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Background: Wound healing complications affect numerous patients each year, creating significant economic and medical challenges. Currently, available methods are not fully effective in the treatment of chronic or complicated wounds; thus, new methods are constantly sought. Our previous studies showed that a peptide designated as PDGF2 derived from PDGF-BB could be a promising drug candidate for wound treatment and that RADA16-I can serve as a release system for bioactive peptides in wound healing. Based on that, in this work, we designed a new self-assembling hydrogel RADA-PDGF2, connecting both peptides by a sequence specific for neutrophil elastase, and evaluated its activity in wound healing.
Methods: The physicochemical properties of the designed scaffold were analyzed using transmission electron microscopy, atomic force microscopy, cryoSEM microscopies, and circular dichroism spectroscopy. The enzymatic cleavage was performed using human neutrophil elastase and monitored using high-performance liquid chromatography and MS spectroscopic techniques. The aforementioned techniques (HPLC and MS) were also used to assess the stability of the peptide in water and human plasma. The biological activity was analyzed on human skin cells using a colorimetric XTT test, collagen synthesis evaluation, and a migration assay. The biocompatibility was analyzed with LDH cytotoxicity assay and flow cytometric analysis of activation of immune cells. Finally, RADA-PDGF2 activity in wound healing was checked in a mouse dorsal skin injury model.
Results: The analysis showed that RADA-PDGF2 can self-assemble, form a hydrogel, and release a bioactive sequence when incubated with human elastase. It shows pro-proliferative and pro-migratory properties and accelerates wound closure in the mouse model compared to RADA16-I. In addition, it is not cytotoxic to human cells and does not show immunogenicity. RADA-PDGF2 seems to be a promising drug candidate for wound management.
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1 INTRODUCTION
Chronic wounds are wounds that cannot completely heal in the proper time and manner. They include different types of wounds, e.g., diabetic foot ulcers (DFUs) or venous leg ulcers (VLUs). Nowadays, they constitute an enormous economic burden and a huge challenge for medical staff (Falanga et al., 2022). They are mostly common in elderly patients and can significantly reduce their quality of life. With an ageing society and more frequent incidence of civilization diseases like, e.g., diabetes, the problem of chronic wounds will probably grow (Sen, 2021). On the other hand, currently available methods of wound treatment, which include, e.g., different kinds of wound dressings or cell therapies, are not fully effective, especially in the treatment of complicated, chronic wounds. That is why new methods are constantly being sought.
Platelet-derived growth factor BB (PDGF-BB), one of the first growth factors released into the wound, plays a crucial role in the wound healing process. It is responsible for the formation of granulation tissue, production of extracellular matrix (ECM), takes part in the recruitment of mesenchymal stromal cells (MSCs), and stimulates the proliferation of fibroblasts (White et al., 2021). In 1997, the FDA approved human recombinant PDGF-BB in sodium carboxy-methylcellulose (NaCMC) hydrogel (Regranex®) for the treatment of DFUs (Reyes-Martínez et al., 2019). However, because of the high cost of such therapy and the short half-life of intravenously administrated PDGF-BB (a few minutes), it seems that developing new bioactive peptides that mimic its activity and placing it in a carrier which allows its sustained release is a good strategy (Zhang et al., 2021; Jian et al., 2022). Our previous studies on derivatives of PDGF-BB proved that PDGF2 peptide (RLIDRTNANFL) is a promising drug candidate for the stimulation of wound healing. PDGF2 exhibits a favourable safety profile with minimal cytotoxicity and limited immunogenicity in vitro, as demonstrated by negligible lymphocyte and basophil activation. Furthermore, it shows strong pro-proliferative properties towards human skin cells, especially keratinocytes, and applied topically in 18% P407 hydrogel accelerates wound healing in a mice model (Deptuła et al., 2020).
In recent years, there has been a big interest in using hydrogels in regenerative medicine. Among other types of hydrogels, self-assembling peptide hydrogels are of great interest in tissue engineering or drug delivery (Levin et al., 2020). Self-assembling peptides are built of short amino acid sequences that can be repeated. They form nanostructures in the assembling process (Lee et al., 2019). Products containing one of them, RADA16-I, are currently used in the clinics. PuraStat® (2.5% v/v aqueous solution) is applied as a surgical hemostatic agent (Gelain et al., 2021). Upon contact with blood, PuraStat® undergoes a pH-induced transformation, forming a hydrogel that serves as a mechanical barrier to control bleeding at the site of application (Subramaniam et al., 2021). In the US, PuraSinus™ (2.5% RADA16-I) is used intraoperatively as a hemostatic wound dressing and an adjunct to wound healing after nasal surgery or trauma, and PuraDerm™ was approved for use as topical wound dressing for treating, e.g., DFUs, surgical wounds or pressure sores (Sankar et al., 2021). RADA16-I can also serve as a carrier for other bioactive compounds. In our previous studies, we developed three biomaterials based on RADA16-I, in which RADA16-I was functionalized with bioactive motifs (GHK, KGK, RDKVYR) by a sequence specific to neutrophil elastase. Designed hybrids had properties similar to RADA16-I, and the linker specific to neutrophil elastase left the bioactive motif free after incubation with the enzyme. Additionally, the obtained materials were safe for human cells and stimulated wound healing in vivo in a mouse model (Dzierżyńska et al., 2023). What is more, AAPV was also useful in releasing the same bioactive motifs from a self-assembling peptide fibril (QAGIVV). (Sawicka et al., 2021).
Based on the above-mentioned studies, in this work, we decided to use a similar approach and design a new self-assembling peptide hydrogel named RADA-PDGF2. The molecule is composed of the amino acid sequence of RADA16-I (Ac-RADARADARADARADA-NH2) connected with PDGF2 peptide (RLIDRTNANFL) derived from PDGF-BB by the fragment specific for the neutrophil elastase (AAPV). The linker is specific for elastase, an enzyme participating in skin remodeling, and it was introduced to enable the release of the active sequence from the carrier after application in the wound site. The chemical and physicochemical properties of the designed scaffold were analyzed. Its biocompatibility and activity were tested in vitro on human skin cells with the use of colorimetric cytotoxicity (LDH) and proliferation (XTT) assay and flow cytometric analysis of activation of human immune cells. In addition, the RADA-PDGF2 effect on skin cell migration and collagen synthesis was evaluated. Finally, a mice dorsal skin injury model was used to analyze their potential to promote wound healing.
2 MATERIALS AND METHODS
2.1 Synthesis and purification of the RADA-PDGF2 peptide
The synthesis was performed on the CEM Liberty Blue microwave peptide synthesizer on the TentaGel S RAM amide solid support (Rapp Polymere, loading 0.22 mmol/g) utilizing Fmoc/tBu chemistry. The double coupling of the Fmoc/tBu standard protected amino acids was carried out with 5 eq. of amino acid derivative (0.2 M), 5 eq. of DIPCDI (0.5 M in DMF), and 5 eq. of oxyma pure as the racemization suppressor (1 M in DMF) for all cycles. The coupling time and temperature cycles varied depending on the residue, starting with the PDGF2 sequence carried out for 135 s at 90°C each cycle, 360 s at 80°C for the elastase-sensitive fragment, and 10 min +20 min at 80°C for the Ac-(RADA)4 moiety. Cycles of Fmoc deprotection were also doubled and carried out for 4 min at room temperature and 5 min at 40°C for the second cycle. The peptide was cleaved from the solid support for 4 h with a cleavage cocktail (92% TFA, 4% TIPSI, and 4%, H2O, 5 mL per Gram of resin) and precipitated with cold diethyl ether. The peptides were purified by semi-preparative high-performance liquid chromatography (HPLC) (Shimadzu LC-20AP system). The crude products were dissolved in water and injected into Jupiter Proteo C12 semi-preparative column (Phenomenex, 21.2 mm × 250 mm, 90 Å, and 4 μm). Chromatographic separation was carried out in a linear gradient of 1 → 100% B with eluents as A = 0.1% TFA in water and B = 0.1% TFA, 30% ACN in H2O the flow rate of 13 mL/min and ultraviolet (UV) detection at λ = 223 nm. After the purification step, the selected fraction was subjected to the exchange of trifluoroacetic counter ions to acetate by semi-preparative HPLC and conditions like the above but with the following solvents instead: A = 10 mM aqueous ammonium acetate (pH 5) and B = 25% ACN in 10 mM aqueous ammonium acetate (pH 5). The purity of the peptide was verified by analytical UHPLC (UltiMate 3000, Dionex) on the Kinetex (Phenomenex) C8 column, 2.6 mm × 100 mm, 100 Å, 2.6 µm in a gradient of 1%–100% B in 15 min (Rt = 6.39 min, purity greater than 98%) with 0.5 mL/min flow rate, detection at λ = 223 and eluents as A = 0.1% TFA in water and B = 0.1% TFA, 80% ACN in H2O. The calculated average molecular weight of the RADA-PDGF2 was confirmed with the MALDI-TOF Biflex III MALDI-TOF mass spectrometer (Bruker Daltonics). The theoretical average molecular weight was 3708.03 Da and obtained m/z of 3708.98 ([M + H]+).
2.2 Gelation conditions
RADA- PDGF2 gel was created through the dissolution of 10 mg of the peptide in 1 mL of water, resulting in a final concentration of 1%. Prior to a minimum 4-h incubation in a thermal cycler, the peptide was thoroughly mixed. The pH of the resultant hybrid solution was tuned to 5.5. Within the pH range of four to eight, there were no instances of precipitation. pH regulation was achieved using pH strips. For experiments involving enzymatic elastase cleavage, circular dichroism measurement, stability evaluations in water and plasma, as well as XTT and LDH assays, the peptide underwent gelling before being diluted to the appropriate concentration. In the case of AFM and TEM experiments, 1% RADA-PDGF2 gel was obtained by the addition of PBS and subsequently adjusted to the desired concentration. When it came to cryo-SEM measurements and mouse trials, the gel was utilized at a concentration of 10 mg/mL without any further dilution. In order to maintain stability during experiments in water and plasma, with various cell lines, and during mouse studies, the gels were meticulously prepared under sterile conditions.
2.3 Peptide stability in water and plasma
Blood samples provided by healthy volunteers were processed with lithium/heparin tubes to eliminate clots by centrifugation. Plasma aliquots were mixed with RADA-PDGF2 peptide for 24 h at 37°C, using a plasma to peptide volume ratio of (4:1% v/v), to obtain final concentration 2.69 µM of RADA-PDGF2 peptide.). Samples were collected at six time points (0, 1, 2, 3, 6, and 24 h) to assess water and plasma stability. The collected samples were then prepared and analyzed according to the protocol described earlier (Dzierżyńska et al., 2023).
2.4 Incubation with neutrophil elastase
The enzymatic stability study was performed employing the human neutrophil elastase enzyme (EC No. 3.4.21.37, Sigma Aldrich, USA). The RADA-PDGF2 peptide was dissolved in 25 mM Tris HCl buffer, pH 7.5 to 0.5 mM concentration. The enzyme was added to the peptide and incubated for 30 min at 37°C with agitation and the enzyme: peptide molar ratio of 1:3300. The enzymatic reaction was stopped with 5% aqueous formic acid solution final. The reaction progress was monitored by RP-UHPLC (UltiMate 3000, Dionex) with UV-Vis detector on a Kinetex (Phenomenex) C8 column, 2.6 mm × 100 mm, 100 Å, 2.6 μm in a gradient of 1%–50% B in 15 min and by LC-MS.
2.5 Circular dichroism
Peptide molar ellipticity was measured using a Jasco J-815 spectrometer. Hybrid peptide solutions were created at 10 mg/mL, incubated at 37°C for 4 h, and diluted to 0.20 mg/mL. CD spectra were recorded from 25°C to 60°C, with wavelengths ranging from 190 to 260 nm and a scan speed of 2 cm/min. Results represented as mean residue molar ellipticity (MRME) [deg × cm2 × dmol−1] vs. wavelength [nm] were obtained from triplicate measurements. In order to determine the peptides’ denaturation temperatures, the molar ellipticity rotatory angle at a fixed wavelength of 196 nm, [θ]196, was measured as a function of temperature (max 100°C). Extrapolation beyond 100°C used GraphPad Prism 8 software with a 4 PL to curve fit. Denaturation temperature was identified as the point of 50% ellipticity change.
2.6 Atomic force microscopy
A 1% (v/v) peptide hydrogel solution was prepared and incubated in the PBS buffer. After that, the samples were diluted to a concentration of 0.001%. Samples were applied to a freshly cleaved mica surface and then washed for 30 s with 100 µL of MilliQ water. They were then air-dried for 1 h at room temperature before visualization. A JPK NanoWizard® 4 atomic force microscope was used to analyze the topography of the deposited samples, which were analyzed in QI (Quantitative Imaging) mode using Tap150AL AFM cantilevers from Ted Pella, Inc., Redding, USA. JPK Data Processing software (version spm-6.1.42) was used for further processing and analysis of AFM images.
2.7 Transmission electron microscopy
A 1% (v/v) peptide hydrogel was prepared and incubated at 37°C. The obtained hydrogel was then diluted to a concentration of 0.001% (v/v). A small amount of the resulting solution was carefully placed on a microcellulose membrane and stained using a 1.5% (w/v)uranyl acetate solution. Images were taken using a Tecnai Spirit BioTwin FEI transmission electron microscope operating at 120 kV.
2.8 CryoSEM
Microscopic images were registered using a JEOL JSM-7001F TTLS scanning electron microscope (JEOL Ltd., Japan) equipped with a PP3000T cryoSEM preparation system, which allows preparation, processing, and transfer of cryo samples into the SEM chamber. The sample was immediately immobilized by rapidly immersing hydrogel droplets (1%) in frozen liquid nitrogen (at about −210°C). It was then transferred under vacuum to a preparation chamber, which was attached to the SEM. In the preparation chamber, the sample was fractured at −185°C to expose the fresh surface. Sublimation followed, and then a thin layer of platinum coating was applied. Finally, the sample was introduced under vacuum into the cryo-stage SEM (−190°C) for surface imaging using an accelerating voltage of 5 kV and a secondary electron detector (SEI).
2.9 Fibroblast isolation
Human primary dermal fibroblasts were isolated from skin samples obtained during routine surgical procedures. The procedure was approved by the Independent Bioethics Commission for Research of the Medical University of Gdańsk (NKBBN/387/2014, NKBBN/672/2019). The isolation was performed with the use of an explant culture, with a procedure described before. (Sawicka et al., 2020). Skin samples were cut into fragments and enzymatically digested with dispase (6 units/mL) overnight. Then, the dermis were separated from the epidermis, and the obtained explants were placed in a 6-well plate in DMEM HG medium. The medium was changed every 2 days for 2–3 weeks until the confluence of dermal fibroblasts reached 70%.
2.10 Cell culture
Human dermal fibroblasts, 46BR.1N fibroblast (Merck), and HaCaT keratinocytes (Merck) were used in the study. The cells were cultured in DMEM HG medium supplemented with 10% FBS and 1% antibiotics penicillin and streptomycin (P/S) under standard conditions (37°C, 5% CO2). HaCaT and 46BR.1N cells were passaged twice a week, while fibroblast once a week. The medium was changed every 2 days.
2.11 Analysis of cytotoxicity and cell proliferation
Colorimetric LDH and XTT assays were used to analyze RADA-PDGF2 cytotoxicity and its effect on cell proliferation, respectively. The procedure was performed as previously described, according to the manufacturer’s instructions. (Sawicka et al., 2021). Cells were seeded in 96-well plates in DMEM HG medium with 10% FBS and 1% P/S. The next day, the medium was changed to DMEM HG with 1% P/S (control, test samples) and cell were stimulated by RADA- PDGF2 at concentrations of 0.01–150 μg/mL. For the FBS control, the medium was changed to DMEM HG with 10% FBS and 1% P/S. After 48h, half of the medium was replaced with new and stimulated RADA-PDGF2 again. After 48h and 72 h of incubation, XTT readings were performed. A combination of XTT and PMS reagents was added to each sample, then incubated 4 h and a read at spectrophotometer at 450 nm.
For the LDH assay, the cells were seeded as described above. Cells were stimulated with RADA- PDGF2 at concentrations of 50–150 μg/mL. After 48 h the medium from the wells was transferred to a new plate. LDH reagents mixture was added to the samples for 45 min. A spectrophotometric reading was then taken at 450 nm.
2.12 Analysis of cell viability
Cell viability of dermal fibroblast, 46BR.1N fibroblast, and HaCaT keratinocytes was analyzed after 4 days of cell culture on RADA-PDGF2 hydrogel. RADA-PDGF2 was dissolved in water at a concentration of 1% w/v and placed in the inserts (0.4 µm) located in a 24-well plate. The whole was incubated for at least 1 hour at 37°C to allow gelation. Then, twice the volume of DMEM HG medium was added to the gel and left overnight in the incubator. The cells were trypsinized, centrifuge and then seeded on a gel at 50,000 per insert in DMEM HG medium with 2% FBS and 1% P/S. The medium was changed to DMEM HG with 2% FBS and 1% P/S after 2 days of incubation. After 4 days of incubation to assess viability, cells were stained with Calcein-AM (c = 8 µM) and propidium iodide (2 μg/mL) for 30 min and then analyzed by confocal microscopy with the use of Nikon Eclipse Ti-e Confocal Microscope.
2.13 Analysis of cell migration
Cell migration was analyzed with the use of ibidi culture inserts. Cells were seeded into insert (20,000 per insert) in DMEM HG medium with 10% FBS and 1% P/S. After 24 h of incubation, cell proliferation was blocked for 2 h with 1 mg/mL mitomycin C. Next, the medium was changed for a fresh serum-free DMEM HG, and RADA-PDGF2 was added. After 24 h of incubation, cells were fixed for 30 min in 4% paraformaldehyde and stained for 15 min with 0.05% crystal violet. Cell migration was analyzed with a Leica DMIL LED inverted microscope and GRAPHAX software. The results are presented as % of untreated control.
2.14 Analysis of collagen synthesis by fibroblasts in vitro
46BR.1N cells and dermal fibroblasts were seeded into 96-well plates (5,000 cells per well) in DMEM HG medium supplemented with 10% FBS and 1% P/S. After 24 h of incubation in standard conditions, the medium was exchanged for a fresh one, and cells were stimulated with appropriate concentrations of RADA-PDGF2 (10 and 25 μg/mL). Analysis of in vitro collagen synthesis was performed after 6 days of incubation with RADA-PDGF2 peptide as previously described. (Sawicka et al., 2021). The medium was removed, and the cells were fixed in Bouin’s fluid for 1 h. The plate was washed for 15 min under running water, dried and stained with Direct Red 80 for 1 h on microplate shaker. Next, the dye was removed, the cells were washed in hydrochloric acid and photographed under a light microscope. The dye was then dissolved in sodium hydroxide for 30 min by shaking. Spectrophotometric reading was performed at 550 nm. The blank was sodium hydroxide. The results are presented as % of untreated control.
2.15 Immunological analysis
The analysis of the effect on immune cells in vitro was performed with human peripheral blood mononuclear cells (PBMCs) isolated from “buffy coats” using a Ficoll density gradient (Histopaque, Sigma-Aldrich Co.). The procedure was approved by the Independent Bioethics Commission for Research of the Medical University of Gdańsk (NKBBN/387/2014). 100 ul of 1% RADA-PDGF2 was placed in a 24-well plate. Then, culture inserts with a pore diameter of 0.4 μm were placed in the wells, and cells were seeded into them in the amount of 0.5 million cells/0.5 mL RPMI 1640 (P/S, 10% FBS)/well. This was then supplemented with medium alone to a final volume of 1 mL/well. Cells were incubated in standard conditions for 24 h. The negative control was unstimulated cells, grown in the insert, in a well without gels. RADA16-I constituted an additional control. After the incubation, cells were harvested, washed in PBS, counted, and prepared for cytometric analysis. 100,000 cells/100 µL were stained with fluorochrome-conjugated monoclonal antibodies (anti-CD3, anti-CD4, anti-CD8, anti-CD16, anti-CD56, anti-CD25, anti-CD69, anti-CD71, anti-HLA-DR, anti-CD11c, anti-CD80, and anti-CD83). Following 30 min of incubation at room temperature (RT) in the dark, the cells were analyzed using a flow cytometer (LSRFortessa, BD).
2.16 Wound healing assay, histological analyses, and quantification of collagen density
The procedures were approved by the Local Ethics Committee for Animal Experimentation in Bydgoszcz, Poland (Approval No. 49/2016) and the experiments were conducted in compliance with the ARRIVE guidelines and in accordance with the European Union Commission Recommendation of 18 June 2007, on guidelines for the accommodation and care of animals used for experimental and other scientific purposes. Eight-week-old mouse females of BALB/c strain were used for experiments. Prior to the experiment, the mice were randomized into treatment and control groups of six each. The mice were anaesthetized with 2%–5% isoflurane; the dorsum’s skin was shaved and disinfected. After the mouse dorsal skin was folded along the spine, two through-and-through symmetrical wounds were made with a 6.0 mm biopsy punch. Immediately after the injury, 10 µL of RADA-PDGF2 peptide hydrogel (1%) was applied to each wound. RADA16-I (the carrier peptide alone), was used as the control. Next, the wounds were covered with a sheet of transparent Tegaderm TM dressing fastened with an adhesive plaster wrapped around the animal’s torso. The peptide application and dressing replacement were repeated for the following 4 days. Then, dressings were replaced every second day until the end of the second week of the experiment. Wounds were photographed with a ruler next to the injury, and wound closures were quantified using an image analysis program ImageJ (Schneider et al., 2012). The edges of the epidermis and dermis restoration were distinguished based on visual observation of photograph documentation.
For histological examination, mice were sacrificed at days 4 and 21 post-injury. After the mice were euthanized, the skin from the back was dissected and stored in formalin. The skin samples were then embedded in paraffin, cut into 5-µm sections, and stained with hematoxylin-eosin, or Masson’s trichrome. The stained sections were examined using a Leica DM IL microscope. Collagen density in skin wounds was estimated by the method described before (Ruifrok and Johnston, 2001), using ImageJ software with a color deconvolution plug-in. seven to nine images representing two to three mice of Masson-Trichrome stained skin sections were included for each estimation.
2.17 Statistical analysis
Statistical significance was determined with the Mann-Whitney U-test (p < 0.05) using STATISTICA software (StatSoft Polska, Kraków, Poland) and XLSTAT (Addinsoft). Graphs were plotted with GraphPad Prism 5 software.
3 RESULTS
3.1 Peptide design
The main objective of our research was to obtain a multifunctional peptide hydrogel with defined biological activity and a controlled system of its release (active sequence) into the wound environment. The designed peptide hybrid is expected not only to provide structural support but also to stimulate angiogenesis, attract immune and endothelial cells to the site of injury, and increase fibroblast proliferation and migration. The designed peptide, called RADA-PDGF2, is a combination of 4 different amino acid sequences with distinct functionality. The first sequence is the gel-forming sequence, situated at the N-terminus of the designed peptide, which is formed by a quadruple sequence Arg-Ala-Asp-Ala, known in the literature as RADA16-I (Zhang, 2017). Next, a glycine linker is present in the peptide sequence. This linker occurs on both sides of the third component - a sequence specific for neutrophil elastase activity (Ala-Ala-Pro-Val). The glycine linkers were inserted to facilitate the enzyme’s access to the sequence which is prone to be hydrolyzed by the enzyme. Glycine is a small amino acid with no extended functional groups in the side chains, which increases the flexibility of this peptide fragment and is likely to facilitate the enzyme to access its specific sequence. The last, fourth sequence located at the C-terminus of the peptide represents a sequence with proven biological activity. The active sequence used in this study is the PDGF2 peptide Arg-Leu-Ile-Asp-Arg-Thr-Asn-Ala-Asn-Phe-Leu, known for its wound-healing-accelerating properties (Deptuła et al., 2020). The designed RADA-PDGF2 peptide sequence is shown in the schematic diagram in Figure 1.
[image: Figure 1]FIGURE 1 | General scheme of the designed scaffolding amino-acid sequence. The scaffold consists of 4 elements: gel-forming (blue), neutrophil elastase-sensitive (green), biologically active (pink), and linkers (grey). Created with BioRender.com.
The release of PDGF2 peptide from the designed scaffold is based on the enzymatic activity of human neutrophil elastase, a catalyst that cleaves hybrid peptides at a specific site designated AAPV. This cleavage activity is responsible for initiating the controlled release of active compounds. The choice of this enzyme is targeted because neutrophil elastase is commonly found in wounds, and its concentration is increased in infected wound samples, consistent with the context of wound healing (Wilgus et al., 2013). To the best of our prior knowledge, it has been established that peptides prepared using this approach effectively retain their intended functionality (Sawicka et al., 2021; Dzierżyńska et al., 2023). Specifically, these peptides exhibit the ability to form a 1% hydrogel in an aqueous environment and then release the active peptide fragment upon exposure to neutrophil elastase.
3.2 Peptide stability in water and human plasma
The next step verified whether the designed RADA-PDGF2 is stable enough to create a stable chemical peptide hydrogel. This information is critical because it determines the rest of the planned experiments and the possibility of using the peptide in a long-term application. In the aqueous solution, the RADA-PDGF2 peptide exhibited chemical stability over 24 h. HPLC analysis revealed no significant alterations in peptide peak profiles, indicating that the peptide retained its chemical properties in water. Conversely, stability testing in human plasma yielded contrasting results (Figure 2). The RADA-PDGF2 peptide displayed initial stability, with no apparent degradation evident for up to 6 h, as shown in Figure 2 (yellow line). However, prolonged incubation for 24 h led to a complete hydrolysis of the peptide, as indicated by the disappearance of the intact peptide peak in the HPLC chromatogram, as shown in Figure 2 (green line).
[image: Figure 2]FIGURE 2 | Stability analysis of RADA-PDGF2 peptide in human plasma over time. In the chromatogram slice, it is evident that the RADA-PDGF2 peptide maintains its chemical integrity and remains stable for the initial 6-h period. After this time, the peak loss can be seen on the chromatogram after 24 h of incubation (green line), indicating complete hydrolysis of the peptide. This observation highlights the time-dependent degradation profile of RADA-PDGF2 in plasma.
3.3 Neutrophil elastase cleavage activity
In the next step, we decided to verify whether the designed RADA-PDGF2 peptide hydrolyzes at the designated site, i.e., in the region of the sequence susceptible to neutrophil elastase AAPV. The digestion was tracked by UHPLC, and the released fragments were identified by mass spectrometry. The truncates analysis revealed that the proteolytic sites for the elastase are the most susceptible in the region of the elastase-specific sequence, predominantly after the valine residue (Figure 3, Fragment 1). However, the fragment lacking the last two C-terminal amino acids was also detectable as minor (Figure 1, Fragment 3). The scheme of cleavage sites is presented in Figure 3 and the fragments are listed in Supplementary Table S1 (Supplementary Material) Notably, the degradation pattern depicts a consistent cleavage site that leads to the release of fragments encompassing the bioactive PDGF2 peptide (Figure 1, Fragment 2).
[image: Figure 3]FIGURE 3 | The fragments of RADA-PDGF2 peptide after enzymatic digestion. The figure clarifies the different locations in the peptide sequence where hydrolysis occurs, yielding identifiable fragments. Created with BioRender.com.
3.4 Structural characterization of RADA-PDGF2
The CD spectra exhibited distinct bands indicating the arrangement of the β-sheet secondary structure of the peptide. Notably, a well-defined maximum at approximately 196 nm and a corresponding minimum at 214 nm was observed (Figure 4A). These spectral features are characteristic of the β-sheet conformation, highlighting the propensity of the peptide to adopt a stable secondary structure at a broad range of temperatures (25°C-60°C).
[image: Figure 4]FIGURE 4 | Spectroscopic analysis of RADA-PDGF2 peptide. Graphs (A, B) illustrates the relationship between temperature (ranging from 4°C to 95°C) and the CD (B) signal showcasing the response of the peptide’s ordered β-sheet conformation. Throughout the examined temperature range, the RADA-PDGF2 peptide exhibits remarkable conformational stability, with a well-defined β-sheet structure being retained.
3.5 Thermal stability of RADA-PDGF2
To further assess the thermal stability of the RADA-PDGF2 hydrogel. For this purpose CD spectra were performed at a fixed wavelength of 196 nm across an extended temperature gradient ranging from 4°C to 95°C. Figure 4B illustrates the observed trend, depicting the thermal behavior of the peptide. The RADA-PDGF2 peptide displayed sustained conformational stability up to 86°C, beyond which the ordered structure of the hydrogel began to progressively lose its arrangement. This thermal denaturation phenomenon, marked by the loss of characteristic β-sheet bands, suggests a transition from a well-defined gelling secondary structure to a more disordered and non-gelling state.
3.6 Characterization of RADA-PDGF2 peptide hydrogel using microscopic techniques
In this study, a comprehensive study was conducted to elucidate the structural characteristics of the RADA-PDGF2 peptide fibers. To achieve this, a combination of advanced microscopic techniques was used, including atomic force microscopy (AFM), transmission electron microscopy (TEM), and scanning cryoSEM microscopy. Each of these methodologies was used to capture distinct viewpoints of the peptide’s architecture, offering independent and highly complementary insights that collectively contribute to understanding the evolving structures. AFM provided high-resolution topographical images of the peptide fibers, enabling a detailed examination of their surface morphology. TEM was selected to visualize the internal structure of the fibers at a nanometer scale, revealing intricate details of their arrangement and organization. Additionally, scanning cryoSEM microscopy offered a freeze-fracture approach, preserving the native state of the hydrogel structures and providing a unique perspective on their three-dimensional arrangement.
The results of the experiment indicate that the RADA-PDGF2 peptide when in aqueous solutions, forms a network of fibers with a length of 200–600 nm and a width of 4–7 nm, as observed through TEM and AFM images (Figures 5C, D). Based on AFM images the approximate diameter of the investigated fibers is 3 nm. Observed fibers are distributed isotropically on the mica surface, exhibit a small tendency to association and formation of small aggregates. Furthermore, the cryoSEM images obtained from a 1% peptide hydrogel showcase a highly organized structure resulting from the self-assembly of the peptide (Figure 5A). This structured arrangement becomes clearly visible at lower magnifications and exhibits characteristics resembling a honeycomb-like pattern. The advanced magnification capability of cryoSEM images facilitates accurate measurement of the inter-unit distances within the structure. In this case, the measured distance between the blocks of successive units is approximately 6 μm and the length of the blocks intended ranges from 25 to 70 μm (Figure 5B). When comparing these findings to the available literature on the RADA16-I (PuraMatrix) peptide, noteworthy parallels are evident. Similar to RADA-PDGF2, RADA16-I has been recognized to form fibrous networks in aqueous solutions, showcasing analogous self-assembly tendencies (Sun et al., 2016). The strikingly ordered structure observed in the cryoSEM images aligns with the known structural organization of RADA16-I hydrogels.
[image: Figure 5]FIGURE 5 | Microstructure and nanoscale characterization of 1% RADA-PDGF2 hydrogel and aqueous solutions. CryoSEM images for 1% RADA-PDGF2 hydrogel (A, B) aqueous solutions imaged using TEM microscopy (C) and AFM (D).
3.7 Cytotoxicity, cell proliferation, and viability
Analysis of potential cytotoxicity of designed compounds or scaffolds is crucial to eliminating toxic substances in the early stages of their design. For new wound healing candidates, evaluating their effect on the viability and proliferation of skin cells is also essential. In this study, cytotoxicity analysis and the effect on proliferation were performed in concentrations that do not undergo the gelation process using colourimetric methods. Additionally, analysis of cells seeded on the RADA-PDGF2 hydrogel was performed with confocal microscopy.
The results showed that the RADA-PDGF2 peptide stimulates proliferation of 46BR.1N fibroblast - a 10%–20% increase in proliferation relative to controls was visible in concentrations of 0.1; 10–150 μg/mL after 48h and 20%–60% concentrations of 1.0–100 μg/mL after 72 h of incubation (Figure 6A). A 20%–30% increase in proliferation was observed for HaCaT keratinocytes at 0.1–100 μg/mL after 48 h and 1.0–50 μg/mL after 72 h of incubation (Figure 6B). For human primary dermal fibroblasts, a pro-proliferative effect was observed only after 72 h of incubation–a 20%–30% increase compared to untreated control in concentrations of 1–25 μg/mL (Figure 6C). RADA-PDGF2 does not significantly inhibit the proliferation of tested cells, but at a concentration of 150 μg/mL, it shows slight (about 10%) cytotoxicity to 46BR.1N cells (Figure 6D).
[image: Figure 6]FIGURE 6 | Effect of RADA-PDGF2 on the proliferation (A) of 46BR.1N fibroblasts, (B) HaCaT keratinocytes, (C) primary fibroblast and its cytotoxicity (D) towards these cells. The graphs represent the mean ± SEM of 3 independent experiments (4 replicates in each, n = 12). * - statistically significant differences compared to controls (cells grown in serum-free medium), Mann -Whitney U-test, p < 0.05.
Additionally, skin cell viability was checked after 4 days of incubation on RADA-PDGF2 hydrogel (Figure 7). Cells were stained with calcein-AM (live cells) and propidium iodide (dead cells, indicated with white arrows). The analysis showed that the cells remained viable after 4 days of cell culture on RADA-PDGF2. Only a few dead cells were visible in the field of view. The cells looked similar to the control cells cultured on RADA16-I.
[image: Figure 7]FIGURE 7 | Viability of human keratinocytes (HaCaT), fibroblasts (46BR.1N), and primary fibroblasts after 4 days of cell culture on RADA-PDGF2 hydrogel. Human skin cells were stained with calcein-AM and propidium iodide to visualize live (green) and dead (red) cells indicated by white arrows.
3.8 Cell migration and collagen synthesis
Both cell migration and collagen synthesis are important elements of the wound healing process. Also, collagen synthesis by skin fibroblasts is crucial for proper scar formation. That is why, in the study, we have decided to analyze the effect of RADA-PDGF2 (10 and 25 μg/mL) on the migration of skin cells and collagen synthesis by human dermal fibroblasts.
The obtained results show that RADA-PDGF2 stimulates the migration of human skin cells. The most potent effect was observed for HaCaT keratinocytes–about a 30% increase in cell migration compared to untreated control in both tested concentrations. A smaller pro-migration effect was observed for fibroblasts - about 10% and 12%–15% in both concentrations for the 46BR.1N cell line and primary fibroblasts, respectively (Figure 8A; Supplementary Figure S2). The analysis of collagen synthesis showed about a 10% increase for human dermal primary fibroblast stimulated with 25 μg/mL RADA-PDGF2 (Figure 8B).
[image: Figure 8]FIGURE 8 | Effect of RADA-PDGF2 on the (A) migration of 46BR.1N fibroblasts, HaCaT keratinocytes, primary fibroblast, and (B) collagen synthesis by human fibroblasts. The graphs represent the mean ± SEM of 3 independent experiments (4 replicates in each, n = 12). * - statistically significant differences compared to controls (cells grown in serum-free medium), Mann -Whitney U-test, p < 0.05.
3.9 Immunogenicity
In the context of biocompatibility of newly designed scaffolds, it is important to analyze their potential immunogenicity, e.g., by analyzing their effect on the immune cells in vitro. Studies on the effect of RADA-PDGF2 and RADA16-I (control) scaffolds on immune cells were performed using isolated peripheral blood mononuclear cells (PBMCs). PBMCs were incubated in culture inserts in the presence of tested RADA-PDGF2 (1%) for 24 h; then, the effect was analyzed by flow cytometry. The extent of T cell (CD3/CD4/CD8) and NK (CD16/CD56) stimulation was determined by assessing the expression of CD69, CD71, CD25, and HLA- DR activation markers. The activation of dendritic cells (DCs) was also examined (inactive phenotype: CD11+CD80−, CD11+CD83−, active: CD11+CD80+, CD11+, CD83+).
For Th cells, after 24 h of incubation, any statistically significant differences between unstimulated cells and cells stimulated with RADA-PDGF2 were not observed. Similarly, no statistical significance was noted for the NK cells, but a slight increase in the expression of CD25 and a reduction in the expression of CD71 were observed. An increased expression of CD69 marker characterized cytotoxic lymphocytes (CTL) after 24 h of incubation, but a similar effect was obtained for RADA16-I (Figure 9A). Due to the low values of the above changes, the tested RADA-PDGF2 and RADA16-I peptides can be considered safe in an immunological context.
[image: Figure 9]FIGURE 9 | Analysis of the effect of RADA-PDGF2 on immune cells after 24 h of incubation. (A) Expression level of surface activation markers (CD25, CD69, CD71, HLA-DR) in individual cell subpopulations (CTL, Th, NK) after incubation in the presence of RADA-PDGF2. (B) Activation of dendritic cells after incubation with RADA-PDGF2. The graphs represent the mean ± SEM of 3 independent experiments.
Interestingly, after 24 h of incubation, a statistically significant increase in the CD11c+CD83+ active DCs population was observed for PBMCs stimulated with RADA-PDGF2 compared to untreated control (Figure 9B).
3.10 Murine dorsal skin excision wound model
A dorsal skin excision model was used to assess the effect of RADA-PDGF2 (1%) hydrogel on wound healing. RADA16-I peptide was used for comparison (Dzierżyńska et al., 2023). The excess of skin wound closure involving both the dermis and epidermis and that of epithelialization alone were analyzed at days 0, 2, 4, 7, 9, 11, 14, and 18 post-injury. In addition, collagen density in histological samples from day 18 post-injury and the thickness of epithelial membranes formed at day 4 post-injury were quantified. The experiments were performed using females of BALB/c mice, 8-week-olds, on the initial day of the experiment.
For the RADA-PDGF2 group, a statistically significant reduction in the wound area compared to the control group receiving RADA16-I was observed from the seventh day after the injury, reaching 60% mean closure on day 9 compared to 23% in the control group (Figure 10C). On day 18, complete closure was observed in the treatment and control groups, and a small scar was formed (Figures 10A, B). The rate of epithelialization was significantly accelerated in RADA-PDGF2 compared to the control. On day 7 post-injury, 54% of the initial wound area was covered with epidermis in RADA-PDGF2-treated mice, contrasted to 35% in the control group. On day 14, almost all wounds in both groups were covered with epidermis (Figure 10D).
[image: Figure 10]FIGURE 10 | The healing process in skin wounds treated with RADA16-I and RADA-PDGF2 hybrid hydrogels. Representative photographs of the wound healing process on days 0, 7, 14, and 18 post-injury for (A) RADA16-I and (B) RADA-PDGF2; (C) the mean area of full-thickness wound closure throughout the experiment; (D)-the mean area of wound epithelialization throughout the experiment The graphs represent the mean ± SEM. Statistically significant differences, determined by the Mann-Whitney U test, are marked with asterisks as follows: * - p < 0.05; ** - p < 0.01; *** - p < 0.001, n = 12 (number of wounds).
Collagen density was examined in the restored skin on day 21 post-injury. The RADA-PDGF2-treated skin had a slightly higher collagen density in the wound area than the RADA16-I-treated one, but the difference was not statistically significant (Figure 11A). The epidermis thickness examined on day 4 post-injury increased significantly in both RADA-PDGF2 and RADA16-I treated wounds compared to the uninjured skin; on day 21 post-injury, the epidermis remained thicker in RADA 16-I but not in RADA-PDGF2-treated mice, where it decreased to the levels determined in uninjured skin (Figure 11B). Figure 12 shows representative images of tissue architecture in the wound area on day 21 post-injury.
[image: Figure 11]FIGURE 11 | Collagen density on day 21 post-injury (A) and the thickness of epidermis on day 4 and 21 post-injury in RADA-treated wounds compared to uninjured skin (B).***- statistically significant differences compared to normal skin, U-Mann Whitney test, p < 0.001.
[image: Figure 12]FIGURE 12 | Histological examination of mouse sections of mice from the control (RADA16-I) and RADA-PDGF2 groups, stained with hematoxylin and eosin on day 21 post-injury.
4 DISCUSSION
Chronic wounds have emerged as a significant challenge in modern healthcare, exerting a profound impact on both patient quality of life and healthcare expenditure. These persistent wounds encompass a spectrum of conditions, such as diabetic foot ulcers (DFUs) and venous leg ulcers (VLUs), with a heightened prevalence among elderly individuals and those afflicted by diabetes. Despite the existence of various treatment modalities, including wound dressings and cell therapies, the management of complex chronic wounds remains largely unsatisfactory. With an aging population and an escalating incidence of diabetes, the burden of chronic wounds is poised to rise dramatically, necessitating innovative approaches to wound healing. Platelet-derived growth factor-BB (PDGF-BB) holds a pivotal role in the wound healing process. Notwithstanding the approval of recombinant PDGF-BB therapies, challenges such as exorbitant costs and limited half-lives have ignited interest in the development of bioactive peptides that mimic PDGF-BB activity while allowing for sustained release. Prior investigations have unveiled the potential of the PDGF2 peptide (RLIDRTNANFL) as a wound healing stimulant, showcasing attributes like low cytotoxicity, the promotion of cell proliferation, and when applied topically, the acceleration of wound healing in a murine model (Deptuła et al., 2020). The use of self-assembling peptide hydrogels has garnered substantial attention in regenerative medicine due to their adaptable properties and versatility. RADA16-I, an exemplary self-assembling peptide, has already found clinical applications as a surgical hemostatic agent, wound dressing, and tissue engineering scaffold (Sankar et al., 2021). Building upon the promise of self-assembling peptide hydrogels, we have conceived a novel scaffold denominated RADA-PDGF2. This hybrid construct incorporates the RADA16-I sequence linked with the PDGF2 peptide via a neutrophil elastase-specific fragment (AAPV). This unique linker facilitates the isolation of the active sequence post-application, ensuring its sustained bioactivity.
In this study, we comprehensively characterize the chemical and physicochemical attributes of RADA-PDGF2 and assess its biocompatibility, bioactivity, impact on cell migration, and collagen synthesis in vitro using human skin cells. Furthermore, we performed a murine dorsal skin injury model to investigate the potential of RADA-PDGF2 in promoting wound healing. Through these investigations, we aim to contribute valuable insights into the development of innovative wound healing strategies to address the growing challenge of chronic wounds in modern healthcare.
The stability of peptides is a critical consideration when designing peptide-based biomaterials for tissue engineering and regenerative medicine (Al Musaimi et al., 2022). In this study, we investigated the stability of the RADA-PDGF2 peptide, focusing on its potential to form a stable chemical peptide hydrogel as well as its suitability for long-term applications. The stability assessment of the RADA-PDGF2 peptide was conducted in two distinct environments: aqueous solution and human plasma. In the aqueous solution, our results indicated that the RADA-PDGF2 peptide exhibited good chemical stability over 24 h. The absence of significant alterations in the peptide peak profiles observed through HPLC analysis further confirms the peptide’s ability to retain its chemical properties in water. Subsequently, we performed studies to assess the stability of the RADA-PDGF2 peptide in a more complex physiological environment, represented by human plasma. During the initial 6-h incubation period, we observed no noticeable peptide degradation, suggesting an initial resistance to enzymatic hydrolysis. This initial stability is consistent with the potential for short-term applications or interventions. Nevertheless, an extended incubation period of 24 h in human plasma resulted in significant and complete disappearance of the RADA-PDGF2 peptide peak on the HPLC chromatogram, as shown in Figure 2. This disappearance may occur due to peptide degradation by enzymes present in plasma (Jenssen and Aspmo, 2008), as well as by interactions with albumins, which have diversity of functions including transport and binding of different molecules (Rondeau and Bourdon, 2011). Both our previous stability studies for the RADA16-I peptide (Dzierżyńska et al., 2023) and the PDGF2 active sequence (Rodziewicz-Motowidło et al., 2022) did not show prolonged presence of peptide in plasma, so the stability of 6 h is surprising. Perhaps the formation of the RADA-PDGF2 hybrid leads to different intermolecular interactions that protect the peptide from rapid degradation. To this end, further studies including molecular modeling are needed. This initial stability suggests that the RADA-PDGF2 peptide may have unique structural characteristics. For this reason, the results obtained indicating more than 6 h stability of RADA-PDGF2 hybrid is a very promising result.
Subsequently, we tested whether the designed RADA-PDGF2 hydrogel is capable of releasing free PDGF2 peptide while exposed to human neutrophil elastase. This aspect was a key to this research. The analysis of the RADA-PDGF2 peptide digestion revealed that the proteolysis by elastase is located in the elastase-specific sequence region, which is AAPV. By incubating the RADA-PDGF2 peptide in the presence of elastase, we were able to confirm that the release of the entire PDGF2 sequence from the RADA-PDGF2 hybrid occurred. Due to this experimental result, we can conclude that the carrier we designed is stable in human plasma and, in addition, plays its role as a storage for substances with biological effects. However, it is worth noting that a smaller fragment lacking the last two amino acids at the C-terminus was also detectable.
Circular dichroism analysis was employed as a powerful tool to delve into the secondary structure of the RADA-PDGF2 peptide across a spectrum of temperatures. CD spectra of RADA-PDGF2 are emblematic of the β-sheet conformation, indicating the peptide’s propensity to maintain a stable secondary structure during the hydrogel formation process. (Gelain et al., 2020). Analysis of literature data showed that other peptide analogs based on the RADA16-I sequence exhibit very similar circular dichroism spectra. However, modification of the RADA16-I sequence by elongating the amino acid chain may affect the disruption of the self-assembly process and thus reduce the intensity of the formed secondary structures visible on the CD spectrum (Wang et al., 2011; Han et al., 2022).
The thermal stability results show extremely high-temperature stability of the RADA-PDGF2 peptide. This revelation highlights the potential utility of the RADA-PDGF2 peptide hydrogel in applications that demand stability at physiological temperatures. However, the observed thermal destabilization beyond 86°C underscores the importance of considering the thermal conditions when designing hydrogel-based systems for specific applications. In that case, the hydrogel cannot be autoclaved after preparation, but it must be prepared in sterile conditions before the hydrogelation process. These findings contribute to the broader understanding of the RADA-PDGF2 peptide’s behavior and its potential utility in biotechnological and biomedical contexts. The observed conformational stability within defined thermal limits offers a foundation for further research aimed at optimizing the peptide’s performance of peptides as a biomaterials and exploring their applicability in various therapeutic modalities. Other analogs of the RADA16-I peptide show lower temperature stability than the RADA-PDGF2 peptide. In comparison, RADA16-I peptides with an additional GPGGY or GGAGGS sequence retain structural stability up to 50°C. Above this temperature, there is either a complete disruption or a drastic reduction of the β-sheet structure (Sun and Zhao, 2012).
In the next research stage, we aimed, we aimed to discover the structural features of RADA-PDGF2 peptide fibers. To achieve a complex understanding of these structures, we used a synergistic approach, integrating advanced microscopic techniques: AFM, TEM, and cryoSEM. Using the different capabilities of each method, we gained multifaceted insights into the architecture of peptide fibrils. The results of our comprehensive analysis unveiled compelling insights into the morphology of the RADA-PDGF2 hydrogel. When present in aqueous solutions, the peptide exhibited a propensity to form a network of fibers with dimensions ranging from 200 to 600 nm, as discerned from TEM and AFM images. RADA16-I analogs, similar to the parent peptide, often display a fibrous morphology when examined through TEM and AFM imaging. These analogs exhibit self-assembled structures characterized by elongated nanofibers in TEM pictures and organized nanoscale patterns in AFM images, contributing to their ability to interact with biological systems and materials at the nanoscale level. The length and width of RADA16-I analog nanofibers can vary considerably, with typical lengths ranging from tens of nanometers to several micrometers, and widths falling within the range of 10–20 nm (Rondeau and Bourdon, 2011; Gelain et al., 2020). Notably, the scanning cryoSEM images of a 1% peptide hydrogel showcased a remarkably organized structure, resulting from the self-assembly of the peptide molecules. This arrangement, reminiscent of a honeycomb pattern, became increasingly apparent at lower magnifications. The advanced magnification capabilities of cryoSEM permitted accurate measurements of inter-unit distances within the structure, revealing an approximately 6 μm spacing between successive units. The cryoSEM images obtained are consistent with our previous ones recorded for similar peptide hydrogels (Dzierżyńska et al., 2023). Comparatively, other hydrogels like chitosan, hyaluronic acid, and commercial HEC hydrogels exhibit less organized structures, resembling sponges with irregularly shaped and larger pores (Conovaloff et al., 2011; Kirch et al., 2012; Macdougall et al., 2018). Additionally, non-swellable thiolyne PEG hydrogels also form structures with unregulated architecture. These observations highlight the peptide hydrogel’s unique and well-structured nature because using hydrogels as scaffolds for three-dimensional culture requires adequate pore size. The pores that are visible in the RADA-PDGF2 hydrogel are small enough to allow cells ranging from 10 to 30 μm to settle at their edges and not collapse inside the hydrogel. However, croSEM images of hydrogels that form a structure similar to that formed by RADA16-I peptide hydrogels are known in the literature, e. g., graphene oxide (Serrano-Aroca et al., 2017), or collagen (Pot et al., 2020) but chemical, physical or enzymatic crosslinking is required to obtain a stable structure.
Wound healing is a dynamic process that includes different cell types, e.g., keratinocytes and fibroblasts, and events such as inflammation, proliferation, and migration of these cells (Addis et al., 2020). When developing new biomaterials for wound healing stimulation, evaluating their effect on the processes responsible for the proper course of wound closure is essential. That is why, in this work, we analyzes the effect of RADA-PDGF2 on the proliferation, viability, and migration of human skin cells and collagen synthesis by human fibroblasts. We also evaluated its effect in vivo using the mice dorsal skin injury model. Finally, we performed analyses of its cytotoxicity and immunogenicity, which is an important step in assessing the biocompatibility of newly designed materials.
Proliferation is a critical event in wound healing, and wounds cannot heal completely without sufficient levels of cell proliferation. Interestingly, computational analyses showed that if the proliferation rate is not satisfactory, the impact of cell migration on the wound healing process is negligible (Zanca et al., 2022). PDGF-BB is a potent wound healing stimulator and it can increase cell proliferation (White et al., 2021). Similarly, in our previous work, PDGF2 peptide showed pro-proliferative properties towards human fibroblasts and keratinocytes (Deptuła et al., 2020). Other researchers also show that RADA16-I, functionalized with bioactive motifs, can express pro-proliferative properties towards different cell types. For example, RADA16-I with osteogenic growth peptide ALK, osteopontin cell adhesion motif DGR, and RGD binding sequence PGR accelerated the proliferation of mouse osteoblasts (Horii et al., 2007). RADA16-I combined with RADA-PRG increased the proliferation of skin-derived precursors (Wang et al., 2016), and RADA-IKVAV promoted the proliferation and migration of neural stem cells (Zhang et al., 2010). That is why we assumed that RADA-PDGF2 may be able to stimulate the proliferation of human skin cells. The colorimetric analysis results showed that RADA-PDGF2 expresses the most potent pro-proliferative properties towards human 46BR.1N fibroblasts after 72 h of incubation. For human primary dermal fibroblasts isolated from skin samples, the effect was visible only after 72 h of incubation, and it was weaker than for the cell line. In both cases, after 72-h incubation, the pro-proliferative properties of RADA-PDGF2 were stronger than those of the original PDGF2 peptide (Deptuła et al., 2020). 46BR.1N fibroblasts also showed a weaker response to stimulation with RADA16-I. Thus, after 72 h, the effect was more substantial than for the RADA-IM, RADA-GHK, and RADA-KGHK (Dzierżyńska et al., 2023). The opposite situation is visible for HaCaT keratinocytes. Their response for RADA-PDGF2 was weaker than the 46BR.1N fibroblast and was similar in both incubation times. However, PDGF2 showed much stronger pro-proliferative properties, especially after 72 h of incubation (Deptuła et al., 2020). Compared to RADA16-I, the effect was similar, but the stimulation was weaker than RADA16-I, which was functionalized with other bioactive peptides: GHK and KGHK (Dzierżyńska et al., 2023). Interestingly, literature data shows that PDGF-BB stimulates cell division of fibroblasts, but not HaCaT keratinocytes (Park et al., 2014). So, the stronger pro-proliferative action of RADA-PDGF2 on fibroblast may indicate that its mode of action is more similar to the native PDGF-BB protein than those of the PDGF2 peptide. What is more, RADA derivatives can also reduce the proliferation of human cells. For example, Bradshaw et al. (Bradshaw et al., 2014) showed that compared to RADA16-I, RADA-FPG significantly inhibited the proliferation of fibroblasts. However, for RADA-PDGF2, we did not observe any significant reduction in cell proliferation. Additionally, with the use of confocal microscopy and calcein-AM/PI staining, we analyzed the viability of skin cells after 4 days of cell culture of RADA-PDGF2. The results indicate that all of the tested cells remained viable (no dead cells were visible in the field of view), which indicates the safety of tested hydrogels and confirms that it can be potentially used as a scaffold for cell transplantation. The results are comparable to those obtained for RADA-GHK, RADA-KGHK, and RADA-IM, which retained their viability after 3 days of cell culture (Dzierżyńska et al., 2023).
Cell migration is another vital process necessary for a complete wound closure. Already 12 h after injury, keratinocytes start to migrating into the wound bed. During the proliferative phase, fibroblasts also proliferate and migrate, which is essential for rearranging the extracellular matrix (ECM) (Dekoninck and Blanpain, 2019). Although in our previous work, we did not observe significant por-migratory activity of PDGF2 peptide (Deptuła et al., 2020), PDGF-BB is known to stimulate the migration of human fibroblasts (De Donatis et al., 2010). However, for a single cell, both processes can not happen simultaneously. For PDGF-BB, Donatis et al. showed that fibroblasts switch from migrating to proliferating phenotype when they sense an increasing concentration of PDGF (De Donatis et al., 2008). On the other hand, literature data suggests that functionalizations of RADA16-I with bioactive molecules, e.g., collagen type I motif, may result in obtaining scaffolds with pro-migratory properties (Bradshaw et al., 2014). Additionally, Jian et al. (Jian et al., 2022) designed a PDGF-BB supramolecular hydrogel, composed of PDGF epitope VRKIEIVRKK and self-assembling motif derived from β-amyloid peptide, which was able to stimulate both proliferation and migration of vascular endothelial cells. For RADA-PDGF2 a significant increase in the migration of HaCaT keratinocytes was observed, whereas for fibroblast the effect was weaker. As RADA-PDGF2 stimulates both, the proliferation and migration of human keratinocytes, its application may result in accelerated epithelialization of the wound and increased wound closure.
Collagen is a main component of the ECM and has an essential role in the regulation of the wound healing process (Mathew-Steiner et al., 2021). The effect of RADA-PDGF2 on collagen synthesis in vitro was examined after stimulation of 46BR.1N cells and primary human dermal fibroblasts. Only a small increase of collagen synthesis by human primary fibroblasts was observed, suggesting that RADA-PDGF2 does not stimulate this process significantly in human fibroblasts.
During the development of new biomaterials, it is crucial to analyze not only their physicochemical properties and activity but also their biocompatibility and potential risk to human cells and tissues (Schmalz and Galler, 2017). That is why we decided to evaluate the cytotoxicity of RADA-PDGF2 and its effect on immune cells. Based on our experience and literature data, we know that peptides can be cytotoxic to human cells (Greco et al., 2020). In our previous work, one of the PDGF-BB derivatives, PDGF2-HTT, a heterocyclic form of PDGF2, expressed cytotoxicity to skin cells. However, RADA-PDGF2, similar to PDGF2 and RADA16-I and its other derivatives did not show cytotoxicity to analyzed cells (Deptuła et al., 2020; Dzierżyńska et al., 2023). It indicates that the use of RADA-PDGF2 is safe for human cells and tissues.
Understanding immune response to hydrogels is also crucial during their preclinical analysis. Activation of immune cells may lead to excessive inflammation and consequently, the development of chronic wounds (Fernandez-Yague et al., 2022). Our previous analyses showed that PDGF2 does not cause immune cell activation and does not express the potential to induce allergies (Deptuła et al., 2020). Data obtained for RADA16-I and RADA-PDGF2 indicate its safety in the context of an immune response. However, some significant activation was observed, like an increase of CD69 on CTL cells. Cytotoxic lymphocytes are responsible for eliminating pathogens and can control inflammation and release anti-inflammatory cytokines (Caminero et al., 2023). For RADA-PDGF2, we also observed an increase in CD11+CD83+ active dendritic cells (Grosche et al., 2020). Expression of CD83 on DCs is crucial for the host’s immune response against bacteria. The observed activation of CTL cells and increase in CD83+ DCs may be helpful in the treatment of infected wounds.
Both PDGF-BB and PDGF2 applied in p407 accelerated wound healing (Deptuła et al., 2020). RADA16-I was also reported to stimulate wound healing, e.g., deep second-degree burns in rats (Meng et al., 2009) or in a sheep model of endoscopic nasal surgery (Lee and Ananda, 2023). To analyze the effect of RADA-PDGF2 on wound healing, we evaluated its effect in mice dorsal skin injury model. The analysis showed that compared to RADA16-I (control), RADA-PDGF2 accelerated both wound closure and epithelialization. In both cases, differences were significant from the day of the seventh after injury. Interestingly, the mean percentage of wound closure for RADA-PDGF2 treated mice on day 7 was bigger than for previously analyzed RADA-IM, RADA-GHK, and RADA-KGHK (Dzierżyńska et al., 2023). Faster wound closure and restoration of the epidermis help avoid wound healing complications like bacterial infections, which in turn may lead to the development of chronic wounds (Azmat and Council, 2023). Finally, RADA16-I, known as PuraDermTM is registered in the US as wound dressing (Sankar et al., 2021), so the results obtained for RADA-PDGF2 showing it accelerates wound healing compared to this hydrogel, indicate its clinical potential. However, further research is necessary.
In conclusion, the novel self-assembling RADA-PDGF2 hydrogel demonstrates promising potential for advancing wound healing therapies. As a self-assembling gelling peptide, it does not require an additional carrier, which is an essential advantage. This scaffold exhibits excellent stability in human plasma and extreme temperature resilience. Notably, it undergoes precise cleavage by neutrophil elastase, releasing the bioactive PDGF2 motif. Importantly, it proves biocompatible, as it does not induce cytotoxicity in human cells and avoids excessive immune cell activation, ensuring immunological safety. Furthermore, RADA-PDGF2 fosters the proliferation and migration of skin cells and encourages collagen synthesis in fibroblasts, making it a promising candidate for cell transplantation scaffolding. The observed activation of CTLs and DCs suggests its potential utility in infected wounds, albeit further comprehensive research is warranted. Ultimately, RADA-PDGF2 accelerates wound closure and epithelialization, positioning it as a compelling candidate for enhancing wound healing applications. However, further research is needed, especially regarding the issue of neovascularization after application of RADA-PDGF2.
DATA AVAILABILITY STATEMENT
The data presented in the study is deposited in the Zenodo respiratory https://doi.org/10.5281/zenodo.10159122.
ETHICS STATEMENT
The studies involving humans were approved by the Independent Bioethics Commission for Research of the Medical University of Gdańsk (NKBBN/387/2014, NKBBN/672/2019). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. The animal study was approved by the Local Ethics Committee for Animal Experimentation in Bydgoszcz, Poland (Approval No. 49/2016). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
MD: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Writing–original draft, Writing–review and editing. JS: Conceptualization, Data curation, Investigation, Methodology, Visualization, Writing–original draft, Writing–review and editing. PiSa: Formal Analysis, Investigation, Methodology, Writing–original draft. PaSo: Investigation, Methodology, Writing–original draft. PK: Investigation, Writing–original draft. MZ: Investigation, Writing–original draft, AW: Investigation, Methodology, Writing–original draft. AT: Investigation, Writing–original draft. MDz: Investigation, Writing–original draft. ZP-M: Methodology, Writing–original draft. BP: Methodology, Writing–original draft. JZ: Resources, Writing–original draft. KK: Resources, Writing–original draft. MK: Writing–original draft. PaS: Formal Analysis, Funding acquisition, Supervision, Writing–review and editing. SR-M: Conceptualization, Funding acquisition, Writing–review and editing, Project administration, Resources. MP: Conceptualization, Funding acquisition, Writing–review and editing, Supervision.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Centre for Research and Development, Poland (Grant No. STATEGMED1/235077/9/NCBR/2014, acronym REGENNOVA and TECHMATSTRATEG2/410747/11/2019, acronym BIONANOVA).
ACKNOWLEDGMENTS
We want to express our gratitude for providing access to equipment to Professor Stefan Jurga, who passed away in March of 2022. We want to thank Agnieszka Piwkowska, Ph.D. from the Department of Molecular Biotechnology, Faculty of Chemistry, University of Gdańsk, Poland, for the help with cell imaging with confocal microscopy. The results described in this work were included in the Polish patent Pat.237001.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL 
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2023.1293647/full#supplementary-material
REFERENCES
 Addis, R., Cruciani, S., Santaniello, S., Bellu, E., Sarais, G., Ventura, C., et al. (2020). Fibroblast proliferation and migration in wound healing by phytochemicals: evidence for a novel synergic outcome. Int. J. Med. Sci. 17, 1030–1042. doi:10.7150/ijms.43986
 Al Musaimi, O., Lombardi, L., Williams, D. R., and Albericio, F. (2022). Strategies for improving peptide stability and delivery. Pharm. (Basel) 15, 1283. doi:10.3390/ph15101283
 Azmat, C. E., and Council, M. (2023). “Wound closure techniques,” in StatPearls (Treasure Island (FL): StatPearls Publishing). 
 Bradshaw, M., Ho, D., Fear, M. W., Gelain, F., Wood, F. M., and Iyer, K. S. (2014). Designer self-assembling hydrogel scaffolds can impact skin cell proliferation and migration. Sci. Rep. 4, 6903. doi:10.1038/srep06903
 Caminero, F., Iqbal, Z., and Tadi, P. (2023). “Histology, cytotoxic T cells,” in StatPearls (Treasure Island (FL): StatPearls Publishing). 
 Conovaloff, A. W., Beier, B. L., Irazoqui, P. P., and Panitch, A. (2011). Effects of a synthetic bioactive peptide on neurite growth and nerve growth factor release in chondroitin sulfate hydrogels. Biomatter 1, 165–173. doi:10.4161/biom.17849
 De Donatis, A., Comito, G., Buricchi, F., Vinci, M. C., Parenti, A., Caselli, A., et al. (2008). Proliferation versus migration in platelet-derived growth factor signaling: the key role of endocytosis. J. Biol. Chem. 283, 19948–19956. doi:10.1074/jbc.M709428200
 De Donatis, A., Ranaldi, F., and Cirri, P. (2010). Reciprocal control of cell proliferation and migration. Cell Commun. Signal. 8, 20. doi:10.1186/1478-811X-8-20
 Dekoninck, S., and Blanpain, C. (2019). Stem cell dynamics, migration and plasticity during wound healing. Nat. Cell Biol. 21, 18–24. doi:10.1038/s41556-018-0237-6
 Deptuła, M., Karpowicz, P., Wardowska, A., Sass, P., Sosnowski, P., Mieczkowska, A., et al. (2020). Development of a peptide derived from platelet-derived growth factor (PDGF-BB) into a potential drug candidate for the treatment of wounds. Adv. Wound Care 9, 657–675. doi:10.1089/wound.2019.1051
 Dzierżyńska, M., Sawicka, J., Deptuła, M., Sosnowski, P., Sass, P., Peplińska, B., et al. (2023). Release systems based on self-assembling RADA16-I hydrogels with a signal sequence which improves wound healing processes. Sci. Rep. 13, 6273. doi:10.1038/s41598-023-33464-w
 Falanga, V., Isseroff, R. R., Soulika, A. M., Romanelli, M., Margolis, D., Kapp, S., et al. (2022). Chronic wounds. Nat. Rev. Dis. Prim. 8, 50–21. doi:10.1038/s41572-022-00377-3
 Fernandez-Yague, M. A., Hymel, L. A., Olingy, C. E., McClain, C., Ogle, M. E., García, J. R., et al. (2022). Analyzing immune response to engineered hydrogels by hierarchical clustering of inflammatory cell subsets. Sci. Adv. 8, eabd8056. doi:10.1126/sciadv.abd8056
 Gelain, F., Luo, Z., Rioult, M., and Zhang, S. (2021). Self-assembling peptide scaffolds in the clinic. npj Regen. Med. 6, 9–8. doi:10.1038/s41536-020-00116-w
 Gelain, F., Luo, Z., and Zhang, S. (2020). Self-assembling peptide EAK16 and RADA16 nanofiber scaffold hydrogel. Chem. Rev. 120, 13434–13460. doi:10.1021/acs.chemrev.0c00690
 Greco, I., Molchanova, N., Holmedal, E., Jenssen, H., Hummel, B. D., Watts, J. L., et al. (2020). Correlation between hemolytic activity, cytotoxicity and systemic in vivo toxicity of synthetic antimicrobial peptides. Sci. Rep. 10, 13206. doi:10.1038/s41598-020-69995-9
 Grosche, L., Knippertz, I., König, C., Royzman, D., Wild, A. B., Zinser, E., et al. (2020). The CD83 molecule – an important immune checkpoint. Front. Immunol. 11, 721. doi:10.3389/fimmu.2020.00721
 Han, L., Wang, Z., Chen, H., Li, J., Zhang, S., Zhang, S., et al. (2022). Sa12b-Modified functional self-assembling peptide hydrogel enhances the biological activity of nucleus pulposus mesenchymal stem cells by inhibiting acid-sensing ion channels. Front. Cell Dev. Biol. 10, 822501. doi:10.3389/fcell.2022.822501
 Horii, A., Wang, X., Gelain, F., and Zhang, S. (2007). Biological designer self-assembling peptide nanofiber scaffolds significantly enhance osteoblast proliferation, differentiation and 3-D migration. PLoS One 2, e190. doi:10.1371/journal.pone.0000190
 Jenssen, H., and Aspmo, S. I. (2008). “Serum stability of peptides,” in Peptide-based drug design methods in molecular BiologyTM ed . Editor L. Otvos (Totowa, NJ: Humana Press), 177–186. doi:10.1007/978-1-59745-419-3_10
 Jian, K., Yang, C., Li, T., Wu, X., Shen, J., Wei, J., et al. (2022). PDGF-BB-derived supramolecular hydrogel for promoting skin wound healing. J. Nanobiotechnology 20, 201. doi:10.1186/s12951-022-01390-0
 Kirch, J., Schneider, A., Abou, B., Hopf, A., Schaefer, U. F., Schneider, M., et al. (2012). Optical tweezers reveal relationship between microstructure and nanoparticle penetration of pulmonary mucus. Proc. Natl. Acad. Sci. 109, 18355–18360. doi:10.1073/pnas.1214066109
 Lee, M. F.-H., and Ananda, A. (2023). Self-assembling RADA16 peptide hydrogel supports hemostasis, synechiae reduction, and wound healing in a sheep model of endoscopic nasal surgery. Auris Nasus Larynx 50, 365–373. doi:10.1016/j.anl.2022.09.012
 Lee, S., Trinh, T. H. T., Yoo, M., Shin, J., Lee, H., Kim, J., et al. (2019). Self-assembling peptides and their application in the treatment of diseases. Int. J. Mol. Sci. 20, 5850. doi:10.3390/ijms20235850
 Levin, A., Hakala, T. A., Schnaider, L., Bernardes, G. J. L., Gazit, E., and Knowles, T. P. J. (2020). Biomimetic peptide self-assembly for functional materials. Nat. Rev. Chem. 4, 615–634. doi:10.1038/s41570-020-0215-y
 Macdougall, L. J., Pérez-Madrigal, M. M., Arno, M. C., and Dove, A. P. (2018). Nonswelling thiol–yne cross-linked hydrogel materials as cytocompatible soft tissue scaffolds. Biomacromolecules 19, 1378–1388. doi:10.1021/acs.biomac.7b01204
 Mathew-Steiner, S. S., Roy, S., and Sen, C. K. (2021). Collagen in wound healing. Bioengineering 8, 63. doi:10.3390/bioengineering8050063
 Meng, H., Chen, L., Ye, Z., Wang, S., and Zhao, X. (2009). The effect of a self-assembling peptide nanofiber scaffold (peptide) when used as a wound dressing for the treatment of deep second degree burns in rats. J. Biomed. Mater. Res. Part B Appl. Biomaterials 89B, 379–391. doi:10.1002/jbm.b.31226
 Park, S. A., Raghunathan, V. K., Shah, N. M., Teixeira, L., Motta, M. J., Covert, J., et al. (2014). PDGF-BB does not accelerate healing in diabetic mice with splinted skin wounds. PLoS One 9, e104447. doi:10.1371/journal.pone.0104447
 Pot, M. W., Mihaila, S. M., te Brinke, D., van der Borg, G., Oosterwijk, E., Daamen, W. F., et al. (2020). Introduction of specific 3D micromorphologies in collagen scaffolds using odd and even dicarboxylic acids. ACS Omega 5, 3908–3916. doi:10.1021/acsomega.9b03350
 Reyes-Martínez, J. E., Ruiz-Pacheco, J. A., Flores-Valdéz, M. A., Elsawy, M. A., Vallejo-Cardona, A. A., and Castillo-Díaz, L. A. (2019). Advanced hydrogels for treatment of diabetes. J. Tissue Eng. Regen. Med. 13, 1375–1393. doi:10.1002/term.2880
 Rodziewicz-Motowidło, S., Pikula, M., Deptuła, M., Karpowicz, P., Sass, P., Sawicka, J., et al. (2022). Peptyd, będący fragmentem płytkopochodnego czynnika wzrostu do zastosowania jako środek leczniczy do podania na skórę w zaburzeniach naskórka do stymulacji odbudowy naskórka. Available at: https://ewyszukiwarka.pue.uprp.gov.pl/search/pwp-details/P.425038.
 Rondeau, P., and Bourdon, E. (2011). The glycation of albumin: structural and functional impacts. Biochimie 93, 645–658. doi:10.1016/j.biochi.2010.12.003
 Ruifrok, A. C., and Johnston, D. A. (2001). Quantification of histochemical staining by color deconvolution. Anal. Quant. Cytol. Histol. 23, 291–299.
 Sankar, S., O’Neill, K., Bagot D’Arc, M., Rebeca, F., Buffier, M., Aleksi, E., et al. (2021). Clinical use of the self-assembling peptide RADA16: a review of current and future trends in biomedicine. Front. Bioeng. Biotechnol. 9, 679525. doi:10.3389/fbioe.2021.679525
 Sawicka, J., Dzierżyńska, M., Wardowska, A., Deptuła, M., Rogujski, P., Sosnowski, P., et al. (2020). Imunofan—RDKVYR peptide—stimulates skin cell proliferation and promotes tissue repair. Molecules 25, 2884. doi:10.3390/molecules25122884
 Sawicka, J., Iłowska, E., Deptuła, M., Sosnowski, P., Sass, P., Czerwiec, K., et al. (2021). Functionalized peptide fibrils as a scaffold for active substances in wound healing. Int. J. Mol. Sci. 22, 3818. doi:10.3390/ijms22083818
 Schmalz, G., and Galler, K. M. (2017). Biocompatibility of biomaterials - lessons learned and considerations for the design of novel materials. Dent. Mater 33, 382–393. doi:10.1016/j.dental.2017.01.011
 Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ: 25 years of image analysis. Nat. Methods 9, 671–675. doi:10.1038/nmeth.2089
 Sen, C. K. (2021). Human wound and its burden: updated 2020 compendium of estimates. Adv. Wound Care (New Rochelle) 10, 281–292. doi:10.1089/wound.2021.0026
 Serrano-Aroca, Á., Ruiz-Pividal, J.-F., and Llorens-Gámez, M. (2017). Enhancement of water diffusion and compression performance of crosslinked alginate films with a minuscule amount of graphene oxide. Sci. Rep. 7, 11684. doi:10.1038/s41598-017-10260-x
 Subramaniam, S., Kandiah, K., Chedgy, F., Fogg, C., Thayalasekaran, S., Alkandari, A., et al. (2021). A novel self-assembling peptide for hemostasis during endoscopic submucosal dissection: a randomized controlled trial. Endoscopy 53, 27–35. doi:10.1055/a-1198-0558
 Sun, L., and Zhao, X. (2012). A self-assembling peptide RADA16-I integrated with spider fibroin uncrystalline motifs. Int. J. Nanomedicine 7, 571–580. doi:10.2147/IJN.S27428
 Sun, Y., Zhang, Y., Tian, L., Zhao, Y., Wu, D., Xue, W., et al. (2016). Self-assembly behaviors of molecular designer functional RADA16-I peptides: influence of motifs, pH, and assembly time. Biomed. Mat. 12, 015007. doi:10.1088/1748-605X/12/1/015007
 Wang, X., Qiao, L., and Horii, A. (2011). Screening of functionalized self-assembling peptide nanofiber scaffolds with angiogenic activity for endothelial cell growth. Prog. Nat. Sci. Mater. Int. 21, 111–116. doi:10.1016/S1002-0071(12)60043-4
 Wang, X., Wang, J., Guo, L., Wang, X., Chen, H., Wang, X., et al. (2016). Self-assembling peptide hydrogel scaffolds support stem cell-based hair follicle regeneration. Nanomedicine 12, 2115–2125. doi:10.1016/j.nano.2016.05.021
 White, M. J. V., Briquez, P. S., White, D. A. V., and Hubbell, J. A. (2021). VEGF-A, PDGF-BB and HB-EGF engineered for promiscuous super affinity to the extracellular matrix improve wound healing in a model of type 1 diabetes. npj Regen. Med. 6, 76–12. doi:10.1038/s41536-021-00189-1
 Wilgus, T. A., Roy, S., and McDaniel, J. C. (2013). Neutrophils and wound repair: positive actions and negative reactions. Adv. Wound Care (New Rochelle) 2, 379–388. doi:10.1089/wound.2012.0383
 Zanca, A., Flegg, J. A., and Osborne, J. M. (2022). Push or pull? Cell proliferation and migration during wound healing. Front. Syst. Biol. 2. doi:10.3389/fsysb.2022.876075
 Zhang, S. (2017). Discovery and design of self-assembling peptides. Interface Focus 7, 20170028. doi:10.1098/rsfs.2017.0028
 Zhang, Z., Li, Z., Wang, Y., Wang, Q., Yao, M., Zhao, L., et al. (2021). PDGF-BB/SA/Dex injectable hydrogels accelerate BMSC-mediated functional full thickness skin wound repair by promoting angiogenesis. J. Mater Chem. B 9, 6176–6189. doi:10.1039/d1tb00952d
 Zhang, Z. X., Zheng, Q. X., Wu, Y. C., and Hao, D. J. (2010). Compatibility of neural stem cells with functionalized self-assembling peptide scaffold in vitro. Biotechnol. Bioproc E 15, 545–551. doi:10.1007/s12257-009-3076-2
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Deptuła, Sawicka, Sass, Sosnowski, Karpowicz, Zawrzykraj, Wardowska, Tymińska, Dzierżyńska, Pietralik-Molińska, Peplińska, Zieliński, Kondej, Kozak, Sachadyn, Rodziewicz-Motowidło and Pikuła. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-14-1293647-g005.gif





OPS/images/fphar-14-1293647-g006.gif





OPS/images/fphar-14-1293647-g003.gif
—
Ac- (RADA).GGGAAPV GGGRLIDRTNANFL -NH;
e & 2Pro et





OPS/images/fphar-14-1293647-g004.gif





OPS/images/fphar-14-1293647-g009.gif





OPS/images/fphar-14-1293647-g007.gif
4BBRIN






OPS/images/fphar-14-1293647-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Development and evaluation of RADA-PDGF2 self-assembling peptide hydrogel for enhanced skin wound healing		1 Introduction

		2 Materials and methods		2.1 Synthesis and purification of the RADA-PDGF2 peptide

		2.2 Gelation conditions

		2.3 Peptide stability in water and plasma

		2.4 Incubation with neutrophil elastase

		2.5 Circular dichroism

		2.6 Atomic force microscopy

		2.7 Transmission electron microscopy

		2.8 CryoSEM

		2.9 Fibroblast isolation

		2.10 Cell culture

		2.11 Analysis of cytotoxicity and cell proliferation

		2.12 Analysis of cell viability

		2.13 Analysis of cell migration

		2.14 Analysis of collagen synthesis by fibroblasts in vitro

		2.15 Immunological analysis

		2.16 Wound healing assay, histological analyses, and quantification of collagen density

		2.17 Statistical analysis





		3 Results		3.1 Peptide design

		3.2 Peptide stability in water and human plasma

		3.3 Neutrophil elastase cleavage activity

		3.4 Structural characterization of RADA-PDGF2

		3.5 Thermal stability of RADA-PDGF2

		3.6 Characterization of RADA-PDGF2 peptide hydrogel using microscopic techniques

		3.7 Cytotoxicity, cell proliferation, and viability

		3.8 Cell migration and collagen synthesis

		3.9 Immunogenicity

		3.10 Murine dorsal skin excision wound model





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material 

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Development and evaluation of
RADA-PDGF2 self-assembling
peptide hydrogel for enhanced
skin wound healing





OPS/images/fphar-14-1293647-g012.gif
RADARE RADA-PDGF2






OPS/images/fphar-14-1293647-g001.gif
re RADRY Gc . o [RUBRTNANRL





OPS/images/fphar-14-1293647-g002.gif
AR EERRIN]






OPS/images/fphar-14-1293647-g011.gif





OPS/images/fphar-14-1293647-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





