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Poly(vinyl alcohol) (PVA) is a water-soluble polymer and forms a hydrogel that has been studied as a potential small-diameter (<6 mm) vascular graft implant. The PVA hydrogel crosslinked using sodium trimetaphosphate (STMP) has been shown to have many beneficial properties such as bioinert, low-thrombogenicity, and easy surface modification. Compared to conventional synthetic vascular graft materials, PVA has also shown to possess better mechanical properties; however, the compliance and other mechanical properties of PVA grafts are yet to be optimized to be comparable with native blood vessels. Mechanical compliance has been an important parameter to be studied for small-diameter vascular grafts, as compliance has been proposed to play an important role in intimal hyperplasia formation. PVA grafts are made using dip-casting a cylindrical mold into crosslinking solution. The number of dipping can be used to control the wall thickness of the resulting PVA grafts. In this study, we hypothesized that the number of dip layers, chemical and physical crosslinking, and interlayer adhesion strength could be important parameters in the fabrication process that would affect compliance. This work provides the relationship between the wall thickness, burst pressure, and compliance of PVA. Furthermore, our data showed that interlayer adhesion as well as chemical and physical crosslinking density can increase the compliance of PVA grafts.
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INTRODUCTION
Small diameter synthetic vascular grafts, which are grafts with diameter ＜6 mm, are not commercially available due to having low patency. The low patency has been attributed to many mechanical and biological factors (Abbott et al., 1987). Among the different factors, mechanical compliance has been shown as one of the potential parameters that can influence the performance of small diameter vascular grafts (Jeong et al., 2020; Szafron, 2019). Compliance is defined in vascular graft engineering as the elasticity of the conduit when exposed to internal pressure (Szafron, 2019). The commercially available synthetic grafts, such as expanded polytetrafluoroethylene (ePTFE) and Dacron, have significantly lower compliance than native blood vessels (Tai et al., 2000). However, the exact role compliance plays in the failure of small diameter vascular graft still remains elusive (Jeong et al., 2020). This is partially due to the difficulty in fabricating grafts using one material with variable, controllable, and predictable compliance.
One of the materials that is being studied as a potential off-the-shelf small-diameter vascular graft is poly(vinyl alcohol) (PVA) (Pohan et al., 2019; Cutiongco et al., 2015; Yao, 2020; Elshazly, 2004; Cutiongco et al., 2016b). PVA is a bioinert and low thrombogenic polymer that allows for easy chemical and topographical surface modification (Yao, 2020). In addition to having beneficial biomaterial properties, PVA has tunable mechanical properties (Cutiongco et al., 2016b). As a result, PVA is used in various applications. PVA vascular grafts are fabricated via dip-casting using cylindrical molds. PVA grafts have been shown to have dimensions and suture retention strength close to the native artery while withstanding burst pressure higher than that of the maximum systolic blood pressure (Chaouat, 2008). Although PVA grafts have higher compliance than ePTFE grafts, PVA grafts are still not as compliant as the native blood vessels (Pohan et al., 2020). Therefore, there is a need to investigate the different fabrication conditions of PVA grafts to further increase the compliance of PVA grafts. One limiting parameter to increasing compliance is the mechanical integrity of the grafts. As the grafts need to withstand the physiological pressure, increase in compliance cannot sacrifice the mechanical integrity of the grafts to ensure the safety of the patients. One of the parameters used to test the mechanical integrity of the vascular grafts is burst pressure. Burst pressure is the internal pressure at which the graft bursts, and is known to be closely correlated to the wall thickness of a tube (Menon, 2011). The motivation of this study is to make grafts with varying compliance using PVA, and identifying the burst pressure at respective compliance.
To further identify the parameters that can contribute to the mechanical properties of the PVA grafts, the interlayer adhesion and crosslinking density were explored. Interlayer adhesion and crosslinking density have been shown to contributed to dip-casting polymer and hydrogel mechanical properties. An increase in interlayer adhesion is known to increase the mechanical integrity of hydrogels (Kim et al., 2020). Interlayer adhesion is a critical factor since PVA grafts are fabricated through dip-casting multiple layers to reach the desired wall thickness. Additionally, the crosslinking density of the hydrogels can affect the mechanical properties of the polymer (Kim et al., 2020; Leone, 2010; Peppas et al., 2006). Increasing crosslinking density can result in stiffer hydrogels. PVA is a material with multiple mechanisms of chemical crosslinking with different chemical crosslinkers (Puy et al., 2019) and physical crosslinking with physical entanglement or via hydrogen-bonding (XIONG, 2008; Chen et al., 2016). In an effort to increase compliance while maintaining high burst pressure, interlayer adhesion and crosslinking densities were altered by altering fabrication process. We hypothesize that the increase in interfacial energy will allow for higher compliance and higher burst pressure when the grafts have the same wall thickness. Also, we hypothesize that a decrease in crosslinking density will result in higher compliance and lower burst pressure when the grafts have the same wall thickness. Lastly, we hypothesize that post-fabrication processing can cause physical crosslinking, and impact the compliance and burst pressure.
MATERIALS AND METHODS
Poly(vinyl alcohol) Vascular Graft Fabrication Process
Standard PVA crosslinking method was used for graft fabrication as described previously (Cutiongco et al., 2015). Briefly, cylindrical molds are dip-cast in the crosslinking solution, then dried in controlled environment as shown in Figure 1A. The complete list of the parameters that were varied during the fabrication of the grafts is shown in Supplementary Table S1. All of the grafts made using different fabrication parameters had 9 layers. The images of the grafts that were successfully fabricated using different fabrication parameters are shown in Figure 1B. The abbreviations and the fabrication conditions that was altered from the standard fabrication conditions is explained in Figure 1C.
[image: Figure 1]FIGURE 1 | Standard graft fabrication protocol and description of the varied parameter for each experimental groups. (A) Standard protocol, (B) representative images of the fabricated grafts for each experimental group, and (C) abbreviations and descriptions of the varied parameter for each experimental group. Samples for all groups were fabricated following the standard protocol except for the described parameter.
PVA Crosslinking Solution Preparation
For standard crosslinking density grafts, a 10% aqueous solution of PVA (Sigma-Aldrich, 85–124 kDa, 87–89% hydrolyzed) was mixed with 15% w/v sodium trimetaphosphate (STMP, Sigma-Aldrich) and 30% w/v NaOH at the volumetric ratio of 12:1:0.4, respectively, to create crosslinking solution. PVA grafts were fabricated using base-catalyzed STMP crosslinking. The PVA crosslinking solution was immediately dip-cast on a cylinder mold to form tubular PVA grafts.
To fabricate PVA grafts with different crosslinking density, 10% w/v PVA solutions of different molecular weights were used. Instead of the standard molecular weight of PVA (Sigma-Aldrich, 85–124 kDa, 87–89% hydrolyzed) low molecular weight PVA (Sigma-Aldrich, 13–23 kDa, 87–89% hydrolyzed) (LMW), or medium molecular weight PVA (Sigma-Aldrich, 31–50 kDa, 87–89% hydrolyzed) (MMW) were used while all other parameters were kept the same as the standard method. A low STMP (LS) concentration of 7.5% w/v was used to crosslink PVA with the standard PVA concentration and NaOH concentration. Lastly, low NaOH (LN) concentration of 15% w/v was used to fabricate grafts with decreased crosslinking density.
Dip-Casting PVA Vascular Graft
PVA vascular grafts were cast as previously described (Figure 1A) (Pohan et al., 2019). In short, the molds for the tubular grafts were plasma cleaned, then dipped in PVA crosslinking solution. The coated molds were dried at 20–21°C and 30% humidity for varying waiting time, before dipping in the crosslinking solution again for the next layer. For the first four dips, the drying time between dips was 15 min, the drying time between dips in the fifth to seventh dip was 25 min, and drying time between dips for the eighth dip and higher was 30 min. The molds were inverted every-other dips to ensure even crosslinking throughout the mold. After the dipping completed, the PVA grafts were dried at 18°C and 70–80% humidity for 3 days.
Upon completion of the final drying step, the PVA grafts were rehydrated in 10x phosphate buffered saline (PBS) for 2 h, 1x phosphate buffered saline (PBS) for 2 h, then in deionized (DI) water for 2 h. For the samples used in phosphate quantification assay, samples were rehydrated in 9% w/v sodium chloride (NaCl) for 2 h, 0.9% w/v NaCl for another 2 h, and then in DI water for 2 more hours. The grafts were removed from the molds once they were fully rehydrated. The completed grafts were then kept in DI water until experiments. This procedure was kept the same as the standard method for the different groups unless otherwise specified. Grafts with different drying times were also fabricated as a method to test how the dry time could vary the interfacial energy. The drying times were either consistent 15 min (15 W) or 30 min (30 W) between dips for these samples. In sample group to test the role of drying rate on interfacial energy, PVA grafts were fabricated at higher humidity (HH) of 60 ± 5% during fabrication.
Post-Fabrication Treatment of Extra-Dried PVA Vascular Grafts
After the rehydration step, some vascular grafts fabricated using the standard protocol were dried again to facilitate further crosslinking. Upon removal from the mold, the grafts were washed by submerging the grafts in DI water for 5 days. The grafts were dried again afterward at different conditions. The post-fabrication drying conditions were: 2 weeks at 60°C (60-2D), 4 weeks at 60°C (60-4D), 2 weeks at 18°C (18-2D), and 4 weeks at 18°C (18-4D). Before testing, the grafts were rehydrated in DI water.
Storage of the Fabricated Grafts
The samples were kept at room temperature at all times. All samples were stored in DI water in a 50 mL conical tube upon completion of the fabrication. DI water was poured out and replenished with fresh DI water every 7 days during storage.
PVA Film Preparation
4 g ± 0.2 g of 10% w/v PVA solution was poured into petri dishes with diameter of 35 mm. The petri dish was covered and stored at 18°C chamber with a relative humidity of 70–80% for 3 days. The petri dish was then uncovered and stored at 18 C and 70–80% humidity for another 4 days. The dried PVA film (Film) was removed from the petri dish. Films were stored in petri dish until use.
Inner-Diameter and Wall Thickness
2 mm segment rings were cut from the tubular PVA grafts at the ends and at the center of the samples. Images of the 2 mm segments were taken, and the inner diameter and wall thickness of the segments were measured for each segment from the images using MatLab. For each individual sample, the measurements of the inner diameter and the wall thickness from segments at different regions were averaged to yield the average inner diameter and the wall thickness of the sample.
Compliance
3 cm segments of PVA grafts were exposed to 120 and 80 mmHg of hydrostatic pressure. Images of the grafts were taken at the defined pressures. The outer diameters of the grafts were measured, then the compliances of the grafts were calculated using the following equation (Chaouat, 2008):
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ePTFE vascular graft (Gore-Tex®, catalog number V04070L) with the inner diameter of 4 mm was used to measure the compliance of the ePTFE graft with comparable size using the stated setup.
Burst Pressure
4 cm segments of PVA grafts were exposed to internal pressure induced by nitrogen gas at room temperature. The pressure was increased gradually until the graft burst. The burst pressure was recorded at the pressure at which the graft burst. A normalized burst pressure was calculated as burst pressure normalized per unit thickness by dividing the burst pressure of the samples by their wall thickness.
Lap Shear Test
Lap shear test was performed following protocols described in published literature with modifications (Court et al., 2001). 1 cm segments were cut from tubular PVA grafts. The segments were cut open longitudinally, then they were held in a flat position and dried at 60°C for 7 days. Segments prepared as such were partially rehydrated for 15 min and trimmed into 5 mm × 10 mm rectangular specimens. The surface of the specimens was patted dry using a paper towel. Then, the segment was glued onto two polylactic acid (PLA) holders so that the trimmed PVA segment was sandwiched between the two PLA holders. The PVA hydrogel segment was further rehydrated in DI water for 30 min. After rehydration, any residual water on the surface was removed. The non-overlapping parts of the holders were loaded onto a tensile testing equipment (AGSX Shimadzu, Japan), which was equipped with 1 kN load cell, and stretched at a rate of 25 mm/min until failure. Images of the samples after the test were taken using the laser confocal microscope (Olympus LEXT OLS5000-SAF, Japan) to measure the thickness variation within the destroyed samples. The heights of the samples were measured using Olympus data analysis software.
Phosphate Quantification Assay
Phosphate quantification was performed according to the manufacturer protocol outlined in the phosphate quantification assay (Phosphate Assay Kit, Colorimetric, ab65622, Abcam). In brief, the rehydrated PVA grafts were dried at 60°C for 7 days. The dried grafts were then degraded in 10% nitric acid, then diluted to varying concentrations. The degraded polymer solutions were added into micro-plate and allowed to react with the assay reagent. The absorbances of the solutions were then measured. Using the absorbance, the amount of phosphate in the PVA graft was calculated.
Fourier-Transform Infrared Spectroscopy
Fourier-transform infrared (FTIR) spectroscopy was performed following a published protocol (Pohan et al., 2020). PVA grafts were cut to 1 cm segments, and the segments were then cut open longitudinally. The grafts were dried flat. Fourier-transform infrared (FTIR) spectroscopy was performed using Thermo Fisher Scientific FTIR (Nicolett 6700) fitted with germanium and a high sensitivity pyroelectric detector. Percent transmittance of the samples were collected between 400 and 4,000 cm−1. Sixty-four scans were acquired at a spectral resolution of 4 cm−1. Data were normalized by modifying previously published protocol (Ahmed et al., 2019). The data was normalized to the highest % transmittance and the PVA film spectrum was subtracted from the % transmittance spectra.
Differential Scanning Calorimetry
Differential scanning calorimetry (DSC; TA Instruments DSC Q2000) was performed following the published protocol (Pohan et al., 2020). In brief, the samples were dried at 60°C for at least 1 week 10 g ± 0.1 g of samples were measured and added into the Tzero Aluminum Hermetic pan. The heating cycle was set from 30°C to 260°C at the ramp rate of 10°C/min. Data were analyzed using the TA Universal Analysis software. Fractional crystallinity was calculated using heat of melting of 100% crystalline PVA of 138.60 J/g (Peppas and Merrill, 1976).
Swelling Ratio
PVA grafts were submerged in DI water for at least a week to ensure thorough removal of charged ions from the grafts. Small sections of the tubular grafts were cut from the PVA grafts. Any residual DI water lingering on the PVA sections were removed prior to measuring the weights of the sections. The sections were then dried at 60°C for 5 days. The weights of the sections were measured every day for the subsequent days until the weight of the sections did not change further. Swelling ratio was calculated using the following equation (Lack, 2004):
[image: image]
Elastic Modulus
For longitudinal elastic modulus and ultimate strength measurement, the grafts were cut into 8 cm segments. The prepared samples were loaded onto the tensile machine (AGSX Shimadzu, Japan) with the gauge lengths of 2 cm. The samples were then stretched at a rate of 25mm/min until the tensile failure of the sample. For circumferential elastic modulus and ultimate strength measurement, the grafts were cut into 2 mm width rings. Curved holders were loaded onto the tensile testing machine grips. The PVA rings were loaded onto the holders so that the rings were held by the holders. The holders were then separated to achieve a gauge length of 5 mm. The samples were then stretched at a rate of 10 mm/min until the sample failed.
Suture Retention Strength
Suture retention strength of the PVA grafts were measured using published protocol with modifications (Chaouat, 2008; Pohan et al., 2020). PVA grafts were cut into 4 cm segments. Using 7–0 suture, a single suture was made 5 mm from the edge of the segment for each sample. The remaining suture end was taped securely onto an immovable surface so that the sample was hanging by the suture. Load was applied at 10 g/min onto the sample until the sample broke. The weight at which the sample broke was measured.
Statistical Analysis
Statistical significance was determined using a two-way ANOVA followed by Tukey's multiple comparison analysis with 95% confidence interval using MatLab. The data are presented as mean ± standard deviation. For all the presented data, p < 0.05 is denoted by * unless otherwise specified in the figure caption. The correlations between components were compared using principle component analysis (PCA). PCA plots were generated using JMP statistical software.
RESULTS
Compliance and Burst Pressure of the Grafts With Varying Wall Thickness
The relationships between the burst pressure vs wall thickness and compliance vs wall thickness are shown in Figure 2. The cross-sectional images of the PVA grafts with different layers are shown in Figure 2A. The red arrow highlights the region in the graft that has different transparency. The wall thickness of the grafts increased linearly with the increased number of layers (Figure 2B). As shown in Figure 2C, a linear increase in burst pressure with increasing wall thickness was also observed. The compliance of the grafts displayed an inverse relationship with the wall thickness (Figure 2D).
[image: Figure 2]FIGURE 2 | Physical and mechanical characterization of grafts with differential number of layers. (A) Cross-sectional images. Red arrows used to identify difference level of transparency between layers. (B) Wall thickness of the samples for differential number of layers. (C) Burst pressure plotted against the wall thickness. (D) Compliance plotted against the wall thickness. *p ＜ 0.05 between indicated groups. n = 9 for all groups. Error bar represents standard deviation.
Properties of the Grafts Fabricated Using Different Fabrication Conditions
All of the grafts that were made using different fabrication parameters had 9 layers. The complete list of conditions used for fabrications and their fabrication outcomes are shown in Supplementary Table S1. The images of the grafts that fabricated successfully are shown in Figure 1B. The cross-sectional images of the successfully fabricated grafts are shown in Figure 3A. The wall thickness of the grafts was quantified (Figure 3B). LS, 15 W, 60-2D, and 60-4D had significantly thinner walls than the control group, while 30 W, 18-2D, and 18-4D showed no statistical difference from the control group. The wall thickness of 15 W was significantly thinner than 30 W. 60-2D and 60-4D did not show any statistical difference in wall thickness. Also, 18-2D and 18-4D did not show any statistical difference in wall thickness.
[image: Figure 3]FIGURE 3 | Physical characterization of the experimental groups. (A) Cross-sectional images. Red arrows used to identify difference level of transparency between layers within a sample. (B) Wall thickness of the samples for different number of layers. (C) Wall thickness of the samples. *Indicates p ＜ 0.05 with respect to control group. # Indicates p ＜ 0.05 between the groups being compared. n = 9 for all samples.
Despite having thinner walls than the control, grafts from LS, 60-2D, and 60-4D conditions had significantly lower compliance than the control group (p < 0.05, Figure 4A). Regardless of the post-fabrication drying temperature, the samples that were subjected to extra dehydration process post-fabrication had significantly lower compliance than the control group (Figure 4A). 30 W had lower compliance than the control group as well, despite having comparable wall thickness. Lastly, 15 W did not have statistically significant differences in compliance compared to the control group despite having thinner wall thickness. Within each group with the same fabrication or post-fabrication variations, all groups displayed an inverse relationship between wall thickness and compliance (Figure 4B). The burst pressure of 15 W was significantly lower than control, which was as expected due to the lower wall thickness of the group (Figure 4C). However, 60-2D and 60-4D had higher burst pressure than the controls despite having thinner walls. LS, 30 W, 18-2D, and 18-4D did not have significantly different burst pressure with respect to the control group. Within each group with the same fabrication or post-fabrication variations, all of the groups showed positive linear relationship between the wall thickness and the burst pressure (Figure 4D). Swelling ratio was used to estimate the crosslinking density. LS, 60-2D, and 60-4D had less swelling than the control group (Figure 4E). 15 W had higher swelling ratio than the control group. No correlation between the swelling ratio and the wall thickness was observed (Figure 4F). Further assessment of the burst pressure was performed by normalizing the burst pressure per unit thickness (Supplementary Figure S1). When the data was normalized to wall thickness, LS, 60-2D, and 60-4D had significantly higher normalized burst pressure than the control group. Additionally, 60-2D and 60-4D had higher normalized burst pressure than 18-2D and 18-4D.
[image: Figure 4]FIGURE 4 | Bulk properties of the samples. (A) Compliance of each group. (B) Compliance of each group plotted against their respective wall thickness. Average values of compliance and wall thickness of the internal replicates used to plot the graph. (C) Burst pressure of each group. (D) Burst pressure of each group plotted against their respective wall thickness. Average values of burst pressure and wall thickness of the internal replicates used to plot the graph. (E) Swelling ratio of each group, and (F) swelling ratio plotted with respect to the wall thickness of each group. *Indicates p ＜ 0.05 with respect to control group. # Indicates p ＜ 0.05 between the groups being compared. n = 9 for all samples.
Phosphate content was quantified for the samples to verify the crosslinking density of the covalent crosslinking with STMP. There was no significant difference in phosphate content among the control, LS, 15W, 30W, 60-2D, and 18-2D (Figure 5A). On the other hand, both LS and 15 W had significantly higher phosphate content than the 18-2D and Film. FTIR was performed to identify if there were any changes in crosslinking between the groups or if there were any changes in functional groups introduced due to change in the fabrication process. Figure 5B shows FTIR data using normalized percent transmittance of the control group (C), LS, 60-2D, and 18-2D rehydrated in NaCl. All of the groups displayed peaks at similar wavenumbers, indicating there were no noticeable differences between samples in terms of functional groups. DSC was performed to further assess the degree of crosslinking. Figure 6 shows the DSC thermogram for control, 60-2D, and 18-2D. 18-2D had higher degree of crystallinity and crystallization temperature than the control group. Additional DSC data is shown in Supplementary Figure S2.
[image: Figure 5]FIGURE 5 | Functional groups and STMP crosslinking density in PVA films. (A) Quantification of phosphate content for the samples to characterize covalent crosslinking by STMP. *Indicates p ＜ 0.05 between the indicated groups. n = 6 for all groups. C PBS was control sample rehydrated in NaCl solution. *Indicates p ＜ 0.05 with respect to the control groups. #Indicates p ＜ 0.05 between the groups being compared. (B) Fourier-transform infrared spectroscopy data. Data was normalized to PVA films. n = 3 for all samples.
[image: Figure 6]FIGURE 6 | Degree or crosslinking. Differential Scanning Calorimetry (DSC) data. (A) DSC of (i) control, (ii) 60-2D, and (iii) 18-2D. Data is shown for the second heating and cooling cycle. (B) Heat of fusion and fractional crystallinity of the samples. n = 1 for all groups.
The interlayer adhesion was assessed in Figure 7. The shear strength of all of the groups were not significantly different from the control group. However, 15 W had the average shear strength of 3.75 MPa, which was more than twice higher than that of the control group (1.69 MPa). Statistical analysis between 15 W and control revealed p = 0.057. The interlayer adhesion of 15 W was also significantly higher than 30 W (p < 0.05). The 3D images of the polymers after the adhesive shear tests are shown in Figure 5B, then were used to acquire the height profile used to plot graphs in Figures 7C–J. These height profiles were then used to identify whether the polymers had high interlayer adhesion. 15 W had the highest slope, and therefore high interlayer adhesion, while other groups showed flat lines.
Supplementary Figure S3 shows graphs of the different properties measured plotted against either the wall thickness (Supplementary Figures S1B–S3A) or compliance (Supplementary Figures S3C–S3F). There was no obvious correlation between the measured properties with either the wall thickness or the compliance.
[image: Figure 7]FIGURE 7 | Interfacial energy. (A) The adhesive strength of groups. 15 W had p = 0.0571 with respect to the control group, and p = 0.0495 with respect to the 30 W. (B) Height map of the samples after adhesive shear test. (C)–(J) Height profile of the samples. *Indicates p ＜ 0.05 with respect to control group. # Indicates p ＜ 0.05 between the groups being compared. n = 3 for all samples.
PCA analysis showed that the wall thickness and compliance showed a high positive correlation (Figure 8A). Also, it showed that the compliance and burst pressure showed a high negative correlation (Figure 8B). All other components did not display significant correlation (Supplementary Figure S4).
[image: Figure 8]FIGURE 8 | Principle component analysis (PCA) for the identification of significant components. (A) PCA plot of component 1 vs. component 3. (B) PCA plot of component 2 vs. component 3.
Additional Analysis on Selected Groups
Figure 9 shows the additional mechanical properties of selected groups. The groups with the highest and lowest compliance were chosen for the additional analysis. There was no statistical difference between all of the groups for all conditions except for the LS for circumferential elastic modulus (Figures 9A–D). The suture retention strength of the groups also did not show any statistical difference (Figure 9E).
[image: Figure 9]FIGURE 9 | Additional bulk mechanical properties of the selected groups. (A) Longitudinal tensile curve. (B) Circumferential tensile curve. (C) Longitudinal ultimate tensile strength and elastic modulus for each groups. (D) Circumferential ultimate tensile stress and elastic modulus. (E) Suture retention strength. n = 6 for tensile test results, and n = 9 for suture retention strength for all groups. *Indicates p ＜ 0.05 with respect to the control group.
DISCUSSION
Mechanical failure of vascular grafts can result in clinical catastrophe. To ensure the safety of the patients, vascular grafts were traditionally developed to have high mechanical properties matching the native blood vessel properties (Table 1 (Hansen et al., 1995; Fung, 1998; Kambric et al. 1984; Catanese III et al., 1999; Tai et al., 2000; Krejza et al., 2006; Sarkar, 2006; Konig et al., 2009; Markiewicz et al., 2017; Wise, 2011). Compliance, the elasticity of the blood vessel when exposed to internal pressure, is one of the important parameters that is being studied in vascular graft engineering to understand the current limitations of small diameter vascular grafts (Szafron, 2019; Jeong et al., 2020). There are methods to increase the compliance of a material. One of the methods is to reduce the wall thickness (Biglino, 2013; Nezarati et al., 2015; Gao, 2019). However, reducing the wall thickness can negatively affect the burst pressure (Menon, 2011; Zhu and Leis, 2012). Using vascular grafts with low burst pressure could become a critical problem for the patients with the vascular graft implants. Therefore, it is important to understand the effects different parameters have on the burst pressure when increasing the compliance of the vascular grafts. Two parameters that have been found to affect the mechanical properties of hydrogels are interlayer adhesion and crosslinking density (Leone, 2010).
TABLE 1 | Reported values of mechanical properties of native blood vessels and expanded polytetrafluoroethylene (ePTFE).
[image: Table 1]Crosslinking of PVA has been extensively studied. A well-established physical crosslinking method of PVA is freeze-thawing. PVA grafts with freeze-thawing crosslinking are mainly fabricated by bulk molding fabrication. PVA hydrogels crosslinked using freeze-thawing have been shown to have tailored mechanical properties by varying the number of freeze-thawing cycles (Peppas, 1975; Gupta et al., 2012; Holloway et al., 2013). The freeze-thawing crosslinking of PVA involves phase separation and crystalline formation. Hydrogen bonds form in the aqueous solution of PVA. During the freezing of PVA solution, ice forms. The formation of ice induces the growth of polymer crystallinity. The growth of polymer crystallinity acts as physical crosslinking points. Subsequently, water-insoluble hydrogels are formed in the later thermal cycles. The abundant hydroxyl groups in the backbones of PVA polymer chains also provide reactive sites for hydrogen bonding for chemical crosslinking of PVA (Otsuka and Suzuki, 2009). One of the most commonly used crosslinking agent for PVA is glutaraldehyde. It reacts with hydroxyl groups to form an ester bond. Chaouat 2008) found that the hydroxyl groups on PVA can also react with STMP to crosslink PVA hydrogels by phosphoesterification. The PVA hydrogels chemically crosslinked with STMP were shown to be capable of achieving a wide range of mechanical properties by altering the fabrication parameters such as humidity and water evaporation (Cutiongco et al., 2016b). A recent study comparing the hemocompatibility of PVA hydrogels crosslinked by STMP, glutaraldehyde, and freeze-thawing found that crosslinking methods also affect the biological performance of PVA (Bates et al., 2020).
PVA vascular grafts are fabricated using dip-casting with cylindrical molds (Cutiongco et al., 2016a). Different mechanical properties of the PVA vascular grafts can be achieved by altering the number of layers and fabrication parameters. We have observed heterogeneity in transparency between the layers (Figure 2A, red arrows) in PVA vascular grafts. The observed heterogeneity can be the result of inconsistencies in crosslinking between the layers (Peacock and Calhoun, 2012). The heterogeneity can also be an indication of a weak interlayer adhesion. A potential method of overcoming the weak interlayer adhesion would be increasing the interlayer crosslinking (Yu et al., 2013). With PVA hydrogels, the interlayer crosslinking could occur by having hydrogen bonding between the residual –OH groups of the PVA layers. It was hypothesized that through increasing the interlayer adhesion, the resulting grafts can have high compliance while maintaining burst pressure. Moreover, the heterogeneity suggests that the crosslinking density can be further fine-tuned. We hypothesized that a decrease in the chemical crosslinking density will result in higher compliance while causing a decrease in burst pressure. Furthermore, we hypothesize that post-fabrication processing can affect physical crosslinking, and impact the compliance and burst pressure.
Compliance and Burst Pressure of the Grafts With Varying Wall Thickness
Most often, tensile measurements are made to assess the mechanical properties of the polymers (Abraham et al., 1998; Peiffer and Nielsen, 1979). Additional properties, such as residual stress, rheology, Izod impact measurement, etc. (Peiffer and Nielsen, 1979; Abraham et al., 1998), are also tested depending on the application of the polymers. For vascular grafts, burst pressure and compliance are important parameters to measure. Although PVA vascular grafts have been studied previously (Elshazly, 2004; Chaouat, 2008), the relationship between the wall thickness and burst pressure and compliance have not been characterized. Thorough characterization of the compliance and burst pressure of the grafts with different wall thickness was performed first to identify the compliance and burst pressure achieved by different wall thickness. The relationship between the wall thickness and burst pressure (Figure 2C) was expected as the structural integrity of tubes is dependent on the wall thickness (Menon, 2011; Zhu and Leis, 2012). The grafts with 6 layers displayed high compliance, but its burst pressure was only 232.7 ± 22.8 mmHg. As systolic blood pressure can rise to 220 mmHg during exercises, PVA grafts with 6 layers were deemed too weak. Grafts with 9 layers have a burst pressure of 485.5 ± 17.9 mmHg, which is at least double the systolic pressure of 220 mmHg. However, the compliance of the grafts with 9 layers was 2.6 ± 0.54% per 40 mmHg. Furthermore, compliance of the PVA grafts with more than 9 layers had compliance ＜2% per 40 mmHg. As shown in Table 1 (Kambric et al. 1984; Hansen et al., 1995; Fung, 1998; Catanese III et al., 1999; Tai et al., 2000; Krejza et al., 2006; Sarkar, 2006; Konig et al., 2009; Wise, 2011; Markiewicz et al., 2017) and Figure 4A, the compliances of the PVA grafts with 9 layers and ePTFE are lower than the native blood vessels. After assessing the compliance and burst pressure of the groups, the PVA vascular grafts with 9 layers was chosen for further investigation as they had the highest compliance with good burst pressure. Using the PVA grafts with 9 layers, the effect of crosslinking density and interlayer adhesion on the compliance and burst pressure were assessed.
PVA Grafts Fabricated Using Different Fabrication Conditions
The standard fabrication method is described in Figure 1A in detail. The crosslinking of PVA using crosslinker STMP in NaOH solution has been described in the literature numerous times (Elshazly, 2004; Chaouat, 2008; Leone, 2010; Ino et al., 2013). In brief, the -OH groups on PVA loses the hydrogen atom in the highly basic solution created by NaOH, and becomes reactive. This reactive site then reacts with the STMP. Subsequently, another PVA molecule reacts with the STMP and results in a crosslinked polymer. This process can be modified via changing the PVA concentration, STMP concentration, NaOH concentration, temperature, humidity, and waiting time between the dips (Chaouat, 2008). The fabrication conditions were varied to achieve different level of interlayer adhesion and crosslinking density.
The interlayer adhesion occurs when there are crosslinks that spans multiple layers of polymers. The mechanical properties of PVA vascular grafts can be affected by the interlayer adhesion as PVA graft fabrication method is a dip-casting process with waiting periods between dips. The dip-casting process is a type of polymer fabrication method where the mold is dipped multiple times to achieve the desired thickness (Abraham et al., 1998; Nautiyal et al., 2017; Srinivasan et al. 2020). Due to the process requiring crosslinking of the layers after each dip, the drying condition of the layers is important to prevent delamination for this fabrication method (Abraham et al., 1998). One of the easiest parameters to control for dip-casting process is the waiting time between the dips. Waiting time is required to allow for the chemical reactions that crosslinks PVA molecules to occur (Chaouat, 2008). Shorter wait time between each dip prevents completion of the reactions, allowing for more partially crosslinked sites for each dip. These partial crosslinking sites can react with the newly applied layer, increasing the interlayer adhesion (Yu et al., 2013). Therefore, the drying time should be kept short for the subsequent layers to be applied before crosslinking of the previous layer is completed to increase the interlayer adhesion.
For the control, the waiting time between the dips is 15 min in the first 4 dips, 25 min in the fifth to seventh dips, and 30 min for the eighth dip and beyond (Figure 1A). Instead of increasing the dipping time throughout the fabrication process, the waiting times between dips were kept consistent for the groups comparing the effects of the interlayer adhesion. 15 W was fabricated with a flat 15-min waiting time for all waiting steps instead of the standard protocol. 30 W was made using a flat 30-min waiting time for all waiting steps. The waiting times for 15 and 30 W were kept constant so that interlayer adhesion throughout the grafts would remain consistent. There are many methods to make measurements to assess the adhesion between layers (Awaja et al., 2009). The most standard method of measuring the interlayer adhesion is the adhesive shear test (which is also known as lap shear test) (Awaja et al., 2009).
The crosslinking density and concentration of STMP are positively correlated to the stiffness of the material (Leone, 2010). As decrease in crosslinking agent can result in lowered crosslinking density, STMP concentration was decreased for one of the experimental groups (LS samples). Also, the concentration of NaOH was reported to be positively related to the crosslinking density (Lack, 2004). Therefore, 15% w/v NaOH concentration was explored to achieve decreased crosslinking density to assess the effect of low crosslinking density. However, the graft could not be fabricated using the low concentration of NaOH (Supplementary Table S1). We also speculate post-fabrication thermal drying may induce additional physical crosslinking, resulting in higher crosslinking density. To create the PVA grafts with higher crosslinking density, additional groups (60-2D, 60-4D, 18-2D, and 18-4D) were made with extra drying step post-fabrication to encourage additional physical crosslinking.
Effects of Interlayer Adhesion on PVA Graft Compliance and Burst Pressure
As shown in Figure 3B, 15 W had significantly thinner wall than the control group. However, the wall thickness of 30 W was not significantly different from the control group. While the 15 and 30 W had consistent waiting times between the dips, control group had 15-min waiting time for the first four dips, 25-min waiting time for the 5th–7th dips, then 30-min waiting time for 8th or more dips. The data showed that the longer waiting time is needed and waiting time of the outer layer was related to wall thickness in the outer layer. When the waiting time of the outer later was decreased in 15 W, the thickness was decreased, compared to 30 W and control. However, it appears that increasing the early dip waiting time did not significantly affect the thickness.
15 W had higher adhesive shear strength than all of the other groups. While not statistically significant against the control group, 15 W showed a trend toward significantly higher adhesive shear strength than the control group (p = 0.057), and a significantly higher adhesive shear strength than 30 W (p < 0.05). This indicates that the 15 W had higher adhesion between layers than the other groups, which is in agreement with the height profiles shown in Figures 5C–J. As 15 and 30 W were fabricated with a flat 15 and 30-min waiting time, respectively, the significant higher shear strength in 15 W further demonstrated that the shorter waiting time would increase the interlayer adhesive strength. This could be the result of a larger quantity of partial crosslinking sites available for a shorter waiting time in 15 W. The partial crosslinking sites can then work as a bridge between the layers to allow for a larger number of interpenetrating crosslinks (Awaja et al., 2009). With longer waiting time between layers, the partial crosslinking sites can become crosslinked. This can reduce the crosslinking between the layers. Except for 15 and 30W, all of the samples had variable drying time. For the control group, LS, 60-2D, 60-4D, 18-2D, and 18-4D, the last two layers were applied with 30-min waiting intervals. This could be the reason these groups did not show statistical difference in the adhesive shear strength.
Effects of Chemical Crosslinking Density on PVA Graft Compliance and Burst Pressure
15 W had a higher swelling ratio compared to the control group. The partial crosslinking sites could also attribute to the higher swelling ratio. This partial crosslinking sites may have resulted in lower crosslinking density, which could account for the lower burst pressure. However, it is also important to note that the wall thickness of 15 W was significantly thinner than the control, indicating that the decrease in burst pressure could also be due to the thinner walls (Menon, 2011). When the burst pressures were normalized to the wall thickness of the samples, 15 W did not show significant difference from the control group (Supplementary Figure S1). This suggests that the affect from partial crosslinking on burst pressure was less significant than the influence from wall thickness.
The crosslinking of PVA was achieved by phosphoesterification, thus the content of phosphate also reflects the number of chemical crosslinking bonds formed during the fabrication. With lower concentration of STMP added in the reaction solution, it was expected that the resulting PVA grafts would display lower concentration of phosphate to indicate a lower chemical crosslinking density. However, LS showed lower phosphate content than the control group (Supplementary Figure S1). The lower phosphate content in conjunction with the lower swelling ratio, LS displayed higher crosslinking density compared to the control group. This is in agreement with the burst pressure normalized to wall thickness (Supplementary Figure S1). The burst pressure should increase with increase in crosslinking density. A potential explanation for higher crosslinking density is the presence of tighter network due to the multifunctional nature of STMP. As phosphate groups from STMP has 4 potential reactive sites, more than two reactions can occur on a single phosphate group. When less phosphate groups are available, hydroxyl groups have less phosphate groups to react with. Phosphate groups become the limiting reagents, causing multiple phosphoesterification to occur on one phosphate. This results in tighter mesh formation, and therefore tighter crosslinking density. For the PVA crosslinked in abundance of phosphate, more phosphate could react with the hydroxyl groups. The abundance could result in phosphate population that did not react with multiple hydroxyl groups in the polymer network. These unbound phosphate groups then get washed away during the rehydration and storage, effectively resulted in a lower phosphate content in the hydrogels.
The difference in the crosslinking density among 15W, 30 W and the control, observed from the phosphate assay (Figure 5A), indicated that the waiting time in between different layers affected the chemical crosslinking density. 15 W had a significantly higher swelling ratio and significantly lower wall thickness than 30 W. Comparing the mechanical properties of 15 and 30W, 30 W had significantly lower compliance and significantly higher burst pressure. With a decrease in waiting time from 30 to 15 min between each dip, more interpenetrating crosslink occurs. The interpenetrating crosslinks contribute to the observation of increased chemical crosslinking density observed from the phosphate assay. Similar to LS, 30 W had longer waiting time between each dip, allowing more time for polymer chain to get aligned for hydrogen bonding, which may have contributed to the decreased compliance and increased burst pressure.
Effects of Physical Crosslinking Density on PVA Graft Compliance and Burst Pressure
Although the chemical crosslinking density should not change during the additional drying due to extensive washing steps, physical crosslinking may have occurred during 60°C drying. After the STMP crosslinking of PVA, residual hydroxyl groups remain available for hydrogen bonding formation. PVA polymer chains display increased mobility at high temperature. The mobile polymer chains have a higher chance to get aligned, bringing the hydroxyl groups close to form hydrogen bonding. This process was achieved through subjecting the fabricated control groups to additional drying.
The extra-drying groups were 60-2D, 60-4D, 18-2D, and 18-4D. 60-2WD and 60-4WD are the two groups that were dried in the 60°C for 2 and 4 weeks, respectively. These two groups had thinner wall thickness than the control groups. 18-2D and 18-4D were the two groups that were dried in the 18°C for 2 and 4 weeks, respectively. The wall thickness of these groups did not differ from that of the control group. The two groups dried at 60°C had lower swelling ratio than the control group regardless of the length of drying, indicating that they may have higher crosslinking density than the control group. Drying in the 18°C did not alter the swelling ratio of the samples, suggesting that the crosslinking density of the groups dried post-fabrication at 18°C was not different from that of the control group. The compliance of the 18-2D and 18-4D were comparable to the compliance of 60-2D and 60-4D. All of the post-fabrication drying groups had lower compliance than the control group. 18-2D and 18-4D had similar burst pressure compared to the control group. However, 60-2D and 60-4D had higher burst pressure than the control group. There was no difference observed based on the length of extra drying (2 vs. 4 weeks) for both temperatures. This suggests that the additional physical crosslinking occurred during dehydration rather than the storage.
As the length of drying (2 vs. 4 weeks) did not affect the performance of the grafts, further analysis was performed using 18-2D and 60-2D only. According to the phosphate quantification assay (Figure 5A), 60-2D and 18-2D did not display any difference in total phosphate content within the polymers. FTIR did not also display any difference between the control group and the extra-drying groups (Figure 5B). DSC analysis was performed in addition to assess the degree of crystallinity and overall crosslinking (Figure 6 and Supplementary Figure S2). The DSC results suggested that 18-2D had higher crystallinity and crystallization temperature than the control group, while 60-2D showed a slightly higher fractional crystallinity than the control group. The higher crystallinity, suggesting a higher physical crosslinking, may explain the lower compliance and slight increase in the burst pressure from the post-fabrication drying step. However, while physical crosslinking density can be used to influence compliance and burst pressure, its effect might not be as significant as chemical crosslinking.
Additional Mechanical Analysis of Selected Groups
The group that had the highest compliance (15W) and the group that had the lowest compliance (LS) were used to perform additional mechanical property analysis. Both the longitudinal and circumferential tensile data (Figures 9A–D) agreed with the compliance data in that the 15W and control group did not show a statistical difference in mechanical behavior. LS had lower compliance than the control group, therefore it was as expected that the group is less elastic than the control group (Figure 9D). Suture retention was not affected by the different fabrication conditions. To reiterate, 15W had higher interlayer adhesion but lower crosslinking density than the control group. Therefore, it could be that the increased interlayer adhesion can also increase the suture retention strength. LS also had a thinner wall thickness than the control group. LS had not significantly different interlayer adhesion and higher crosslinking density compared to the control group. This could indicate that higher crosslinking density can increase the suture retention strength as well.
CONCLUSION
We investigated the effects of interlayer adhesion and crosslinking density on the compliance of PVA vascular grafts. We found that the higher crosslinking density resulted in higher burst pressure, but resulted in lower compliance. Also, we have found that the increase in interlayer adhesion could increase the burst pressure without sacrificing the compliance. While the findings in this article sheds light on how to improve the performance of the PVA vascular grafts, there are still shortcomings of the PVA crosslinking method utilized here. PVA-STMP crosslinking method using dip-casting is a slow process. This limits the shapes, and therefore applications, of the grafts such fabrication method can produce. Furthermore, PVA tubular grafts are prone to kinking. Kinking could potentially affect the blood flow when the graft is implanted in the patients, resulting in negative clinical outcome. Further research should be performed to improve the fabrication process of PVA-STMP vascular grafts to increase the potential application. Also, the kink resistance of the grafts should be improved to result in better clinical outcome.
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