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Abstract

:

Resorbable synthetic and natural polymer-based membranes have been extensively studied for guided tissue regeneration. Alloplastic biomaterials are often used for tissue regeneration due to their lower immunoreactivity when compared with allogeneic and xenogeneic materials. Plenum® Guide is a synthetic membrane material based on polydioxanone (PDO), whose surface morphology closely mimics the extracellular matrix. In this study, Plenum® Guide was compared with collagen membranes as a barrier material for bone-tissue regeneration in terms of acute and subchronic systemic toxicity. Moreover, characterizations such as morphology, thermal analysis (Tm = 107.35 °C and crystallinity degree = 52.86 ± 2.97 %, final product), swelling (thickness: 0.25 mm ≅ 436% and 0.5 mm ≅ 425% within 24 h), and mechanical tests (E = 30.1 ± 6.25 MPa; σ = 3.92 ± 0.28 MPa; ε = 287.96 ± 34.68%, final product) were performed. The in vivo results revealed that the PDO membranes induced a slightly higher quantity of newly formed bone tissue than the control group (score: treated group = 15, control group = 13) without detectable systemic toxicity (clinical signs and evaluation of the membranes after necropsy did not result in differences between groups, i.e., non-reaction -> tissue-reaction index = 1.3), showing that these synthetic membranes have the essential characteristics for an effective tissue regeneration. Human adipose-derived stem cells (hASCs) were seeded on PDO membranes; results demonstrated efficient cell migration, adhesion, spread, and proliferation, such that there was a slightly better hASC osteogenic differentiation on PDO than on collagen membranes. Hence, Plenum® Guide membranes are a safe and efficient alternative for resorbable membranes for tissue regeneration.
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1. Introduction


Guided tissue regeneration/guided bone regeneration (GTR/GBR) includes the stimulation of bone formation in bone defects using different types of membranes (resorbable and non-resorbable), associated or not with bone substitutes or grafts [1,2]. This will further provide mechanical support and cellular exclusion at the affected location, where the surrounding healthy tissue will migrate and promote osteogenesis and osteoconduction [1,3]. The use of resorbable materials as membranes significantly reduces the risk of graft-associated long-term complications. Therefore, the ideal biomaterial for barrier membranes should be resorbable, non-immunogenic, and closely mimic the extracellular matrix (ECM) in which morphology will allow cell adhesion, growth, migration, and differentiation [4,5,6,7,8].



Barrier membranes for guided bone regeneration can be based on natural (allograft or xenograft) or synthetic materials. Xenogeneic collagen matrix membranes indicate good tissue regeneration potential since they induce vascularization, cell migration, adhesion, and connective tissue formation [9,10]. However, these membranes are difficult to handle, control, purify, and sterilize, increasing the risk of pathogenic/viral contamination, immunoreactivity [11,12], and severe post-implant inflammation [13]. Several advantages posed by synthetic polymers when compared to natural polymers lie in their reduced immunogenicity and disease transmission potential [14,15].



Polydioxanone (PDO or PDS) is a colorless, crystalline, resorbable synthetic polymer of multiple repeating ether-ester units fully metabolized by the body. It has shown significant promise in tissue-engineering and biomedical applications due to its enhanced mechanical performance, biocompatibility, low inflammatory response, and long-term resorption [16,17,18]. PDO undergoes slow hydrolytic degradation with its metabolites excreted mainly by the kidneys or digested or exhaled as carbon dioxide [16,18]. PDO membranes and scaffolds are histoconductive, stimulating both bone and cartilage regeneration [17,18,19,20,21].



Mesenchymal stem cells (MSCs) are multipotent cells that have the ability to generate several types of cells [22]. Their ease for cultivation and purification makes them ideal for tissue engineering [23]. Human adipose-derived stem cells (hASCs) are a specific subgroup of MSCs currently being tested in many in vitro and in vivo studies regarding regenerative medicine and cell-based therapy for their capacity to differentiate into mesodermal cell lineages, including adipogenic, osteogenic, and chondrogenic cells [24,25,26]. Nevertheless, the inability to predict or control their differentiation once they are implanted poses a significant limitation in tissue-engineering applications [25]. This disadvantage highlights the importance of barrier membranes for cell retention at the defect site as cell growth and differentiation are influenced by the ambient microenvironment, biomaterial, and availability of growth factors, which can all be imbued in the membrane’s material development for optimal directed tissue repair [4,11,26,27]. Previous studies demonstrated that PDO-based materials were an excellent option for scaffold application, mainly to MSC growth such as hASC differentiation into adipogenic, osteogenic, and chondrogenic cells in vitro [4,28,29].



Plenum® Guide is a PDO-based resorbable synthetic membrane used for GTR/GBR, especially for bone and gingival defects (intraosseous defects and periodontal or peri-implant soft tissues). This study investigated systemic effects in vivo and compared hASC growth behavior on Plenum® Guide and collagen membranes. Additionally, characterizations such as morphology, thermal analysis, swelling, and mechanical tests were performed.




2. Materials and Methods


2.1. Ethical Statement


All animal studies were conducted at MedLab Produtos Diagnósticos Ltd.a, São Paulo, Brazil, using good laboratory practice (GLP) protocols and fully complying with animal welfare regulations. The protocol for adipose-derived stem cell acquisition and purification (ASCs) was approved by the Ethics Committee of the Universidade Federal de São Paulo, São Paulo, Brazil (no. 1119/2018).




2.2. Materials


Plenum® Guide (M3 Health Ind. Com. de Prod. Med. Odont. e Correlatos S.A., Jundiaí, Brazil) was used as a PDO-based barrier membrane (experimental group), while Bio-Gide® (Geistlich Pharma AG, Wolhusen, Switzerland), a natural double-sided porcine collagen membrane, was used as the reference biomaterial (control group).




2.3. Characterization


The PDO membranes’ structural morphology used for GBR was sputter-coated with a thin conductive carbon layer and then analyzed via scanning electron microscopy (SEM; JSM7500F, JEOL, Tokyo, Japan; 2 kV accelerating voltage). Subsequently, collagen and Plenum® Guide membranes were stained with a 0.5 mg/mL Hoechst solution (Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA) for 1 min and analyzed via fluorescence microscopy. Image analysis was performed using a ZOE Fluorescent Cell Imager (Bio-Rad, Hercules, CA, USA).



Differential scanning calorimetry (DSC) was performed as a mean to determine the membrane crystallinity degree. All samples were tested in DSC-60 from Shimadzu under a nitrogen atmosphere (flow rate: 50 mL/min) at a heating rate of 10 °C/min. In the first cycle, membranes were submitted to a uniform heating ramp from −10 to 120 °C. After an isotherm of 5 min at 120 °C, samples were heated from −20 °C to 350 °C. Thermal transitions and enthalpy of fusion were obtained from DSC curves in the second heating and temperatures were taken at the peak maximum. The crystallization temperature (Tc), the melting temperatures (Tm), and degree of crystallinity (Xc) of the samples were then determined. The crystallinity was calculated according to Equation (1), where ΔHm is melting enthalpy of sample and ΔHm0 is melting enthalpy of 100 % crystalline PDO (ΔHm0 = 141.18 J/g) [30].


%Xc = (∆Hm/∆Hm0) × 100%



(1)







Based on ASTM D882: 2012—“Standard Test Method for Tensile Properties of Thin Plastic Sheeting” [31]—tensile properties were obtained using Instron model 5569 universal testing machines with load cell of 500 N and test speed of 50 mm/min.



Water absorption capacity was evaluated for two different thicknesses of PDO membranes: 0.25 mm and 0.5 mm. The methodology used was based on ASTM D570—“Test Method for Water Absorption of Plastics” [32]. PDO membranes, sterilized or not by ethylene oxide (EtO), were separately immersed in distilled water at room temperature. The samples were removed from distilled water at immersion times of 1 min, 5 min, 10 min, 2 h, and 24 h. After removal, samples were laid on a filter paper so that the excess superficial water could be removed and then weighed. The content of distilled water into the swollen membranes was calculated using Equation (2), where Wd represents the weight of the dry membrane and Ws, the weight of the swollen membrane. All experiments were performed five times per sample.


Water uptake (%) = [Ws − Wd)]/Ws] × 100



(2)








2.4. Biological Evaluation In Vitro


2.4.1. ASC Isolation and Expansion


A fragment of the hypodermal adipose tissue was collected using a dermal punch (0.5 mm) on a serum-free basal culture medium (DMEM/Ham’s F-12, Gibco™, Thermo Fisher Scientific, Waltham, MA, USA). It was washed twice with a phosphate-buffered saline (PBS) solution (at 400 g for 5 min), transferred to a T-25 flask, and incubated with a basal culture medium (10% bovine serum containing 5 µg/mL gentamycin) at 37 °C in a 5% CO2 humidified atmosphere. After 3–5 days, the medium was exchanged with a fresh complete culture medium. The cells were then resuspended in 1 mL of complete medium and stained with 0.4% Trypan Blue solution (Sigma Aldrich) and counted using the TC20 Automated Cell Counter (Bio-Rad Laboratories). At 70–80% confluency, the culture was expanded to T-75 flasks (cell density ≥ 5 × 103 cells/cm2) [33]. To prevent contamination, microbiological tests were performed for aerobic and anaerobic bacteria and fungi using the BD Bactec Peds PlusTM medium (BD, Franklin Lakes, NJ, USA).




2.4.2. Cell-Integration Capacity


The PDO- and the collagen-based membranes were cut into four pieces of equal size (0.5 cm2) for the hASC integration analysis. Each piece was hydrated in the culture medium, seeded with 1 × 106 cells/membrane, and incubated in 35 mm culture plates with the complete culture medium for 11 days (37 °C and 5% CO2), with medium exchange after every 3–4 days. At the end of this period, these membranes with hASCs were initially fixed in 2.5% glutaraldehyde and then metallized with gold for SEM analysis.




2.4.3. Cell Migration


Cell migration on different membranes was evaluated. The hASCs were seeded at a density of 4 × 105 cells/membrane and incubated in 35 mm culture plates with the complete culture medium for 21 days (37 °C and 5% CO2), with medium exchange every 3–4 days [34]. Subsequently, these membranes were transferred to fresh 35 mm culture plates and treated for cell adhesion. After 24 h, the hASCs that migrated from the membranes and adhered to the plates were quantified and visualized [35].




2.4.4. Cell Viability


To determine cell viability, the hASCs were seeded on PDO and collagen membranes (106 cells/membrane) in 35 mm plates with the complete culture medium and then incubated for 24 h (37 °C and 5% CO2). The control sample did not contain any membrane. After 24 h, trypsinized cultures were collected and, after centrifugation (400× g and 5 min), the cells were resuspended in 0.5 mL of the complete culture medium and stained with 0.4% Trypan Blue to count viable and non-viable cells that detached from the membrane using a TC20 Automated Cell Counter (Bio-Rad Laboratories, Hercules, CA, USA). The viability was determined in terms of the percentage of viable cells with respect to the total number of cells. The toxicity was determined as follows:


Toxicity = (Control Viability − Membrane viability)/Control Viability



(3)








2.4.5. Fluorescence Staining


The distribution and cellular behavior of the hASCs grown on the PDO membranes were evaluated via fluorescence microscopy. According to the manufacturer’s instructions, before the cell culture was performed on the membrane, cells were labeled with a vital fluorescent dye, PKH26 (general PKH26-GL cell connection kit, Sigma Aldrich, St. Louis, MI, USA). Membranes seeded with 2 × 105 cells/mL were stained with the fluorescent marker and cultured in 35 mm culture plates for a period of 4 and 24 h. Membrane fibers were stained blue with a 0.5 mg/mL Hoechst solution (Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA) for 1 min. Later, cells seeded on the PDO membranes were fixed with 4% paraformaldehyde. Cells were permeabilized with 0.01% Triton X-100 diluted in PBS for 5 min for cytoskeleton evaluation. In order to analyze actin filaments, cells were stained with phalloidin-fluorescein isothiocyanate (FITC) for 45 min, while cell nuclei were stained with Hoechst solution. An image analysis was carried out on a ZOE Fluorescent Cell Imager (Bio-Rad, Hercules, CA, USA).




2.4.6. The hASC Differentiation on Membranes


The hASCs were seeded on PDO and collagen membranes (106 cells/membrane) in 35 mm plates with a cell-differentiation inductor medium, i.e., the StemPro® Osteogenesis Differentiation Kit (Gibco™, Thermo Fisher Scientific, Waltham, MA, USA). After 11 days, with medium exchange after every 3–4 days, the membranes were fixed in 2.5% glutaraldehyde and metallized with gold to evaluate their morphology.





2.5. Biological Evaluation In Vivo


2.5.1. Sample Preparation for Systemic Toxicity Assays


To prepare samples for systemic toxicity assays, a membrane sample (6 cm²) was extracted at 37 °C for 72 h in a shaker incubator at 100 rpm in 10 mL of a 0.9% sodium chloride solution.




2.5.2. Systemic Toxicity Assay


The systemic toxicity was analyzed according to the ISO 10993-11 protocol [36]. A single dose of 50 mL/kg PDO membrane extract was injected intravenously in the caudal veins of female mice (Mus musculus—Swiss albino mice) in the experimental group (n = 5) while 0.9% NaCl was applied in the control group (n = 5). The animals were observed 1, 24, 48, and 72 h after application to evaluate the presence of toxic signs (changes in the skin, eyes, respiratory system, cardiovascular and gastrointestinal systems, motor activity, salivation, convulsions, hair erection, weight loss, and/or death).




2.5.3. Subchronic Systemic-Toxicity Assay


This assay was carried out according to the ISO 10993-11 [36] and ISO 10993-6 [37] protocols. The PDO membrane (Plenum® Guide) was implanted in the tibia of rabbits (Oryctolagus cuniculus—New Zealand). Each animal presented an implantation site on the right tibia, with 12 rabbits in the experimental group (6 males and 6 females), and 11 rabbits in the control group (five males and six females). The control group with collagen membranes (Bio-Gide®) was used as the reference.



Bone defects were generated with a surgical drill (3 mm in diameter; MPolachini, Brazil) with copious saline irrigation, drilling into the full cortical thickness and exposing the bone marrow. During this operation, the animals were anesthetized (using a combination of xylazine and ketamine) and intramuscularly treated with an analgesic (tramadol). Shortly before the procedure, the animals received local anesthesia in the right tibia (articaine, 4%, 1:100,000). With an appropriate motor (Driller Baby 20:1) and specific surgical cutters, a circular fragment measuring 3 mm in diameter was removed from the cortical bone layer. In the experimental group, the defects were filled with a blood clot and covered with a PDO membrane. In the control group, defects were filled with a blood clot and covered with a collagen membrane. Both types of membranes were cut to a final size of 1.5 cm2 before implantation. The flaps were sutured with 4–0 mononylon sutures (Ethicon, Johnson & Johnson, Brazil) and the surgical wounds were cleaned with 2% chlorhexidine, covered with iodopovidone, and protected with a gauze and adhesive dressing. Following the procedure, the animals were treated with anti-inflammatory (Meloxicam) and antibiotic (Pentabiotic) agents for three days so that the pain and the risk of wound infection could be minimized. The treated animals were evaluated for a period of 12 weeks.




2.5.4. Clinical Evaluation


Animals were evaluated for clinical signs of toxicity over a period of three months. After this period, the animals were anesthetized (xylazine and ketamine) to collect blood and later euthanized by anesthetic deepening. They were then submitted to necropsy and organ collection, i.e., liver, spleen, left kidney, left adrenal, testicles/ovaries, proximal lymph node (popliteal), and distal (mesenteric) and implantation sites. The liver, kidney, and spleen were weighed for absolute and relative weights.




2.5.5. Histological Evaluation


Tissues and organs fixed in 10% formaldehyde were decalcified in ethylenediaminetetraacetic acid (EDTA; 0.5 M and pH 8.0) for 10 days and embedded in paraffin blocks. The blocks were cut to 4 μm-thick sections and colored with hematoxylin and eosin (H&E). For semiquantitative evaluation of the bone tissue, five fields (400×) were evaluated in the control and experimental animals. The slides were evaluated according to the parameters and criteria established in Table 1.



Thereafter, the obtained data were transferred to a semiquantitative classification system. The results of the bone neoformation, proliferation, and tissue responses were added at each site to yield the “Total”. The “Total” was calculated using Equation (4):


Individual Total = 2(bone neoformation + proliferation)tissue + tissue response



(4)







Finally, the totals across the groups were added (“Group Total”) and divided by the total number of evaluated sites (group mean). The mean or tissue-reaction index was quantified and defined as the difference between the mean values of both groups. The tissue-reaction index was classified as follows: non-reactive: 0–2.9; slightly reactive: 3.0–8.9; moderately reactive: 9.0–15.0; severely reactive: >15.




2.5.6. Blood Evaluation


Blood samples collected before euthanasia were used for blood-count analysis (automated and manual reading), blood-clotting tests (thromboplastin (TPL) and ellagic acid (APTT), and blood-biochemistry analysis.





2.6. Statistical Analysis


Using the Lilliefors test, subchronic systemic toxicity data were analyzed for normality. For the parametric data, a Student’s t-test was conducted to compare the experimental and control groups, while the Mann-Whitney test (Wilcoxon Rank-Sum test) was utilized for nonparametric data. All seeding experiments were performed twice in at least two independent experiments. Cell-viability mechanical traction properties and crystallinity degree data were analyzed using the Student’s t-test. Statistical analysis was performed using the BioEstat 5.3 software (Univ. Estadual do Pará, Pará, Brazil) (p < 0.05).





3. Results


3.1. Membrane Characterization


The superficial topography of the PDO membranes is illustrated in Figure 1. The corresponding SEM and fluorescence images suggest a morphological structure with randomly oriented fibers at the (sub)micron level, similar to the ECM.



PDO is a semicrystalline polymer. The membrane melting temperature (Tm), the melting enthalpy (ΔHm), and the crystallinity degree were determined via differential scanning calorimetry (DSC) (Table 2). The crystallinity degree of the membranes did not show significant statistical differences before and after the sterilization process (Student’s t-test, p > 0.05). The sterilization by ethylene oxide gas was chosen since the heat treatment or gamma irradiation processes might damage the mechanical properties of PDO because of thermal degradation or thermal oxygen degradation. Thus, these results corroborated the finds from the literature, mainly after post-processing [30,38], in which the electrospinning and sterilization processes maintained the thermal properties of this polymer [15,30] and could have favored the annealing process. In theory, annealing occurs whenever the polymer is heated to a temperature above glass transition (Tg) and below Tm, in which annealing could eventually affect the mechanical properties [39]. For the PDO polymer, Tg was measured before the sterilization process at 40.1 ± 2.2 °C and Tm at 102.36 ± 0.43 °C. Additionally, the parameters of the employed sterilization process via EtO gas were: 1. sterilizing agent (EtO 90%/CO2 10%); 2. chamber temperature (50 ± 10 °C); 3. relative humidity (≥40%); and 4. total exposure time (2 h).



Overall, these analyses revealed that the thermal stability of the membranes did not change due to ethylene oxide sterilization, further indicating that it is an adequate process for PDO membrane sterilization. A validated sterilization process ensures the elimination of by-products generated during the process.



The mechanical properties, such as tensile strength (σ), elastic modulus (E), and strain at failure (ε) are summarized in Figure 2. The results obtained before and after the EtO sterilization process did not demonstrate significant statistical difference (Student’s t-test, p > 0.05). In addition, the PDO flexibility is improved as a result of the change of one ester linkage to an ether linkage with regards to other synthetic polymers; due to the unique ether bond, PDO has excellent flexibility [40]. Furthermore, the results suggest that sterilization via EtO favored the annealing process of the polymeric chain owing to the values measured to thermal (%Xc = 52.86 and Tm = 107.35 °C) and mechanical (E = 30.10 ± 6.25) properties. Therefore, the temperature used for the EtO process, 50 ± 10 °C per 2 h, might have benefited this annealing. The annealing process might determine the amorphous regions into ordered, i.e., the arrangement of molecular chains in the crystal [39], whereas the semicrystalline nature of PDO makes it possible to adjust the final and improved physical properties.



Water absorption capacity for the PDO membranes was determined within 24 h. The mean percentage rate of swelling for the 0.25- and 0.5-mm membranes was 435.12 ± 44.37% and 420.45 ± 28.58% in relation to the dry mass of each type of membrane after only 1 min immersed (Figure 3). Throughout the analyzed time, swelling rate remained constant.




3.2. Integration and Migratory Capacity of hASCs on PDO-Based Membranes


The hASCs were seeded on PDO-based membranes and analyzed via fluorescence microscopy after 4 and 24 h and via SEM on incubation day 11 (Figure 4). The images in Figure 4 illustrate that the hASCs were able to proliferate and integrate on the membranes.



After 24 h of incubation, the hASCs isolated from the culture supernatant were counted using an automated cell counter. Cell viability was between 74% and 94% on PDO membranes and 30% and 31% on collagen membranes for the replicated measurements. Meanwhile, in the control (0.9% NaCl), cell viability was 100% and 100% for the replicated measurements. Therefore, toxicity was calculated to be 26% and 6% (mean = 16%), and 70% and 69% (mean = 69.5%) for the PDO and collagen membranes, respectively. The statistical analysis indicated that the toxicity of the PDO membranes was 4.34 times lower than that of the collagen membranes (Student’s t-test, p < 0.05).



Considering the importance of stem-cell migration for the regeneration of injured tissues, the migratory capacity of the hASCs was evaluated after 21 days of cultivation on the tested biomaterials. After this period, it was verified that the hASCs were able to migrate from the PDO membranes at a higher rate than from the collagen membranes (Table 3).




3.3. Osteogenic Differentiation on PDO Membranes


The complete cell coating of the membrane fibers (with the osteogenic differentiated hASC) was observed in the collagen membranes, along with large morphological changes in the hASCs (Figure 5e–h). Meanwhile, on the PDO membranes, advanced osteogenic differentiation was observed, along with several calcification nodules (Figure 5a–d).




3.4. Toxicity and Clinical Evaluation


No signs of systemic toxicity or death were observed after the injection of PDO membrane extracts (Table S1—supplementary materials). Therefore, according to the acceptance score of the applied methodology, the material was considered safe.



The subchronic systemic toxicity assay was conducted with 23 animals in total. During the experimental period, three animals died; however, the deaths were not related to the test or to the reference (diarrhea and self-mutilation). Thus, the study was completed with 20 animals (four female tests and six female references; six male tests and four male references). There were no statistical differences in relation to the males’ body weights in the experimental and control groups (Table S2). A statistical difference in terms of weight gain was observed in the females: the control group exhibited a higher weight gain than the experimental group. Considering these results, as no relevant clinical signs were observed, and after the loss of two animals that may have interfered with the statistical results, this difference in weight gain was not considered a sign of toxicity related to the PDO membranes.



There was no statistical difference in the absolute and relative weights of the organs evaluated in the experimental and control groups (Table S3). Certain changes were observed in both experimental and control groups, such as lymphoid hyperplasia in the mesenteric lymph node, degeneration and necrosis in the popliteal lymph node, and hydropic degeneration in the liver (Table S4). Kidneys harvested from the animals in the experimental group exhibited mononuclear inflammation. However, none of the other organs (spleen, adrenal gland, and ovaries/testicles) presented any pathological alterations, both in the experimental and control groups. All the observed alterations are commonly associated with spontaneous pathologies in the analyzed species. Thus, no alterations related to the PDO membranes’ toxic effects were observed after implantation in the rabbit tibias after surgically inducing bone defects.



Local clinical aspects of the implantation sites were evaluated during necropsy (Table S5). One animal in the experimental group (01M) presented a bony callus at the tibia tuberosity at the implantation site. This may be due to the healing of a minor fracture. Moreover, a specimen presented non-repaired bone defects in the reference group (12F). Other clinical effects, such as edema, hematoma, encapsulation, and necrosis, were not observed.




3.5. Histological and Blood Evaluation


Bone neoformation in the experimental and control groups resulted in newly formed bone tissue, wherein bone neoformation was compounded with a lamellar bone with organized collagen fibers, osteocytes, Haversian canals, rare osteoblast rhymes, and a discrete amount of immature bone separated by cement lines. Minimal capillary proliferation was observed in one of the animals in the experimental group, which may be associated with discrete fibrosis and a minimal amount of fatty infiltrate at the implant site. Meanwhile, two of the animals in the experimental group presented a discrete area with fatty infiltrate. Minimal capillary proliferation was observed in only one of the animals in the control group, and it was associated with a discrete area of fatty infiltrate.



For the semiquantitative evaluation of the local bone reaction (Table 4), the mean of the experimental sites was 9.9, while the mean of the control sites was 8.6, which implies a tissue reaction index of 1.3 (not reactive compared with the control sample). PDO membranes induced a slightly higher amount of newly formed bone tissue and consequent reactions. In contrast, the control membranes had slightly smaller reactions and resulted in immature bone tissue (data per animal is presented in Table S6). However, this difference (1.3) is not relevant, and it is within the non-reactive classification (0.0 to 2.9) when compared to the control. Moreover, the PDO membranes did not result in any significant histological changes in the evaluated organs, indicating the absence of systemic toxicity. This implies that they can be considered non-reactive for bone tissues when compared to collagen membranes.



The blood count (erythrogram and leukogram), coagulogram, and liver and renal functions analysis indicated the absence of significant systemic changes in all animals (Tables S7–S11) [41].





4. Discussion


An ideal synthetic resorbable material must exhibit high porosity to promote tissue ingrowth and reduce the risk of tissue defect recurrence [42]. Therefore, the structural morphology and superficial topography of the PDO membrane examined in this study are similar to those of the ECM (Figure 1), in which the physicochemical and morphological properties facilitate the diffusion of biological fluids and cell adhesion [4]. Plenum® Guide melting and crystallization temperatures are similar to that found in the literature for PDO polymer (Table 2) [17,38]. Moreover, this membrane presented elongation at rupture around 280%, which is a superior value to the one found in the literature data on commercial collagen membranes (15 up to 60%) [43,44,45] and indicates a more significant resistance necessary for its application (Figure 2). The membrane demonstrated a rapid water absorption capacity, reaching its maximum swelling limit in one minute of immersion, and kept the swelling rate constant throughout the studied period (Figure 3). This characteristic is of great value for the membrane’s application since after swelling the membrane and implantation in the patient there would be no dimensional change.



PDO is a safe synthetic graft material and is well known as a guide for tissue regeneration to stimulate bone and cartilage development in vivo [19,46,47,48,49]. PDS® as an absorbable barrier material (polydioxanone, Johnson & Johnson, Ethicon GmbH & Co KG, Norderstedt, Germany) was used for periodontal regenerative surgery, which helped to eliminate a second surgical procedure for the removal of non-absorbable membranes [49]. Pretzl et al. [50] reported that, within the limitations of their study, the vertical gain and bony fill achieved using PDS barriers were stable in 68% of the evaluated intrabody defects ten years after GBR therapy. In contrast, there are several reports on complications resulting from the use of PDS. For example, infraorbital inflammation and persistent diplopia were observed eight weeks after operation [51]. In another study, a peri-implant reaction was observed in 60% of the test subjects after PDS resorption [52]. In an animal study, a peri-implant tissue reaction [53] and edemas [54] were observed around the degradation products.



Schmitt et al. [55] examined 0.25 mm-thick PDS® films (Johnson & Johnson, Ethicon GmbH & Co KG, Norderstedt, Germany) as a cell-culture matrix for the second passage of in vitro cultured osteoblast-like cells. These films, which had low mechanical strength, only promoted cell adhesion and proliferation in certain areas. However, this study demonstrated that Plenum® Guide membranes present superior rupture strength, modulus of elasticity, and elongation at rupture than PDS® films [56,57], and allowed hASC ingrowth and integration on the biomaterial (Figure 4). Rowland et al. [4] suggested that the PDO scaffold fiber orientation influences the differentiation capacity of MSCs by manipulating their morphology [58]. Aligned scaffolds support greater adipogenic and osteogenic differentiation, while random scaffolds favor chondrogenesis. The structural morphology of Plenum® Guide membranes, which is similar to that of the ECM, may explain the improved outcomes resulting from their use when compared with PDS [59,60].



Natural polymers attract special interest for tissue-engineering applications as they present biocompatible, biodegradable, and natural substrates on which cells can easily spread, attach, proliferate, and differentiate [61]. Bio-Gide® (Geistlich Pharma AG, Wolhusen, Switzerland) is a natural double-sided porcine collagen (types I and III) membrane that has been used as a barrier for bone-tissue regeneration in bone-graft surgeries. Rupture elongation of this membrane is 46.8% [43], approximately six times less than that of on Plenum® Guide membrane (Figure 2).



Collagen-based absorbable membranes result in high cell proliferation and cell viability concerning unrestricted somatic stem cells [62] and ASCs [63]. Our results show that hASCs can proliferate efficiently on Plenum® Guide, where hASC migration was better on PDO membranes than on collagen membranes (Table 2). Furthermore, the toxicity of PDO membranes was at least four times lower than that of collagen membranes for this cell line. PDO-based biomaterials have been shown to facilitate the ingrowth and differentiation of hASCs in vitro [28,29]. Such materials better support adipocyte cell adhesion and viability than other polymer-based materials following implantation [64]. PDO membranes showed slightly better efficiency at hASC differentiation than collagen membranes, resulting in advanced osteogenic differentiation with several calcification points (Figure 5). These results indicate the potential application of the biomaterial as a scaffold for stem cells to engineer bone regeneration and to act as a barrier membrane.



There are several concerns regarding the use of natural polymers, including the lack of control over their physical and chemical characteristics and complex purification and sterilization processes. Moreover, they present a high risk of pathogenic/viral contamination and may lead to immune rejection when isolated from different sources [11,12]. Although collagen exhibits good potential for tissue regeneration and is often used in various biomedical applications, this biopolymer may induce a local inflammatory reaction after implantation [13]. In contrast, such a phenomenon is not observed with synthetic polymers due to their low immunogenicity [14,15]. In this study, no toxic effects and/or systemic changes were observed in animals treated with PDO membranes. Regardless of the difference found that was not relevant regarding the semiquantitative evaluation of the local bone reaction (Table 3), Plenum® Guide resulted in a slightly higher amount of newly formed bone tissue in surgically induced bone defects. In contrast, the collagen membrane (Bio-Gide®) resulted in a small amount of immature bone tissue.




5. Conclusions


PDO-based membranes showed to be morphologically similar to ECM. Moreover, they demonstrated suitable mechanical properties and great dimensional stability after swelling and proved to be safe and efficient materials for use as resorbable membranes for bone regeneration. Their implantation in surgically induced bone defects resulted in a large amount of newly formed bone tissue. The excellent adhesion, growth, and migratory capacity of the hASCs on PDO-based membranes, along with their osteogenic differentiation, suggest that these membranes have significant potential for applications in tissue engineering and regenerative medicine.
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Figure 1. Morphological analysis of the PDO membranes. (a) Fluorescence microscopy using Hoechst dye. SEM images at (b) 200×, (c) 1000×, and (d) 2000× magnification. 
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Figure 2. Mechanical traction properties. Tensile stress curves as a function of sample elongation, before (a) and after (c) the sterilization process. Mechanical properties in membrane traction, before (b) and after (d) the sterilization process. Test speed: 50 mm/min. 
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Figure 3. Swelling analysis of the 0.25- and 0.5- mm PDO membranes over time. The percentages were calculated in relation to the dry mass of the membrane. 
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Figure 4. The hASCs seeded on PDO membranes. Cells were stained with (a) PHK26 and Hoechst solution 4 h after incubation on the membrane, (b) PHK26, and (c) FITC after 24 h of incubation. (d) SEM image of hASCs after 11 days on the membrane. 
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Figure 5. Osteogenic differentiation on the PDO membrane after incubation for (a,b) 5 and (c,d) 11 days. Osteogenic differentiation on the collagen membrane after incubation for (e,f) 5 and (g,h) 11 days. 
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Table 1. Histological parameters and criteria to score and evaluate bone neoformation and reaction (per field, 400×, and a mean of five fields) and tissue response.
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Score




	

	
0

	
1

	
2

	
3

	
4






	
Bone neoformation/response

	
Osteoblast rhyme

	
0

	
Rare, 1–5

	
5–10

	
Infiltrate

	
Accumulated




	
Osteoclasts

	
0

	
Rare, 1–5

	
5–10

	
Infiltrate

	
Accumulated




	
Immature bone

	
0

	
Minimum

	
Middle

	
Moderate

	
Severe




	
Non-mineralized osteoid matrix

	
0

	
Minimum

	
Middle

	
Moderate

	
Severe




	
Necrosis

	
0

	
Minimum

	
Middle

	
Moderate

	
Severe




	
Tissue response

	
Neovascularization

	
0

	
Minimal capillary proliferation, focal 1–3 shoots

	
Groups of 4–7 capillaries with fibroblastic support structures

	
Broad bands of capillaries with support structures

	
Extensive range of capillaries with fibroblastic support structures




	
Fibrosis

	
0

	
Narrow range

	
Moderate

	
Thick band

	
Extensive




	
Fatty Infiltrate

	
0

	
Minimum amount of fat associated with fibrosis

	
Several layers of fat and accumulation of fibrous tissue

	
Elongated and wide fat cells on the implant site

	
Extensive fat that completely involves the implant
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Table 2. DSC analysis before and after sterilization of the PDO membranes.
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Tm

(°C)

	
∆Hm

(J/g)

	
%Xc






	
Before sterilization

	
Mean

	
102.36

	
−74.62

	
56.39




	
SD

	
0.43

	
4.19

	
0.70




	
After sterilization

	
Mean

	
107.35

	
−79.62

	
52.86




	
SD

	
0.48

	
0.99

	
2.97








Tm: melting temperature; ∆Hm: melting enthalpy; %Xc: crystallinity degree.
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Table 3. Rate of hASC migration from the PDO and collagen membranes. (−) No migration; (+) ~102 cells/plaque; (++) ~104 cells/plaque; (+++) ~105 cells/plaque.
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	Membrane
	Migration Rate





	PDO
	+++



	Collagen
	++
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Table 4. Histological indices to evaluate tissue reaction.
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Bone Neoformation/Response

	
Treated Group

	
Control Group






	
Osteoblast rhyme (sum of the group)

	
15

	
13




	
Osteoclasts (sum of the group)

	
1

	
0




	
Immature bone (sum of the group)

	
18

	
17




	
Non-mineralized osteoid matrix (sum of the group)

	
13

	
12




	
Necrosis (sum of the group)

	
0

	
0




	
Subtotal (2×)

	
94

	
84




	
Neovascularization (sum of the group)

	
2

	
1




	
Fibrosis (sum of the group)

	
1

	
0




	
Fatty infiltrate (sum of the group)

	
2

	
1




	
Subtotal

	
5

	
2




	
Group total

	
99

	
86




	
Group mean

	
9.9

	
8.6




	
Mean index 1

	
1.3








1 Used to determine the tissue-reaction index.
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