detonation nanodiamonds-phthalocyanine photosensitizers with enhanced photophysicochemical properties and effective photoantibacterial activity. Photodiagnosis Photodyn. Ther. 2020, 32, 102072. [Google Scholar] [CrossRef]

	



Bondon, N.; Raehm, L.; Charnay, C.; Boukherroub, R.; Durand, J.O. Nanodiamonds for bioapplications, recent developments. J. Mater. Chem. B 2020, 8, 10878–10896. [Google Scholar] [CrossRef]

	



Skariyachan, S.; Gopal, D.; Kadam, S.P.; Muddebihalkar, A.G.; Uttarkar, A.; Niranjan, V. Carbon fullerene acts as potential lead molecule against prospective molecular targets of biofilm-producing multidrug-resistant Acinetobacter baumanni and Pseudomonas aerugenosa: Computational modeling and MD simulation studies. J. Biomol. Struct. Dyn. 2021, 39, 1121–1137. [Google Scholar] [CrossRef]

	



Dumpis, M.A.; Nikolaev, D.N.; Litasova, E.V.; Ilin, V.V.; Brusina, M.A.; Piotrovsky, L.B. Biological activity of fullerenes—Reality and prospects. Rev. Clin. Pharmacol. Drug Ther. 2018, 16, 4–20. [Google Scholar] [CrossRef]

	



Bosi, S.; da Ros, T.; Spalluto, G.; Prato, M. Fullerene derivatives: An attractive tool for biological applications. Eur. J. Med. Chem. 2003, 38, 913–923. [Google Scholar] [CrossRef]

	



Makabenta, J.M.V.; Nabawy, A.; Li, C.H.; Schmidt-Malan, S.; Patel, R.; Rotello, V.M. Nanomaterial-based therapeutics for antibiotic-resistant bacterial infections. Nat. Rev. Microbiol. 2021, 19, 23–36. [Google Scholar] [CrossRef]

	



Mangal, U.; Kim, J.Y.; Seo, J.Y.; Kwon, J.S.; Choi, S.H. Novel Poly(Methyl Methacrylate) Containing Nanodiamond to Improve the Mechanical Properties and Fungal Resistance. Materials 2019, 12, 3438. [Google Scholar] [CrossRef]

	



Li, W.; Chen, C.; Ye, C.; Wei, T.; Zhao, Y.; Lao, F.; Chen, Z.; Meng, H.; Gao, Y.; Yuan, H.; et al. The translocation of fullerenic nanoparticles into lysosome via the pathway of clathrin-mediated endocytosis. Nanotechnology 2008, 19, 145102. [Google Scholar] [CrossRef] [PubMed]

	



Bolshakova, O.I.; Borisenkova, A.A.; Suyasova, M.V.; Sedov, V.P.; Slobodina, A.D.; Timoshenko, S.I.; Varfolomeeva, E.Y.; Golomidov, I.M.; Lebedev, V.T.; Aksenov, V.L.; et al. In vitro and in vivo study of the toxicity of fullerenols C60, C70 and C120O obtained by an original two step method. Mater. Sci. Eng. C 2019, 104, 109945. [Google Scholar] [CrossRef] [PubMed]

	



Ershova, E.S.; Sergeeva, V.A.; Chausheva, A.I.; Zheglo, D.G.; Nikitina, V.A.; Smirnova, T.D.; Kameneva, L.V.; Porokhovnik, L.N.; Kutsev, S.I.; Troshin, P.A.; et al. Toxic and DNA damaging effects of a functionalized fullerene in human embryonic lung fibroblasts. Mutat. Res. Genet. Toxicol. Environ. Mutagen. 2016, 805, 46–57. [Google Scholar] [CrossRef] [PubMed]

	



Ershova, E.S.; Sergeeva, V.A.; Tabakov, V.J.; Kameneva, L.A.; Porokhovnik, L.N.; Voronov, I.I.; Khakina, E.A.; Troshin, P.A.; Kutsev, S.I.; Veiko, N.N.; et al. Functionalized Fullerene Increases NF-κB Activity and Blocks Genotoxic Effect of Oxidative Stress in Serum-Starving Human Embryo Lung Diploid Fibroblasts. Oxid. Med. Cell. Longev. 2016, 2016, 9895245. [Google Scholar] [CrossRef]








[image: Pharmaceutics 15 01984 g001 550] 





Figure 1. Characteristics of the complexes. (A) Optical density D(λ) vs. wavelength for the diluted aqueous solutions of the C60+PVP, C60+AC960, and C60+PVP+AC960 complexes (1–3; concentrations of 0.024, 0.019, and 0.033 mg/mL, respectively). For comparison, the spectrum of the solution of C60 in o-xylene (4) is shown. (B) Modified optical density D•λ vs. wavelength for the diluted aqueous solutions of C60+AC960 and C60+PVP+AC960 complexes (1–2; concentrations of 0.019 and 0.033 mg/mL, respectively). Similar data are plotted for C60 fullerene in o-xylene (3). (C) Size distribution and concentration profiles of C60-containing complexes by nano-track analysis (NTA). Red error bars indicate ±1 standard error of the mean. (1) C60+PVP+AC960; (2) C60+PVP; (3) C60+AC960. 
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Figure 2. Effect of complexes containing fullerenes, nanodiamonds, and PVP on biofilm formation in Staphylococcus aureus and Escherichia coli. Different concentrations of the complexes and different incubation times with the preparation were used. *** p < 0.001; n ≥ 20–35 per point. 
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Figure 3. Activity of biofilm formation for Staphylococcus aureus and Escherichia coli (% of control) under the action of complexes containing fullerenes, nanodiamonds, and PVP. 1–24 h; 2–72 h. *** p < 0.001; n ≥ 20–35 per point. 
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Figure 4. Analysis of the toxicity of complexes containing fullerenes, nanodiamonds, and PVP on the FD2 culture and ECV cells. Different concentrations of the complexes and different incubation times with the preparation were used (24 h and 48 h). (A) FD2 culture, incubation time with the preparation 24 h; (B) FD2 culture, incubation time with the preparation 48 h; (C) ECV cells, incubation time with the preparation 24 h; (D) ECV cells, incubation time with the preparation 48 h. Complex concentrations: 1–1 µg/mL; 2–10 µg/mL; 3–50 µg/mL; and 4–100 µg/mL. *** p < 0.001; ** p < 0.01; * p < 0.05; n ≥ 10 per point, in 3 separate experiments. 
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Figure 5. Toxicity analysis of complexes that contain fullerenes, nanodiamonds, and PVP at concentrations and exposure times comparable to experiments on microorganisms. (A,C): C60+PVP+AC960—175 μg/mL, C60+PVP—145 μg/mL, and C60+AC960—100 μg/mL. (B,D): C60+PVP+AC960—350 μg/mL, C60+PVP—300 μg/mL, and C60+AC960—300 μg/mL. *** p < 0.001; * p < 0.05; n ≥ 10 per point, in 3 separate experiments. 






Figure 5. Toxicity analysis of complexes that contain fullerenes, nanodiamonds, and PVP at concentrations and exposure times comparable to experiments on microorganisms. (A,C): C60+PVP+AC960—175 μg/mL, C60+PVP—145 μg/mL, and C60+AC960—100 μg/mL. (B,D): C60+PVP+AC960—350 μg/mL, C60+PVP—300 μg/mL, and C60+AC960—300 μg/mL. *** p < 0.001; * p < 0.05; n ≥ 10 per point, in 3 separate experiments.



[image: Pharmaceutics 15 01984 g005]







[image: Pharmaceutics 15 01984 g006 550] 





Figure 6. Effect of the complexes containing fullerenes, nanodiamonds, and PVP on the apoptotic death of human skin fibroblasts. The concentrations of drugs were 10 µg/mL and 100 µg/mL, and the exposure time was 48 h. n ≥ 3. 
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Figure 7. Effect of the complexes containing fullerenes, nanodiamonds, and PVP on the morphology of ECV cells. The concentrations of the drugs were 10 µg/mL and 100 µg/mL, and the exposure time was 24 h. Scale bar: 13.5 µm. (A) ×40 (air) objectives; (B) ×63 (oil) objectives. Arrows show inclusions in the cytoplasm. 
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Table 1. Characteristics of the seeding rates for various microorganisms under the influence of fullerene-containing preparations (%).
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Type of

Microorganism

	
Exposure Time

	
C60+PVP+AC960

	
C60+PVP

	
C60+AC960




	
350 µg/mL

	
175 µg/mL

	
250 µg/mL

	
125 µg/mL

	
200 µg/mL

	
100 µg/mL






	
Staphylococcus aureus

	
45 min

	
54.5 ± 3.1

	
0

	
36.3 ± 8.1

	
44.5 ± 4.4

	
33.6 ± 6.4

	
24.5 ± 3.7




	
90 min

	
58.5 ± 5.3

	
0

	
64.2 ± 4.5

	
83.0 ± 3.2

	
69.8 ± 4.5

	
101.9 ± 4.9




	
Bacillus subtillis

	
45 min

	
66.7 ± 11.4

	
33.3 ± 11.1

	
105.6 ± 4.3

	
72.2 ± 10.5

	
27.8 ± 10.5

	
55.6 ± 11.7




	
90 min

	
26.7 ± 6.6

	
6.7 ± 3.7

	
55.6 ± 7.4

	
35.6 ± 7.1

	
22.2 ± 6.1

	
40.0 ± 7.3




	
Escherichia coli

	
45 min

	
33.3 ± 5.3

	
30.8 ± 4.9

	
44.4 ± 3.7

	
15.0 ± 2.3

	
26.7 ± 3.7

	
58.3 ± 3.7




	
90 min

	
41.7 ± 4.7

	
6.7 ± 3.7

	
0

	
18.3 ± 2.2

	
18.3 ± 3.7

	
58.3 ± 4.5




	
Candida

	
45 min

	
78.1 ± 7.3

	
16 ± 6.5

	
37.5 ± 8.5

	
43.7 ± 4.7

	
12.5 ± 5.8

	
31.3 ± 8.2




	
90 min

	
95.2 ± 3.3

	
16.6 ± 5.7

	
40.5 ± 7.6

	
9.5 ± 4.5

	
28.6 ± 6.9

	
47.6 ± 7.7








Mean ± SEM.
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