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Abstract

:

The application of exogenous growth factors such as the recombinant human growth and differentiation factor 5 (rhGDF-5) represents a major research topic with great potential for the treatment of complex wounds. In a randomized, controlled minipig study, the topical effect of rhGDF-5 on full-thickness skin defects was evaluated. A total of 60 deep dermal wounds were either treated with rhGDF-5 embedded in an innovative collagen scaffold or another commonly used collagen matrix or left untreated. Wound healing was analyzed by planimetric analysis to determine wound closure over time. After 21 days, the areas of the initial wounds were excised, and the newly formed tissue was examined histologically. In comparison to untreated wounds, all examined matrices accelerated dermal wound healing. The largest acceleration of wound healing was seen with the high-dose rhGDF-5-treated wounds, which, compared to the untreated wounds, accelerated wound healing by 2.58 days, improved the neoepidermal thickness by 32.40 µm, and increased the epidermal cell density by 44.88 cells. The innovative collagen scaffold delivered rhGDF-5 adequately, served as a template to guide proliferating and restructuring cells, and accelerated wound healing. Thus, this composite product offers a novel tool for developing effective wound dressings in regenerative medicine.
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1. Introduction


Growth factors are endogenous, soluble polypeptides, which belong to the class of cytokines and are essential for the physiology of wound healing. All wound healing processes (hemostasis, inflammation, proliferation, and the remodeling phase) are regulated by a variety of endogenous growth factors, produced and secreted in response to stimuli from the wound [1,2,3,4]. Especially during the exudation phase, many growth factors such as the vascular endothelial growth factor (VEGF), epidermal growth factor (EGF), and transforming growth factor alpha (TGF-α) and beta (TGF-β), which exert chemotactic stimuli and control cell proliferation, are secreted. These growth factors exert regenerative stimuli and are important components of the re-epithelialization, angiogenesis, and formation of granulation tissue during wound healing [5,6,7].



The recombinant human growth and differentiation factor 5 (rhGDF-5) is a highly effective peptide hormone from the TGF-β superfamily [8] and influences the development of many cells and tissues during the embryonic and mature stages. It controls complex interactions between the migration and proliferation of keratinocyte progenitor cells [9], accelerates the formation of granulation tissue, and induces angiogenesis [8,10]. Furthermore, rhGDF-5 can accelerate ligament and tendon healing, collagen synthesis, and the organization of bone and cartilage tissue as well [11,12,13,14].



Through their central role and positive impact on wound healing, the application of exogenous growth factors presents a major research topic with great potential for the treatment of complex wounds. To approve rhGDF-5’s effectiveness, the results in this study were compared to a commercially available collagen–elastin matrix (1.00 mm single layer, MedSkin Solutions Dr. Suwelack AG, Billerbeck, Germany) as a representative of a commonly used product for skin replacement in dermal wounds.



In this context, the topical effect of rhGDF-5 on full-thickness skin defects was evaluated in a randomized, controlled minipig study.




2. Materials and Methods


2.1. Application of rhGDF-5


rhGDF-5 was topically applied, embedded in an innovative collagen–gelatin matrix (developed in cooperation with Freudenberg New Technologies KG, Weinheim, Germany and Biopharm GmbH, Heidelberg, Germany). The scaffold is based on a compound from animal derived collagen and gelatin produced with a novel standardized spinning procedure. The gelatin and collagen were processed into fibers with rhGDF-5 by rotation spinning. Briefly, by spinning the rotor and cooling the material, liquid jets of the precursor solution transitioned from a solution to a gel and completely solidified during flight. During this process, the liquid jet of the precursor solution became desiccated, which resulted in the formation of stable fibers with all the components homogeneously distributed. Secondly, these fibers were deposited as a composite biomaterial. This final fiber biomaterial was bioresorbable, nonwoven, non-crosslinked, and consisted of fibers with a bimodal distribution between 2 and 10 μm in diameter and pore sizes between 35 and 70 μm.



The collagen–gelatin scaffold was made with various surface densities: 30 g/m², 75 g/m², 90 g/m² and 150 g/m². rhGDF-5 was obtained via expression in Escherichia coli (strain W3110 BP) and, after isolation, was added to the collagen–gelatin scaffold at various concentrations: 100 ng/m², 500 ng/m², 1000 ng/m², and 5000 ng/m². The composite biomaterial was applied on the first day of the study for the single-application groups, only being applied once, and the multiple-application groups, which were refreshed every second day. These groups were then compared to untreated wounds and wounds treated with the commercially available collagen–elastin matrix according to the manufacturer’s instructions. It is of bovine origin and consists of a three-dimensional, native, structurally intact collagen matrix, which is a combination of collagen types I, III, and V coated with a freeze-dried, non-crosslinked α-elastin hydrolysate that has an open-pore structure.




2.2. Animal and Wound Treatment


Animals were treated according to the German Law on the Protection of Animals, and the study was performed with permission from the local animal welfare committee. On the first day of the study, female Göttingen minipigs (Ellegaard Göttingen Minipigs A/S, Dalmose, Denmark) were anesthetized and shaved, followed by the tattooing of the outline of circles and squares on their dorsum. The minipigs had an average weight of 22.6 kg (±1.4 kg) and an average age of 39 weeks (±12 days). After drawing the tattoos, sterilization of the dorsum on each minipig followed in a standardized manner, and multiple full-thickness skin defects of 2.0 cm in diameter and a mean depth of 0.6 cm were created paravertebrally by surgical excision. The standardized distance between the wounds of each minipig measured 6.0 cm to avoid cross-contamination. In total, 60 circular full-thickness skin defects were made and randomly covered according to various conditions:




	
Single application with a dressing of 30 g/m² scaffold with 100 ng rhGDF-5 (n = 6);



	
Single application with a dressing of 75 g/m² scaffold with 500 ng rhGDF-5 (n = 6);



	
Single application with a dressing of 150 g/m² scaffold with 1000 ng rhGDF-5 (n = 6);



	
Single application with a dressing of 90 g/m² scaffold with 5000 ng rhGDF-5 (n = 6);



	
Multiple applications with a dressing of 30 g/m² scaffold with 100 ng rhGDF-5 (n = 6);



	
Multiple applications with a dressing of 75 g/m² scaffold with 500 ng rhGDF-5 (n = 6);



	
Multiple applications with a dressing of 150 g/m² scaffold with 1000 ng rhGDF-5 (n = 6);



	
Multiple applications with a dressing of scaffold 90 g/m² with 5000 ng rhGDF-5 (n = 6);



	
Single application of the collagen–elastin matrix (n = 6);



	
Untreated wounds without a dressing as control (n = 6).








All wounds were then covered with an adhesive occlusion foil (Smith & Nephew Orthopaedics GmbH, Tuttlingen, Germany). To finalize the conditions, a customized minipig jacket (Ellegaard Minipig Jacket Large Full Body, Lomir Biomedical Inc., Notre Dame de L’Ille Perrot, QC, Canada) fixed with Fixomull tape (BSN medical GmbH, Hamburg, Germany) was used to protect the wounds from contamination or fluid loss.




2.3. Experimental Setup


The experimental period was set to 21 days based on previous data that showed a complete closure of the wound within this period [15]. Wound healing was evaluated by planimetric analysis to determine the wound closure per time. For planimetric evaluation, photos of the wounds were taken every second day during bandage renewal and then imported into Adobe Photoshop (Adobe Systems Inc., San Jose, CA, USA). The percentage of wound closure over time per day was then determined [16]. Wounds were considered closed if granulation tissue was no longer apparent and if the wound appeared to be covered with new epithelium tissue. At 21 days after initial treatment, the minipigs were euthanized by intravenous injection of a lethal dose of potassium chloride (14.9%) under anesthesia and necropsied for the wounds to perform histological hematoxylin and eosin (H&E) staining to determine the epidermal thickness and cell density. The neoepidermal thickness was measured at three equidistant points with an interval of 100 μm to determine the mean neoepidermal thickness. For the mean epidermal cell count, the keratinocytes in three different sections of each 100 μm obtained from the stratum basale to the stratum corneum were counted per sample using a Zeiss microscope (Axio Observer.Z1, Carl Zeiss Microscopy GmbH, Jena, Germany), a connected digital microscope camera (AxioCam ERc 5 s, Carl Zeiss Microscopy GmbH, Jena, Germany), and the ZEN blue edition (2011) microscopy software (Carl Zeiss Microscopy GmbH, Jena, Germany). Moreover, enzyme-linked immunosorbent assay (ELISA) blood screening (Biopharm GmbH, Heidelberg, Germany) was performed prior to the study, during the study, and at the end of the study to examine the rhGDF-5 serum concentration.



All obtained data were examined by using non-parametric methods. Statistical significance was set at 5% (p ≤ 0.05). All the results were confirmed by using the Wilcoxon rank-sum test (Mann–Whitney U test). Analysis was performed with SPSS software version 20.0.





3. Results


3.1. Planimetric Evaluation


Removal of both the skin substitutes and the epidermal coverage was completed for all wounds on the designated days (see Materials and Methods) to investigate wound closure. For the control wounds, complete epithelialization and closure of the wound were observed after 13.50 days (±1.19 days) on average postoperatively. For the collagen–elastin matrix-treated wounds, these occurred after 10.67 days (±0.94 days, p = 0.0002). In comparison, wounds treated with the collagen–gelatin scaffold containing rhGDF-5 were completely closed after 12.50 days (p = 0.0271) on average for the single-application groups and after 10.92 days (p < 0.0001) for the multiple-application groups. More specifically, the time required for complete wound closure, for the single-application dressings, was, on average, 12.33 days (±1.37 days, p = 0.0987) for the 30 g/m² scaffold with 100 ng rhGDF-5 condition, 12.67 days (±0.94 days, p = 0.1775) for the 75 g/m² scaffold with 500 ng rhGDF-5 condition, 12.33 days (±1.37 days, p = 0.0987) for the 150 g/m² scaffold with 1000 ng rhGDF-5 condition, and 12.67 days (±0.94 days, p = 0.1775) for the 90 g/m² scaffold with 5000 ng rhGDF-5 condition (Figure 1). For the groups with multiple applications of the dressing, the wounds were closed after 11.33 days (±0.94 days, p = 0.0015) for the 30 g/m² scaffold with 100 ng rhGDF-5, 10.33 days (±0.75 days, p = 0.0002) for the 75 g/m² scaffold with 500 ng rhGDF-5, 10.67 days (±0.94 days, p = 0.0002) for the 150 g/m² scaffold with 1000 ng rhGDF-5, and 11.33 days (±0.94 days, p = 0.0021) for the 90 g/m² scaffold with 5000 ng rhGDF-5 (Figure 1). These results show that the required time for complete wound closure decreased when treated with multiple applications of the wound dressing. For the multiple-application treatment of 75 g/m² scaffold with 500 ng rhGDF-5, this was especially evident as it showed an acceleration of 3.17 days in wound healing compared to the untreated controls (Figure 2).




3.2. Histological Analysis


Histological analysis of the untreated control wounds showed a mean neoepidermal thickness of 22.50 µm (range of 12.52–39.57 µm). For the collagen–elastin matrix-treated group, a mean thickness of 31.01 µm (range of 23.03–61.45 µm, p = 0.0015) was found. Higher values were found for the mean neoepidermal thickness of wounds treated with the collagen–gelatin scaffold embedded with rhGDF-5. For dressings applied only once, these values were 26.02 µm (range of 16.71–64.85 µm, p = 0.0405) for the 30 g/m² scaffold with 100 ng rhGDF-5, 34.01 µm (range of 21.65–57.20 µm, p = 0.0008) for the 75 g/m² scaffold with 500 ng rhGDF-5, 44.97 µm (range of 20.13–76.35 µm, p < 0.0001) for the 150 g/m² scaffold with 1000 ng rhGDF-5, and 42.80 µm (range of 16.20–76.44 µm, p < 0.0001) for the 90 g/m² scaffold with 5000 ng rhGDF-5. For dressings applied multiple times, higher values of thickness were seen compared to the single-treated groups. These values were 48.47 µm (range of 32.54–100.91 µm, p < 0.0001) for the 30 g/m² scaffold with 100 ng rhGDF-5, 61.72 µm (range of 27.75–98.40 µm, p < 0.0001) for the 75 g/m² scaffold with 500 ng rhGDF-5, 61.27 µm (range of 40.37–72.23 µm, p < 0.0001) for the 150 g/m² scaffold with 1000 ng rhGDF-5, and 48.13 µm (range of 21.60–68.06 µm, p < 0.0001) for the 90 g/m² scaffold with 5000 ng rhGDF-5 (Figure 3).



Next, the mean epidermal cell density was determined from the neoepidermis. For untreated controls, the cell density amounted to 41.00 cells (range of 22.00–68.00 cells) (Figure 4). This value was higher for the collagen–elastin matrix-treated groups compared to the control ones and amounted to 84.50 cells (range of 79.00–106.00 cells, p = 0.0002). For the composite biomaterial groups with dressings applied only once to the skin defects, higher values of cell density were found compared to the control group, but lower than those of the collagen–elastin matrix groups. Statistically significant results were obtained, with 69.50 cells (range of 54.00–89.00 cells, p = 0.0132) for the 150 g/m² scaffold with 1000 ng rhGDF-5, and 64.00 cells (range of 45.00–69.00 cells, p = 0.0229) for the 90 g/m² scaffold with 5000 ng rhGDF-5 (Figure 4). However, for the groups with dressings applied multiple times to the skin defects, a higher cell density was seen compared to all other conditions. These values were 90.50 cells (range of 55.00–154.00 cells, p = 0.0118) for the 30 g/m² scaffold with 100 ng rhGDF-5, 93.50 cells (range of 38.00–135.00 cells, p = 0.0174) for the 75 g/m² scaffold with 500 ng rhGDF-5, 87.00 cells (range of 61.00–104.00 cells, p = 0.0019) for the 150 g/m² scaffold with 1000 ng rhGDF-5, and 72.50 cells (range of 38.00–110.00 cells, p = 0.0374) for the 90 g/m² scaffold with 5000 ng rhGDF-5 (Figure 4).



In comparison to untreated wounds, all examined wound dressing conditions functioning as skin substitutes accelerated dermal wound healing by reducing the time required to close the wound completely, to thicken the neodermal tissue, and to increase the epidermal cell density. Based on the results of the multiple-application groups, the local application of higher rhGDF-5 concentrations (100, 500, and 1000 ng) resulted in better wound healing compared to lower concentrations, indicating an rhGDF-5 dose-dependent relationship with wound healing. However, 5000 ng of rhGDF-5 did not further improve wound healing. Overall, the most optimal wound healing results were achieved with multiple rhGDF-5 treatments. This particularly included the 75 g/m² scaffold with 500 ng rhGDF-5, as it showed the fastest wound healing, the highest value for epidermal thickness, and the highest value for the epidermal cell density. The results of the ELISA blood screening showed normal values prior, during, and at the end of the study for all minipigs. rhGDF-5 could not be detected, meaning a systemic effect of rhGDF-5 was not found.





4. Discussion


Numerous acute injuries and chronic diseases often result in complex soft tissue defects. Wound healing in these cases is an advanced biochemical process in which numerous processes separated by place and time are involved. Particularly extensive burns or chronic wounds, such as diabetic pressure ulcers, often require special care and adequate wound closure to reduce long-term complications such as infection or amputation. However, current treatments do not yet offer optimal treatment for these cases [17]. Therefore, for the reasons mentioned above, there is an urgent need to support recovery treatments [18,19].



A promising approach to develop supporting treatments is the use of recombinant growth factors. Growth factors enhance processes important for tissue regeneration, including those involved in wound healing. In this study, rhGDF-5, a highly effective human peptide hormone that can promote wound healing [8,10,11,12,13,14,20], was investigated. Interestingly, all clinically approved therapies involving growth factors utilize a carrier made from a certain biomaterial for the successful delivery and targeted application of growth factors [21]. Stability and structural design are important determinants for skin tissue engineering, when constructing new dermal substitutes. In previous in vitro and in vivo studies, we already examined the innovative collagen–gelatin scaffold as a scaffold, and the results demonstrated an accelerated and improved dermal wound repair when applied as a single treatment, but even better when applied as multiple treatments [16,22,23]. Moreover, the manufacturing process of the scaffold allows the integration of bioactive substances such as antibiotics and growth factors. Therefore, we developed a composite biomaterial with the scaffold and embedded rhGDF-5 in the carrier matrix.



Previous data already showed that the open structure of the scaffold as a three-dimensional matrix enables the fast migration of different cell types (e.g., fibroblasts and keratinocytes) into the scaffold [24]. Deep dermal wounds were treated with the scaffold and rhGDF-5 at different concentrations applied multiple times during the study, which significantly accelerated wound closure, increased the epidermal cell density, and produced a thicker epidermis compared to the treatment with the scaffold itself or untreated controls [25]. When positioned in the wound, the nonwoven fibers come into contact with the wound fluid. Because of fluid absorption, the gelatin begins to swell. Additionally, when enough volume is absorbed, the gelatin dissolves. During this process, rhGDF-5 also becomes hydrated and starts to move in the matrix by diffusion. Through these diffusion processes, it travels to the cells located in the damaged tissue area of the wound. The continuous water uptake from the wound fluid progressively reduces the viscosity of the gelatin and thus also increases the mobility of rhGDF-5, resulting in a faster diffusion. The final phase is reached when the gelatin is completely dissolved and absorbed in the wound.



To further investigate improvements in wound treatment with a biomaterial composite in detail, we investigated various wound treatment conditions (applied once and multiple times) with various concentrations of rhGDF-5 and compared it to wounds treated with the collagen–elastin matrix and untreated wounds. All examined skin substitute dressings accelerated dermal wound healing, and removal of all skin substitutes was completed on day 21. The most optimal wound healing was seen for the rhGDF-5 (100, 500, 1000, and 5000 ng rhGDF-5)-treated dermal wounds when applied multiple times. Compared to the control, wound healing was accelerated by 2.58 days, neoepidermal thickness improved by 32.40 µm, and the epidermal cell density improved by 44.88 cells. Additionally, based on the results from the various treatment conditions, the enhanced wound-healing effects of rhGDF-5 were found to be dose dependent. For example, the local application of 500 ng and 1000 ng rhGDF-5 improved wound healing more than 100 ng rhGDF-5. However, 5000 ng rhGDF-5 did not further improve wound healing, possibly after having reached saturation. rhGDF-5 was not found in the analyzed blood serum. This shows that the local application of rhGDF-5 did not lead to measurable systemic doses. To ensure comparability, the values obtained from the rhGDF-5-treated groups were compared to untreated controls and the commercially available collagen–elastin matrix, which has been successfully used previously in full-thickness skin defects and showed positive long-term results [26,27,28,29,30,31]. The collagen–elastin matrix is mainly used in combination with a simultaneous application of autologous split-thickness skin grafts for full-thickness skin defect cases [26,27,28,29,30,32,33,34,35]. In our study, the collagen–elastin matrix was not used in combination with skin graft transplantation to ensure comparability with our product, which does not use skin grafts. After comparing all the conditions, the most optimal results were seen for wounds treated multiple times with 500 ng rhGDF-5 embedded in the 75 g/m² collagen–gelatin scaffold. For future investigations, additional detailed histologic evaluations at different stages of wound healing, in order to obtain more detailed information regarding the skin regeneration process between the control and treated groups, could result in stronger statistical differences for those not statistically significant.




5. Conclusions


The collagen–gelatin scaffold delivered rhGDF-5 adequately and served as a proper template to guide restructuring cells. The local application of rhGDF-5 on full-thickness skin defects was found to accelerate and improve wound healing with a faster and dose-dependent regeneration rate. Therefore, after an optimal concentration and dose analysis, this innovative composite product represents a novel tool to develop effective wound dressings in the field of regenerative medicine.
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Figure 1. Planimetric analysis. The time required for complete wound closure of the untreated control group (n = 6), the collagen–elastin matrix-treated group (n = 6), and the groups treated once or multiple times with the novel composite biomaterial (n = 6 for each condition). 
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Figure 2. Photographic and histological documentation. A macroscopic overview of epithelialization during wound healing in a representative untreated control, a wound treated once with the 75 g/m² collagen–gelatin scaffold and 500 ng rhGDF-5, and wounds treated multiple times with the 75 g/m² collagen–gelatin scaffold and 500 ng rhGDF-5 on days 2, 10, and 14. On day 21, microscopic images were taken from tissue stained with H&E. 
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Figure 3. Histological analysis of the epidermal thickness. The epidermal thickness was histologically evaluated in micrometers by repetitive measurements from the stratum basale to the stratum corneum in three different sections per sample, with an interval of 100 µm. 
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Figure 4. Histological analysis of the epidermal cell density. The epidermal cell density was histologically evaluated within a section of 100 µm width from the former sore center of the epidermis. All images per sample were taken from three different sections. 
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