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Abstract:

 In this study, we examined whether porcine articular cartilage (PAC) is a suitable and effective anti-adhesive material. PAC, which contained no non-collagenous tissue components, was collected by mechanical manipulation and decellularization of porcine knee cartilage. The PAC film for use as an anti-adhesive barrier was easily shaped into various sizes using homemade silicone molds. The PAC film was cross-linked to study the usefulness of the anti-adhesive barrier shape. The cross-linked PAC (Cx-PAC) film showed more stable physical properties over extended periods compared to uncross-linked PAC (UnCx-PAC) film. To control the mechanical properties, Cx-PAC film was thermally treated at 45 °C or 65 °C followed by incubation at room temperature. The Cx-PAC films exhibited varying enthalpies, ultimate tensile strength values, and contact angles before and after thermal treatment and after incubation at room temperature. Next, to examine the anti-adhesive properties, human umbilical vein endothelial cells (HUVECs) were cultured on Cx-PAC and thermal-treated Cx-PAC films. Scanning electron microscopy, fluorescence, and MTT assays showed that HUVECs were well adhered to the surface of the plate and proliferated, indicating no inhibition of the attachment and proliferation of HUVECs. In contrast, Cx-PAC and thermal-treated Cx-PAC exhibited little and/or no cell attachment and proliferation because of the inhibition effect on HUVECs. In conclusion, we successfully developed a Cx-PAC film with controllable mechanical properties that can be used as an anti-adhesive barrier.
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1. Introduction

During and/or after surgery, intra-tissue adhesion can induce serious post-operative complications such as chronic pelvic pain, small-bowel obstruction and infarction. Thus, numerous anti-adhesive techniques have been developed to suppress intra-tissue adhesion and serious related complications [1].

Among anti-adhesive techniques, anti-adhesive barriers using several biomaterials physically prevent direct contact between injured- or surgical-tissue surfaces and surrounding normal tissues during the temporal or critical period [2]. Numerous biodegradable or non-degradable biomaterials have been developed as anti-adhesive materials, some of which have been extensively applied in human trials as commercial grades approved by the US Food and Drug Administration [3,4,5,6].

Currently, polysaccharide-based film or gel-type anti-adhesive barriers, such as sodium hyaluronate, gelatin, and carboxymethyl cellulose, have been extensively investigated and are commercially available for clinical utilization [3,4,5,6,7,8,9,10]. In addition, several extracellular matrices, such as collagen, have been investigated in preclinical animal studies as anti-adhesive barriers [11,12,13].

Additionally, recent research efforts have focused on the development of an alternative anti-adhesive barrier composed of effective anti-adhesive material [14,15]. Articular cartilage has emerged as a promising extracellular matrix candidate for various biomedical applications [16]. Recent studies have suggested that articular cartilage directly inhibited vessel formation in an animal model in vivo due to the anti-adhesive properties of the proteoglycan rich matrix [17,18,19,20,21]. These results appeared to be correlated with its ability to inhibit the adhesion and proliferation of endothelial cells. Thus, articular cartilage may have decreased the incidence or severity of adhesions post-operatively.

Nonetheless, articular cartilage has not been established as an alternative anti-adhesive barrier material for preventing intra-tissue adhesion. We hypothesized that porcine articular cartilage (PAC) is a suitable and effective anti-adhesive material. PAC powder was easily prepared by decellularization, digestion, and sterilization. Thus, as the first aim of this work, we focused on the preparation and feasibility of PAC film as an anti-adhesive barrier. The PAC film shape was easily prepared in various sizes by using a homemade silicone molder.

However, the prepared PAC film has several drawbacks, including its difficulty in handling because of its fragility as a film and easy solubilization in biological solution. Additionally, the anti-adhesive barrier must be maintained in its in vivo shape for a period. To overcome these limitations, we prepared a cross-linked PAC (Cx-PAC) film. Cx-PAC films have more stable physical properties compared to uncross-linked PAC (UnCx-PAC) film.

No previous studies have examined the use of Cx-PAC film as an anti-adhesive barrier. Thus, the second aim of this work was to determine whether Cx-PAC film can serve as an anti-adhesive barrier.

PAC is a complex collagen fiber-composite material. Generally, collagen fibrils can be denatured by heating, which changes the collagen fibril molecular conformation. These changes to the heated collagen fibrils may affect the mechanical properties. We predicted that thermal treatment of Cx-PAC film might be used to control the mechanical properties. Thus, the final aim of this work was to examine whether thermal-treated Cx-PAC film can be used as an anti-adhesive barrier with controllable mechanical properties. Answers to these aims will enable development of PAC biomaterials and Cx-PAC films with controllable mechanical properties for use as an anti-adhesive barrier.



2. Results and Discussion


2.1. Prepared Cx-PAC Film Retained Shape While UnCx-PAC Deformed

A schematic diagram of PAC, UnCx-PAC film, and Cx-PAC film is shown in Figure 1. Degeneration of the structural properties of PAC must be avoided during the processing and manufacturing steps. First, PAC was collected from the porcine knee cartilage of the fore and hind legs. A fine powder of PAC was prepared after performing mechanical manipulation and decellularization of porcine knee cartilage. The PAC was macroscopically observed as a white color. The PAC showed no lacuna and cell nuclei after hematoxylin and eosin staining and no glycosaminoglycan and DNA contents, indicating the complete removal of all non-collagenous tissue components, blood, and cells (data not shown). Thus, the processing and manufacturing steps of porcine cartilage were applicable for the preparation of PAC.

Figure 1. Schematic diagram for the preparation of UnCx-PAC films and thermal-treated Cx-PAC films.
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However, the PAC swelled and was not soluble in biological solution. The water-insoluble PAC powder was solubilized by using an aqueous mixture solution of HCl and pepsin. The obtained PAC solution was added to the molders to form the PAC film after freeze-drying, but the PAC film did not maintain the film shape in water because it dissolved.

Therefore, to construct an UnCx-PAC film to a structure-remolded film shape, we chose glutaraldehyde to cross-link the PAC chains. Glutaraldehyde was reacted with the amine group on the intra- and inter-PAC chains. Unreacted glutaraldehyde was removed from the Cx-PAC film by washing with PBS. No glutaraldehyde was detected by high-performance liquid chromatography of Cx-PAC film (data not shown).

UnCx-PAC film did not maintain the film shape, while the prepared Cx-PAC film swelled and maintained the film shape, which was not soluble in biological solution. These results indicate that the manufactured Cx-PAC film can be used as an anti-adhesive barrier candidate.



2.2. Thermal Treatment Induced a Uniformed and Densely Organized Form of PAC Powder

To investigate the influence of heat on the PAC film by varying the heating temperatures and times, UnCx-PAC and Cx-PAC films were treated for 6 h, 12 h or 24 h at 45 °C or 65 °C. Figure 2 shows the optical images of UnCx-PAC and Cx-PAC films before and after thermal treatment. UnCx-PAC films exhibited agglomerated native PAC powder (black spots) regardless of the thermal treatment used. Cx-PAC films showed uniformed placement of PAC powder and densely organized placement images. These results indicate that the collagen in PAC was close in proximity because of the cross-linking between the glutaraldehyde and the amine groups within PAC, followed by partial integration between PAC chains.

Figure 2. Optical images of UnCx-PAC and Cx-PAC film (a) before and (b) after thermal treatment at 45 °C and 65 °C.
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2.3. Thermal Treatment Induced Change of Thermal, Mechanical and Surface Properties of Cx-PAC Films

Before and after the thermal treatments, Cx-PAC films were analyzed by differential scanning calorimetry (DSC). The Cx-PAC films exhibited broad and endothermic peaks indicating corresponding enthalpy changes (Figure 3). Cx-PAC showed a decreased enthalpy value (380 J/g) compared with UnCx-PAC (443 J/g).

Figure 3. Enthalpy of Cx-PAC film aged zero and two weeks at room temperature for each Cx-PAC film before and after thermal treatment at (a) 45 °C and (b) 65 °C (* p < 0.05, ** p < 0.001, # p > 0.001).
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The enthalpy of Cx-PAC films after thermal treatment at 45 °C or 65 °C decreased to 230–240 J/g. This indicated that the coiled collagen of Cx-PAC films underwent thermal denaturation [9]. Only a small enthalpy difference was observed between thermal treatments at 45 °C and 65 °C.

The thermal-treated Cx-PAC films were incubated at room temperature for two weeks. The enthalpy of Cx-PAC films treated at 45 °C increased to 290–310 J/g, while those treated at 65 °C slightly increased to 236–260 J/g. Specifically, Cx-PAC film treated at 65 °C showed a similar enthalpy value of 236 J/g compared with 232 J/g even before incubation at room temperature. The Cx-PAC films treated at 65 °C showed stronger denaturation of the coiled collagen of Cx-PAC films than the Cx-PAC films treated at 45 °C. These results indicate that the denaturation of collagen fibrils of Cx-PAC films require temperatures higher than 65 °C or a minimum heating time of 24 h. Thus, high heating temperatures and time are necessary to alter the collagen coil structure of Cx-PAC films.

Figure 4a shows ultimate tensile strength measured using a universal testing machine and images of the dumbbell shape of Cx-PAC films. As shown in Figure 4b, the tensile strength of UnCx-PAC was 3 N. The ultimate tensile strength of Cx-PAC was increased significantly to 10 N. This result demonstrated that PAC chains were cross-linked by glutaraldehyde with the amine group on the intra- and inter-PAC chains.

Figure 4. (a) Pictures of universal testing machine and film and (b) tensile strength of UnCx-PAC and Cx-PAC films aged for zero and two weeks at room temperature after thermal treatment at 45 °C and 65 °C (* p < 0.05, ** p < 0.001).
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Furthermore, thermal-treated Cx-PAC showed a significant increase to 15–17 N of the ultimate tensile strengths as compared with UnCx-PAC and Cx-PAC. In addition, the Cx-PAC treated at 65 °C resulted in a greater increase in ultimate tensile strength compared to that of Cx-PAC treated at 45 °C. The ultimate tensile strength value of thermal-treated Cx-PAC films was clearly increased by the thermal denaturation of the coiled collagen of Cx-PAC films: higher temperature treatment resulted in a higher increase in the ultimate tensile strength value.

When thermal-treated Cx-PAC films were incubated at room temperature for two weeks, the ultimate tensile strength significantly decreased to 12–13 N for Cx-PAC treated at 45 °C and 65 °C. However, the ultimate tensile strength values of Cx-PAC treated at 45 °C and 65 °C were higher than that of Cx-PAC before thermal treatment.

The contact angles of UnCx-PAC and Cx-PAC were measured to examine film surface properties (Figure 5). UnCx-PAC showed contact angles of 41°. The contact angles of Cx-PAC increased to 71°. Thermal treatment resulted in an increase in contact angles to 77°–78°. The contact angles of Cx-PAC treated at 65 °C were maintained at similar values to before and after thermal treatment. Additionally, there was a slight decrease from 77° to 74° in the contact angles of Cx-PAC treated at 45 °C. This result indicated that thermal treatment of Cx-PAC could control the film surface properties.

Figure 5. Contact angles of UnCx-PAC and Cx-PAC films aged for zero and two weeks at room temperature after thermal treatment at 45 °C and 65 °C.
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2.4. Cx-PAC Films Significantly Inhibits the Attachment and Proliferation of HUVECs

Human umbilical vein endothelial cells (HUVECs) are widely used as an experimental model of anti-adhesive study. Thus, we evaluated the attachment and proliferation of HUVECs on Cx-PAC and thermal-treated Cx-PAC films compared with a plate as a control. The HUVECs cultured on Cx-PAC and thermal-treated Cx-PAC films were observed by SEM and fluorescence microscopy.

As shown in Figure 6, in the SEM image, the plate showed smooth surface morphology, while the Cx-PAC and thermal-treated Cx-PAC films showed rough morphology, providing a suitable environment for the attachment and growth of the cells on films.

Figure 6. SEM micrographs showing no cell (control) and HUVECs cultured for one to seven days on plate and Cx-PAC film after thermal treatment at 45 °C and 65 °C. Magnification: 1000× and scale bar represents 10 μm.
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At one, three and seven days after incubation, HUVEC seeding studies showed that HUVECs adhered to the surface of the plate and proliferated effectively, indicating no inhibition of the attachment and proliferation of HUVECs. In contrast, Cx-PAC and thermal-treated Cx-PAC exhibited little and/or no cell attachment and proliferation by an obvious inhibitory effect of Cx-PAC films.

As shown in fluorescence images of PKH67-labeled HUVECs in Figure 7, the number of green dots, assignable to PKH67-labeled HUVECs, increased with increasing incubation time. However, there was little and/or no observation on Cx-PAC and thermal-treated Cx-PAC because of the inhibition effect.

Figure 7. Fluorescent image showing PKH67-labeled HUVECs cultured for one to seven days on well plate and Cx-PAC film after thermal treatment at 45 °C and 65 °C. Magnification: 200× and scale bar represents 100 μm.
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As shown in Figure 8, HUVEC seeding studies were evaluated using the MTT assay. Quantitative MTT analysis for Cx-PAC and thermal-treated Cx-PAC revealed a significant (p < 0.001) decrease in the optical density level compared with the plate after one, three and seven days of incubation. This indicated that Cx-PAC had approximately five- to seven-fold higher inhibition compared to the plate. Quantitative MTT analysis of the different Cx-PAC and thermal-treated Cx-PAC did not vary significantly. This result indicates that Cx-PAC significantly inhibits the attachment and proliferation of HUVECs.

Figure 8. MTT assay of HUVECs cultured for one to seven days on well plates and Cx-PAC films after thermal treatment at 4 °C and 65 °C (* p < 0.001).
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3. Materials and Methods


3.1. Preparation of UnCx-PAC and Cx-PAC Film

Sections of PAC were harvested from market pigs (Finish pig, F1; Landrace + Yorkshire, around 100 kg at six months of age). Briefly, the fore and hind legs were used to prepare the PAC under sterile conditions. Non-cartilaginous tissues adhered on the fore and hind legs were dissected and washed with phosphate-buffered saline (PBS). The primitive PAC tissues were trimmed using a blade and washed several times with PBS. For decellularization, the resultant PAC tissues were treated with hypotonic buffer (10 mM Tris-HCl, pH 8.0) for 4 h at 4 °C and centrifuged for 10 min at 3300 rcf. Next, PAC tissues were stirred for 2 h at 4 °C in 1% sodium dodecyl sulfate in Tris-buffered saline (10 mM NaCl, pH 7.6) and washed five times with deionized water (DW) for 10 min at 3300 rcf. After washing, the resultant tissues were incubated in the presence of DNase (100 U/μm, Elpis Biotech, Daejeon, Korea) for 12 h at 37 °C. After an additional centrifugation step, the resulting tissues were washed in deionized water and then freeze-dried at −50 °C for at least four days to obtain water-insoluble PAC powder.

The prepared PAC powder was added to 10 mL vials containing an aqueous solution consisting of 0.5 M pepsin and then stirred for 24 h, followed by neutralization (pH 7.4) with 4 N NaOH solution. The PAC solution was dialyzed for 24 h with DW, which was replaced at 4 h intervals and freeze-dried at −50 °C for at least four days to yield the final water-soluble PAC powder. The PAC solution was prepared at 1.3 wt % concentration in DW. The PAC solution was carefully poured into a homemade silicone molder (30 × 30 mm2) to form the PAC film shape, followed by freeze-drying at −50 °C for at least four days. The PAC film was cross-linked with 0.1% glutaraldehyde concentrations for 1 h. The cross-linked PAC film was washed several times with DW to remove the unreacted glutaraldehyde, followed by freeze-drying at −50 °C for at least four days to give finally cross-linked PAC film.



3.2. Thermal Treatment of UnCx-PAC and Cx-PAC Films

UnCx-PAC and Cx-PAC films were thermally treated for 6 h, 12 h or 24 h at 45 °C or 65 °C in a vacuum oven (VO-27, Han Yang Scientific Equipment, Seoul, Korea). After the thermal treatments, the samples were allowed to cool to room temperature. The thermal-treated UnCx-PAC and Cx-PAC films were characterized within 3 h or after two-week incubation at room temperature after thermal treatment for 6 h, 12 h or 24 h at 45 °C or 65 °C. Each thermal-treated Cx-PAC film was assigned to Cx-PAC-(thermal treatment temperature)-(thermal treatment time)-(incubation time at room temperature after thermal treatment). All experiments were performed at least three times and the results were presented with mean and standard deviation (SD).



3.3. Characterization of Thermal-Treated UnCx-PAC and Cx-PAC Films

The heat of fusion (ΔHm) of Cx-PAC films without and with thermal treatment (N = 3) for 6 h, 12 h or 24 h at 45 °C or 65 °C was determined by differential scanning calorimetry (DSC; Q 10, TA Instruments, Eschborn, Germany) performed from −50 °C to 200 °C at a heating rate of 10 °C/min under a nitrogen atmosphere.

The water contact angle of Cx-PAC films was measured using the sessile drop method at room temperature with an optical bench-type contact angle goniometer (Phoenix 150, Suwon, Korea). One drop of purified water (10 μL) was deposited onto the UnCx-PAC, Cx-PAC and thermal-treated Cx-PAC films surface using a microsyringe attached to the goniometer. The water contact angle was measured within 5 s. The contact angle images were visualized under a CCTV camera (XC-75, SONY, Tokyo, Japan) equipped with Image J software (National Institutes of Health, Bethesda, MD, USA). The contact angles of three specimens were individually measured for each specimen and then pooled to obtain an average value.

The tensile strength of UnCx-PAC, Cx-PAC and thermal-treated Cx-PAC films were measured using a Universal Testing Machine (H5KT, Tinius-Olsen, Horsham, PA, USA). UnCx-PAC and Cx-PAC films were prepared in a dumbbell shape with sizes of 15 × 30 mm2 overall and 10 × 10 mm2 in the gauge area. The UnCx-PAC and Cx-PAC films were gripped at each end on the gauge area and pulled vertically at a rate of 0.5 mm/min using a 50 N load cell until the specimen was broken. All experiments were performed at least three times and the results were presented with mean and standard deviation (SD).



3.4. HUVECs Culture on Cx-PAC and Thermal-Treated Cx-PAC Films

First, human umbilical vein endothelial cells (HUVECs, InnoPharmaScreen, Asan, Korea) were labeled using the PKH67 Fluorescent Cell Linker Kit (Sigma, St. Louis, MO, USA) according to the manufacturer’s instructions. Briefly, the cultured HUVECs were washed with serum-free media and centrifuged for 5 min at 400× g. The provided diluent C (500 μL) was added to 1.5 × 105 HUVECs and immediately mixed with 500 μL of PKH67 stock solution (4 × 10−6 M) in diluent C. After incubation for 5 min at room temperature, 1 mL of FBS was added and then the samples were incubated for 1 min to stop the labeling reaction. Finally, the HUVECs were pelleted for 5 min at 400× g, transferred to a fresh tube, and washed three times with HUVEC growth medium supplemented with 10 mL FBS, 0.2 mL hydrocortisone, 2 mL hFGF-B, 0.5 mL VEGF, 0.5 mL R3-IGF-1, 0.5 mL ascorbic acid, 0.5 mL hEGF, 0.5 mL FA-1000, and 0.5 mL heparin (EGM-2 SingleQuot Kit, Lonza, Basel, Switzerland).

Cx-PAC and thermal-treated Cx-PAC films were sterilized using ethylene oxide gas. For HUVEC culture experiments, Cx-PAC and thermal-treated Cx-PAC films with 12 mm diameters were prepared and placed individually into the wells of a 24-well tissue culture plate (Falcon, Pittsburgh, PA, USA) and then incubated for 4 h in culture media. After removing the media by suction, HUVECs (1 × 105 cells/well) were transferred to each well and incubated for one, three and seven days. The culture media was changed every day throughout the studies. All experiments were performed at least three times and the results were presented with mean and standard deviation (SD).



3.5. Anti-Adhesive Properties of Cx-PAC Films

The morphology of HUVECs in the well plate, Cx-PAC and thermal-treated Cx-PAC films were examined using scanning electron microscopy (SEM) with a JSM-6380 SEM (JEOL, Tokyo, Japan). The HUVECs (1 × 105 cells/well) on the well plate, Cx-PAC and thermal-treated Cx-PAC films were removed after one, three and seven days and fixed with 10% formaldehyde (Sigma) for 1 h, followed by dehydration using a series of 60, 70, 80, 90, and 100 of ethyl alcohol. The fixed HUVECs on the well plate, Cx-PAC and thermal-treated Cx-PAC films were coated with a conductive layer of gold using a plasma-sputtering apparatus (PS-1200; Para One, Seoul, Korea) and SEM (JSM-6700F, JEOL, Peabody, MA, USA) images were obtained.

For fluorescence imaging of HUVECs on the well plate, Cx-PAC and thermal-treated Cx-PAC films’ fluorescence were visualized under an inverted phase-contrast microscope (Eclipse TS100, Nikon, Tokyo, Japan). For the MTT assay, HUVEC viability in three well plates, Cx-PAC and thermal-treated Cx-PAC films evaluated individually and then the average value was calculated. Briefly, 100 mL of PBS solution of the MTT tetrazolium substrate (100 μL, Roche, Basel, Switzerland) was added after one, three and seven days. After incubation for 30 min at 37 °C, the resulting violet formazan precipitate was solubilized by the addition of 500 μL of DMSO and shaking for 30 min. An aliquot from each well (100 μL) was transferred to a 96-well plate. The solutions were then read using a ELISA plate reader (EL808 ultra microplate reader; Bio-Tek, Winooski, VT, USA). The optical density of each well was determined at 590 nm.



3.6. Statistical Analysis

DSC data and tensile strength results for the UnCx-PAC, Cx-PAC and thermal-treated Cx-PAC films were evaluated using independent experiments with n = 3 for each data point. The MTT assay of the PAC films was performed using independent experiments with n = 9 for each data point. All data were given as the mean and standard deviation (SD) values. The results were analyzed using one-way ANOVA with Bonferroni’s post-hoc tests. All statistical analysis was carried out using SPSS version 12.0 statistical software (SPSS, Inc., Chicago, IL, USA).




4. Conclusions

Here, we explored the potential utility of the PAC biomaterial as an anti-adhesive barrier. A Cx-PAC film was easily prepared from PAC biomaterial. We successfully developed a feasible Cx-PAC film with controllable properties as a useful experimental biomaterial platform for anti-adhesive barrier applications. Further experiments are necessary to investigate the in vivo feasibility utility in animal models.
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