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Abstract

:

The transmission of pathogens via surfaces poses a major health problem, particularly in hospital environments. Antimicrobial surfaces can interrupt the path of spread, while photocatalytically active titanium dioxide (TiO2) nanoparticles have emerged as an additive for creating antimicrobial materials. Irradiation of such particles with ultraviolet (UV) light leads to the formation of reactive oxygen species that can inactivate bacteria. The aim of this research was to incorporate TiO2 nanoparticles into a cellulose-reinforced melamine-formaldehyde resin (MF) to obtain a photocatalytic antimicrobial thermoset, to be used, for example, for device enclosures or tableware. To this end, composites of MF with 5, 10, 15, and 20 wt% TiO2 were produced by ultrasonication and hot pressing. The incorporation of TiO2 resulted in a small decrease in tensile strength and little to no decrease in Shore D hardness, but a statistically significant decrease in the water contact angle. After 48 h of UV irradiation, a statistically significant decrease in tensile strength for samples with 0 and 10 wt% TiO2 was measured but with no statistically significant differences in Shore D hardness, although a statistically significant increase in surface hydrophilicity was measured. Accelerated methylene blue (MB) degradation was measured during a further 2.5 h of UV irradiation and MB concentrations of 12% or less could be achieved. Samples containing 0, 10, and 20 wt% TiO2 were investigated for long-term UV stability and antimicrobial activity. Fourier-transform infrared spectroscopy revealed no changes in the chemical structure of the polymer, due to the incorporation of TiO2, but changes were detected after 500 h of irradiation, indicating material degradation. Specimens pre-irradiated with UV for 48 h showed a total reduction in Escherichia coli when exposed to UV irradiation.
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1. Introduction


Bacteria are present in all areas of daily life that can cause potentially dangerous infections [1]. The number of hospital-acquired infections (HAIs) in Germany can reach up to 600,000 cases per year, with up to 15,000 resulting in the death of the patient [2]. The transmission of hazardous microorganisms from a contaminated hospital surface to a patient either directly or through medical staff is a serious issue, but it can be disrupted by the use of antimicrobial surfaces [3,4].



Such surfaces can be created, for example, by applying coatings containing silver or copper nanoparticles or through incorporation of such particles [5,6,7,8]. Another promising approach is to use light-active photosensitizers such as nanoscale titanium dioxide (TiO2) in combination with ultraviolet (UV) irradiation of the surface, which leads to the formation of reactive oxygen species (ROS) that are able to kill adhering bacteria [9,10,11,12,13,14]. The current COVID-19 pandemic has demonstrated the importance of antimicrobial surfaces in the fight against pathogens, and initial studies have shown that TiO2 nanoparticles are able to inactivate SARS-CoV-2 [15,16,17,18].



There are several theories concerning the unspecific site of action and the mechanism of interaction and killing of microorganisms by TiO2. An attack on the bacteria can be brought about, for example, by the ROS inhibiting cell respiration or damaging the outer membrane [19]. Once the cell wall and membrane have been destroyed, the ROS can penetrate a germ’s interior and arbitrarily destroy organic compounds. Damage to lipid radicals, coenzymes A or deoxyribonucleic acid (DNA), for example, results in cell lysis [20,21]. This varied attack means that germs are spontaneously combated from different sites of action [19]. This benefits the fight against microorganisms through antibiotics, which often act selectively on a single component of the bacterium [19,21,22].



Photoinduced superhydrophilicity can further increase the self-cleaning effect of the surface [12]. However, the same ROS can also impact the polymer matrix and bring about its degradation [23,24]. In some cases, this mechanism is exploited to increase the degradation rate and reduce plastic waste by introducing TiO2 as an additive [22,24,25,26].



Coatings can be used to tailor surface properties. These include corrosion/wear resistance, hardness, texture, thermal/electrical insulation, wettability, hydrophobicity, and antimicrobial activity [27,28,29]. However, the durability of the coatings may be limited by thermal effects (deformation, cracks, delamination, etc.) or loose atmospheric protection (e.g., penetration of inclusions or contaminations in the substrate) [28]. The long-term antimicrobial property of coatings can be negatively influenced by chain cleavage, mechanical weakness, oxidative degradation, lack of adhesion to the substrate, or high surface reactivity, leading to surface conditioning [30]. The loss of the antimicrobial effect in the case of surface damage is a particular aspect of coatings that needs to be considered. To avoid this problem, we recently proposed incorporating particles directly in the bulk of the polymer [31].



This study investigates the incorporation of nanoscale TiO2 in a melamine-formaldehyde (MF) resin with the aim of developing a new antimicrobial material. MF is used, for example, for electrical insulation parts such as plugs, switches, lamp sockets, clamps, and switching elements, but also for eating and drinking utensils and handles for cooking appliances [32]. In public institutions such as hospitals, these contact surfaces are frequently exposed to human contact and can act as germ transmitters. The use of antimicrobial materials can interrupt the nosocomial infection loop and, in turn, pathogen transmission [3]. However, there have been very few, if any, reported efforts relating to the development of MF-based antimicrobial thermosets using TiO2.



This study evaluates the mechanical and chemical properties of unirradiated and UV-irradiated samples, along with the associated photocatalytic activity and antimicrobial effect.




2. Results and Discussion


We produced samples of MELOPAS® MF 152.7 with up to 20 wt% TiO2 particles according to the procedure described later.



2.1. Mechanical Properties


Figure 1 shows the tensile strengths and Shore D hardness values of both unirradiated samples and samples irradiated for 48 h.



The tensile strength of the non-additivated MF (MF_0) was 74.38 ± 4.21 MPa, which is higher than the value range of 40 to 60 MPa given in the manufacturer’s specifications [32]. A decrease in tensile strength was observed as increasing amounts of additive were incorporated into the polymer, but it was only statistically significant for MF_20 (p < 0.01). Rigid fillers can have an effect on the stress–strain behavior of polymer matrices and can reduce the tensile strength [33].



UV irradiation for 48 h caused the tensile strength to decrease in comparison with the unirradiated test specimens. Man et al. showed that the reduction in tensile strength of rutile-additivated polylactide (PLA) samples was smaller than that of pure PLA upon UV irradiation and with weight percentages of up to 3% [34]. The authors attributed the increased UV resistance to the UV screening effect of the particles. Our study produced similar results, although the MF_10 samples had a much higher particle content. This can be explained by the amount of rutile in the TiO2 particles used in this study, which was only 10.6 wt% [35]. Overall, all the tensile strengths (unirradiated and 48 h UV-irradiated) measured were above or within the manufacturer’s specifications (40 to 60 MPa for the MF) [32].



The Shore D hardness of MF_0 was 91.36 ± 0.83. A small but statistically significant decrease was measured for MF_5 and MF_10. This contradicts the findings of Asiaban and Taghinejad, who showed that the Rockwell hardness of TiO2 additivated acrylonitryl-butadiene-styrene (ABS) decreased with increasing additive content. They attributed this to the formation of cavities around the particles during sample preparation [36].



For all filler contents, no statistically significant change (p < 0.05) in Shore D hardness was observed after UV irradiation. This could be due to the aforementioned UV screening effect of TiO2, which could have a positive effect on the stability of MF [34].




2.2. Contact Angle Measurement


Figure 2 shows the contact angles of unirradiated and 48 h UV-irradiated samples. The contact angle of MF_0 was 88.41 ± 5.50° for distilled water. After incorporating TiO2, the contact angle decreased statistically significantly (p < 0.0001) for all additivated specimens. UV irradiation for 48 h resulted in a further substantial, statistically significant reduction in the contact angles (p < 0.0001) compared to the unirradiated specimens, while no reduction was evident in the pure specimen (MF_0 (48 h)). With TiO2 incorporated in the polymer and subsequent UV irradiation, the samples showed hydrophilic rather than hydrophobic properties. These results are in line with those reported by Sakai et al. [37]. In addition, Sakai et al. found that a minimum contact angle value was attained after a certain irradiation duration, and that this depended on the initial value of the contact angle. They found that increased UV intensity led to a faster decrease in the contact angle over the same period of time [37].



Overall, increased hydrophilicity due to UV irradiation of the additivated test specimens was a consequence of photocatalytically active TiO2 nanoparticles.




2.3. Long-Term UV Stability


The samples were irradiated with UV light at an intensity of 50 W/m2 for 500 h. The UV irradiation of the TiO2 additivated samples led to a blue-grey discoloration of the surface, which intensified with increasing TiO2 content due to the chalking cycle [38,39]. If not enough oxygen or water is available, Ti3+ cations can accumulate, resulting in a blue-gray discoloration. The absence of oxygen or water might be due to a polymer layer formed during production of the samples by hot pressing that enclosed the TiO2 particles. Furthermore, irradiation of TiO2 incorporated in a polymer can also lead to its degradation [23].



Fourier-transform infrared (FTIR) spectra were recorded for the test specimens in both unirradiated and irradiated states to detect possible chemical changes. Figure 3 shows the absorption spectra of unirradiated samples (MF_0, MF_10, and MF_20) and FTIR spectra for MF_0 (500 h) and MF_10 (500 h) after 500 h of UV irradiation. No FTIR spectrum could be recorded for irradiated MF_20 (500 h), as the sample had a highly porous surface, and the required contact pressure on the attenuated total reflection (ATR) unit could not be achieved.



The FTIR spectrum of MF_0 showed the expected pattern for an MF resin [40,41,42]. The additivated specimens MF_10 and MF_20 showed similar FTIR spectra, but the absorption peaks were lower than for MF_0. This could be due to the increased reflection of the IR rays as a result of the incorporated TiO2 [41]. Moreover, Ti–O stretch bonds might have occurred in the additivated samples at wavenumbers below 800 cm−1 [43,44].



The peak at about 1700 cm−1 of MF_0 (500 h) and MF_10 (500 h) might be attributable to a carbonyl vibration and could indicate a degradation of the polymer, resulting, for example, in the generation of formaldehyde [45]. As this peak only occurred in samples irradiated with UV light, it might be concluded that this peak is independent of whether TiO2 is added to the polymer and is due to the aging of MF caused by the UV irradiation. In addition, the peaks at 2850.3 cm−1 and 2917.8 cm−1, which could indicate CH stretching vibrations, were not measured in the irradiated samples and could also be due to the influence of UV irradiation of the polymer.



UV irradiation of the additivated sample might have led to a break in the NH bond [46] and the formation of ammonia (NH3). This was observed in the reduced N–H absorption between 1480 and 1625 cm−1 as well as between 3120 and 3500 cm−1.




2.4. Photocatalytic Activity


Photocatalytic activity of the different samples was estimated by the degradation of methylene blue (MB) [47].



Figure 4 shows the UV–Vis spectrum of MB along with spectra of an MB solution degraded by UV irradiation of TiO2 particles in the solution after 5 and 10 min. After 10 min, an almost complete degradation of MB was observed, resulting in an MB content of 1.55 ± 1.77%, as determined by optical density measurements.



The UV–Vis spectrum of pure MB (Figure 4a) showed a main absorption peak in the visible light region with a maximum at 663 nm and a small shoulder at 610 nm [48]. According to Pahang et al., the 663 nm peak might be attributable to the resonance of the π electrons of sulfur that resonate with those of the C electrons in the thiazinic center, and the peak at 610 nm corresponds to the π–π * transition of benzene rings [49]. Other studies have explained the two absorption peaks as follows: the absorption peak at 663 nm is related to a MB monomer, which is the conjugation system between the two dimethylamine-substituted aromatic rings through sulfur and nitrogen atoms [50,51], and the shoulder peak at about 613 nm is attributed to the MB dimer [50,52]. With these peaks being responsible for the blue coloration of an aqueous MB solution [53], the degradation of MB by the photocatalytic TiO2 was investigated in this wavelength range (Figure 4b). Furthermore, two absorption peaks were present in the UV region at 248 nm and 293 nm associated with substituted benzene rings [50,51,54]. The recorded UV–Vis spectrum of MB is in line with other studies [55,56,57].



After UV irradiation at 50 W/m2 for 10 min and subsequent centrifugation of the solution to remove the TiO2 particles, a colorless liquid was observed. This could be also detected in the UV–Vis spectrum: the addition of TiO2 to the MB solution and the UV irradiation resulted in a decrease in the absorption peak at 610 nm and 663 nm, which is also consistent with other studies [58,59]. With increasing irradiation time, the absorption in this wavelength range decreased close to 0 a.u., which could explain the colorless appearance of the solution. The decrease in the absorption peaks could be due to the photocatalytic degradation of MB to leuco-MB [60]. Therefore, the successful degradation of MB by AEROXIDE® TiO2 P25 irradiation was assumed.



Figure 5 shows the percentages of MB in the solutions of unirradiated and 48 h UV-irradiated specimens. The MB solution decolored during the course of the test until it turned into a transparent liquid. The discoloration was increased in samples containing TiO2. It should be noted that the optical density of the pure MB solution was set to 100% for each measuring point and the values of the test samples were normalized to this (Equation (1)). Differences in the percentage of MB in the solution among all samples were tested for statistical significance only at the 150 min time point.



The percentage of MB in the solution decreased from 100% (initial value) to 43 ± 14% over the course of 150 min for MF_0. The MF_0 specimen (48 h) behaved similarly, resulting in an MB concentration of 38 ± 18% after 150 min. Samples including TiO2 showed a statistically significantly higher MB degradation than either MF_0 or MF_0 (48 h) after 150 min of UV irradiation (p < 0.0001). However, no statistically significant difference was observed in the degradation behavior of MB among the samples with different wt% TiO2 values. When comparing unirradiated and 48 h UV-irradiated specimens with the same TiO2 content, a statistically significantly increased MB degradation was observed after 150 min (p < 0.01 for MF_5 (48 h); p < 0.05 for MF_10 (48 h), MF_15 (48 h), and MF_20 (48 h)).



The decrease in MB for non-additivated samples might be because the degree of MB discoloration depends on experimental conditions such as pH and temperature [61]. UV irradiation of MF can result in the release of ammonia, causing the pH value to change and accelerating the MB degradation [62]. Furthermore, photobleaching (discoloration by irradiation) of MB is also possible [63], although Ramli et al. showed that photobleaching of MB is considerably weaker than degradation by UV-irradiated TiO2 [64].



Despite the disadvantages of this method outlined above, clear trends were detected in the discoloration of MB. Unlike the pure MF, the additivated samples displayed an acceleration in the degradation of MB, which could be attributable to the formation of ROS. After 150 min, the average MB content was 12% or lower. The decrease in MB was even greater for the 48 h UV-irradiated samples. This could mean that the amount of TiO2 particles accessible on the surface of the samples increased as a result of the irradiation, in turn increasing the photocatalytic activity [34].




2.5. Antimicrobial Activity


Antimicrobial tests were performed on MF_0, MF_10, MF_20, MF_0 (48 h), MF_10 (48 h), and MF_20 (48 h). The samples were irradiated for 2 h through both a UV-permeable and a UV-impermeable film. The results of the tests are shown in Figure 6.



For both types of film, none of the specimens MF_0, MF_10, and MF_20 showed any decrease in colony-forming units (CFUs) beyond one logarithm level.



Carré et al. demonstrated that AEROXIDE® TiO2 P25 added to water successfully inactivated Escherichia coli (E. coli) when irradiated with UV light [65]. Therefore, we assume that the AEROXIDE® TiO2 P25 incorporated in MF could not be photocatalytically activated, which is why no reduction in CFUs was observed for samples MF_10 and MF_20. This could be due to the aforementioned polymer layer shielding the TiO2 nanoparticles from UV light, as well as to water and oxygen, which inhibit the photocatalytic effect and, in turn, the antimicrobial effect [34].



Díez-Pascual et al. showed that polyphenylsulfone incorporating up to 5 wt% TiO2 exhibited antimicrobial activity against E. coli and Staphylococcus aureus (S. aureus), even without any UV irradiation. E. coli was reduced by about 2.25 logarithm levels and S. aureus was reduced by 1.3 logarithm levels. Moreover, the antimicrobial effect was increased even further by UV irradiation [66]. Unlike our study, a TiO2 powder consisting of 99.8% anatase was used here [66]. The observation that TiO2, particularly the anatase phase, is toxic even in the absence of irradiation, has also been reported in other studies [67,68]. However, the exact mode of action is not fully understood, and various explanations have been reported [66,67,69,70,71]: the adsorption of the nanoparticles on the surface of the organism can lead to physicochemical interactions between TiO2 and the organism, resulting in alteration of bacterial biomolecules and damage to the cells; redox reactions at the interface between the organism and nanoparticles can lead to oxidative degradation of the cell membrane; the uptake of nanoparticles into the cell can result in DNA damage.



The specimens MF_10 (48 h) and MF_20 (48 h) covered with a UV-permeable film showed a total CFU reduction after 2 h of UV irradiation, whereas MF_0 (48 h) and samples covered with a UV-impermeable film showed no reduction. Therefore, it was concluded that the antimicrobial effect against E. coli had to be due to the photocatalytically active TiO2, although no difference was observed between 10 and 20 wt% TiO2 after 2 h of UV irradiation.



The effective inactivation of E. coli by photocatalytically active TiO2 was also demonstrated in other studies. Pal et al. showed that the inactivation rate of bacteria was enhanced by increasing irradiation duration and TiO2 content and that E. coli, in particular, was inactivated by the photocatalytic effect [72]. Therefore, a shorter UV irradiation time could be assumed for MF_20 (48 h) compared to MF_10 (48 h) to achieve the same CFU reduction. Furthermore, a previous UV irradiation of the samples seems to be a prerequisite for obtaining an antimicrobial effect. The photocatalytic antimicrobial effect of TiO2 appears to be greater against Gram-negative bacteria such as E. coli than Gram-positive bacteria [73], so testing of the effect of MF_10 (48 h) and MF_20 (48 h) should be conducted and confirmed with further germs.



In addition, lower TiO2 concentrations and UV stabilities of the samples should be investigated in more detail and additives should be used to increase long-term stability.





3. Materials and Methods


The samples were obtained by incorporation of AEROXIDE® TiO2 P25 (Evonik Industries AG, Essen, Germany) into the thermoset MELOPAS® MF 152.7 (Raschig GmbH, Ludwigshafen am Rhein, Germany).



AEROXIDE® TiO2 P25 is supplied by the manufacturer as a powder composed of anatase (76.3 ± 1.5 wt%), rutile (10.6 ± 0.3 wt%), and a proportion of amorphous TiO2 (13.0 wt%) [35]. Ohtani et al. found a similar P25 composition comprising anatase (78%), rutile (14%), and amorphous (8%) [74]. According to Tobaldi et al., the average crystalline domain size of anatase is 15.5 ± 0.3 nm and that of rutile is 19.3 ± 0.6 nm [35]. The TiO2 particles have a specific surface area of 50 ± 15 m2/g [65,75]. Previously published studies assigned a band gap energy of about 3.02 to 3.20 eV to the P25 [75,76,77,78] and determined 365 nm as an appropriate wavelength for activating the photocatalytic effect [65,79,80]. A similar UV source was, therefore, also selected for this study.



MELOPAS® MF 152.7 is a cellulose-reinforced melamine molding compound and is supplied by the manufacturer in granulate form. It is characterized by its good electrical properties and high surface hardness, as well as its resistance to abrasion, UV, and chemical impacts. The polymer is a light-colored material used for insulation and installation purposes and is resistant to leakage current and high temperatures. It is also found in fittings for household appliances as well as in tableware for eating and drinking [28]. Figure 7 gives a brief overview of the methods used in this study and the test procedure. Test specimens were produced to determine their mechanical and chemical properties and to evaluate their long-term stabilities and antimicrobial properties.



All results are presented as mean and standard deviation values. In the descriptions of Figure 1, Figure 2, Figure 5 and Figure 6, “n” indicates the number of specimens examined and “i” indicates the number of measurements performed per specimen.



3.1. Production and Preparation of Test Specimens


In order to achieve a good dispersion of the TiO2 powder within the thermoset, the polymer granulate was first ground in a mill at 7000 rpm (Pulverisette 14, FRITSCH GmbH, Idar-Oberstein, Germany). One hundred milliliters of ethanol was then added to 100 g of the ground polymer and the mixture stirred to create a homogenous suspension. TiO2 powder was added at different weight percentages (5, 10, 15, and 20 wt% TiO2) and, again, 50 mL of ethanol was added and the mixture stirred. The mixture was then kept in an ultrasonic bath (Sonorex SUPER RK 255H, BANDELIN electronic GmbH & Co. KG, Berlin, Germany) for 60 min to increase dispersion. Thereafter, the mixture was stored in a laboratory hood to expel the solvent before being processed into samples using a hot press (300P, Dr. Collin GmbH, Ebersberg, Germany) for 2 min at 250 bar and 185 °C. Three specimen geometries were produced for the individual tests; these are presented later. A dog-bone type 1 BA was produced for determining the tensile strength according to DIN EN ISO 527-2:2012-06, along with a plate for determining the Shore D hardness according to EN ISO 868:2003-10 and the dispersion of the TiO2. The cups required for microbiological testing and photocatalytic activity testing were also produced



All tests were performed on samples that had not been exposed to UV irradiation, as well as on samples that had been exposed to UV light for 48 h in a weathering chamber (Q-Sun Xe-1, Q-Lab, Westlake, OH, USA).



To evaluate the long-term chemical stability, samples irradiated with UV light in a weathering chamber for 500 h were also included. The UV range of the sunlight spectrum was simulated by a xenon arc lamp with a UV light intensity of 50 W/m2.



For simplicity, the sample designations listed in Table 1 are used in this paper. Specimens irradiated with UV light for 48 or 500 h are indicated in diagrams by the suffix (48 h) or (500 h).




3.2. Mechanical Tests


To determine the influence of the additive concentration, the mechanical properties of the test specimens were determined and compared with the manufacturer’s specifications [23]. The tensile strength of the specimens was determined according to DIN EN ISO 527-2:2012-06 and the hardness according to EN ISO 868:2003-10.



To determine the effect of the amount of TiO2 and the activated photocatalytic effect on the material, tensile strength was investigated for both unirradiated specimens and specimens irradiated for 48 h. Eight unirradiated and eight irradiated dog-bones of the different TiO2 contents (0 to 20 wt%) were tested, 0 wt% TiO2 serving as a control. A tensile strength machine (Z 2,5 SN153778 DN491473, ZwickRoell GmbH & Co. KG, Ulm, Germany) was used for this purpose. A preload of 0.05 N/mm2, a traverse acceleration of 20 mm/min, and a predefined initial length of 58 mm were selected as parameters. A PCE-DDA 10-ICA hardness tester (PCE Deutschland GmbH Prüfgeräte, Meschede, Germany) was used to determine the Shore D hardness for unirradiated and irradiated (48 h) specimens at five different points on each sample to create a total of 15 measured values per sample.




3.3. Contact Angle Measurement


The contact angle of water was measured on samples that were not exposed and samples that were exposed to UV irradiation (48 h) using a DSA25E apparatus (Krüss GmbH, Hamburg, Germany). Three test specimens were measured per TiO2 content. Distilled water was used as the test liquid, of which five drops were measured per specimen.




3.4. FTIR Spectroscopy


Samples containing 0, 10, and 20 wt% TiO2 were irradiated with UV light for 0 and 500 h and analyzed by FTIR spectroscopy (FTIR VERTEX 70, Bruker Optik GmbH, Ettlingen, Germany) using an ATR unit and a wavenumber range of 600 to 4000 cm−1.




3.5. Methylene Blue Test


The degradation of MB in the presence of TiO2 can be used to derive information about the photocatalytic activity of TiO2 [62,81]. Both unirradiated specimens and specimens irradiated for 48 h were analyzed. The generated radicals resulted in a transformation from a blue dye (MB) to a colorless liquid (leuco-MB) [60]. The trial was performed in accordance with DIN 52980:2008-10. The specimens (cups) were placed in a well plate and wetted with 2 mL of an MB solution (20 µmol/L). The prepared samples were irradiated in the weathering chamber at a light intensity of 50 W/m2 for 150 min. The optical density of the liquid was initially measured every 10 min, after 30 min every 20 min, and after 90 min every 30 min. The optical density was determined by a Multiskan™ FC Microplate Photometer (Thermo Fisher Scientific, Waltham, MA, USA) at a wavelength of 620 nm, corresponding to the absorption peak of MB [47,82,83]. In the evaluation, the percentage of MB in % of each material sample was determined. Equation (1) was used for this purpose, with MB representing the MB content in %, ODt the optical density at the time t, ODW the optical density of water, and ODR the optical density of the reference sample at the time t.


  MB =     OD  t  −      OD   W      OD  R  −    OD W      ∗   100 %  



(1)







The evaluation of pure MB is necessary for observing the discoloration of the MB solution due to UV light over the test period.



In addition, UV–Vis spectra were recorded both for an MB solution and two degraded MB solutions. For this purpose, 0.01 g (LA230S, Sartorius AG, Göttingen, Germany) of TiO2 powder was added to 5 mL of MB (20 µmol/L), which was then irradiated with UV light in the weathering chamber at an intensity of 50 W/m2 for 5 and 10 min. After irradiation, the solution was centrifuged (Universal 320, Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany) three times at 4000 rpm for 40 min to remove the TiO2 particles. The spectra of the solutions were recorded over a wavelength range of 200 to 800 nm using an AvaLight-D(H)-S light source and AvaSpec-ULS2048CL-EVO spectrometer (Avantes, Apeldoorn, The Netherlands).




3.6. Examination of the Antimicrobial Effect


In order to measure the antimicrobial surface effect of unirradiated specimens (MF_0, MF_10, and MF_20) and specimens irradiated for 48 h (MF_0 (48 h), MF_10 (48 h), and MF_20 (48 h)), the test cups were contaminated with an E. coli suspension. Ten microliters of the bacterial suspension were added to each sample. The bacterial suspension was cultured in dilution series (up to 10−7) on agar plates (LB-Miller-Agar) to determine the original bacterial concentration. To prevent the bacteria suspension from drying out, UV-permeable films were applied to the cups, which were then weighed down with a silicone ring to create a seal. UV-impermeable films were placed alongside the UV-permeable films on appropriate reference samples to ensure that the control samples were exposed to the same conditions as the test samples but were not irradiated. The samples were then irradiated in a specially developed UV chamber (λ = 365 nm, 4 to 5 W/m2) for 2 h.



After irradiation, the specimens were placed in 1 mL of phosphate-buffered saline (PBS) with 0.1 vol. % polysorbate 80 (Tween) and vortexed for 2 min to dissolve the bacteria from the samples (to increase this effect, it is possible to add sterile glass beads to the PBS). After completing this step, dilution series (up to 10−7) were produced from the PBS, and 100 µL was plated onto LB-Miller agar. The bacteria were incubated at 37 °C for 24 h. After incubation, the CFUs were counted, and the antimicrobial effect of the samples was determined in relation to the reference.




3.7. Statistical Analysis


A statistical evaluation was performed of the mechanical properties (tensile strength and hardness Shore D), contact angles, and MB degradation.



The effect of TiO2 content on mechanical properties and contact angle was verified by a one-way ANOVA (α = 0.05). The effect of UV irradiation was verified with an unpaired Student’s t-test (α = 0.05).



The effect of TiO2 content on MB degradation was verified after 150 min of UV irradiation with a one-way ANOVA (α = 0.05). The effect of UV irradiation was verified with an unpaired Student’s t-test (α = 0.05).



The normal distribution was verified using a Kolmogorov–Smirnov test (α = 0.05).



A p-value of <0.05 was considered significant. The statistical analyses were performed with GraphPad Prism 9 (version number 9.4.0 (673), GraphPad Software, San Diego, CA, USA) and MS Excel 2019 (version number 1808, Microsoft Corporation, Redmond, WA, USA).





4. Conclusions


Photocatalytically active samples were successfully produced using the MELOPAS® MF 152.7 thermoset and the AEROXIDE® TiO2 P25 additive. Compounds were produced with up to 20 wt% TiO2. A decrease in tensile strength was observed with increasing additive content, and the Shore D hardness changed significantly for MF_5 and MF_10. However, even though the tensile strength of the compounds was altered by the additive content, it remained above or within the range of the manufacturer’s specifications for MF. The incorporation of TiO2 in the thermosets produced no change in the chemical structure of MF.



Irradiation of the additivated samples with UV light demonstrated the photocatalytic effect of TiO2 by reducing the contact angle and degrading MB. During 150 min, an MB degradation of up to 88% was observed for the additivated samples. A previous irradiation for 48 h accelerated the degradation even further and a complete MB degradation could be achieved after 150 min of UV irradiation. The MB degradation confirmed the photocatalytic activity of the fabricated MF-TiO2 compound. Furthermore, a decrease in tensile strength due to UV irradiation was measured, whereas no effect on Shore D hardness was detected. However, a 500 h irradiation with UV light led to a change in the chemical spectrum, suggesting aging of MF.



For the test specimens MF_10 and MF_20, no antimicrobial effect of more than one logarithm level was measured. However, if the samples were irradiated with UV light for 48 h before the antimicrobial tests were carried out, a complete reduction in E. coli was achieved after de novo UV irradiation for 2 h. UV irradiation for a period of 48 h must, therefore, be regarded as a necessary pretreatment for creating an antimicrobial effect.



Overall, an antimicrobial thermoset was successfully produced by incorporating photocatalytically active TiO2 nanoparticles into the MF. In medical facilities, the developed compound could find application as a means of reducing the spread of pathogens.
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Figure 1. Effect of TiO2 on mechanical properties. (a) Tensile strength of specimens unirradiated and irradiated for 48 h (n = 8); (b) Shore D hardness of unirradiated specimens and specimens irradiated for 48 h (n = 3, i = 5). * p < 0.05, ** p < 0.01, and **** p < 0.0001. 
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Figure 2. Effect of TiO2 on contact angles of unirradiated and 48 h UV-irradiated samples (n = 3, i = 5). **** p < 0.0001. 
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Figure 3. Effect of TiO2 on the chemical structure of MF. FTIR spectra of nonirradiated samples MF_0, MF_10, and MF_20 and samples MF_0 (500 h) and MF_10 (500 h) irradiated for 500 h. No MF_20 (500 h) spectra could be recorded. 
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Figure 4. (a) UV–Vis spectrum of MB. (b) Reduction in the characteristic MB peak at 663 nm due to the photocatalytic activity of TiO2. 
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Figure 5. Degradation of MB. A distinction is made between samples tested directly and those irradiated beforehand for 48 h with UV light (n = 3). 
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Figure 6. Antimicrobial surface activity of the modified MF against E. coli. The dark gray bars represent the CFUs of the samples covered with a UV-impermeable film, and the light gray bars represent those samples covered with a UV-permeable film. In addition, a distinction is made between specimens that have not been irradiated with UV light (MF_0, MF_10, and MF_20) and specimens irradiated for 48 h (MF_0 (48 h), MF_10 (48 h), and MF_20 (48 h)). (n = 3, i = 2). 
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Figure 7. Overview of the used methods and flow of the experiment. 
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Table 1. Sample designations and compositions.






Table 1. Sample designations and compositions.





	Abbreviation
	Content

MELOPAS® MF 152.7 (wt%)
	Content

AEROXIDE® TiO2 P25 (wt%)





	MF_0
	100
	0



	MF_5
	95
	5



	MF_10
	90
	10



	MF_15
	85
	15



	MF_20
	80
	20
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