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Abstract

:

Film applications’ recent advances in the alimentary industry mainly focus on extending product shelf life. Researchers have investigated the use of nanomaterials as active packaging to shield food product contents from the outside elements and prevent bacterial development. In this context, the use of sonochemistry energy offers a friendly and efficient opportunity to obtain this kind of film. However, access to an ultrasonic homogenizer is limited because of the cost and accessories. In this work, a self-cleaning coating based on the SiO2-TiO2-PDMS composite was obtained by the sol–gel method coupled with indirect sonochemical energy. Two sonication reaction times were used to investigate its impact on the final composite’s chemical, morphological, and antibacterial properties. TEM and SEM techniques indicate an amorphous morphology and superficial cracks in SiO2-TiO2-PDMS films over aluminum foil. At the same time, AFM reveals a rise in rugosity with a value of Ra = 18.7 ± 2.47 nm, increasing the sonochemical reaction time. Non-significative changes by FTIR-ATR analysis were observed. The antibacterial evaluation was conducted, and the results indicate that both composites exhibited superior effectiveness. Specifically, the S40 film demonstrated a significant reduction in the growth of Gram-negative cells (E. coli, P. putida, and P. aeruginosa), with reductions ranging from 50% to 95%. In contrast, the reduction in Gram-positive cells (S. aureus) was less than 10%. These findings underscore the potential application of the SiO2-TiO2-PDMS film as active packaging.
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1. Introduction


Packaging materials protect and insulate the food products from exterior conditions and guarantee safety. The alimentary industry exhibits high economic costs for damage and loss of products, mainly for transportation and shelf life. The packages act as a physical barrier, reducing foods’ postharvest and production losses and preserving their quality, flavor, and freshness [1]. Films and coatings with multi-properties have been developed with significant interest for material protection from chemical, physical, mechanical, and microbial damage. The multi-properties films involve the development of surfaces such as self-cleaning, corrosion-resistant, oil-repellent, antibacterial, antifouling, and mechanical resistance [2].



Recently, there has been growing attention to technological innovations in alternative materials for packaging, which can prolong the shelf-life and preserve the food’s quality. This packaging system is called active packaging. Different parameters are considered for food quality control, including water activity, pH, temperature, oxygen content, and presence or absence of light. Consequently, the food packaging is designed based on these parameters [3].



Active packaging incorporates active agents into a polymeric matrix, producing flexible active films with mono- or multilayer structures [4]. Another approach to improving functional packaging films is using polymers [5], such as polydimethylsiloxane (PDMS), to functionalize the film by manipulating the hydrophobic properties and improving the film’s mechanical properties (Table S1) [6,7,8]. On the other hand, nanomaterials (NMs) have been considered a good option for coatings over conventional package materials (cardboard, aluminum, and plastic) [9,10,11]. Specifically, for active antimicrobial packaging, Ag, AgNO3, ZnO, TiO2, and MgO nanoparticles (NPs) have been studied (Table S1) [11,12,13,14]. The action mechanisms of these NPs are described as direct interactions with microbial cells and electron transference in the transmembrane, penetration of the cell, cellular components oxidation, and reactive oxygen species (ROS) generation [9].



The film’s deposition to create a feasible film for active packaging involves temperature control to improve the adherence with the surface without advising the surface’s nature (roughness or smoothness) [15,16,17]. An option to overcome the film’s adherence is to obtain nanosized materials (NMs) through an effective, efficient, and environmentally friendly technique such as the sonochemical method, which offers greater selectivity, reactivity, and yields, a decrease in reaction time and, less toxic residues [18].



In this context, through ultrasonic cavitation in the solution by forming micro-bubbles, which grow and collapse, imploding and generating hot spots (5000 K and 1000 atm) [19], it is possible to promote the chemical reactions, forming oxidative species, an ideal chemical environment for NMs synthesis. The ultrasound irradiation could be applied in two direct and indirect methods; the direct method uses horn systems for high intensity, and the indirect method employs bath for low power [20,21]. Schneider et al. (2020) analyzed the impact of the ultrasonication method on metal oxide particle synthesis, and the sonication method modified the particles dispersion [22]. The election of the way of ultrasound irradiation depends on the frequency, amount of power, volume, and uniform distribution cavitation activity [23]. The indirect method in the ultrasonic bath is used for a specific power or ultrasonic intensity because it is not possible to change it for this type of sonochemical reactor; that is why it is needed to control external variables of the synthesis process to obtain uniform and high efficiency from ultrasonic irradiation [20].



It is essential to establish that the election of the sonochemical method depends on the equipment’s availability, access, and cost, which will affect the final decision of the synthesis method and NMs application.



Previous research on SiO2-TiO2 coatings synthesized by the sol–gel method coupled to direct ultrasonic irradiation showed that using different conditions of sonochemistry, such as amplitude and cavitation, affected the final morphology, physic (hydrophobicity, softness, roughness, mechanical resistance, and morphological form) and chemical (photocatalytic and hydrophobic) properties [24]. Taking this background as a starting point, in the present work, the SiO2-TiO2 composite was synthesized by the sol–gel method coupled to ultrasonic irradiation in an indirect method, which is considered a novel and practical synthesis method to obtain a SiO2-TiO2 film for outer packaging.




2. Materials and Methods


2.1. Materials and Bacteria Species


For the preparation of the SiO2-TiO2 films, the following precursors and reagents were used: titanium isopropoxide (TTIP, 97%, Sigma Aldrich, Toluca, Mexico), tetraethyl orthosilicate (TEOS, 98%, Sigma Aldrich, Toluca, Mexico), absolute ethyl alcohol (EtOH, 98%, JT Baker, CDMx, Mexico), polydimethylsiloxane (PDMS, Sigma Aldrich, Toluca, Mexico), oxalic acid dihydrate (AcOx, JT Baker, CDMx, Mexico), distilled water (H2O). The SiO2-TiO2 composite was synthesized by modifying the sol–gel method previously reported [25]. The molar ratio of TEOS, EtOH, H2O, PDMS, TTIP, and AcOx was 1:5.5:5.6:0.05:0.15:0.05. The synthesis was conducted using an ultrasonic bath (Branson 1510 Ultrasonic Cleaner, MS Ultraschall Technologie GmbH, Lansing, MI, USA) with 40 kHz energy.



Log-phase cultures of Escherichia coli (Top10, Gram-negative), Staphylococcus aureus, Gram-positive), Pseudomonas aeruginosa ATCC 9072 (Gram-negative), and Pseudomonas aeruginosa (Gram-negative; clinical isolate resistant to levofloxacin (LEV)) were used for the analysis of the antimicrobial assay. These strains were recovered from −80 °C on LB agar plates (MCB LAB) at 37 °C for 24 h.




2.2. SiO2-TiO2 Synthesis and Characterizations


The synthesis of the SiO2-TiO2 films was conducted by modifying the procedure proposed by Rosales et al. (2018) [25] using an indirect ultrasonic source. The sol of SiO2 was formed with a solution of EtOH, AcOx, and H2O and irradiated with ultrasonic energy for 15 min. After TEOS was added dropwise, the mixture continued to be irradiated with ultrasonic energy for 3 min. Later, PDMS was added dropwise under continuous ultrasonic energy for another 3 min. The TiO2 sol was prepared by adding TTIP dropwise to isopropyl alcohol under a nitrogen atmosphere and constant magnetic stirring. The TiO2 and the SiO2 sols were mixed, and immediately after mixing, 10 mL of distilled water was added at the ultrasonics conditions over 30 min and 40 min, obtaining two composites, SiO2-TiO2-S30 and SiO2-TiO2-S40, respectively. Reaction times were determined based on sonochemical reaction times previously studied by Rosales et al. (2021) [24]. Once the composites were obtained, they were applied over 1 × 4 cm aluminum foil using the painting method [26] to form a uniform film; in the case of glass, 2 × 7 cm glass slides were used, employing the imprint method. SiO2-TiO2 composites were deposited over a glass substrate to evaluate their physical–chemical properties and over an aluminum foil substrate to evaluate their antimicrobial activity.



The SiO2-TiO2 composites as powder were observed by electronic transmission microscopy (TEM) using a JOEL JEM-1010 operating at 200 kV, and the particle size was measured with Image J® software version 1.54i. The FTIR spectra were realized in a range of 4000 to 650 cm−1 using an IRAffinity-1S equipped with an ATR instrument. The SiO2-TiO2 films applied over the aluminum foil were examined by scanning electron microscopy (SEM) using a JOEL JSM-6060 LV (Tokio, Japan), operating at 15 kV. The crystallinity of the SiO2-TiO2 films over a glass substrate was determined by X-ray diffraction (XRD) with angles of 10 < 2θ < 80° in a pitch of 0.01 using an X-ray diffractometer (D8, Bruker) with a Cu target and Ni filter (λCuKα = 1.54 Å).



SiO2-TiO2 films applied over a glass substrate were analyzed by atomic force microscopy (AFM) employing a Bruker Dimension edge with Scan Assyst to obtain rugosity information. The contact angle of the SiO2-TiO2 films over the glass was determined by employing distilled water droplets using the manual drop shape with the ImageJ® software. Water droplets of 10 µL were placed at three different positions on the surface, and the average value was reported as the contact angle (θ). The thickness of the SiO2-TiO2 films applied onto glass were analyzed using optical analysis of profilometry employing a Dektak 6M Stylus Profilerc with a diamond tip of 6 µm and a force of 8 mg, assisted by a digital microscope VH 2500R Keyence (Mechelen, Belgium).




2.3. Films Antimicrobial Activity Evaluation


The antimicrobial activity was evaluated against Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa levofloxacin (LVX) resistant, and Pseudomonas aeruginosa (ATCC 9027) by measuring the survival percentage of bacteria using aluminum foil coated with SiO2-TiO2-S30 and S40 films.



Bacterial cell cultures were prepared for each strain as follows: 5 colonies were taken to be inoculated in 5 mL of Luria–Bertani (LB) medium in a 50 mL sterile conic tube. The tubes were incubated at 37 °C (for 5 h), shaking at 150 rpm until the optical density measured at 600 nm (OD600nm) of the cultures reached 0.1 (1 × 106 CFU (colony forming units)/mL)). Then, aluminum foil, SiO2-TiO2-S30 and -S40 films over aluminum foil with 1 × 4 cm dimensions were (previously autoclaved) placed inside the corresponding culture. The incubation was carried out for 4 h under above mentioned conditions, exposed to visible light to determine the bactericidal activity. Pristine aluminum foil was used as a negative control.



After interactions between the foil and bacterial cell cultures, 100 µL aliquot of each culture was spread using sterile glass beads onto duplicate fresh LB agar medium plates and incubated at 37 °C for 24 h. All interactions were carried out the same way for the different bacterial strains. The number of CFU was scored, and the percentage reduction in cell viability was calculated based on the CFU count obtained from the control plate (pristine aluminum foil). The experiments were conducted in triplicate.





3. Results and Discussion


3.1. Composite and Film Characterization


TEM and SEM analyses were carried out to observe the morphology of the SiO2-TiO2 composites. The TEM analysis was carried out with the composite as powder. For the SEM analysis, the composite was observed as a film over aluminum foil. The transmission and scanning micrographs are shown in Figure 1.



TEM images of the SiO2-TiO2-S30 and -S40 (Figure 1a,b) exhibit irregular morphology and sheets forming layers. In Figure 1a, it is possible to observe for the SiO2-TiO2-S30 sample an agglomerate with small particles, measured with ImageJ®, having an average of 30 nm particle diameter (red lines), and the cluster average size was 350 nm. The particles are agglomerated with some dark points on the edge. On the other hand, the SiO2-TiO2-S40 sample (Figure 1b) also shows an irregular morphology with layers, with an average size of 60–130 nm (red lines), and with some dark points clusters with an average size of 1–3 nm, which corresponds to the TiO2. In this way, Kapridaki et al. (2018) observed in SiO2-TiO2-PDMS composites TEM images synthesized by sol–gel without sonochemistry, a network of aggregates, and connectivity of Ti-O-Si at an atomic level. Furthermore, increasing the addition of oxalic acid improved the detection of TiO2 particles [27,28]. In our case, using ultrasonic energy and the increased reaction time allowed for similar results in the SiO2-TiO2-S40 film to be obtained [29]. Furthermore, indirect ultrasonic irradiation decreases the TiO2 NPs dispersion compared to the direct method. Nevertheless, it was demonstrated that the formation of clusters depends on the reaction time [30]



SEM images of the SiO2-TiO2 films (Figure 1c,d) at 500× (inset) and 1000× present micro-fissures. The SiO2-TiO2-S40 sample shows fewer cracks and some pores over the surface. Meanwhile, the SiO2-TiO2-S30 displays more cracks and slices over the surface. In 1000×, the cracks are more noticeable; these results have been previously reported over steel substrates [31], which demonstrated that the application of the method of sonochemistry produces similar morphologies.



The three-dimensional AFM of the SiO2-TiO2 films on a glass substrate in an area of 10 × 10 µm is shown in Figure 2. The formation of craters and elevations are visible along the topographic surface, which is attributed to the TiO2 nanoparticles [32]. Similar results were found by Widati et al. (2019) using 0.015 and 0.030 molar of TiO2 exhibiting low NPs homogeneity over the surface [33]. These formations are more pronounced in the SiO2-TiO2-S40 film (Figure 2b), where the low concentration of NPs prevents their random distribution on the surface. The roughness value for the S30 and S40 films was Ra = 11.55 ± 1.33 nm and Ra = 18.7 ± 2.47 nm, respectively. Showing that if the ultrasonic reaction time increases from 30 to 40 min, an increment of roughness is also detected. In this way, Sebastian et al. (2018) evaluated PDMS/SiO2 films over an aluminum surface with different concentrations of functional SiO2, synthesized in an ultrasonic system showing no change in the films’ roughness [34]. The morphological changes depend on the ultrasonic energy application method utilized during the synthesis process in this study. In this context, the thickness of the SiO2-TiO2 films was previously determined, obtaining a range between 650 and 700 µm.



The SiO2-TiO2 composites were analyzed by ATR-FTIR from 4000 to 650 cm−1, as shown in Figure 3. A band at 2964 cm−1 is observed, which is assigned to the asymmetric stretching vibration of C-H bonds in CH3 groups [35], and this band is more intense in the S30 composite. The band at 839 cm−1 corresponds to the Si-OH group. The bands at 850 and 800 cm−1 (Si-O stretching mode) were assigned to the CH3 rocking of PDMS and TEOS [36]. These last bands correspond to the asymmetric and symmetric stretching and bending vibration of Si-O-Si. The bands at 903 and 1261 cm−1 correspond to the Si-C stretching vibrations and the Si-CH3 group symmetric deformation of PDMS of -CH3 in Si-CH3 [36,37]. The band at 1423 cm−1 is attributed to asymmetric C-H bending on Si-CH3, and 2157 cm−1 corresponds to Si-H stretching [38]. The band at 1680 cm−1 corresponds to vibrations of oxalic acid. The signal at 1687 cm−1 is attributed to vibrations of the Si-O- bonds in TEOS/PDMS. This signal is more intense and shifts to the left in the S40 sample, indicating a formation of the silanol group (Si-OH) [39]. The signals over the band at 1000 at 1200 cm−1 summarize the vibrations at 1062 and 1092 cm−1 of the Si-O-Si (stretching) [40]. The band observed at 700 cm−1 is attributed to the rocking vibration of –(CH2)n of the residual ethanol in the films [41]. The bands at 1500 to 1300 cm−1 are attributed to the C-H stretching and bending modes of the residual organic groups in the film [42], which are more visible in the S40 composite.



According to the ATR-FTIR results, it is possible to observe that the chemical changes between the SiO2-TiO2 composites are minimal. However, there are significant differences compared to a direct method of sonochemistry application in the synthesis process, as previously reported by Rosales et al. (2022) [24]. These differences have an impact on the properties of the SiO2-TiO2 film. The bands of Si-O-Si, SiO2-O-CH3 (1200–1000 cm−1) are more intense and broader, indicating an increase in the presence of vibrations of SiO2 [43]. Furthermore, vibrations 2157 and 1667 cm−1 are more intense, attributed to the high availability of Si-H and oxalic acid bonds.



Figure 4 shows the XRD pattern of the SiO2-TiO2 film. The diffractogram exhibits the characteristic signal at 25–30° of the SiO2 amorphous phase (JCPDS PDF No. 46-1045) [44]. In the S30 film, the amorphous of the film is notable, with the signal below 20° being more intense [45]. Additionally, it is possible to observe the characteristic (1 1 0) plane at 27.5° of the TiO2 rutile phase (JCPDS PDF 21-1276) [46], and (1 0 1) plane at 25.28° of the TiO2 anatase phase (JCPDS PDF 21-1272), the last one is possible to see only in an S40 film.



The contact angle was determined over aluminum foil and glass substrates to compare the behavior of the SiO2-TiO2 films in smooth-rigid and smooth-flexible surfaces, with a contact angle before the application of SiO2-TiO2 films of 45 ± 0.3° for glass and 65° for aluminum foil. The SiO2-TiO2-S40 film exhibits a contact angle of 92.03° ± 1.48° and 98.45° ± 1.56° (Figure S1) for the aluminum foil and glass substrate, respectively. On the other hand, the SiO2-TiO2-S30 film shows a contact angle of 85.3° ± 1.60° and 97.36° ± 1.15° for aluminum foil and glass, respectively (Table S2). The difference between the films S30 and S40 on glass is attributed to the ultrasonication time, corroborating the effect of the sonochemistry in the SiO2-TiO2 composite as A. Rosales et al. 2021 reported [24]. In this way, the difference in the contact angles across different surfaces is attributed to (i) the substrate nature, (ii) the method of ultrasonication during the synthesis process, and (iii) the film application technique, which all combined, leads to the formation of cracks over the surface. These micro-fissures help the films’ hydrophobic state by facilitating the trapping of air molecules. These micro-fissures can be attributed to the malleability of aluminum foil and the tiny air pockets that can be trapped in the surface [47], resulting in a reduction of around 5 degrees in the contact angle compared to the glass substrate. Despite the decrease in the contact angle according to the surface change, it can be said that the SiO2-TiO2 films preserve the hydrophobic properties.




3.2. Antimicrobial Activity Evaluation


The antibacterial activity of SiO2-TiO2-S30 and -S40 films was observed against Gram-positive and Gram-negative microorganisms. Figure 5 shows the number of bacteria E. coli and S. aureus in terms of CFU after 24 h incubation time. After incubation, the reduction percentage in E. coli viable cells was 7.4% and 94.2% for the S30 and S40 films, respectively (Figure 5a). On the other hand, the reduction percentage in viable cells of S. aureus was 3.1% and 52.3% for the S30 and S40 films, respectively (Figure 5b). The effect of the SiO2-TiO2 films on S. aureus was minor than for E. coli (see Table S3). The difference in the results is related to the difference between Gram-negative and Gram-positive bacteria, precisely due to the different cell wall structures contained in each bacteria type. A layer of lipopolysaccharides in E. coli shows an affinity for adhering the film to the cell membrane. This layer is lacking in Gram-positive bacteria, leading to resistance [48].



These results show a significant difference between the SiO2-TiO2 films. The SiO2-TiO2-S30 exhibits a similar performance compared to the control. Meanwhile, the SiO2-TiO2-S40 shows a significative difference compared to the control, proving an inhibition growth of Gram-negative and Gram-positive bacteria, which is more noticeable for the Gram-negative microorganism (E. coli). The observed results suggest that the sonochemical reaction time enhances the antibacterial activity by modifying the physicochemical properties, including crystallinity, roughness, and morphological differences, thus increasing antibacterial properties [49]. According to XRD analysis, prolonged sonochemical time (S40) increases the crystallinity of TiO2, thereby enhancing its antimicrobial properties. Moreover, SiO2-TiO2-S40 films exhibit a higher roughness value (18.7 ± 2.47 nm) compared to SiO2-TiO2-S30 (11.55 ± 1.33 nm) [50] enhancing their hydrophobic properties. It is worth noting that the cell wall composition of Gram-negative bacteria is more highly hydrophobic than the Gram-positive bacteria cell wall [51]. In this context, the coating SiO2-TiO2-S40 exhibits significant antibacterial activity against Gram-negative bacteria such as E. coli compared to S. aureus.



The SiO2-TiO2-S40 films were evaluated against two Gram-negative P. aeruginosa strain bacteria to confirm the antibacterial action. In this case, it is worth mentioning that a strain resistant to ciprofloxacin was included as it is important to develop new technologies to avoid infections produced by antibiotic-resistant bacteria. The results obtained against both strains of P. aeruginosa are shown in Figure 6. After the 24 h incubation period, the reduction percentage in P. aeruginosa ciprofloxacin-resistant strain viable cells was 77.8%. Meanwhile, the reduction percentage in P. aeruginosa ATCC9072 was 80%, (Table S3).



Vladkova et al. (2020) evaluate the antibacterial activity of TiO2-SiO2 with and without Ag NPs using E. coli as Gram-negative bacteria, observing damage in the cells by the antimicrobial action of TiO2-SiO2 material, with a reduction of 87% in cell viability at 24 h [52]. Yinfan et al. (2019) demonstrated the inactivation of E. coli in TiO2@SiO2 composites, which improve with the increase in TiO2 under UVA and visible light irradiation [53].



In this way, the SiO2-TiO2-S30 and -S40 films over aluminum foil have antibacterial properties over Gram-positive (S. aureus) and Gram-negative (E. coli) microorganisms. The films presented significative differences in performance, specifically with the Gram-negative organisms, with a growth reduction percentage up to 80%, as observed in Figure 6 under visible light. Furthermore, it can be proposed that these results are attributed to the hydrophobic and antimicrobial properties of the composite SiO2-TiO2, where the increase in the contact angle inhibits the adhesion of microorganisms, consequently inhibiting their growth. Additionally, the presence of the anatase and rutile phase of TiO2 contributes to the antimicrobial activity. Moreover, the molar ratio of TiO2 is lower than that of SiO2, resulting in the combined antimicrobial effect of TiO2 and the hydrophobic properties of SiO2 and PDMS [54]. These differences between SiO2-TiO2 films were modified using the indirect method of ultrasound irradiation application and the reaction time of the synthesis method.



The effect of SiO2-TiO2-S30 and SiO2-TiO2-S40 materials observed in Pseudomonas strains highlights the importance of developing new materials to counteract the resistance-to-antibiotics problem. In Pseudomonas microorganisms, several resistance mechanisms are well-documented, either intrinsic or acquired by horizontal gene transfer [55,56]. Recently, it was demonstrated that in P. aeruginosa, resistance to levofloxacin (LVX) is related to its capacity to upregulate DNA repair genes. Also, specific proteomics changes were detected in P. aeruginosa as an adaptive response to treatment with several antibiotics [57,58]. Using a SiO2-TiO2 composite as coatings is a viable and sustainable alternative to combat these resistant microorganisms. Also, it is worth mentioning that the sonochemical process in the synthesis method allows a material with hydrophobic, mechanical, photocatalytic, and microbial properties to be obtained. Nevertheless, the direct and indirect sonochemistry processes modify the reaction time and temperature due to the energy transfer mechanism, which affects the energy efficiency related to the complete synthesis method but not the final result in the SiO2-TiO2 composite [59]. It is essential to clarify that the SiO2-TiO2 film is proposed for packaging without direct contact with the food for the alimentary industry. This SiO2-TiO2 composite is a suitable option in this research area, related to the previously studied hydrophobic, photocatalytic, and mechanical properties [24,25,60,61].





4. Conclusions


The SiO2-TiO2 composite has been previously studied as a hydrophobic and self-cleaning coating with applications over mortar and glass [20,21]. Regarding those results, in this work, the composite was proposed to be studied as a functional SiO2-TiO2 film with antimicrobial activity for the alimentary packaging industry, synthesized by the sol–gel method coupled with an indirect ultrasonic method, as is the ultrasonic bath. The SiO2-TiO2-S30 and SiO2-TiO2-S40 films inhibited cell growth in aluminum foil surfaces. The increase in the sonochemistry reaction time in the synthesis method reflects a change in the hydrophobic and antibacterial activity to establish a morphological relationship between physic-chemical results and antimicrobial performance. The SiO2-TiO2-S40 significantly reduced the growth percentage in E. coli (94.2%), P. putida (80.0%), and P. aeruginosa (77.8%) compared to the control. According to the obtained results, the SiO2-TiO2-S40 film might be considered a functional film that would help to preserve the safety and increase the shelf-life of foods for innovative packaging in the alimentary industry. The indirect sonication method is effective in developing hydrophobic and antimicrobial surfaces. Previous research, in our group, tested the physical and chemical durability of the SiO2-TiO2 films, obtaining results for up to three months under weathering conditions.



The low intensity of the ultrasonic bath allows obtaining similar results and properties as the direct ultrasonic method. It is important to emphasize that the energy efficiency and the rate of the chemical reaction are lower than with the sonochemical direct method. Nevertheless, in this case, for the SiO2-TiO2 composite, it is possible to obtain promising results similar to the same composite synthesized by the sonochemical direct method (self-cleaning, hydrophobicity, microbial, and mechanical properties), which leads to reduced cost production by the instrument’s availability.
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Figure 1. TEM images of SiO2-TiO2 composite (a) S30, (b) S40, and SEM images of SiO2-TiO2 films (c) S30, and (d) S40. The red lines mark the average size. 
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Figure 2. AFM micrographs of the SiO2-TiO2 (a) 30 (b) 40 films. 
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Figure 3. ATR-FTIR spectra of the SiO2-TiO2-S30 and S40 composites in the region between 4000 and 650 cm−1. 
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Figure 4. X-ray diffraction patterns of SiO2-TiO2-S30 and S40 composites. 
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Figure 5. (a) E. coli and (b) S. aureus reduction percentages observed after the SiO2-TiO2-S30 and S40 treatments. 
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Figure 6. Reduction percentages of P. aeruginosa ciprofloxacin-resistant and P. aeruginosa (ATCC 9027) after the SiO2-TiO2-S40 film treatments. 
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