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Abstract


Methacrylate photopolymer resin (MPR) is widely used in various fields, including the biomedical field. There are several problems associated with their use: the potential toxicity of monomer residues during incomplete polymerization and the possibility of bacterial expansion. Doping polymers with nanoparticles is one of the ways to increase the degree of polymerization (protection from toxicity), improve the performance characteristics of the polymer, and add antibacterial properties. We used an in situ polymerization method to obtain the composites of MPR with tellurium nanoparticles (TeNPs) with a dopant concentration of 0.001, 0.01, or 0.1% (v/v). The composite of MPR+TeNPs had a higher degree of polymerization compared to MPR without NPs, improved mechanical properties, and pronounced antibacterial activity. The effects depended on the concentration of TeNPs. All of the studied composites had no cytotoxic effect on human cells. MPR+TeNPs 0.1% had the maximum antibacterial effect, which is probably realized through Te-dependent induction of oxidative stress (increase in the generation of 9-oxoguanine and long-lived reactive forms of proteins). The results obtained deepen the knowledge about the influence of NPs of leading metals on photopolymerization and the final properties of the methacrylate matrix, and the synthesized MPR+TeNP composites may find potential biomedical applications in the future.
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1. Introduction


Additive technologies and 3D printing make it possible to produce complex shapes and surfaces that are very difficult to obtain using conventional methods [1]. Currently, 3D printing is already used in more than a dozen areas of human economic activity: the production of stainless steel frames, fine robotics, the creation of bone tissue scaffolds, artificial heart valves, the development of drug delivery systems, and others [2,3,4]. The global 3D printing market size in 2023 was >USD 19.8 billion, with a projected CAGR of ~21.2%, indicating the high relevance of research in this area [5]. Despite the high growth rates of the industry’s volumes and applications, there are a large number of problems and challenges that are especially acute in biomedical applications. The share of printing using polymer materials is about 20% of the total market, which confirms the need to find new, efficient, and inexpensive solutions for polymer 3D printing.



Bath photopolymerization (BPP) occupies a special place in additive manufacturing due to its high accuracy and printing speed, a wide range of source materials, and relatively low production costs [6,7,8]. 3D printing and the use of composite materials are finding increasing applications in regenerative biomedicine and the development of antibacterial materials [9,10]. Methacrylate photopolymer resin (MPR) is similar to polymethyl methacrylate. Products made from MPR have already been approved for use in various areas of modern medicine, including surgery, prosthetics, dentistry, orthopedics, and other areas [11,12,13,14,15]. Objects created for medical use must be non-toxic to humans, have the required mechanical properties throughout the entire service life of the object [16,17,18]. Photopolymer resins consist of a set of precursor monomers and a photoinitiator. As a rule, it is impossible to completely use up the original components during photopolymerization, and their residues can have a toxic effect. The problem of removing “unused” monomers and/or increasing the degree of polymerization arises [19,20]. The introduction of metal and non-metal NPs into the photopolymer resin can significantly increase the rate and efficiency of BPP. Among the mechanisms for accelerating BPP are increased absorption and scattering of light, photocatalysis, electron transfer, surface interaction, and light [21,22,23,24,25,26]. Thus, the introduction of NPs can help ensure a high degree of polymerization of photopolymer resins and the biosafety of the resulting products.



Unfortunately, biosafe and biocompatible materials can be a favorable substrate not only for eukaryotic cells, but also for colonization by bacteria, and can become a potential source of infections [27,28,29,30]. The problem of bacterial infections is complicated by the development of bacterial resistance to antibiotics, so it is necessary to search for effective, inexpensive, and long-acting alternative solutions [31]. Adding metal and non-metal NPs to a polymeric material is one way to impart antibacterial properties to them without the use of antibiotics [32,33,34,35,36,37]. The mechanisms of antibacterial activity are common to a wide range of metal and non-metal NPs and include the generation of reactive oxygen species (ROS), direct or indirect genotoxicity, inhibition of bacterial enzymes leading to a violation of metabolic processes, disruption of the integrity of the cell wall, and a number of others [38,39,40,41,42,43,44].



In addition, the introduction of NPs of metals, non-metals, and semi-metals can change the following properties of the polymer matrix MPR: temperature relaxation, high temperature resistance, maximum tensile strength, with the corresponding strain, Shore D hardness, refractive index, light scattering and absorption, electrical conductivity, etc. [45,46,47,48,49,50,51].



Tellurium semi-metal nanoparticles (TeNPs) have a variety of applications due to their unique properties. They are used in electronics, optoelectronics, biomedicine, and environmental protection, for example, in field-effect transistors, photodetectors, sensors, antibacterial agents, drug delivery systems, etc. [52,53,54,55]. Modification of polymers with tellurium or TeNPs is a young but rapidly developing area of materials science, including in biomedical applications. Changes in the redox, optical, electrical, mechanical, and other properties of polymers after the inclusion of Te in the polymer matrix have been described [56,57,58]. In addition, the introduction of TeNPs increases the antibacterial properties of polymer materials [59,60,61,62]. NPs can be introduced in MPR matrices via several ways: simultaneous polymerization of MPR and NP co-precipitation, addition of NPs into a heated polymer (above the glass transition temperature), and in situ polymerization of a mixture of NPs and precursors [63,64,65,66]. We chose the in situ polymerization method since it does not require heating the polymer, removing solvents, and, as mentioned above, should provide an increase in the degree of polymerization. As a method for synthesizing TeNPs, we chose the method of laser ablation in water because this method does not require additional chemical reagents and allows us to obtain NPs with narrowly distributed sizes and a uniform shape [67].



The aim of this study was to evaluate the potential of TeNPs added at different concentrations in improving the mechanical properties and degree of polymerization of MPR, as well as to evaluate the generation of reactive oxygen species and markers of biopolymer damage (8-oxoguanin and long-lived protein species—LRPSs) in the presence of MPR+TeNP composites, and the antibacterial and cytotoxic properties of MPR+TeNPs.




2. Materials and Methods


2.1. Synthesis of TeNPs


TeNPs were synthesized by laser ablation of a solid Te target (99.97%) in water [68]. The general scheme of the setup is presented below (Figure 1). The Nd:YaG laser source model NL 210 SH (Ekspla, Vilnius, Lithuania) was used. The following parameters were used for ablation: λ1 = 1064 nm, λ2 = 532 nm, f = 1 kHz, τ = 4 ns, and Ep = 1.5 mJ. The laser beam diameter at the waist was 100 μm. Deionized water with an electrical conductivity not exceeding 0.1 μS/cm was used as the working fluid; the volume of the working fluid was 100 mL. The target irradiation time was 30 min. During irradiation, the radiation beam moved along the target surface using a galvanomechanical scanner (LScanH, Ateco-TM, Moscow, Russia) and an F-theta lens. The beam trajectory was several parallel lines inscribed in a square. The line filling resolution was 70 lines/mm. The radiation beam movement speed was 3000 mm/s. The synthesized nanoparticles were centrifuged with CPS DC24000 disc centrifuge (CPS Instruments, Prairieville, LA, USA) and collected from the selected area so that their size distribution was as uniform as possible.




2.2. Physicochemical Characteristics of Received Nanoparticles


Distribution of NPs by size and ζ-potential were evaluated by dynamic light scattering (DLS) with Malvern zetasizer ultra analyzer in multi-angle dynamic light scattering more (Malvern Panalytical Ltd., Malvern, UK) in quartz cuvettes with ‘Dip’ Cell ZEN1002 electrode (Malvern Panalytical Ltd., Malvern, UK). ZS Xplorer software v. 3.2 (Malvern Panalytical Ltd., Malvern, UK) was used for primary data processing. UV-visible absorption spectra of water TeNP colloids was registered with two-beam CINTRA 4040 spectrometer (GBC Scientific Equipment Pty Ltd., Keysborough, VIC, Australia). The optical density was measured in the range of 200–800 nm with a step of 1 nm. The spectra were measured in quartz cuvettes with a volume 3 mL. The optical path length was 1 cm. The absorption spectra of the working liquid used in laser ablation were used as reference spectra. To obtain TEM images of particles and study their morphology, a Libra 200 FE HR transmission electron microscope (Carl Zeiss, Jena, Germany) was used. Gold microscopy grids were used to prepare nanoparticles for TEM microscopy.




2.3. Preparation of Nanocomposite MPR+TeNP Material


The method for integrating TeNPs into MPR consisted of two main steps: preparing NP dispersions in acetone and introducing the NPs into the polymer matrix. The solvent was replaced by centrifuging 40 mL of the TeNP suspension three times in a 3-16KL centrifuge (Sigma-Aldrich, St. Louis, MO, USA) for 40 min at 7000 g and then replacing the entire solvent volume with 99.5% acetone (Khimmed, Moscow, Russia). Between centrifugations, the particles were dispersed in the added solvent for 3–5 min of treatment in Ultrasonic bath PS-20A (Digital Pro, Haidian District, Beijing, China) at 40 kHz, with 3–5 min of stirring. Then, TeNPs in acetone were added to the MPR at a mass fraction of 0.001, 0.01, or 0.1% (v/v). Photopolymer Clear Pro resin (Harz Labs, Mytishchi, Russia) was used as polymer matrices. This PMR corresponds to safety standard ISO 10993-18 [69] and is approved as material for medical purposes in the Russian Federation (registration certificate for a medical device No. RZN 2020/12007). For printing of test samples from control MPR and MPR+TeNPs, 3 Ultra 12K MSLA Saturn (Elegoo, Shenzhen, China) printer was used. For each of the resulting composites and the NP-free MPR, ISO 179-1:2023 [70] Type 1 and ISO 527-2:2025 Type 1A [71] test specimens were printed to test the mechanical properties (Figure 2). For cytotoxic and microbiological studies, round plates with a thickness of 0.5 mm and Ø 16 and 8 mm, respectively, were printed. To assess the generation of ROS in water, plates measuring 10 × 10 × 0.5 mm were made.



After the photopolymer printing cycle, the samples were separated from the platform and washed in absolute isopropyl alcohol 99.9% (Lenreaktiv, Moscow, Russia) for 6 min using a wash bath mounted on the magnetic platform of the UW-02 3D cleaning and curing device (Creality3D, Shenzhen, China) [72,73].




2.4. Study of the Composition and Microrelief of the Surface


The microrelief of the obtained composites was studied by atomic force microscopy (AFM) in non-contact and semi-contact modes with NT-MDT microscope (LLC, Zelenograd, Russia) without preliminary sample preparation. The refractive index of polymethacrylate is ~1.5, and Te is ~2.3. The large difference in refractive indices allows the use of modulation interference microscopy (MIM) to assess the distribution of NPs in the thickness of the polymer matrix. This study was performed using an MIM-321 microscope with an operating wavelength of 632 nm (Amphora Labs, Moscow, Russia). The effect of doping MPR by TeNPs was evaluated for the chemical composition of the matrix using UV-vis and FTIR spectra. FTIR spectra of materials were recorded with IR-8000 FTIR spectrometer (SAS LLC, Krasnoyarsk, Russia) equipped by a ZnSe Sealed Flat Plate (Pike Technologies, WI, USA). UV-vis spectra were recorded at 200–800 nm with two-beam spectrometer Cintra 4040 (GBC Scientific Equipment Pty Ltd., Victoria, Australia).




2.5. Study of Strength Characteristics


Tensile and bending tests of printed specimens Type 1A and Type B (ISO 527-2:2025) [71] were evaluated using a WDW-5S universal testing machine (Hongtuo, Binzhou, China). The bending tests were conducted according to ASTM D790, and the tensile tests were conducted according to ASTM D638-22 standard [74].




2.6. Evaluation of ROS Generation in Aqueous Solutions in the Presence of MPR+TeNPs


The influence of MPR+TeNP composites or MPR without NPs on the rate of generation of hydrogen peroxide (H2O2) and hydroxyl radicals (•OH) in water was assessed using chemiluminescence and fluorimetric methods, as described in detail earlier [75,76]. To measure the H2O2 concentration, samples (10 × 10 × 0.5 mm) were placed in distilled water and incubated for 3 h at 40 °C. After incubation, 50 μ M para-iodophenol, 50 μM luminol, and 10 nM horseradish peroxidase (in 1 mM Tris-HCl buffer, pH 8.5) were added. The H2O2 concentrations were estimated by the intensity of chemiluminescence using a highly sensitive chemiluminometer “Biotox-7A-USE” (Engineering Center-Ecology, Russia). The lower limit of detection of H2O2 was <0.1 nM. To determine the OH- radicals concentration, the samples were placed in an aqueous solution of CCA in a phosphate buffer and incubated at a temperature of 80.0 ± 0.1 °C for 2 h. The fluorescence intensity of 7-hydroxycoumarin-3-carboxylic acid (product formed during the reaction) was recorded using a spectrofluorimeter JASCO 8300 at excitation and emission wavelengths of 400 and 450 nm, respectively. In all experiments, control measurements were performed without samples to exclude background signals. Each analysis was performed in triplicate.




2.7. Quantitative Analysis of Macromolecular Damage (Generation of 8-Oxoguanine and Long-Lived Reactive Proteins Species)


Determination of 8-oxoguanine concentrations in DNA samples was performed by ELISA with specific primary monoclonal anti-8-oxoguanine antibodies (diluted 1:2000). A solution of 350 μg/mL DNA was denatured by heating in a water bath for 5 min and then cooling on ice. Volumes of 42 μL of this solution were taken for analysis. DNA immobilization was performed for 3 h at 80 °C. Non-specific binding sites were blocked by a 1% solution of non-fat dry milk in Tris-HCl buffer (pH 8.7) with the addition of 0.15 M NaCl for 14–18 h at room temperature. Incubation with primary antibodies was performed for 3 h at 37 °C. After washing, secondary antibodies conjugated with horseradish peroxidase (diluted 1:1000) were added. The mixtures were incubated for 1.5 h at 37 °C. The enzymatic reaction was detected using 18.2 mM ABTS in the presence of 2.6 mM H2O2 in 75 mM citrate buffer (pH 4.2). The reaction was stopped by adding 100 μL of 1.5 mM sodium azide when color appeared [77]. Optical density was measured at 405 nm on a Feyond-A400 plate reader (Ausheng, China). To assess LRPSs generation, 10 × 10 × 0.5 mm composite material plates were incubated for 120 min in 10 mL of 0.1% aqueous BSA colloid at 40 °C. After incubation, the samples were kept in the dark at room temperature and intensity of water chemiluminescence was measured after 60, 180, and 300 min. Measurements were performed using a highly sensitive Biotox-7A chemiluminometer (Ecology Engineering Center, Moscow, Russia) in 20 mL polypropylene vials (Beckman, Brea, CA, USA) in complete darkness at 25 °C. BSA without heating was used [78].




2.8. Study of Antibacterial Activity


Samples (circles Ø 10 mm) of MPR or MPR+TeNPs were placed in the wells of a sterile 24-well culture plate with NP concentrations of 0.001, 0.01, or 0.1% (v/v). Each well was filled with 1 mL of Escherichia coli bacterial cell suspension (106 cells/mL) in LB broth (DiEm, Moscow, Russia). Only bacterial suspension without samples was added to the control wells. Sterile LB broth was added to some wells to control contamination. The plate was covered with a lid and placed in a plate reader–incubator Feyond-A400 (Allsheng, Hangzhou, China) with a thermostat. To record growth curves, OD600 was recorded every hour for 24 h. Incubation was performed at 37 °C and with constant shaking at 200 rpm. For each experimental variant, 6 independent measurements were performed. For a more precise count of bacterial cells and assessment of the bactericidal effect of the resulting composites, the bacterial suspension was resuspended after recording the growth curves, the samples were removed, and the cells were stained with 4 μM PI (Lumiprobe, Hunt Valley, MD, USA) for 1 h in the dark at 25 °C. After staining, the cells were analyzed using a LongCyte CLQC-281 (ChBio, Nantou, Taiwan) flow cytometer. The concentration of bacterial cells in a fixed volume was calculated with the FS-SS recording mode. Count of dead bacterial cells was evaluated with the fluorescence recording mode at excitation wavelengths of 488 nm and emission wavelengths of 577 nm. Three independent measurements were performed for each experimental variant. At least 50,000 events were analyzed in each measurement. To assess the concentration of bacteria in the suspension, an automated recalculation of the number of events per 1 mL of suspension was performed. The bactericidal effect was assessed by the proportion of dead cells. The proportion of dead cells was estimated by the threshold method when setting the gate boundaries according to the geometric mean of the PI fluorescence intensity in control samples without polymers or composite materials.




2.9. Evaluation of Cytotoxic Effect


The cytotoxicity of polymeric material samples was tested against the human spleen fibroblast culture (HSF; the cells were kindly provided by the Collection of Human Cell Cultures for Biomedical Purposes of the VILAR). The cells were cultured and subcultured according to standard protocols in freshly prepared DMEM/F12 culture medium supplemented with 10% FBS, 2 mM L-glutamine, 25 units/mL penicillin and 25 μg/mL streptomycin (all PanEco, Moscow, Russia). On the day of the experiment, a cell suspension of 105/200 μL/glass was applied to the surfaces of round cover glasses (Ø 25 mm, MiniMed, Moscow, Russia), pre-sterilized at 180 °C for 2 h, and placed on the bottom of the wells of a 6-well culture plate. Drops of cell suspension on glasses were incubated for 30 min in a CO2 incubator (at 37 °C, 5% CO2) for adhesion to the glass surface. Then, 1800 μL of warm ready-made culture medium were added to each well and one sample of the tested polymer material was immersed in culture medium. The cells were then cultured for 72 h. Cell viability, cell surface area, and nuclei area were assessed using fluorescence microscopy. The cells were stained for 30 min with 5 μM Hoechst 34580 and 2 mM propidium iodide (PI) immediately before measurement to assess viability. For cytoplasmic contrasting, 5 μM of Rhodamine-123 was used, added together with Hoechst 34580. Samples were analyzed using a DMI4000B confocal fluorescence microscope (Leica, Wetzlar, Germany) equipped with an SDU-285 digital camera (SpetsTeleTekhnika, Moscow, Russia). Fluorescence micrographs were recorded with WinFluorXE software v 3.8.7 8-12-16 (J. Dempster, Strathclyde Electrophysiology Software, University of Strathclyde) at excitation/emission wavelengths of 350/460 nm for Hoechst 34580, 488/520 nm for Rhodamine-123, and 540/590 nm for PI. The data were obtained as 12-bit monochrome images. Subsequent analysis was performed using ImageJ2 software v 1.54f (Fiji) (National Institute of Mental Health). For each experimental variant, at least four samples were analyzed. In each sample, at least 200 cells were analyzed. The method is described in more detail in previous work [79,80].




2.10. Statistical Processing


The normality of sample distributions was tested using the Shapiro–Wilk test. The data obtained were presented as mean values ± standard error (SE). Statistical hypotheses were tested using the one-way Kruskal–Wallis rank analysis of variance (ANOVA) with Dunn’s test method or the Mann–Whitney U test. Differences were considered statistically significant when the significance level p < 0.05 was reached. At least 3 independent measurements were performed in each experiment. The exact sample sizes are given in the legends to the corresponding figures.





3. Results


3.1. The Physicochemical Properties of the Obtained Nanoparticles


The average size of TeNPs measured by DLS is ~10 nm (Figure 3a). The distribution of TeNPs is monomodal. The half-width at the half-maximum of the distribution is 14 nm. It is shown that the peak of the ζ-potential distribution of TeNPs in an aqueous colloid is at −43 mV (Figure 3b). The ζ-potential value > 30 mV (modulo) indicates high stability of the colloid of the obtained TeNPs in water [81]. The absorption spectrum of the colloidal solution of nanoparticles in the range of 300–700 nm is presented below (Figure 3). The absorption of the TeNP colloid increases with increasing radiation wavelength and is greatest in the long-wavelength region of the spectrum. The region with an increased absorption of 500–700 nm corresponds to the literature data for TeNPs, while the observed relatively low absorption intensity is characteristic of spherical shapes [82]. Before introducing the obtained TeNPs into the polymer matrix, they were transferred to acetone (see above). In acetone, a change in the ζ-potential from −43 mV to −72 mV and an increase in the hydrodynamic radius from 15 to 208 nm were recorded.




3.2. Physicochemical Properties of the Obtained MPR+TeNP Composites


The surface microrelief of MPR and nanocomposites with TeNPs was assessed by AFM (Figure 4). The original polymer without the addition of NPs has a smooth surface (Figure 4a) without cracks and breaks. The size of the irregularities does not exceed 0.8 nm. The addition of TeNPs (even for the highest of the studied concentrations of 0.1%) did not affect the surface microrelief (Figure 4b). The total surface roughness did not exceed 2 nm with an average TeNP size of >10 nm (Figure 3a,c). It can be concluded that all NPs are enclosed in the polymer surface or immersed deeply enough so as not to change the microrelief of the surface of the resulting material.



Since TeNPs inside the polymer were not detected by AFM, we applied the MIM method to search for and evaluate the distribution of TeNPs inside the polymer matrix (Figure 5). For the composite material based on MPR+TeNPs, a wide variety of sizes of optical inhomogeneities and a pronounced dependence of their sizes on the concentration of introduced TeNPs were observed (Figure 5). With an increase in the concentration of TeNPs from 0.001 to 0.1, the maximum dimensions of the optical inhomogeneities increased from 1–2 μm to 2 μm in diameter and >8 μm in length. The number of small inhomogeneities <0.2 μm decreased with an increase in the concentration of TeNPs.



The averaged FTIR transmission spectra for the obtained composite samples with TeNPs in three concentrations are given below (Figure 6). The inset in Figure 6 shows an enlarged region of the spectra with highlighted lines at 1638 cm−1, corresponding to the stretching vibrations of the C=C double bonds of methacrylates [79]. In addition, other characteristic absorption bands are listed in Table 1.



The spectra of the MPR+TeNPs nanocomposite materials are very similar in shape to that of the pure polymer. Therefore, the presence of TeNPs at concentrations of 0.001–0.1% does not cause significant changes in the structure or composition of the polymer.



Methacrylate resin is composed of monomers and oligomers of methacrylates with varying molecular chain lengths, as well as photoinitiators that participate in the polymerization. Polymerization of methacrylates occurs through the breaking of the carbon–carbon double bond in the methacrylate group. Consequently, the degree of polymerization of methacrylate resins can be estimated by analyzing the spectral band at 1638 cm−1, which corresponds to C=C double bonds [80]. One of the major challenges associated with methacrylate materials is achieving a high degree of polymerization of the initial components.



Examples of UV-vis absorption spectra are shown below (Figure 7). The spectra clearly show a broad absorption region of 200–300 nm, an absorption peak of 300–450 nm, as well as peaks of 545 and 555 nm (Figure 7b). MPR contains photoinitiators that allow photopolymerization of the material to obtain PMA. The spectrum region of 350–400 nm refers to the absorption of radiation by these photoinitiators. In general, it can be noted that the integration of NPs of all types does not significantly affect the optical properties of the polymethacrylate matrix in the visible range of the spectrum. All MPR+TeNP composite films have a transparency range from 450 to 800 nm. The absorption peaks of 545 and 555 nm are close to one of the absorption peaks of Te 530–540 nm [83,84]. The remaining absorption peaks of Te 255, 305, and 376 nm are masked by the absorption of the polymer matrix.




3.3. Jacobs Working Curves for Photopolymer Compositions and Study of Physical and Mechanical Properties


The introduction TeNPs in PMR had virtually no effect on the reactivity of the resin, which can be easily described by Jacobs working curves, which represent the dependence of the thickness of the cured layer on the energy applied to the system [85,86]. At the maximum nanoparticle content of 0.1%, a coincidence of the curves with the unfilled photopolymer was observed (Figure 8).



This is explained by the fact that tellurium nanoparticles practically do not absorb at 405 nm, so they only make changes to the rheological properties of the composition. Based on the data obtained, the main characteristics of the compositions were determined, such as the critical energy of photopolymerization Ec. and the penetration depth, Dp. Ec is the energy that must be applied to start the photopolymerization process. These values are equal for all samples at 4.5 mJ/cm2 and 90 μm, for Ec and Dp, respectively.



The study of the physical and mechanical properties of the compositions was carried out immediately after printing (greenbody state) and post-processing (postcured state). The study of tensile strength is an important factor, since in the greenbody state, this parameter affects the possible lifting speeds of the printing platform, and the postcured state determines the final physical and mechanical properties. The elongation–force dependencies of control MPR and MPR+TeNPs 0.01–0.1% are shown below (Figure 9). These materials were selected based on FTIR data.



Greenbody MPR and MPR+TeNPs 0.1% have an equal tensile strength, Young’s modulus, and elongation at break: 27 MPa, 300 MPa, and 25%, respectively (Figure 9a). MPR+TeNPs 0.01% was observed to have a tendency towards increases in tensile strength and elongation at break compared to clear MPR.



Postcured MPR without dopant has a tensile strength of 60 MPa, Young’s modulus of 750 MPa, and elongation at break of 10% (Figure 9b). The addition of TeNPs 0.01% increased tensile strength to 74 MPa, Young’s modulus to 900 MPa, and elongation at break to 11%. These effects are associated with an increasing conversion of double bonds in the composition. It indicates a uniform TeNP distribution in the polymer matrix and the absence of defects/agglomerates in the printed products. In the case of MPR+TeNPs 0.1%, tensile strength, Young’s modulus, and elongation at break were decreased compared to MPR without NPs. These data are in accordance with the obtained FTIR spectra of MPR+TeNP composites (Figure 6).




3.4. Generation of ROS, 8-Oxoguanine, and LRPSs in the Presence of MPR+TeNP Composites


The results of the evaluation of the generation of reactive species are presented below (Figure 10). MPR without NPs and nanocomposite materials MPR+TeNPs 0.001 and 0.01% increased ROS generation. MPR without NPs increased H2O2 generation by ~70% relative to the control. MPR+TeNPs 0.001, 0.01, and 0.1% increased H2O2 generation by 1.8, 2.0 and 2.5 times compared to the control, respectively (Figure 10a). In the case of the OH- radicals, a similar picture was observed, but the increase in generation was approximately two times weaker compared to H2O2 (Figure 10b). MPR did not cause the generation of 8-oxoguanine. The addition of TeNPs to the polymer at a concentration of 0.001 or 0.01% also did not statistically significantly change the generation of 8-oxoguanine (Figure 10c). The composite material MPR+TeNPs 0.1% increased the generation of 8-oxoguanine by almost two times compared to the control. MPR+TeNPs 0.01% and 0.1% increased the generation of LRPSs compared to the control after 60 and 180 min of incubation by ~50% (Figure 10d). The remaining samples did not affect the generation of reactive forms of proteins.




3.5. Antibacterial Activity of MPR+TeNP Composites


Screening of antibacterial activity was performed using the growth curves of E. coli in LB broth suspension for 24 h in the control and in the presence of composite materials. The growth curves of E. coli cultured on PMC+TeNP composite materials for 24 h are shown in Figure 11. The MPR polymer without NPs reduced the maximum number of bacteria in the stationary phase by ~20% compared to the control. However, MPR did not affect the long lag phase. The PLA+TeNP composite material extended the lag period by 5 h compared to the control and MPR. In addition, PLA+TeNPs significantly inhibited bacterial growth after 24 h of incubation compared to pure PLA. The decrease in the maximum OD600 depended on the amount of NPs added to the polymer and was ~80% for MPR+TeNPs 0.001–0.01 and ~95% for MPR+TeNPs 0.1%. Therefore, the material MPR+TeNPs has a pronounced bacteriostatic effect, which increases with increasing dopant concentration.



To understand the mechanism of the antibacterial effect, we conducted a study of the bactericidal action of the composites using PI staining (penetrates dead cells) and an accurate cell count using flow cytometry to clarify the data obtained from the growth curves (Figure 12). We have discovered that the presence of MPR reduced the number of bacterial cells by ~two times compared to the control (Figure 12e). The decrease in the number of cells confirms the bacteriostatic effect of MPR, revealed by the growth curves. The addition of TeNPs enhanced the bacteriostatic effect of the composite material compared to the control and MPR. The magnitude of the effect depended on the concentration of TeNPs introduced into the composite. The presence of MPR+TeNPs 0.001% or 0.01% materials reduced the number of bacterial cells by ~17 times compared to the control, and MPR+TeNPs 0.1% reduced the number of cells by ~130 times. A tendency towards an increase in the number of dead bacteria was observed in samples cultured in the presence of MPR+TeNPs 0.01 and 0.1% Figure 12a–d) compared to the control. However, this trend did not reach statistical significance.



Therefore, the obtained composite materials exhibit antibacterial activity through the bacteriostatic effect.




3.6. Cytostatic Effect of MPR+TeNP Composites


The exposure of HSF cells over 72 h to the presence of MPR did not change cell morphology, cell areas, or nucleus areas compared to the control (Figure 13a,b,g–h). A trend towards increased nuclear areas was observed after culture with MPR, but it did not reach statistical significance. (Figure 13h). Fibroblast culture in the presence of MPR+TeNPs 0.001% resulted in a tendency toward decreased cell viability. A tendency toward increased cell area was observed in the presence of MPR+TeNPs 0.001% or MPR+TeNPs 0.01%. However, according to the results of the Kruskal–Wallis ANOVA with Dunn’s test method, none of the observed differences reached statistical significance. Therefore, MPR or MPR+TeNPs 0.001–0.1% nanocomposites did not cause significant cytotoxic effects on cell morphology (Figure 13a–f), nuclear areas, and viability (Figure 13g–h) during 72 h of exposure to HSF. Based on the results obtained, it can be concluded that composite materials do not have chronic cytotoxicity against human fibroblasts.





4. Discussion


Using the laser ablation method in water, we obtained TeNPs with monomodal distributions of size and ζ-potential (Figure 3). The sizes of tellurium nanoparticles were determined using two independent methods: dynamic light scattering (Figure 3a) and transmission electron microscopy (Figure 3c). Dynamic light scattering revealed that the colloid contains nanoparticles with characteristic sizes ranging from 3 to 60 nm, with nanoparticles around 10 nm being the most common. The TEM image clearly shows nanoparticles around 5 nm in size, with the largest nanoparticles being around 50 nm. The most common nanoparticle size is also around 10 nm. The ζ-potential value > 30 mV (modulo) indicates the high stability of the colloid of the obtained TeNPs in water [87]. After transfer to acetone for subsequent in situ polymerization, an increase in the ζ-potential from −43 mV to −72 mV was recorded, which indicates an additional increase in the stability of the NP colloid before the introduction of MPR monomers into the solution. Figure 3d shows the absorption spectrum of an aqueous colloid of tellurium nanoparticles. Overall, the spectral pattern is typical for similar tellurium colloids.



AFM results indicate that the TeNPs are almost completely embedded in the polymer matrix (Figure 4), and the MIM results allowed us to detect heterogeneities in the distribution of TeNPs in the MPR thickness (Figure 5). The formation of nanoparticle clusters in the thickness of a polymer matrix has been widely described in the literature, and the shape of the clusters can be determined by the nature of the polymer matrix or the characteristics of the doped nanoparticles (composition, shape, size, etc.) [88,89,90]. In the case of TeNPs, the concentration of the introduced particles significantly determines the size of the resulting clusters.



Polymerization of methacrylates occurs with the rupture of the carbon–carbon double bond in the methacrylate group. Consequently, the degree of polymerization of methacrylate resins can be estimated from the bands in the spectrum related to the C= C double bonds [91]. One of the important problems associated with methacrylate materials is the difficulty in achieving a high degree of polymerization of the original components. With incomplete polymerization, the resulting polymer contains monomers that have potential cyto and genotoxicity, which, in biomedical applications, can deeply penetrate tissues, cause allergic reactions, and increase the risk of pregnancy disorders [92,93,94,95]. Thus, it is important to reduce the toxicity of MPR by increasing the degree of polymerization. For this purpose, various polymerization and post-processing modes of polymers are selected [17]. However, some authors involved in the development of NP/polymer composites point out that the introduction of NPs can lead to additional cross-linking of polymer molecules. Therefore, the degree of polymerization can be increased in the presence of NPs [96,97,98]. The degree of polymerization of the composites obtained in this work was estimated by the intensity of the peaks in the region of 1611 and 1637 cm−1 in the IR Fourier absorption spectra of the materials. We found that the introduction of TeNPs into MPR dose-dependently changed the degree of photopolymerization of methacrylate. It is likely that the introduction of these TeNPs in higher concentrations affects the photopolymerization process, reducing the amount of polymerized monomer. In particular, TeNPs are capable of photocatalyzing the degradation of methylene blue [82]. It is possible that the photocatalytic properties of Te are also realized during the polymerization of methacrylate at low concentrations of TeNPs.



In addition to absorption in the visible region, Te can absorb in the UV region at ~376 nm [84]. It is possible that TeNPs at a concentration of 0.1% begin to absorb UV to such an extent that they begin to interfere with the polymerization of methacrylate. Finally, it cannot be completely denied that the presence of these NPs affects the intensity of the bands in the FTIR spectrum, and this method for determining the degree of polymerization from Fourier-IR spectra needs to be improved.



The addition of TeNPs 0.01–0.001% to MPR changes the mechanical properties of the polymer material depending on the TeNP concentration. TeNPs at a concentration of 0.01% lead to an increase in tensile strength, Young’s modulus, and elongation at break compared to MPR without a dopant. With an increase in the concentration of TeNPs by 0.1% in the polymer matrix, a decrease in all the studied characteristics was observed. The obtained data are consistent with the FTIR spectrometry data and may indicate changes in the TeNP-dependent degree of polymerization. Our data on the complex dependence of the degree of polymerization of nanocomposites on the concentration of added nanoparticles are consistent with those described in the literature [48,99].



We have found that nanocomposite materials including MPR+TeNPs have a pronounced bacteriostatic, but not bactericidal, effect. Given the potential biomedical applications, the question arises as to which mechanism of antibacterial activity is preferable: bacteriostatic or bactericidal? The destruction of bacterial cells inside the body leads to the induction of proinflammatory reactions involving innate immunity via TLR-dependent pathways and adaptive immunity involving T-, B-, and other cells [100,101]. The strength of the induced proinflammatory reaction depends on the number of dead bacterial cells. In mass bacteremia, the destruction of bacterial cells can lead to hyperactivation of the immune system, which is life-threatening [102,103,104]. Perhaps a bacteriostatic effect is more justified for biomedical purposes, since it will reduce the level of local inflammation.



Generation of ROS is one of the most discussed mechanisms for the antibacterial action of NPs [105,106,107,108,109]. H2O2 is one of the most stable ROS, and is capable of being transported across the membrane. OH- radicals are highly reactive, but are unable to penetrate cell membranes [110,111,112,113]. Generation of moderate amounts of ROS is an important part of the regulation of normal cell division, differentiation, and migration [114]. Excessive production of ROS and/or disruption of antioxidant system functioning can lead to the development of “oxidative stress”, leading to genotoxic effects, protein inactivation, and lipid peroxidation [115]. The above processes increase the risks of developing neoplasms, and mutagenesis, and accelerates the aging process of the organism [116,117,118]. MPR without NPs and MPR+TeNPs 0.001 and 0.01% materials increased the generation of ROS (H2O2 and OH- radicals). The intensity of hydrogen peroxide generation increased with increasing concentration of TeNPs. In the case of OH- radicals, a similar picture was observed, but the increase in generation was approximately two times weaker compared to H2O2 (Figure 10). It is worth noting that the generated concentrations of H2O2 and OH- radicals did not exceed tens of nM (Figure 10). These ROS concentrations are ≥3 orders of magnitude lower than those that can cause biological effects and ≥6 orders of magnitude lower than toxic ones [119,120], so it can be assumed that the obtained nanocomposite materials will not cause oxidative stress through ROS. Therefore, the bacteriostatic effect is probably due to other ROS-independent mechanisms.



In this work, we found that the composite material MPR+TeNPs 0.1% increased the generation of 8-oxoguanine to 2.6 per 105 guanines in DNA. For human lymphocytes, the normal amount of 8-oxoguanine is 0.2–0.3 per 105 guanines [121,122]. In pathologies associated with oxidative stress, its amount increases to 1.0–1.3 8-oxodG/10 5 guanines [123]. In cancer cells, ~1.3 to ~10.7 8- oxodG /105 guanines has been recorded [124,125]. The value we obtained is higher than normal, however, it should be taken into account that we assessed the generation of 8-oxoguanines in vitro. Active 8-oxoguanine repair systems exist in mammalian cells [126,127]. In addition, the “normal” amount of 8-oxoguanine depends on the cell type. For example, in intestinal cells, an amount of 1.6 8-oxoguanine per 105 guanines is the normal [128]. Therefore, we can expect that the generation of 8-oxoguanine in the presence of the developed material in vivo will not exceed normal values. Our assumptions are confirmed by the absence of cytotoxicity for all obtained materials against human fibroblasts HSF during a three-day cultivation. The 8-oxoguanine reparation system in prokaryotes is simpler than in eukaryotes and has less perfect regulation [129]. In view of this, we believe that the bacteriostatic effect of the nanocomposite material may be realized through the induction of 8-oxoguanine generation.



LRPSs are formed during protein modification, and LRPSs can promote new secondary free radical generation and lead to damage in DNA and other biomolecules [130,131,132,133,134,135]. The protection of cells against LRPSs is provided via ascorbate- and glutathione-dependent pathways, proteasomes system, etc. [136]. Eukaryotes have a more sophisticated antioxidant system, as with DNA repair [137,138]. Therefore, it can be expected that the generated LRPSs may exhibit greater toxicity against bacteria and lesser toxicity against eukaryotic cells. This assumption is supported by our data: E. coli growth curves and cytotoxicity assay HSF (Figure 13). Consequently, the bacteriostatic effect of MPR+TeNPs is realized through the induction of biodamage to macromolecules (proteins and DNA), in which TeNPs play a leading role (MPR in its pure form does not activate the generation of 8-oxoguanine and LRPSs). The general scheme of influence of TeNP doping on MPR photopolymerization and antibacterial properties is shown above (Figure 14).



The absence of a cytostatic effect can be explained by the more perfect structure of antioxidant and reparation systems in eukaryotes compared to prokaryotes. We observed a tendency towards HSF viability in presence of MPR, which disappeared in presence of MPR+TeNPs 0.01–0.1%. This result may potentially be explained by the antioxidant activity of TeNPs in vitro. TeNPs and SeNPs can reduce PMA-induced ROS generation by innate immune RAW264.7 cells or THP-1 cells via signal pathway modulation [139].




5. Conclusions


In this paper, the in situ polymerization method was used to obtain a set of composite polymeric materials based on methacrylate photopolymer resin and Te nanoparticles introduced at different concentrations (MPR+TeNPs 0.001, 0.01, or 0.1% v/v). Doping TeNPs changed the mechanical properties of the specified materials, altered the degree of polymerization, and improved the antibacterial activity of MPR. The mechanism of antibacterial action of MPR+TeNPs probably consists of enhancing the generation of 8-oxoguanine and long-lived reactive protein species in aqueous solutions. The synthesized material did not have cytotoxicity with respect to human fibroblasts. The most optimal concentration of the introduced MPR+TeNPs is 0.01%, so in this case the balance between a high degree of polymerization, increased mechanical properties, high bacteriostatic effects, and the absence of cytotoxicity is maintained.
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Figure 1. Schematic representation of the setup for obtaining NPs by laser ablation in solution. 
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Figure 2. Photos of MPR+TeNPs 0.1% samples for mechanical (a) and cytotoxic (b) assays. 
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Figure 3. Physicochemical characteristics of TeNPs: distribution of NPs by size (a) and ζ-potential (b), TEM micrograph of a group of NPs (c), absorption spectrum of a suspension of TeNPs (d). 
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Figure 4. Three-dimensional reconstructions of MPR (a) or MPR+TeNPs 0.1% (b) surfaces obtained by AFM. 
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Figure 5. Examples of MIM micrographs of MPR without TeNPs (a,b) or MPR+TeNPsMPR+TeNPs with 0.001% (c,d), 0.01% (e,f), and 0.1% (g,h) TeNPs. The primary data (a,c,e,g) and 3D reconstructions of material sections measuring 8.9 × 8.9 μm (b,d,f,h). The phase difference (indicated on axis z) of the transmitted radiation is shown in color (red is the maximum value, blue is the minimum). 
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Figure 6. FTIR transmittance spectrum of samples of samples printed from MPR without NPs (blue), MPR+TeNPs 0.001% (orange), MPR+TeNPs 0.01% (grey), or MPR+TeNPs 0.1% (yellow) (v/v). The absorption in regions 500–4000 cm−1 (a) and 1500–1600 cm−1 (b) are shown. 
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Figure 7. UV-vis absorption spectra of MPR or composite material samples with different TeNP content in region 200–900 nm (a) or only the visible region of 450–700 nm (b). 






Figure 7. UV-vis absorption spectra of MPR or composite material samples with different TeNP content in region 200–900 nm (a) or only the visible region of 450–700 nm (b).



[image: Polymers 17 02735 g007]







[image: Polymers 17 02735 g008] 





Figure 8. Jacobs working curves curves for MPR (gray dots) and MPR+TeNPs 0.1% (burgundy dots). The approximation for both graphs is shown by the dotted blue line. The regression equation and R2 for it are presented in the figure on the lower right. 
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Figure 9. Mechanical properties assay of MPR without NPs (yellow line), MPR + TeNPs 0.01% (red line), and MPR + TeNPs 0.1% (burgundy line) for greenbody (a) and postcured (b) states. 
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Figure 10. Evaluation of the generation of reactive species in the presence of the MPR+TeNP composite material with different dopant concentrations, MPR without NPs, and aqueous solutions without a sample (control). Generation of hydrogen peroxide after 3 h (a) and OH- radicals after 2 h (b) of incubation, 8-oxaguanine after 3 h, and (c) LRPSs after 2 h (d) of incubation with samples. Data are presented as mean values ± SE. *—p < 0.05 vs. control, Mann–Whitney U test (n = 3). On all panels the colors correspond by: gray—control, yellow—MPR without TeNPs, light orange—MPR+TeNPs 0.001%, dark orange—MPR+TeNPs 0.01%, and red—MPR+TeNPs 0.01%. 
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Figure 11. Growth curves of E. coli in LB broth suspension in the presence of MPR or MPR+TeNPs 0.001, 0.01, and 0.1%. Data are presented as mean values ± SE (n = 6). 
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Figure 12. Evaluation of the antibacterial activity of nanocomposites against E. coli after 24 h of cultivation. Examples of histograms of bacterial cell distribution by PI staining (a–d) and averaged data on the number of cells/mL (e) and PI-positive events count (f). Data are presented as mean ± SE. *—p < 0.05 vs. control, Kruskal–Wallis ANOVA with Dunn’s test (n = 3). 
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Figure 13. Cytotoxicity assessment nanocomposites. Examples of micrographs of HSF cell culture after 72 h of cultivation with control (a,d), in the presence of MPR (b,e) or MPR+TeNPs 0.1% composite (c,f). Shown are visible-light phase contrast images (a,b,c) and merged images of Hoechst (blue), Rhodamine 123 (green), and PI (red) (d,e,f). Average values of viability (g), single cell (h), and nucleus (i) areas after 72 h of culturing. Data are presented as means ± SE (n = 5). Scale bar is 100 μm. On panels g-i the colors correspond by: gray—control, yellow—MPR without TeNPs, light orange—MPR+TeNPs 0.001%, dark orange—MPR+TeNPs 0.01%, and red—MPR+TeNPs 0.01%. 
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Figure 14. The influence on TeNPs on photopolymerization and antibacterial properties. 
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Table 1. IR absorption bands of MPR.
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	Absorption Band, cm−1
	Assignment





	3400–3200
	O-H stretching vibrations



	2950–2800
	C-H stretching vibrations



	1713
	C=O stretching vibrations



	881
	=CH deformation vibrations
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