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Abstract

:

This study examined the tensile strength and biocompatibility properties of polyvinyl alcohol (PVA) hydrogel tissue regeneration scaffolds with polylactic acid (PLA) mesh fabric added as reinforcement, with a focus on the impact of heat treatment temperature and the number of layers of the PLA mesh fabric. The hydrogel scaffolds were prepared using a freeze–thaw method to create PVA hydrogel, with the PLA mesh fabric placed inside the hydrogel. The swelling ratio of the PVA/PLA hydrogel scaffolds decreased with increasing layer number and heat treatment temperature of the PLA mesh. The gel strength was highest when five layers of PLA mesh fabric were added, heat-treated at 120 °C, and confirmed to be properly placed inside the hydrogel by SEM images. The MTT assay and DAPI staining using HaCaT cells demonstrated that the cell proliferation was uninterrupted throughout the experimental period, confirming the biocompatibility of the scaffold. Therefore, we confirmed the possibility of using PLA mesh fabric as a reinforcement for PVA hydrogel to improve the strength of scaffolds for tissue regeneration, and we confirmed the potential of PLA mesh fabric as a reinforcement for various biomaterials.
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1. Introduction


Tissue engineering, the implantation of artificial materials, is one of the most researched fields of science and is used in regenerative medicine. Tissue engineering has four main objectives: restoring, replacing, maintaining, or enhancing the function of different types of biological tissues [1,2]. Poly(vinyl alcohol) (PVA) is a highly versatile synthetic polymer that forms hydrogen bonds between and within molecules. It is used in a wide range of biomedical applications, including as a scaffold for cell culture, an embolic agent, and wound dressing. Its excellent biocompatibility makes it an ideal biomaterial [3]. PVA hydrogels are highly biocompatible and behave like living tissues when they absorb large amounts of water and form three-dimensional scaffolds through physical and chemical crosslinking. They are a key biomaterial for drug delivery systems and tissue engineering [4]. However, the mechanical properties of PVA hydrogels limit their application as biomaterials, requiring structural improvements. Related research is underway to improve their mechanical properties. In particular, studies have reported that the physical structure and mechanical strength of PVA hydrogel scaffolds influence cell growth behavior [5]. PVA exhibits strong hydrophilicity due to the large number of hydroxyl groups in the polymer chain. This allows water molecules to enter the polymer chain in a humid environment, causing it to swell and reducing its barrier properties and mechanical properties [6]. This can be overcome by using chemical crosslinking agents to improve resistance to water through the crosslinking reaction of PVA. Chemical crosslinkers for PVA include glutaraldehyde [7,8,9,10], glyoxal [11], hexamethylene diisocyanate [12], and boric acid [13,14], among others. Among these, aldehyde-based crosslinkers such as glutaraldehyde and formaldehyde are especially effective. However, chemical crosslinking has the disadvantage of being toxic to cells, making it difficult to use in food and pharmaceuticals, and causing environmental pollution [15]. Heat treatment is sometimes used to increase the crystallinity of PVA to increase its stability in water. However, in this case, physical crosslinking by aggregation can interfere with the crystallization of PVA, reducing its crystallinity [16]. This reduces its mechanical strength. In addition to chemical crosslinking, using the freeze–thaw method with PVA hydrogels results in the physical crosslinking of the polymers in the hydrogel, which improves mechanical properties and loses water-soluble properties [17].



Poly(lactic acid) (PLA) is a natural-based biopolymer that is actively used in disposable plastics and medical applications. It is a thermoplastic aliphatic polyester [18] that degrades in vivo, is characterized by biological stability, and has been approved by the U.S. Food and Drug Administration for use in the human body. The U.S. Food and Drug Administration (FDA) has approved PLA as a polymer for use in the human body due to its excellent biocompatibility and low toxicity [19,20,21]. These properties have led to its use in a variety of applications [22,23], including orthopedic screws, pins, and plates. Controlled drug delivery devices, scaffolds for bone regeneration, and its excellent mechanical strength have made it a widely used scaffold material [24,25]. Another example of a disposable textile product that utilizes biodegradable plastics is the tea bag, which is made from PLA monofilament. PLA tea bags are made by extruding PLA into monofilaments by melt-spinning and then making it into a mesh fabric, where tea powder is placed inside the mesh fabric with certain pores. The tea ingredients are extracted through the pores of the mesh fabric. In our previous work, we demonstrated the scaffold applicability of PLA mesh fabric using PLA mesh fabric alone [26], but to the best of our knowledge, this is the first time that reinforcement of PLA mesh fabric has been applied to PVA hydrogel.



In this study, we prepared a PVA hydrogel and added PLA mesh fabric inside it as reinforcement to improve the mechanical strength of the scaffold for tissue regeneration and its effect on cell proliferation.




2. Results and Discussion


2.1. Gel Content and Swelling Ratio


Figure 1 shows the gelation content and swelling ratio of PVA/PLA hydrogels as a function of PLA heat-treated temperature and number of layers. The control sample consisted solely of PVA hydrogel without any PLA reinforcement. The graph clearly demonstrates that the gelation content does not have a significant difference depending on the PLA heat-treated temperature and the number of layers. PLA reinforcement did not significantly affect the gel formation of PVA using the freeze–thaw method. However, the swelling ratio decreased from 430 to 378, 348, 326, 320, and 300% as the heat-treated temperature and number of layers of PLA increased. This is caused by spatial limitations of the PVA polymer in the mold due to PLA insertion. This means that as the number of PLA layers increases, there is less space for the PVA polymer to enter the mold. The higher PLA heat-treated temperature fills the pores in the mesh fabric, making it more difficult for the PVA polymer to penetrate the PLA, resulting in a smaller amount of PVA polymer forming in the mold.




2.2. Gel Strength


Figure 2 shows the tensile strength results of the PVA/PLA hydrogel scaffold as a function of the number of layers of PLA mesh fabric and the heat-treated temperature. Figure 2a demonstrates that as the number of layers increased, the tensile strength of the PLA mesh fabric tended to increase. The results are unambiguous. Figure 2b shows the tensile strength results with the number of layers fixed and the heat-treated temperature increasing. The tensile strength tended to decrease as the heat-treated temperature increased. These results confirm that five layers of PLA mesh fabric heat-treated at 120 °C with PVA hydrogel as reinforcement is the optimal condition. This is consistent with the decrease in the swelling ratio. The decrease in strength is due to the high heat-treated temperature filling the pores of the PLA mesh fabric, making it difficult for the PVA polymer solution to penetrate and completely envelop the PLA mesh fabric.




2.3. FT-IR


FT-IR analysis confirmed the incorporation of PLA mesh in PVA hydrogel. Figure 3 shows the peaks corresponding to the -OH stretching vibration of PVA in the range of 3000–3600 cm−1 and the C-H stretching vibration in the range of 2800–3000 cm−1. Furthermore, in samples containing PLA mesh, a distinct peak corresponding to the C=O stretching vibration was observed at 1735 cm−1.




2.4. DSC


Figure 4 shows the DSC measurement results of the PVA/PLA scaffold. The measured melting temperatures (Tm) are shown in Table 1. The scaffold reinforced with PLA mesh fabric exhibited two distinct melting peaks: the PLA peak at T1 and the PVA peak at T2. The melting point of the PLA mesh fabric did not change significantly with the heat treatment temperature. However, the sample heated at 140 °C had a lower melting point, by 10 °C. This phenomenon is believed to be the result of incomplete crystal formation when PLA mesh fabric is heated at high temperatures.




2.5. SEM


Figure 5 shows the SEM measurement results of the PVA/PLA hydrogel scaffolds as a function of the heat treatment temperature of PLA and the number of layers. The results are clear: The PLA mesh fabric was properly positioned inside the hydrogel. Cross-sectional measurements did not show any changes in appearance between samples. However, the thickness of the PLA mesh fabric tended to decrease with an increase in heat treatment temperature, especially for the sample with five layers. This led us to conclude that the PLA mesh fabric was thermally fused as the heat treatment temperature increased, leading to a decrease in strength.




2.6. MTT Assay


Figure 6 shows the results of the biocompatibility and cell adhesion characterization of the PVA/PLA hydrogel. Comparative studies were conducted among two-dimensional control (2D), an unreinforced PVA hydrogel (control), and PVA/PLA hydrogels with embedded PLA mesh fabrics subjected to varying heat treatments of 120, 130, and 140 °C. The scaffolds displayed uniform initial cell adhesion, with no notable difference in proliferation rates between the PVA/PLA scaffolds and the control over the initial culture period. The marked proliferation increase on the fifth day versus the first day clearly demonstrates the nontoxic nature and compatibility of the hydrogels for cellular growth. It is clear that the optimal reinforcement effect was achieved at 120 °C, which also coincided with the highest recorded cell proliferation. This suggests a positive correlation between the thermal conditioning at this temperature and the scaffold’s performance. From the tensile strength and MTT assay results, we confirmed the improvement of tensile strength while maintaining cell viability at the heat treatment temperature of 120 °C. However, a comparison to the two-dimensional control revealed subdued growth, potentially ascribable to the limited duration of the study.




2.7. DAPI Staining


Figure 7 presents the DAPI staining of PVA/PLA hydrogel scaffolds in HaCaT cells, serving as a qualitative metric for biocompatibility and the absence of cytotoxicity. The consistent cell proliferation over a period of five days across all conditions underscores the biologically inert nature of the scaffolds. Notably, the reinforcement of PVA scaffolds with PLA mesh fabric, particularly following thermal treatment at 120 °C with five layers of mesh, demonstrated a favorable outcome in maintaining cellular viability and integrity. This enhancement is attributed to thermal conditioning, which likely induces a more favorable interface for cellular attachment and growth. Such findings are in alignment with the quantitative MTT assays, affirming the nontoxic profile and compatibility of the PLA mesh-reinforced scaffolds for potential tissue engineering applications. The comprehensive cellular response observed here emphasizes the potential of fine-tuning the structural and thermal properties of scaffold materials to optimize cellular interactions, thereby advancing the design of bioengineered constructs for regenerative medicine.



In this study, we utilized PLA mesh fabric to reinforce PVA hydrogels, markedly enhancing their mechanical strength and biocompatibility for tissue regeneration applications. The selection of PLA was driven by its cost-effectiveness, commercial availability, and established usage in products like tea bags. While other biodegradable polymers, such as PGA, PLGA, and PCL, offer benefits like tunable degradation rates, their higher costs and lack of commercial availability as mesh fabrics present significant limitations. These polymers possess unique properties that could be leveraged for specific biomedical applications.



Future research should investigate the use of various biodegradable polymer mesh fabrics to optimize the reinforcement of PVA hydrogels across a broad spectrum of biomedical applications. This study lays a crucial foundation for advancing the potential of biodegradable polymers in tissue engineering and regenerative medicine.





3. Conclusions


Our investigation into the synergistic effects of PLA mesh reinforcement within PVA hydrogel matrices, subjected to freeze–thaw physical crosslinking, revealed a complex interplay between the materials. While the inclusion of PLA mesh did not significantly alter the intrinsic gel content of the PVA/PLA composite, we observed a discernible decrease in swelling ratio with increased PLA mesh layers and heat treatment temperatures. This outcome is attributed to spatial constraints within the mold, where enhanced PLA layering and thermal conditions contribute to a void reduction on the mesh surface, thereby diminishing the swelling capacity.



Notably, additional PLA layers significantly enhanced mechanical integrity, with a peak increase of 36% in tensile strength observed in the quintuple-layered, 120 °C heat-treated scaffolds compared to the unenhanced controls. The heat treatment at 120 °C was clearly superior, displaying a 33% greater mechanical strength than scaffolds processed at 140 °C. This underscores the efficacy of optimal thermal processing in scaffold reinforcement strategies. The MTT assay results clearly showed that there were no significant differences in cellular proliferation rates between the PVA and PVA/PLA hydrogel. This demonstrates that the hydrogel is inherently noncytotoxic. Furthermore, the DAPI staining assays provide additional evidence of the hydrogel’s biocompatibility, with unimpeded cellular proliferation across the observation timeline.



Our findings highlight the importance of optimizing thermal processing conditions and PLA mesh layering to enhance the mechanical robustness of PVA hydrogels. Reinforced hydrogels are structurally robust, biocompatible, and hold significant potential for future biomaterial applications.




4. Materials and Methods


4.1. Materials and Chemicals


The PVA used in the experiments was grade F-17 from OCI Inc. Seoul, Republic of Korea, with a polymerization degree of 1700, a crystallinity of 98–99.5%, and a molecular weight of 74,800 g/mol. The PLA mesh fabric was manufactured by CircuLon (MA)TM (Fairfield, CA, USA) as a 30-denier monofilament using 100% non-GMO PLA. The fabric specification was a plain weave with a density of 90 warp yarns/inch each, approximately 100 μm thick, 200/218 μm pore size, 60% porosity, and 25 g/m2 weight for tea bags provided by CORESHTECH Co. Ltd., Daegu, Republic of Korea.




4.2. Preparation of PVA/PLA Mesh Hydrogel Scaffold


The PLA mesh fabric for tea bags was cut into 10 cm × 10 cm pieces and then laminated with 1, 3, and 5 sheets at 120 °C (120/1, 120/3, 120/5) using a hot press to bond the fabric layer by layer to produce comparative samples based on the number of layers. Also, to produce comparative samples based on temperature, 5 sheets of fabric were laminated and hot-pressed at 120, 130, and 140 °C (120/5, 130/5, 140/5) to prepare samples. The fabrics were placed between two square silicone molds (4.5 cm × 4.5 cm) and fixed in the center of Petri dishes (90 cm × 15 mm). Next, to prepare the PVA hydrogel, 8 wt% PVA was added to DI water and dissolved at 100 °C for 5 h to prepare a mixed aqueous solution. The mixed aqueous solution was kept at the same temperature until the bubbles disappeared at 80 °C. The prepared PVA mixed aqueous solution was poured into the Petri dish with PLA mesh fabric installed and shaped. The polymer solution poured into the mold was left at room temperature for 3 h and then subjected to physical crosslinking using the freeze–thaw method and left at 40 °C for 48 h to prepare the hydrogel, as shown in Figure 8. The physical crosslinking using the freeze–thaw method was repeated three times by rapidly freezing the mold in a deep freezer at −58 °C and thawing at 40 °C. The prepared scaffolds were used by removing the molds.




4.3. Gel Content


To remove polymers that did not participate in the crosslinking reaction, the hydrogel was washed with stirring for 24 h at room temperature. The hydrogel was taken out after the washing process, the water on the gel surface was removed, and the gel was placed in an oven at 40 °C to dry for 24 h.



The gel content was expressed as a percentage by dividing the weight of the dried gel (Wd) by the initial polymer weight (Wi), as shown in Equation (1). The value was measured repeatedly (n = 10), and the mean value was calculated.


Gel content (%) = Wd/Wi × 100



(1)








4.4. Swelling Ratio


The hydrogel was dried at 40 °C for 24 h and weighed (Wa). The dried sample was immersed in distilled water at room temperature for 48 h and weighed (Ws), and the swelling was calculated using Equation (2). The value was measured repeatedly (n = 10), and the mean value was calculated.


Swelling ratio (%) = Ws/Wa × 100



(2)








4.5. Gel Strength Analysis


To investigate the physical properties of PVA/PLA mesh hydrogels, the tensile strength was measured at room temperature using AGS-X (Shimadzu Co., Kyoto, Japan). The thickness of the hydrogel specimen for tensile strength measurement was 30 mm, and the diameter was 10 mm. The cross-head speed of the strength measurement was 50 mm/min, and the value was measured 3 times and averaged.




4.6. FT-IR Analysis


An FT-IR analyzer, Nicolet iS20 (Thermo Scientific, Waltham, MA, USA), was used to measure the changes in the structure of the prepared hydrogels. These changes were analyzed in the wavelength range of 4000-600 cm−1 by taking four measurements with a resolution of 4 cm−1.




4.7. DSC Analysis


The thermal behavior of the hydrogel was measured using a differential scanning calorimeter DSC Q200 (Ta Instruments Co., New Castle, DE, USA). The temperature range was 40–250 °C in a nitrogen gas atmosphere, and the temperature rise was measured at 10 °C/min.




4.8. SEM Analysis


The cross-sectional and side-sectional views of the PVA/PLA hydrogel scaffolds were measured using an electron scanning microscope S-4800 (Hitachi, Tokyo, Japan).




4.9. MTT Assay


To determine the cell viability of the hydrogels, they were cut into squares with a diameter of 1 cm, disinfected with ethyl alcohol at concentrations of 20, 40, 60, 80, and 100% at 1 h intervals, and then sterilized in 70% ethyl alcohol for 24 h. The HaCaT cell culture medium was prepared using Dulbecco’s modified Eagle medium (DMEM, Gibco-BRL, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS, Gibco BRL) and 1% antibiotics (penicillin–streptomycin, Gibco BRL), and then dispensed into cell culture flasks and cultured at 37 °C, 5% CO2 environment. The culture medium was changed daily. Monolayer cells formed in the incubator were detached using 0.05% trypsin–EDTA (Gibco BRL), centrifuged at 1000× g at 4 °C for 5 min, and then diluted with culture medium.



Cell viability was determined using the MTT assay. The cells (1 × 104 cells/mL) were seeded in a 24-well plate and incubated for 24 h. Afterward, the cells were washed with phosphate-buffered saline (PBS), and MTT solution (5 mg/mL, Sigma-Aldrich, Burlington, MA, USA) was added to each well, followed by a 4 h incubation. The culture medium was discarded, and 100 μL dimethyl sulfoxide (Sigma-Aldrich) was added to dissolve formazan crystals. This mixture was then incubated for 20 min at room temperature. The absorbance was measured at a wavelength of 450 nm with a microplate reader (AMR-100, ALLSHENG Inc., Hangzhou, China), and the results were compared with those of the control at intervals of 1, 3, and 5 days).




4.10. DAPI Staining


DAPI staining was performed to observe morphological changes in cell nuclei. The cultured cells were washed with DMEM, followed by PBS, and then fixed in 10% formaldehyde for 15 min at room temperature. After fixation, the cells were washed with PBS and stained with 200 μL of DAPI solution for 10 min at room temperature. Following staining, the cells were washed again with PBS and analyzed under a fluorescence microscope (Eclipse Ts2R, Nikon Inc., Tokyo, Japan).




4.11. Statistical Analysis


Statistical analysis was performed using SAS software (version 9.4; SAS Institute, Cary, NC, USA). The results are expressed as means ± standard deviations. A t-test was employed to evaluate pairwise differences between the two groups, with a significance threshold of p < 0.05. Additionally, a one-way analysis of variance (ANOVA) with Duncan’s multiple-range test was conducted to identify significant differences between groups (p < 0.05).
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Figure 1. Gel content (a) and swelling ratio (b) of PVA/PLA hydrogels for different heat-treated temperatures and number of PLA mesh layers. Different letters denote statistically significant differences (p < 0.05) as determined by one-way ANOVA followed by Duncan’s multiple-range test.(n.s = No Significance). 
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Figure 2. Tensile strength of PVA/PLA hydrogels: (a) for different numbers of PLA mesh layers at 120 °C; (b) for different heat-treated temperatures of 5 layers of PLA mesh. The data are presented as mean ± standard deviation. Significant differences between treatments were identified using a two-sample t-test (* p < 0.05) and are denoted by asterisks. Post hoc analysis using one-way ANOVA and Duncan’s multiple-range test revealed significant differences (p < 0.05) between groups, which are indicated by different letters. 
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Figure 3. FT-IR spectra of PVA/PLA (5 layers) scaffold for different heat-treated temperatures. 
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Figure 4. DSC curves of PVA/PLA (5 layers) hydrogels for different heat-treated temperatures. 
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Figure 5. SEM image of the PVA/PLA hydrogels for different heat-treated temperatures and numbers of layers. 
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Figure 6. MTT assay test result of PVA/PLA hydrogels for different heat-treated temperatures in HaCaT cells. Significant differences between 1 day and 5 days are denoted by asterisks (** p < 0.01, *** p < 0.005). 
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Figure 7. DAPI staining of PVA/PLA hydrogel scaffolds in HaCaT cell. 
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Figure 8. Schematic diagram of PVA/PLA scaffold manufacturing method. 
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Table 1. Melting temperature for PVA/PLA scaffolds.






Table 1. Melting temperature for PVA/PLA scaffolds.





	
Hot Press Temperature (°C)/Number of PLA Layer

	
Melting Temperature (°C)




	
T1

	
T2






	
Control

	
-

	
222.01




	
120/5

	
158.88

	
221.30




	
130/5

	
158.28

	
220.59




	
140/5

	
155.39

	
211.97
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