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Abstract

:

It is still crucial to improve the mechanical characteristics of polyvinyl alcohol (PVA) films without resorting to chemical cross-linking. In this study, boric acid (BA) was used to enhance the mechanical characteristics of PVA films while maintaining their excellent transparency and biodegradability. The hydrogen bond interaction between PVA and BA resulted in a 70% increase in tensile strength (from 48.5 to 82.1 MPa) and a 46% increase in elongation at break (from 150 to 220%). To introduce antibacterial properties, polyhexamethylene guanidine hydrochloride (PHMG) was incorporated into PVA/BA composite films resulting in PVA/BA/PHMG composite films. The PVA/BA/PHMG films exhibited 99.99% bacterial inhibition against Escherichia coli and Staphylococcus aureus with negligible leaching of PHMG. The PVA/BA/PHMG films maintained a tensile strength of 75.3 MPa and an elongation at a break of 208%. These improved mechanical and antimicrobial properties make PVA/BA and PVA/BA/PHMG films promising for applications in food and medicinal packaging.
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1. Introduction


In recent years, there has been an increasing interest among researchers of various sciences in polymers that exhibit excellent biocompatibility, biodegradability, and potential for modification [1,2]. Polyvinyl alcohol (PVA) has been widely used in films [3,4,5], hydrogels [6,7,8,9], fibers [10,11,12], nanobody-based beads [13], and other fields due to its good mechanical properties, oxygen barrier [14,15,16], optical transparency, biocompatibility, and biodegradability. Water-soluble PVA film is an emerging green and environmentally friendly material that is non-polluting, non-toxic, and suitable for food and pharmaceutical packaging [17,18,19,20].



A crucial need is for the PVA film to have excellent mechanical characteristics. The mechanical characteristics of PVA film were typically enhanced by physical mixing and cross-linking modification. One of the key techniques for producing high-performance polymer compounds is physical mixing [21,22]. The additives, such as graphene oxide (GO) [22], silver nanoparticles [23], and silica [24], might interact with the hydroxyl group on PVA. Zhu et al. [22] combined GO and single-walled carbon nanotubes with PVA films to boost their tensile strength from 34.6 to 62.8 MPa. Fan et al. [23] found that adding silver-loaded nano-cellulose enhanced the tensile strength of PVA films, and the nanocomposite films displayed reduced moisture absorption and efficient antibacterial properties. The cross-linking of PVA films includes radiation cross-linking and chemical cross-linking [25,26]. Irradiation cross-linking can form new linkage bonds via the free radicals generated by radiation. In order to create three-dimensional porous foam structures, Sabourian et al. [25] exposed PVA/polyvinylpyrrolidone mixes to   γ   rays. This enhanced the tensile strength of PVA foams from 0.43 to 0.54 MPa and the elongation at break from 30 to 205 percent. Macromolecular chains are connected to create a network structure using chemical cross-linking. According to Chen et al. [26] the PVA that had been cross-linked with sodium borate under these circumstances increased in tensile strength (from 23.3 to 66.5 MPa) but decreased in elongation at break (from 60% to 30%), and its degradable characteristics deteriorated. The antimicrobial properties of PVA films are also in great demand. Blending [27,28,29] and graft modification of PVA [30] are the common methods to obtain antimicrobial PVA films.



A quick and effective way to achieve antibacterial characteristics is by physical mixing. Antimicrobial PVA was created using a variety of antimicrobial substances, including chitosan [27,28], TiO2 [29], and silver [30]. Growing interest is being paid to TiO2 and other photo-catalytical antibacterial substances with potent bactericidal properties. Ma et al. [29] created a TiO2/N-halamine nanoparticles/PVA composite film that, in 30 min, rendered 99.97% of S. aureus and 100% of E. coli inactive. The antibacterial composite PVA films also showed outstanding storage stability, regeneration potential, and UV light stability. Physical blending has the drawback of causing the blended antimicrobial ingredient to seep from the modified film, reducing the antimicrobial characteristics’ longevity. Antimicrobial agent leaching may be reduced by graft modification. Mei et al.’s in situ green synthesis approach was used to create N-halamine compound-grafted PVA electrospun nanofibrous membranes with rechargeable antibacterial activity. In order to reduce the amount of E. coli by 6 log CFU in only one minute, the chlorinated dimethylol-5,5-dimethylhydantoin (DMDMH)-grafted PVA nanofiber film shows a combination of qualities, including long-term durability and great mechanical strength. However, processing and the complexity of incompletely reacted monomers continue to be issues. As a reinforcing agent in this study, boric acid (BA), a substance with water solubility, non-toxicity, and bacteriostatic qualities, was selected. Because of its aqueous solubility, wide range, and superior antibacterial capabilities, polyhexamethylene guanidine (PHMG) was selected as the antimicrobial agent. To create PVA/BA films with outstanding mechanical characteristics, PVA solution, and BA solution were combined, then dried. While maintaining a similar elongation at break to pure PVA films, the PVA film’s tensile strength was increased thanks to the strong hydrogen bonds between BA and PVA. Additionally, PVA, BA, and PHMG solutions were combined to create PVA, BA, and PHMG films that, thanks to hydrogen bonds, had excellent mechanical properties and were transparent, non-leaching, and antibacterial. It is anticipated that PVA/BA and PVA/BA/PHMG films will be used in the domains of food and pharmaceutical packaging [31,32,33].



To the best of our knowledge, there has not been investigated the potential of the PVA and PVA–BA blends with or without the addition of PHMG as the active agent and their antibacterial and physicochemical properties as a natural preservative in coatings. This work studied the effect of both BA and PHMG (two antibacterial components) on the physicochemical and biological properties of PVA-based materials. The obtained results allowed for an evaluation of a likely increase or decrease in the antibacterial effect of PVA-based materials modified with both biologically active compounds.




2. Experiment


2.1. Materials and Methods


PVA with an average molecular weight of 73,000–78,000 (g/mol) and a hydrolysis degree of 98–99% was purchased from Shanghai Titan Technology Co. (Shanghai, China). The boric acid (AR   ≥   99.5 percent) was provided by Shanghai Aladdin Biotechnology Co. (Shanghai, China). The PHMG with a molecular weight of 740 Da was synthesized using the method described by Wei et al., 2009 [34] (as measured by ESI-TOF-MS).




2.2. Preparation of PVA/BA Films and PVA/BA/PHMG Films


A 10-weight percent PVA aqueous solution was made by mixing 50 g of PVA with 450 g of deionized (DI) water. The mixture was then agitated at 95 °C for four hours. The boric acid (BA) was mixed with the DI water for an hour at room temperature using magnetic stirring. The mixed solution, which was then cast onto glass Petri dishes, defoamed, and dried to make PVA/BA films, was made by mixing PVA and BA solutions in a variety of mass ratios. Films having a PVA/BA concentration of 1.0 wt% BA were recorded as PVA-1.0 wt%, and so on. Next, a group of the dried films was assembled and put to the test. At room temperature, PHMG was dissolved in DI water using magnetic stirring for 4 h. The three solutions, PVA, BA, and PHMG, were combined in various mass ratios, agitated for one hour, then cast on glass Petri plates, and maintained at room temperature. PVA/BA/PHMG-0.1 wt% was the designation for the PVA/BA/PHMG film that included 0.5 wt% BA and 0.1 wt% PHMG, and so on. The dried films were then gathered and examined [22].




2.3. Characterization


2.3.1. Fourier-Transform Infrared Spectroscopy (FTIR)


In order to evaluate the functional groups on the surface, PVA films were scanned using a Nicolet 5700 spectrometer in attenuated total reflectance (ATR) mode across the 4000–400 cm−1 wavenumber range following the method described by Abedinia et al. [35].




2.3.2. Water Solubility (WS)


To calculate the WS, the specimens were initially cut into 5 cm × 5 cm strips. The films were then dried at 60 °C for 24 h to determine their initial dry matter (Mi). The samples were then baked at 20 °C for 28 days in 250 mL of DI water. The samples were dried again for 24 h at 60 °C to reach their final dry weight (Mf). Equation (1) was used to calculate the WS%. The samples were examined three times, and the findings were represented as WS% [35].


  WS   ( % ) =    M i  −  M f     M i     



(1)








2.3.3. Light Transmission


The quantity of light that went through the films in the range of 200–800 nm was measured using an ultraviolet-visible (UV-vis) spectrophotometer (Lambda 950, Perkin Elmer, Waltham, MA, USA). The film samples were cut into 4 cm × 1 cm strips and placed into cuvettes. An empty cuvette was used as a reference. The transparency of the film was calculated with the following Equation (2):


Transparency = −log T/x



(2)




where T is the transmission (%) at 600 nm, and x is the thickness of the film (cm).




2.3.4. X-ray Diffraction (XRD)


Wide-angle XRD was used to analyze the crystalline structures of PVA films using a rotating anode X-ray powder diffractometer (18 KW/D/max2550 VB/PC, Rigaku Corporation, Tokyo, Japan) with Cu Kα radiation (λ = 1.542 Å) at a voltage of 30 kV and current of 15 mA. Film samples were cut into 3 cm × 3 cm and placed on the glass slides, then secured with tapes before being placed in the diffractometer chamber for measurement. The angle diffraction ranges and scanning times were set between 2θ = 1 − 60° and 2° per minute, respectively.




2.3.5. Thermogravimetric Analysis (TGA)


The thermal stability of the PVA sheets was evaluated using TGA (STA409PC, NETZSCH, Selb, Germany). All experiments used samples weighing around 10 mg and were conducted at temperatures ranging from 20 to 600 °C at a rate of 10 °C/min under a N2 (purity ≥ 99.999%.) flow rate of 50 mL/min.




2.3.6. Differential Scanning Calorimeter (DSC)


The thermal properties of the PVA/BA films were evaluated using DSC (Perkin Elmer, Waltham, MA, USA). The sample pan for the DSC apparatus received a sample of about 5 mg. An empty aluminum pan was used as a reference. While being scanned from 0 to 250 °C, samples were heated at a rate of 5 °C/min.




2.3.7. Morphology Observations by Scanning Electron Microscopy (SEM)


The morphology of the films was examined using a SEM (Hitachi S-3400N, Tokyo, Japan) at an accelerating voltage of 15 kV. The samples were coated with gold prior to inspection. Scans were performed by considering the magnification of 4000× [35].




2.3.8. Mechanical Properties


PVA films’ tensile strength and elongation at break were measured using a universal electrical testing apparatus at a speed of 50 mm/min and a temperature of 23 ± 2 °C. (CMT-2203, MTS, Eden Prairie, MN, USA). Each sample had a gauge length of 25 mm. On each sample, at least five tests were run, and the average result was calculated [35].




2.3.9. Antimicrobial Tests


The bactericidal properties of PVA films were assessed using the shaking flask method [32] and the ring diffusion technique [33].



The flask-shaking method is a kind of quantitative test. Before being further diluted to 105 CFU/mL, Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) were cultured in nutritive broth at 37 °C for 24 h. Then, 0.10 g of the sample and 5 mL of the bacterial culture (105 CFU/mL) were combined, and they were shaken for an hour at 250 rpm at 37 °C. Following some shaking, this culture was diluted repeatedly, and 0.1 mL of it was then seeded on LB agar in a Petri dish. After the dishes had been incubated at 37 °C for 24 h, the colonies were counted. The inhibition rate of cell growth was calculated from Equation (3):


Growth inhibition rate = (A − B)/A × 100%



(3)




where A and B stand for the number of bacterial colonies discovered in the control and composite film samples, respectively. The average values of the inhibition rates were calculated after three measurements of each sample were taken.



The ring diffusion test was used to explain the leaching property. The bacterial culture medium was nutrient agar. Agar plates were inoculated with 0.1 mL solutions of E. coli or S. aureus containing 108 CFU/mL. Circular pieces of film with a diameter of 0.5 cm were placed on the agar plates. Following a 24 h incubator incubation period at 37 °C, the inhibition zones’ widths were measured. On each test, duplicate tests were conducted.




2.3.10. Leaching Tests


A 1 g PVA film was soaked in 50 g DI water for seven days at different temperatures. Then, using an ultraviolet (UV) spectrophotometer (Lambda 950, Perkin Elmer, Waltham, MA, USA) operating in the 190–400 nm wavelength range, the PHMG leaching rates were determined from the soaking solution. The calibration Equation (4) [36,37] of the absorbance at 192 nm of PHMG is as follows:


A192 = 0.06107 + 0.06805CPHMG



(4)




where A192 represents the absorbance at 192 nm, CPHMG represents the concentration of PHMG in µg/mL. The leaching rate was calculated by the following Equation (5):


Leaching rate = CPHMGVW/WA × 100%



(5)




where WA is the weight (g) of incorporated PHMG, VW is the volume (mL) of the soaked solution, and CPHMG represents the concentration of PHMG in µg/mL of soaked solution.





2.4. Gaussian Simulation


The intra- and intermolecular hydrogen bonding in the PVA/BA system was evaluated using Gaussian simulation. Gaussian 09W is the Gaussian variation. The structural optimization approach is b3lyp/6–31g**, and the energy of the H-bond is then determined using def2Tzvpp/m062x based on the electron density of the bond-critical point. The equation is as follows:


    E   H B   = − 223.08 × ρ   B C P   + 0.7423  



(6)




where   ρ   B C P     is electron density at bond-critical points,     E   H B     is the energy of the H-bond [38]. The bond-critical point is a positive saddle point on the potential energy surface.




2.5. Statistical Analysis


All the tests on each sample were performed in triplicate. Data were analyzed using one-way analysis of variance (ANOVA) in SPSS 22.0 (Chicago, IL, USA). Significant differences in the mean values were examined using Duncan’s multiple range test at p < 0.05. The results are expressed as mean and standard deviation.





3. Results and Discussion


3.1. Transparency and UV(Ultraviolet–Visible) Absorption of Films


High optical transparency is a crucial characteristic of PVA films. The transmittance-wavelength curves from the UV-vis spectrophotometer used to evaluate the transparency of PVA/BA films are shown in Figure 1. In the 250–800 nm range, pure PVA films show excellent transparency, especially in the visible region where the transmittance approaches 91%. The PVA and BA films both have equivalent optical transparency. The great compatibility of PVA and BA, which is most likely brought on by their strong H-bond interaction, is what accounts for the high transparency.



Leaching tests revealed that the UV absorption spectra of the PVA/BA/PHMG-1 wt% film soaking solution after seven days of immersion are shown in Figure 1b. The breakdown rate of PHMG as determined from the UV absorption spectra is shown in the attached table to Figure 1(a3). The strength at 192 nm rose with the rise in immersion temperature, and the absorption peak at that wavelength is attributed to PHMG. At 20 °C, 30 °C, and 40 °C of immersion temperature, the dissolving rates of PVA/BA/PHMG-1 wt% films were 0.18 percent, 0.20 percent, and 0.21 percent, respectively. The PVA/BA/PHMG-1 wt% film’s low PHMG dissolution rate suggested that PHMG had been integrated with the PVA matrix. Guo et al. [32] also obtained similar results after treating PVA with PHMB to increase the antibacterial performance of cotton dressings with ultraviolet radiation for seven days and were able to maintain the antibacterial rate of 99.99%.




3.2. Mechanical and Water Solubility Properties of Films


The pure PVA films had tensile strength and elongation at a break of 48.5 MPa and 150.3%, respectively (Figure 2). As more BA was added up to 0.5 weight percent, the tensile strength of PVA/BA films increased, reaching 82.1 MPa for PVA-0.5 wt percent (Figure 2a). However, as the amount of BA was increased above 0.5 wt%, the tensile strength of PVA/BA films decreased, reaching 66.7 MPa for PVA-1.0 wt%. The maximum tensile strength for PVA-0.5 wt% may have indicated that the H-bond networks and physical cross-linking sites at 0.5 wt% BA may be at an ideal state. The elongation at break is shown in Figure 2b. As the amount of BA within 0.5 weight percent increased, the PVA/BA film’s elongation at break increased. However, the elongation at break of the PVA/BA films decreased as the amount of BA increased above 0.5 wt percent. The change in elongation at break should also be connected to the H-bonds.



The PVA-0.5 wt% film had a tensile strength of 81.2 MPa and an elongation at a break of 220 percent. With the addition of PHMG, PVA/BA/PHMG-0.1 wt% film had a tensile strength of 75.3 MPa and an elongation at a break of 208 percent. The reduction in its mechanical properties may be due to the inclusion of PHMG, which altered the well-ordered structure between PVA and BA.



The water solubility of the films is given in the table below, Figure 2. The PVA-1.0 wt%BA film was barely soluble, whereas the pure PVA and BCPVA-0.1 films were entirely soluble. At greater BA levels, the water solubility rapidly decreased. The possibility of these hydroxyl groups forming bonds with water molecules was reduced due to the cross-linking between BA and the hydroxyl groups of PVA. For a crosslinker inserted into a polymer, similar outcomes were reported [32].




3.3. H-Bond Interaction between PVA and BA


The IR spectra of PVA and PVA/BA films were used to analyze the H-bond interaction between PVA and BA. During the formation of an H-bond, the density of the electron cloud is averaged, which reduces the frequency of stretching vibrations. Pure PVA exhibits a strong and wide absorption band at 3000–3600 cm−1 focused at 3264 cm−1 due to the stretching vibration of hydroxyl groups (O-H), including the massive H-bond (free hydroxyls is usually only observed at 3620 cm−1) Figure 3. Two nearby substantial absorption peaks at 2937 cm−1 and 2907 cm−1 were seen because of the methylene’s stretching vibration. The absorption peak for BA at 3180 cm−1 is assumed to be caused by stretching vibrations of the O-H group. For PVA/BA films, the BA absorption peak at 3180 cm−1 disappeared. The peak of the O-H group is moved from 3264 cm−1 for pristine PVA film to 3241 cm−1 for PVA-0.1 wt%, 3240 cm−1 for PVA-0.3 wt%, 3239 cm−1 for PVA-0.5 wt%, 3240 cm−1 for PVA-0.8 wt%, and 3243 cm−1 for PVA-1.0 wt%. The altered O-H group absorption peak, however, does not demonstrate an H-bond between PVA and BA.



Gaussian simulation may provide the theoretical evidence of the H-bond. The stronger the H-bond, the closer the relative distance between the atoms. In order to reduce the difficulty in the simulation, 1.3-propanediol was chosen as the model compound of PVA in the Gaussian simulation. In electrically neutral systems, the energy of intermolecular H-bonds ranges from 2.5 to 14.0 kcal/mol [31]. In the 1.3-propanediol/H2O system, the calculated energy of H-bonds between water molecules (Figure 4a) was 20.48 kJ/mol, and the energy of the H-bond between 1.3-propanediol molecules (Figure 4d) was 32.31 kJ/mol (Table 1). However, the energy of the H-bond between 1.3-propanediol and BA reached 40.16 kJ/mol, and the total intermolecular force was 72.38 kJ/mol (Table 1). The strength of the H-bond between 1.3-propanediol and BA is stronger than that of the H-bond between 1.3-propanediol and 1.3-propanediol. In addition, the H-bond energy between two 1.3-propanediol molecules and one BA molecule was also simulated, indicating that the biggest energy of the H-bond between 1.3-propanediol and BA reached 43.55 kJ/mol. It was thus predicted that the intermolecular force between PVA and BA should be greater than that between PVA and PVA, which might account for the improvement of PVA/BA films. The elongation at break of PVA/BA films is also increased by this physical improvement, in contrast to the chemical cross-linking, which reduces elongation at break. The hypothesized physical cross-linking network of H-bonds between PVA and BA was based on the outcomes of IR and Gaussian simulations (Figure 5). Due to the interaction of the H-bonds, BA is thought of as a reinforcing agent to enhance both the tensile strength and elongation at break.




3.4. Crystallinity of PVA/BA Films


To determine how the mechanical characteristics of PVA/BA films were enhanced, XRD analysis may be performed. The X-ray diffraction patterns of pure BA, PVA, and various PVA/BA composite films are shown in Figure 5. The neat PVA’s diffraction peaks, which are centered at 2 = 19.6°, serve as a representation of the (101) plane of PVA crystals. A particular crystal is BA (Figure 5b). The PVA diffraction peaks in PVA/BA films did not move when BA was added, indicating that the crystal had not changed in any way. However, as BA concentration rose to 0.5 wt percent of BA, the regions of diffraction peaks at 2 = 19.6° steadily grew before declining in the opposite direction as BA content rose. Consequently, crystallinity peaked when BA content reached 0.5 wt%.




3.5. Thermal Properties of Films


To evaluate the effect of BA and H-bonds on the thermal properties of PVA, DSC, and TGA were utilized. Figure 6 displays the TGA and DTG curves for BA, PVA, and PVA/BA films. The data are summarized below in the figure. Peak temperatures for PVA film thermal breakdown were 297 °C (Tmax1) and 430 °C (Tmax2). The elimination of hydroxyl groups from the side chain and the disintegration of the main chain should happen at 297 °C and 430 °C, respectively. The PVA film’s initial breakdown temperature (Ti) is 242 °C. Ti of the PVA/BA film tended to rise with the addition of BA, reaching a maximum of 268 °C at 1.0 wt% BA, which is 26 °C higher than that of PVA. Tmax1 was divided into two peaks (DTG curves), whether the BA concentration was 0.3 wt% or 0.5 wt%, suggesting a shift in the structure of the films. The Tmax1 became one peak once again at a temperature that was 30 °C higher than 297 °C when the BA concentration was over 0.8 wt%, suggesting that the PVA/BA films should be more stable. Tmax2 of PVA/BA films did not substantially differ from Tmax2 of PVA film, indicating that the main chain’s structural integrity was unaffected.



The last table below the figure summarizes the DSC data. Pure PVA has a melting point (Tm) of 220.3 °C and a degree of crystallinity (c) of 34.8 percent based on 138.6 J/g of melting enthalpy (Hm0) of 100% crystalline PVA. As the BA concentration increased, the crystallinity rose, then fell once the BA level rose above 0.5 weight percent. A maximum crystallinity was observed at 0.5 weight percent BA, according to the XRD data. In addition, X-ray diffraction (XRD) patterns or relative crystallinity decrease with increasing concentration of added materials that interact with the starting material [39].



Although the contents of BA were within 1.0 wt%, BA still had significantly positive effects on the thermal stability and crystallinity of PVA/BA composite films.




3.6. Surface and Cross-Section Morphologies of PVA and PVA/BA Films


The surfaces and cross-sections of the PVA and PVA/BA films are shown in SEM pictures in Figure 7. PVA/BA films have very smooth surfaces with a surface morphology that is comparable to that of pure PVA films. PVA and PVA/BA film cross-sections were likewise in the same, consistent condition. It suggested that PVA and BA worked well together.




3.7. Antimicrobial Properties of PVA/BA/PHMG Films


Since infections caused by pathogenic and resistant bacteria continue to endanger public health, the evaluation and production of antibacterial films, especially against them, are still of interest to scientists [40]. Figure 8 displays the antibacterial graphs of PVA/BA/PHMG and pure PVA film. Significant bacterial growth is seen in Figure 8’s panels a1 and b1, demonstrating that the pure PVA film had no antibacterial effect on E. coli and S. aureus. Figure 8(a2,b2) show the test results for the PVA/BA/PHMG-0.1 wt% film against E. coli and S. aureus. No bacterial growth was seen on the PVA/BA/PHMG-0.1 wt% film in the Petri dishes.



Table 2 shows the results of bacterial inhibition rates of pure PVA films and PVA/BA/PHMG films after water washing. The PVA film and PVA/BA film had no antibacterial properties, while the PVA/BA/PHMG films achieved 99.99% antibacterial rates even after ten cycles of water washing. This indicates that the PHMG is non-leaching.





4. Conclusions


Novel bioactive materials based on poly(vinyl alcohol) (PVA)/BA and PVA/BA/PHMG were successfully synthesized and characterized using X-ray and FTIR techniques. The components were found to be compatible and interacted through hydrogen bonds. The mechanical analysis showed that PHMG acted as a plasticizer, increasing the elasticity of the materials. Similarly, the films containing PVA/PHMG exhibited enhanced bactericidal properties. Introducing poly(hexamethylene guanidine) or PHMG into PVA and PVA/BA mixture improved the thermal stability, attributed to the nitrogen atoms hindering oxygen diffusion. The PHMG also played a role as a dye, as evident from color changes. Surface analysis revealed that PVA/BA films had smoother surfaces due to strong hydrogen bonding, while the addition of PHMG increased hydrophilicity and reduced bacterial adhesion. The PVA/BA and PVA/BA/PHMG films in this investigation were strengthened and transparent via solution casting. Elongation at break and tensile strength of PVA/BA films increased by 46 and 70 percent, respectively. These changes were mainly brought about by the formation of an H-bond between PVA and BA. PVA, BA, and PHMG films have exceptional mechanical properties and broad-spectrum antibacterial properties (antimicrobial rates against Escherichia coli and Staphylococcus aureus more than 99.99 percent). This simple, eco-friendly preparation offers a useful way to produce PVA films that are strong, non-leaching, and antibacterial.
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Figure 1. (a1–a3) UV-vis curves (200–800 nm) of PVA, PVA/BA (a1), and PVA/BA/PHMG (a2) films and the UV absorption spectra of soaking solution of PVA/BA/PHMG-1 wt% samples after immersion in deionized water for seven days (a3). (b) The dissolution rates of PVA/BA/PHMG-1 wt% samples at different temperatures immersion. 
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Figure 2. Mechanical properties of PVA and PVA/BA films. (a) Tensile strength, (b) elongation at break; PVA/BA and PVA/BA/PHMG films, (c) tensile strength, (d) elongation at break and stability of PVA films during 28 days in DI water 15 °C (Significant difference analysis abc letter notation). 
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Figure 3. FTIR spectra of BA, PVA, and PVA/BA films of 2800–3900 cm−1. (1) PVA, (2) PVA-0.1 wt%, (3) PVA-0.3 wt%, (4) PVA-0.5 wt%, (5) PVA-0.8 wt%, (6) PVA-1.0 wt%, and (7) BA. 
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Figure 4. Schemes of H-bonds simulated by Gaussian software. (a) H2O-H2O, (b) PVA-H2O, (c) PVA-PVA, (d) PVA-BA, (e) PVA-BA-PVA, and illustration of hydrogen bonds interaction among PVA and BA. 
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Figure 5. (a) X-ray diffraction of PVA and PVA/BA composite films with various BA contents, (b) X-ray diffraction of BA. 
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Figure 6. TGA (a,c) and DTG (b,d) curves of BA, PVA, and PVA/BA films and their summarized data (Tables). 
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Figure 7. SEM images of films for surfaces (a1,b1,c1,d1) and cross-sections (a2,b2,c2,d2). (a1,a2) pure PVA film, (b1,b2) PVA-0.1 wt%, (c1,c2) PVA-0.3 wt%, and (d1,d2) PVA-0.5 wt%. 
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Figure 8. Antimicrobial photos of pure PVA film against E. coli (a1) and against S. aureus (b1). Antimicrobial photos of PVA/BA/PHMG-0.5 wt% film against E. coli (a2) and against S. aureus (b2) after 10 cycles of DI water washing. 
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Table 1. H-bond length and energy of the intermolecular interaction of H2O-H2O, PVA-H2O, PVA-BA, PVA-PVA, and PVA-BA-PVA calculated by the Gaussian simulation.
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H2O-H2O

	
PVA-H2O

	
PVA-PVA




	

	
Length

	
Energy

(kJ/mol)

	

	
Length

	
Energy

(kJ/mol)

	

	
Length

	
Energy

(kJ/mol)




	
a1

	
1.91

	
20.48

	
b1

	
1.84

	
28.13

	
c1

	
1.78

	
32.31




	

	

	

	
b2

	
1.84

	
28.13

	
c2

	
1.78

	
32.31




	
PVA-BA

	
PVA-BA-PVA




	

	
Length

	
Energy

(kJ/mol)

	

	
Length

	
Energy

(kJ/mol)

	

	
Length

	
Energy

(kJ/mol)




	
d1

	
2.16

	
11.82

	
e1

	
2.41

	
9.43

	
e4

	
2.41

	
9.45




	
d2

	
1.71

	
40.16

	
e2

	
1.61

	
43.55

	
e5

	
1.61

	
43.52




	
d3

	
1.92

	
20.40

	
e3

	
1.83

	
24.87

	
e6

	
1.83

	
24.86
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Table 2. Antimicrobial rates of PVA/BA/PHMG films after washing with DI water.
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Samples

	
Antimicrobial Rates against E. coli (%)

	
Antimicrobial Rates against S. aureus(%)




	
Before Washing

	
Cycles of Water Washing

	
Before Washing

	
Cycles of Water Washing




	
1

	
5

	
10

	
1

	
5

	
10






	
Neat PVA

PVA/BA-0.5 wt%

	
0

0

	
0

0

	
0

0

	
0

0

	
0

0

	
0

0

	
0

0

	
0

0




	
PVA/BA/PHMG-0.1 wt%

	
99.99

	
99.99

	
99.99

	
99.99

	
99.99

	
99.99

	
99.99

	
99.99




	
PVA/BA/PHMG-0.5 wt%

	
99.99

	
99.99

	
99.99

	
99.99

	
99.99

	
99.99

	
99.99

	
99.99




	
PVA/BA/PHMG-1.0 wt%

	
99.99

	
99.99

	
99.99

	
99.99

	
99.99

	
99.99

	
99.99

	
99.99
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