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Abstract 

Regenerative wound healing involves the complete regeneration and scarless healing of wounded skin 

as observed in fetal skin. Multiple features of regenerative wound healing have been well studied; 

however, the practical application of pro-regenerative materials to recapitulate the regenerative wound 

healing in adult skins has not yet been achieved. In this study, we identified that our novel pro-

regenerative material, pyrogallol-functionalized hyaluronic acid (HA-PG) patches in combination with 

protein transduction domain-fused Dishevelled (Dvl)-binding motif (PTD-DBM), a peptide inhibiting 

the CXXC-type zinc finger protein 5 (CXXC5)-Dvl interaction, promoted regenerative wound healing 

in mice. The HA-PG patches loaded with this competitor peptide and valproic acid (VPA), a glycogen 

synthase kinase 3 inhibitor, significantly inhibited scar formation during wound healing. The HA-PG 

patches with PTD-DBM and/or VPA inhibited the expression of differentiated cell markers such as α-

smooth muscle actin while inducing the expression of stem cell markers such as CD105 and Nestin. 

Moreover, Collagen III, an important factor for regenerative healing, was critically induced by the HA-

PG patches with PTD-DBM and/or VPA, as also seen in VPA-treated Cxxc5
-/- 

mouse fibroblasts. 

Overall, these findings suggest that our novel regeneration-promoting material can be utilized as a 

potential therapeutic agent to promote both wound healing and scar attenuation. 

 

1. Introduction 

Regenerative wound healing refers to the formation of normal, scar-free skin tissue after injury, and 

there are two primary models of regenerative healing.[1-3] First, human fetal skin can regenerate 

without scar formation after wounding, and fetal skin wound healing exhibits a different healing 

pattern from adult wound healing where scars remain.[3, 4] In fetal wounds, stem cells are more 

present than myofibroblasts, and inflammatory cells are significantly reduced compared with adult 

wounds.[5] In addition, fetal wounds are characterized by a high ratio of Collagen III/Collagen I, and 

the high expression of Collagen III plays a crucial role in the regenerative healing of fetal wounds.[4] 

As another model, the African spiny mouse (Acomys cahirinus) exhibits a scarless regenerative 

wound healing pattern during wound healing.[1] F4/80-positive macrophages and many 

proinflammatory cytokines are almost absent, and the levels of fibrotic collagens are very low in 

Acomys cahirinus compared with Mus musculus.[6] Given the characteristics of the two models for 

regenerative healing, the use of biomaterials to produce pro-regenerative signals that induce 
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specific cell types and extracellular matrix (ECM) composition is essential for recapitulating 

regenerative healing in adult wounds.[3] 

 Wnt/-catenin signaling pathway plays pivotal roles in skin regeneration.[7-10] The Wnt/-

catenin pathway promotes cutaneous wound healing,[11] and CXXC-type zinc finger protein 5 

(CXXC5), a negative regulator of this pathway, inhibits wound healing in human and mouse skins.[12] 

Protein transduction domain-fused Dishevelled (Dvl)-binding motif (PTD-DBM), a peptide blocking 

CXXC5-Dvl interactions, activates the Wnt/-catenin pathway by inhibiting CXXC5 function and 

accelerates cutaneous wound healing.[12]  

 Moreover, the Wnt/-catenin pathway is highly involved in regenerative healing.[3, 13] CD44, 

a Wnt/-catenin pathway target gene, is a major receptor for hyaluronic acid (HA), one of the ECM 

components crucial for regenerative healing.[14, 15] C-X-C chemokine receptor type-4 (CXCR4), 

another Wnt/-catenin pathway target gene involved in tissue regeneration, is a chemokine 

receptor responsible for mesenchymal stem cell (MSC) migration and is strongly expressed in 

MSCs.[3, 16, 17] Furthermore, several ligands of the Wnt/-catenin pathway, including Wnt7a and 

Wnt9, are significantly up-regulated in Acomys cahirinus compared with the levels in Mus 

musculus.[13] Despite the significance of the Wnt/-catenin pathway in the context of regeneration, 

pro-regenerative materials targeting this pathway have yet to be developed. Importantly, the pro-

regenerative materials should be applied to wound sites in a localized and controlled manner, as the 

Wnt/-catenin pathway is related to several biological pathways in many different tissues.[18, 19] 

Moreover, the wound sites are typically in contact with body fluids and blood, thus making it difficult 

to achieve effective and prolonged delivery of therapeutic materials.[20] Based on this, HA-based bio-

adhesive biomaterials are promising candidates for the prolonged and localized delivery of agents 
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activating the Wnt/-catenin pathway when applied to a wound site to induce the regenerative 

wound healing. Thus, we developed and used an ascidian-inspired pyrogallol (PG)-functionalized HA 

(HA-PG) patch as a drug delivery sytem for local and sustained delivery of pro-regenerative materials 

to the wounds. Due to the superior affinity of the PG group for various substances, the hydrogel 

patch can facilely encapsulate multiple drugs that synergistically work for skin regeneration.[21] 

Therefore, the multi-drug delivery can be achieved easily and efficiently by just placing the patch 

onto the wound site without any complex procedures or methods. Furthermore, the HA-PG patch 

inspired by marine ascidian can be self-crosslinked due to the autoxidative properties of the PG 

group and adhered onto the wound site, where body fluids exist, thereby enabling local and 

sustained drug delivery.[22, 23] In addition, HA is one of the ECM components constituting skin tissue, 

and is a highly biocompatible biopolymer.[24] Synthetically, the HA-PG patch would not only show 

superior skin regeneration capabilities as an off-the-shelf drug delivery system and wound dressing 

with excellent biocompatibility but also provide the potential for clinical translation and 

commercialization. 

 We have found that the blockade of CXXC5 function by PTD-DBM provides a safe approach 

for activation of the regenerative Wnt/-catenin pathway.[8] Therefore, we evaluated the 

therapeutic effect of an HA-PG patch combined with valproic acid (VPA), a glycogen synthase kinase 

3 (GSK3) inhibitor,[10] and/or PTD-DBM on scar formation in the cutaneous wounds (Figure 1). 

Here, we found that the application of HA-PG patches combined with PTD-DBM and VPA onto 

wounds greatly attenuated scar formation. Stem cell expression and the production of reactive 

oxygen species (ROS) were also measured in the wounds to determine the effect on regenerative 

wound healing. In addition, expression of CXCR4, the activator of tissue regeneration and target of 

the Wnt/-catenin pathway,[16, 17] was identified in the wounds regenerated by HA-PG+PTD-
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DBM+VPA. Finally, we examined several markers of healing in Cxxc5+/+ and Cxxc5-/- mouse fibroblasts 

to elucidate the mechanism underlying regenerative wound healing facilitated by inhibition of Cxxc5 

function. 

 The treatment with HA-PG patches loaded with PTD-DBM and VPA provides a novel and 

effective therapeutic approach to regenerative wound healing while minimizing scar formation. In 

addition, this biomaterial is highly convenient to facilitate wound healing by a single application due 

to the efficient and sustained delivery of substances loaded into the patches. 

2. Results 

2.1. Self-crosslinking and tissue-adhesiveness of the HA-PG patches 

The HA-PG conjugate was synthesized by conjugating the PG group to HA via carbodiimide chemistry 

(Figure 2a). The presence of a peak indicating aromatic protons of PG groups (~6.4 ppm) in the 1H-

nuclear magnetic resonance (1H-NMR) spectrum demonstrated the successful synthesis of the HA-

PG conjugate (Figure S1, Supporting Information). The synthesized HA-PG conjugates exhibited self-

crosslinking abilities due to the unique autoxidative properties of the PG groups, and this was 

inspired by the rapid self-regeneration of marine ascidians.[22] The HA-PG patches were easily 

fabricated by pouring the HA-PG solution into a pre-designed mold, which was followed by 

lyophilization.[23] When the lyophilized HA-PG patches absorbed liquids such as body fluid, the HA-PG 

conjugates in the hydrated patches began to self-crosslink via auto-oxidative coupling of PG groups 

even without any additives, ultimately forming crosslinked HA-PG hydrogel patches (Figure 2b). 

Notably, in vivo oxidative environments, such as those in which endogenous peroxidase and oxygen 

species are present, can facilitate the auto-oxidation of PG groups and consequently promote 

oxidative crosslinking of the HA-PG hydrogel patches.[25] 
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 Thus, HA-PG hydrogel patches were prepared using horseradish peroxidase (HRP) to induce 

in vivo-like crosslinking. The storage moduli (G′) of HA-PG hydrogels crosslinked with phosphate 

buffer saline (PBS) and HRP solutions were consistently higher than their respective loss moduli (G′′) 

throughout the measured frequency ranges, thus indicating that the crosslinked HA-PG hydrogel 

patches behaved as stable and viscoelastic solids (Figure 2c). The average elastic modulus of the HA-

PG hydrogels prepared via in vivo-like crosslinking using HRP was significantly higher than that of the 

HA-PG hydrogels crosslinked via spontaneous oxidation with PBS (Figure 2d). This was attributed to 

the enhanced oxidation of PG groups by the peroxidase enzyme to simulate oxidative environments 

in vivo. Thus, the HA-PG hydrogel patches crosslinked in vivo are likely to show stable and prolonged 

retention in the tissues. Furthermore, in the amplitude sweep mode, the G′ values of both HA-PG 

hydrogels prepared with PBS and HRP were higher than their G′′ values up to 100% of the applied 

strain (Figure S2, Supporting Information), indicating that the HA-PG patches possess sufficient 

mechanical properties to be applied to expandable and stretchable tissues such as skin tissue. 

 In addition to the self-crosslinking ability, the PG groups and their oxidative intermediates 

can noncovalently and covalently interact with various functional groups on the tissues, which 

contributes to the tissue-adhesiveness of HA-PG hydrogel patches.[22, 26] The tissue-adhesiveness of 

HA-PG patches on porcine skin tissues was measured in a tack test mode to obtain the force-

displacement graphs (Figure 2e). Although the HA-PG hydrogel patch crosslinked via spontaneous 

oxidation with PBS (PBS group) exhibited tissue-adhesive properties the adhesive force of the HA-PG 

patch crosslinked via in vivo-like oxidation using HRP (HRP group) was ~4.11-fold greater than that of 

the HA-PG patch crosslinked using PBS (Figure 2f). We speculate that in vivo-like oxidation using HRP 

produces more oxidative intermediates of PG compared with spontaneous oxidation, thereby 

increasing covalent bonding with various nucleophilic moieties on the surface of tissues. This in turn 
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enhances tissue adhesion of the HA-PG patch. Likewise, the adhesion energy in the HRP-crosslinked 

patch group was ~ 3.73-fold higher than that in the PBS-crosslinked patch group (Figure 2g), and this 

was attributed to the enhanced mechanical properties and interfacial adhesiveness due to the in 

vivo-like oxidation using HRP. Taken together, our data indicated that the HA-PG patch was expected 

to show prominent self-crosslinking abilities and excellent tissue-adhesiveness in the oxidative 

environments in vivo. 

 

2.2. The HA-PG patches with PTD-DBM and/or VPA promoted wound healing and suppressed scar 

formation in mice 

The adhesive HA-PG hydrogel patch exhibits great potential as a sustained drug delivery system due 

to the high affinity of PG and its oxidized intermediates for various functional groups in biomolecules 

such as proteins, peptides, and chemicals. Thus, in this study, the HA-PG patches were tested as 

drug-loaded hydrogel dressings to facilitate the efficient delivery of therapeutic drugs into skin 

tissues to promote wound healing. As a drug delivery system, the release behavior of PTD-DBM and 

VPA was first investigated in the drug-loaded HA-PG patch. The HA-PG hydrogel patch was mainly 

made of HA, one of the abundant components of ECM. Thus, the HA-PG hydrogel patch can be 

degraded after application onto the wound by various molecules, especially the enzyme 

hyaluronidase, through regeneration processes. To evaluate the release profiles of encapsulated 

PTD-DBM and VPA, we collected and quantified the drugs released from the drug-loaded HA-PG 

patches with and without hyaluronidase at pre-determined timepoints (Day 1, 3, 7, and 10), 

considering the period of murine wound healing. In the PTD-DBM release profiles of patches loaded 

only with PTD-DBM, the PTD-DBM was sustainedly released over 10 d without an initial burst release 
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in both PBS and hyaluronidase-treated conditions (Figure S3a, Supporting Information). As expected, 

the drug release was slightly faster in the hyaluronidase-treated condition than in the PBS condition, 

but the sustained release was sufficiently achieved for 10 d. By contrast, in the VPA release profile 

for patches loaded only with VPA, approximately 90% of VPA was released on day 1, and most of the 

remaining VPA was released on day 3 (Figure S3b, Supporting Information). Presumably, efficient 

release of VPA, a GSKβ inhibitor that triggers the initial activation of the Wnt/β-catenin pathway, 

along with sustained release of PTD-DBM, which inhibits the function of CXXC5, a negative feedback 

regulator of this pathway, can further activate the Wnt/β-catenin pathway. The synergistic release 

profiles of both substances would be achieved due to the definite differences in molecular weight 

and binding affinity with phenolic PG groups between the relatively larger peptide (PTD-DBM) with 

various functional groups and the small molecular compound (VPA) with a simple structure.[27, 28] 

Notably, the drug release behaviors in the release profiles of PTD-DBM or VPA of the PTD-DBM+VPA-

loaded patch were quite similar to those of the single drug-loaded patches, indicating that the HA-

PG patch is an adequate system for dual delivery of synergistic drugs without interfering with the 

release behavior of either drug (Figure S2c, d, Supporting Information). 

 Before the skin regeneration test, the biocompatibility of the HA-PG patch was investigated. 

The cytotoxicity of the HA-PG was evaluated by culturing mouse embryonic fibroblasts in a hydrogel-

conditioned medium, which was prepared by incubating the HA-PG hydrogel patch in a culture 

medium. In the live/dead assay conducted 1 d after culture, the HA-PG hydrogel did not affect the 

viability of the fibroblast, regardless of its concentration (Figure S4a, Supporting Information). 

Furthermore, in the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, there 

was no statistically significant difference between the mitochondrial activity of cells treated with the 
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conditioned medium and that of cells treated with the control medium (Figure S4b, Supporting 

Information). These results demonstrate that the HA-PG hydrogel patch did not induce cytotoxicity. 

 Skin regeneration by the HA-PG patch was evaluated in 1 cm2 full-thickness mouse wounds 

(Figure S5, Supporting Information). Topical treatment with PTD-DBM and/or VPA promoted 

cutaneous wound healing, and this effect was better than that of epidermal growth factor (EGF), a 

commercially available wound-healing agent (Figure 3a and Figure S6, Supporting Information). A 

single application of the HA-PG patches in combination with PTD-DBM and/or VPA to the wound site 

promoted cutaneous wound healing more efficiently than daily topical treatment with PTD-DBM 

and/or VPA (Figure 3a and Figure S6, Supporting Information). In addition, scar formation was 

reduced in the patch application group compared with the topical treatment group, and especially, 

scar formation was remarkably reduced in the HA-PG+PTD-DBM+VPA application group (Figure 3a). 

The HA-PG patch itself did not significantly affect wound healing compared with the control group 

(Figure 3a), suggesting that the skin delivery of the PTD-DBM and/or VPA was facilitated by the HA-

PG patches, thereby promoting wound healing and attenuating scar formation. Histological analyses 

also showed that the PTD-DBM and/or VPA promoted wound healing, and scar formation was 

significantly inhibited in the patch application group compared with the topical treatment group, 

consistent with visual observation (Figure 3b). Any histopathological problems were not found in the 

patch-treated skin tissues, and the survival of the mice was completely unaffected by the patch 

application. 

 Quantitative analysis of scar size also showed that the application with HA-PG+PTD-

DBM+VPA significantly suppressed scar formation during cutaneous wound healing (Figure 3c, d). 

Collectively, these data show that the HA-PG patches with PTD-DBM and/or VPA not only promote 

cutaneous wound healing but also inhibit scar formation. 
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2.3. The HA-PG patches with PTD-DBM and/or VPA induced regenerative healing and caused the 

wound to more closely resemble normal skin structure 

Sustained myofibroblast differentiation and hyperproliferation in the wound dermis can lead to 

excessive scarring.[29, 30] To determine the effect of HA-PG patches on cell proliferation and 

myofibroblast differentiation in the wound dermis, the levels of proliferating cell nuclear antigen 

(PCNA), a marker for proliferation, and α-smooth muscle actin (α-SMA), a marker for myofibroblast 

differentiation, were measured in the wounds of both the topical treatment and patch application 

groups. The level of PCNA was significantly increased in both the epidermis and dermis when the 

PTD-DBM and/or VPA were topically applied to wounds, representing that the PTD-DBM and/or VPA 

promoted the formation of new granulation tissue during the proliferative phase of wound healing 

(Figure 4a, b). On the contrary, in the patch application group containing PTD-DBM and/or VPA, 

dermal proliferation was highly reduced (Figure 4a, b) while epidermal proliferation was maintained 

(Insets in Figure 4a), showing that the HA-PG patches loaded with PTD-DBM and/or VPA promoted 

entry into the remodeling phase of wound healing. Similarly, topical treatment with PTD-DBM 

and/or VPA significantly induced α-SMA-positive myoblasts (Figure 4a, c), whereas application of HA-

PG patches with PTD-DBM and/or VPA significantly reduced the numbers of α-SMA-positive cells 

except for vascular smooth muscle cells (Insets in Figure 4a), which was observed in normal skin 

(Figure 4a, c). These observations demonstrate that HA-PG patches with PTD-DBM and/or VPA 

promoted regenerative healing, creating new skins that were similar to normal skin in structure. 

 A previous report demonstrated that Col3-deficient mice reveal increased myofibroblast 

differentiation and scar deposition, suggesting a role of Collagen III in scar attenuation.[31] To 
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determine the type of collagen induced in the patch-treated group, the levels of Collagen I and 

Collagen III, the major collagens involved in wound healing, were monitored in the wounds (Figure 

4d). Topical treatment with PTD-DBM and/or VPA effectively increased the level of Collagen I, 

whereas the level of Collagen I, a fibrotic collagen, was not obviously changed in the patch-

application group (Figure 4e). Intriguingly, Collagen III involved in regenerative wound healing was 

significantly induced by HA-PG patches with PTD-DBM and/or VPA (Figure 4e, f). Notably, the 

Collagen III/Collagen I ratio was significantly increased in the patch application group including PTD-

DBM and/or VPA, but not in the topical treatment group, as shown in scarless fetal wound healing 

(Figure 4e, g). 

 To further elucidate the mechanisms underlying regenerative healing by HA-PG patches, we 

measured the levels of Wnt/-catenin signaling and its target, Endothelin-1, which is known to be 

involved in the enhancement of regenerative capabilities, in the wounds.[32] Nuclear -catenin was 

significantly increased in both the epidermis and dermis of wounds in response to the application of 

HA-PG patches loaded with PTD-DBM and/or VPA (Figure S7a and S8a, Supporting Information). 

Consistently, the HA-PG patches with PTD-DBM and/or VPA further increased the expression of 

Endothelin-1 in both the wound epidermis and dermis, indicating that the HA-PG patches with PTD-

DBM and/or VPA further promoted skin regeneration through additional activation of this pathway 

(Figure S7b and S8b, Supporting Information). 

 

2.4. The HA-PG patches with PTD-DBM and/or VPA activated stem cells, promoted angiogenesis, 

and reduced ROS in the wounds 
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Stem cells primarily contribute to scar-free fetal wound healing, whereas differentiated cells such as 

myofibroblasts are primarily involved in scarring in adult wound healing.[3] Based on this notion, we 

sought to investigate the regulation of stem cell populations in the wounds by HA-PG patches. 

CD105 is a marker for MSCs involved in the regulation of collagen synthesis, which may affect scar 

formation.[33] CD105 was barely detected in untreated adult wounds (Figure 5a, b), but the HA-PG 

patches loaded with PTD-DBM and/or VPA significantly increased the expression of CD105 in the 

wound dermis (Figure 5a and Figure S10a, Supporting Information). CD34 and Nestin, other types of 

stem cell markers, were also significantly induced in the wound dermis by application of the HA-PG 

patches with PTD-DBM and/or VPA, suggesting that different types of stem cells induced by HA-PG 

patches could coordinately modulate regenerative wound healing (Figure S9 and S10b, c, Supporting 

Information). 

 The MSCs present in the wound sites are involved in promoting angiogenesis and reducing 

ROS.[34] The expression of CD31, a marker of endothelial cells, was increased in the patch application 

group, especially in the group treated with HA-PG patches with PTD-DBM and VPA (Figure 5c, d). 

Moreover, the application of HA-PG patches with PTD-DBM and/or VPA significantly reduced the 

amount of ROS present in the wounds compared with control and topical treatment groups, as 

demonstrated by Dihydroethidium (DHE) staining (Figure 5e, f). The Wnt/-catenin pathway is 

known to induce the expression levels of nuclear factor (erythroid-derived 2)-like 2 (Nrf2), a master 

regulator of antioxidant metabolism.[35] The patches with PTD-DBM and/or VPA induced the 

expression level of Nrf2, thus possibly suppressing the production of ROS (Figure S11, Supporting 

Information). 
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2.5. The HA-PG patches with PTD-DBM and/or VPA modulated chemokines and cytokines that may 

affect the attenuation of scar formation 

Cytokines and chemokines may be potential therapeutic targets for reducing skin scarring.[36] C-X-C 

chemokine receptor type-3 (CXCR3) plays an important role in the attenuation of scar formation, 

and CXCR4 is involved in skin regeneration as a target of the Wnt/-catenin pathway.[16, 37] Similar to 

the pattern reported in humans,[38] the expression of CXCR3 was critically increased in the wound 

epidermis by the HA-PG patches with PTD-DBM and/or VPA (Figure 6a, c). Moreover, the expression 

of CXCR4, which plays a pivotal role in tissue regeneration,[39] was widely induced in the wounds by 

application of the HA-PG patches with PTD-DBM and/or VPA (Figure 6a and Figure S12a, Supporting 

Information). 

 Depletion of macrophages or inflammatory cytokines reduces scar formation.[40, 41] The HA-

PG patches with PTD-DBM and/or VPA dramatically reduced the number of cells positive for F4/80, a 

major macrophage marker, in the wounds (Figure 6b, d). Consistent with this finding, IL-6 expression 

was significantly reduced by the HA-PG patches loaded with PTD-DBM and/or VPA in both the 

wound epidermis and dermis (Figure 6b and Figure S12b, Supporting Information). Overall, these 

data indicate that the HA-PG patches together with PTD-DBM and/or VPA induced scar attenuation 

and skin regeneration through the dynamic regulation of chemokines and cytokines. 

 

2.6. Cxxc5-deficient mouse fibroblasts recapitulated the regenerative healing phenotype induced 

by the HA-PG patches with PTD-DBM and/or VPA 
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To further elucidate the underlying mechanism of regenerative healing induced by the HA-PG 

patches, Cxxc5+/+ and Cxxc5-/- mouse dermal fibroblasts were obtained by explant culture (Figure 7a). 

Cxxc5-/- mouse fibroblasts showed increased motility compared with Cxxc5+/+ mouse fibroblasts after 

scratching of the cell monolayer, and VPA treatment further induced the cell migration in these 

Cxxc5-/- mouse fibroblasts (Figure 7b, c). Cxxc5 expression was completely abolished (Figure 7d, e), 

and -catenin, particularly its nuclear expression, was induced in Cxxc5-/- mouse fibroblasts as 

indicated by immunocytochemical analysis (Figure 7d, f). The Cxxc5 deletion and/or VPA treatment 

critically induced Collagen III and the actin cytoskeleton, which are important for regenerative fetal 

healing,[3, 42] in the mouse dermal fibroblasts (Figure 7g-i). 

 To investigate the effect of HA on the expression of -catenin or Cxxc5, we also treated the 

Cxxc5+/+ and Cxxc5-/- mouse dermal fibroblasts with HA in the presence or absence of VPA. The HA 

slightly induced cell migration in the mouse dermal fibroblasts as reported in the previous 

literature,[43] but did not exert significant additive effects on cell migration with Cxxc5 deletion 

and/or VPA treatment (Figure 7b, c). Importantly, the HA itself had no effect on -catenin or Cxxc5 

expression, as indicated by immunocytochemical analyses (Figure 7d-f). In addition, the HA did not 

show any additive effect on Collagen III expression or cortical actin network along with Cxxc5 loss 

and/or VPA treatment (Figure 7g-i). These combined data indirectly suggest that the significant 

regenerative effect of the HA-PG patches with PTD-DBM and/or VPA is due to the improved 

penetration of materials by the patches rather than the HA itself. 

 

3. Discussion 
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One of the major barriers to wound healing in adults is that scars remain in the healed tissues unlike 

the healing in fetuses.[3] The development of therapeutic agents to prevent scar formation is 

expected based on the observation that early gestation fetal skin wounds can repair without 

scarring.[5] Treatment of HA-PG patches loaded with VPA and a peptide interfering with the CXXC5-

Dvl interaction resulted in a healing pattern that was similar to scarless fetal wound healing for 

several reasons. First, the high level of HA facilitates cellular movement and traps water during fetal 

wound healing or healing with HA-PG patches.[5] Second, the prominent accumulation of type III 

collagen, which cannot be induced by EGF application, plays a crucial role in cellular migration and 

regeneration during fetal wound healing, and HA-PG loaded with PTD-DBM and/or VPA significantly 

elevated the Collagen III/Collagen I in wounds.[2, 3] Third, the combination of HA-PG and a peptide 

inhibiting the CXXC5-Dvl interaction significantly reduced inflammatory cytokines as in fetal 

wounds.[3, 5] Fourth, CXCR3, which binds to anti-inflammatory chemokines such as CXCL9, CXCL10 

and CXCL11, plays an important role in the process of epidermal and dermal maturation in fetal 

wound healing and healing using HA-PG loaded with both PTD-DBM and VPA.[37, 44] Fifth, MSCs such 

as CD105 and Nestin, which are involved in the attenuation of scar formation, are highly expressed 

in adult mice wounds treated with HA-PG+PTD-DBM+VPA or fetal wounds.[4, 34] Finally, Cxxc5-/- 

mouse fibroblasts recapitulated the phenotypes seen in adult wounds using HA-PG+PTD-DBM+VPA 

and in fetal wounds. Collectively, the combination of a peptide inhibiting the CXXC5-Dvl interaction 

and a Wnt/β-catenin signaling activator with an HA patch could provide a potential treatment for 

minimizing scarring by regulating various factors related to regenerative healing. 

 The Wnt/β-catenin pathway is essential for wound healing, but its effect on scar formation 

depends on the wound type.[45, 46] The Wnt/β-catenin pathway is dysregulated in fibroproliferative 

wounds such as keloids with excessive ECM accumulation, but activation of this pathway is certainly 
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needed for optimal wound healing in acute wounds with low ECM expression.[45, 46] The collagen 

deposition mediated by the Wnt/β-catenin pathway is indispensable for skin wound healing but has 

the potential to cause scarring.[47] Consistent with this notion, our results revealed that topical 

treatment with a peptide and/or agent activating the Wnt/β-catenin pathway significantly promoted 

wound healing, while the effect on scar formation was insignificant compared with the patch 

application group. However, notably, treatment of HA-PG patches loaded with PTD-DBM and/or VPA 

simultaneously promoted wound healing and scar maturation along with the induction of specific 

collagen such as Collagen III. Although a means to promote both wound healing and scarring 

mitigation from the standpoint of collagen regulation has long presented a conundrum to 

researchers, our findings can provide a striking and novel means to address this problem. 

 Previous reports have demonstrated that improper wound healing can lead to chronic 

wounds or cancer.[48] The close relationship between wound healing and cancer has long been well-

known.[49] The mechanisms that control wound healing promote the transformation and growth of 

malignant cells by enhancing cancer stem cell (CSC) populations.[49] For instance, mice possessing a 

mutation in the phosphorylation site of GSK3β, which is associated with wound healing,[47] in the β-

catenin gene exhibit a cancer phenotype.[50] However, the CXXC5-Dvl interaction is a safe therapeutic 

target that can be used to promote wound healing without cancer-like side effects for the following 

reasons.[12] Cxxc5-/- mice showed an accelerated wound healing phenotype, but no abnormalities 

including cancer were observed during the long-term breeding of these mice.[12] Moreover, PTD-

DBM treatment does not increase c-Myc and Cyclin D1, which are related to cell transformation 

among the Wnt/-catenin signaling targets, but only increases Endothelin-1 related to wound 

healing, and long-term treatment with PTD-DBM in the skin did not show any abnormalities 
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including cancer.[12] Overall, interfering with the CXXC5-Dvl interaction can promote regenerative 

wound healing without any side effects, including prominent scar formation. 

 

4. Conclusion 

In summary, in this study, we revealed that the HA-PG patches with PTD-DBM and/or VPA induced 

both cutaneous wound healing and scar mitigation by examining various markers related to wound 

healing and scar attenuation. Given the current situation where wound healing agents and scar 

emollients are being developed separately, our novel pro-regenerative material could be utilized as a 

potential therapeutic agent to promote both wound healing and scar mitigation. Furthermore, our 

off-the-shelf formulation of drug-combined bio-adhesive hydrogel patches could greatly improve the 

practical convenience and clinical outcomes of wound therapies. 

 

5. Experimental Section 

Synthesis of HA-PG conjugate: The HA-PG conjugate was synthesized via carbodiimide chemistry 

according to previously reported procedures.[22]  Briefly, HA (molecular weight 200 kDa, Lifecore 

Biomedical, Chaska, USA) was fully dissolved in triple distilled water (TDW) at a concentration of 10 

mg/ml. Then, 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, Thermo Fisher 

Scientific, Waltham, USA) was added to the HA solution at a 1:1.5 molar ratio of HA and EDC and 

stirred for 15 min. N-hydroxysuccinimide (NHS, Sigma-Aldrich, St. Louis, USA) was then added to the 

solution at a 1:1 molar ratio of HA and NHS, and the solution was further stirred for 15 min at pH 

5.5–6.0. After the activation of the carboxyl groups in HA, 5-hydroxydopamine hydrochloride (Sigma-
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Aldrich) was added to the reaction solution at a 1:1 molar ratio of HA and 5-hydroxydopamine and 

stirred for 24 h with a consistent pH of 4.5–5.0. Unreacted chemicals and byproducts were removed 

by dialysis using a membrane with a cut-off of 6–8 kDa (Membrane Filtration Products Inc., Seguin, 

USA) against acidic PBS (Biosesang, Gyeonggi-do, Korea) and TDW. The resultant HA-PG conjugate 

was lyophilized and stored at 4ºC until further use. Synthesis of the HA-PG conjugate was confirmed 

by 1H-NMR spectroscopy at 300 MHz (Bruker, Billerica, USA). 

 

Preparation of HA-PG patches: The HA-PG patches were prepared according to previously reported 

procedures. [23] The synthesized HA-PG was dissolved in PBS at a concentration of 1% (w/v). The 

solution was then poured into pre-designed rectangular molds (1 cm × 1 cm) and completely 

lyophilized. The resultant HA-PG patch was stored at -20ºC before use to avoid moisture. Drug-

loaded HA-PG patches were prepared as described above. The drug was dissolved into the HA-PG 

solution at a predetermined concentration, and the drug-loaded HA-PG solution was then poured 

into the mold and lyophilized. 

 

Crosslinking of HA-PG patches: To induce crosslinking of the HA-PG patches to form hydrogels, 

neutral PBS or 6 U/ml of HRP (Sigma-Aldrich) solution was applied to the lyophilized HA-PG patches 

for self-crosslinking via in vitro spontaneous oxidation and in vivo-like oxidation, respectively, using a 

peroxidase enzyme. 
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Rheological analysis: All rheological analyses were conducted using a rheometer (MCR 102, Anton 

Paar, Ashland, Ashland, USA). The G′ and G′′ values of the crosslinked HA-PG patches were measured 

in a frequency sweep mode at the frequency range of 0.1–10 Hz, and the elastic moduli of the 

patches were determined by calculating the average storage modulus measured at 1 Hz. The moduli 

were also measured in amplitude sweep mode at an oscillatory strain range of 0.1–100% with a fixed 

frequency (1 Hz). 

 

Evaluation of tissue-adhesiveness: To evaluate the tissue-adhesiveness of HA-PG patches, the 

interfacial adhesive forces of the patches to the tissue surface were measured using the MCR 102 

rheometer in a tack test mode. Sliced porcine skin tissues were attached to the probe and stage in 

the rheometer, and the HA-PG patches were placed between them during oxidative crosslinking for 

45 min. Then, the force required for detaching the hydrogel from the tissue surfaces was measured 

while pulling the probe at 10 μm/s. PBS was applied to the gap between the tissue surfaces as a 

control. The maximum adhesive force was determined by picking out the peak force in the measured 

force-displacement graph, and the adhesive energy was determined by calculating the area under 

the curve in the graph. 

 

Evaluation of drug release behavior: To evaluate the release profiles of PTD-DBM and VPA from the 

HA-PG patches, PTD-DBM only-loaded HA-PG patches, VPA only-loaded HA-PG patches, and PTD-

DBM+VPA-loaded HA-PG patches were prepared and crosslinked with 6 U/ml of HRP solution in PBS. 

PTD-DBM was fluorescently labelled by fluorescein isothiocyanate (FITC) for quantification. The 

crosslinked HA-PG patches were incubated in PBS and 50 U/ml hyaluronidase solution in PBS at 37°C, 
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respectively, and the supernatants were collected at predetermined timepoints (Day 1, 3, 7, and 10). 

The PTD-DBM in the supernatant was quatified by measuring a fluorescent signal using a microplate 

reader (Tecan, Männedorf, Switzerland), and the VPA in the supernatant was quantified by liquid 

chromatography mass spectrometry using a Q-exactive orbitrap plus (Thermo Fisher Scientific). 

 

In vitro biocompatibility test: To evaluate in vitro biocompatibility, live/dead and MTT assays were 

conducted using an HA-PG hydrogel patch-conditioned medium. The conditioned medium was 

prepared by incubating the HA-PG hydrogel patches at two different concentration (1.0 and 2.0 

mg/ml) in Dulbecco's Modified Eagle Medium (DMEM, Gibco, Gaithersburg, USA) supplemented 

with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Gibco) at 37°C for 24 h. 

DMEM without the hydrogel conditioning served as a control. NIH 3T3 cells, a mouse embryonic 

fibroblast cell line, were seeded in a cell culture plate at a density of 9000 cells/cm2. Then, the cells 

were treated with the conditioned medium and further cultured at 37°C for 24 h. The viability of the 

cells was visualized using a live/dead viability/cytotoxicity kit, according to the manufacturer’s 

protocol and observed using a fluorescence microscope (IX73, Olympus, Tokyo, Japan). Cellular 

viability was also quantitatively evaluated by measuring the mitochondrial activity of the cells using a 

MTT (Sigma-Aldrich) assay, compared with the control group. 

 

Mice and in vivo experimentation: All animal studies were approved by the Institutional Review 

Board of Severance Hospital, Yonsei University College of Medicine (IACUC-202201-1403-01). Mice 

were housed in separate ventilated mouse cages controlled by computerized control systems 

(Threeshine Inc., Seoul, Korea). All animal experiments complied with the ARRIVE guidelines. 
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 Six-week-old male C3H mice obtained from Koatech Co. (Gyeonggi-do, Korea) were 

acclimatized to the new environment for 1 week and then used to determine the effect of HA-PG 

patches with PTD-DBM and/or VPA on wound healing and scar formation (n = 10 per group). Seven-

week-old mice, whose hair follicles were in the telogen phase, were anesthetized with 2,2,2-

tribromoethanol (Sigma Aldrich), and the hairs on their backs were shaved with a hair clipper. Full-

thickness 1 cm2 wounds were then created on the backs of mice and treated daily with vehicle (PBS) 

alone, 100 μM PTD-DBM alone, 50 mM VPA alone (Acros, Geel, Belgium), PTD-DBM and VPA 

combination, or 100 μM EGF (PeproTech, Princeton, USA) alone as topical treatment groups. For 

patch application, the HA-PG patches containing the indicated substances were applied once to the 

wounds. 

 

Hematoxylin and eosin (H&E) staining: Wound tissues were fixed in 4% (w/v) paraformaldehyde 

(PFA) in PBS overnight at 4°C and then dehydrated, paraffinized, embedded in paraffin, and sliced 

into a 4-μm thickness. Sections were deparaffinized and rehydrated by incubation in a series of 

xylene and graded ethanol. The slides were incubated with Harris hematoxylin for 5 min and eosin 

for 1 min. The H&E-stained slides were observed under a bright-field optical microscope (ECLIPSE 

TE2000-U, Nikon, Tokyo, Japan). 

 

Immunohistochemistry: The 4-µm paraffin sections were deparaffinized and rehydrated. For antigen 

retrieval, the slides were autoclaved in 10 mM sodium citrate buffer. After cooling, the slides were 

pre-incubated in PBS and blocked with 5% bovine serum albumin (BSA) in PBS for 30 min at room 

temperature. The slides were incubated overnight at 4°C with the following dilutions of primary 
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antibodies: anti-Keratin 14 (1:1000, BioLegend, San Diego, USA), anti-PCNA (1:500, Santa Cruz 

Technology, Dallas, USA), anti-α-SMA (1:200, Abcam, Cambridge, USA), anti-Collagen I (1:200, 

Abcam), anti-Collagen III (1:200, Novus Biologicals, Littleton, USA), anti-CD105 (1:50, R&D Systems, 

Minneapolis, USA), anti-CD31 (1:100, Abcam), anti-β-catenin (1:100, BD Biosciences, Lexington, 

USA), anti-Endothelin-1 (Novus Biologicals, 1:50), anti-Nestin (1:50, BD Biosciences), or anti-CD34 

(1:100, Abcam). After washing with PBS, the slides were incubated with Alexa Fluor 488- or Alexa 

Fluor 555-conjugated IgG secondary antibody (1:500, Invitrogen, Carlsbad, USA) at room 

temperature for 1 h, and then stained with 4′,6-diamidino-2-phenylindole (DAPI, 1:5000, Boehringer 

Mannheim, Ingelheim am Rhein, Germany) for 10 min. The stained images were examined using a 

Nikon Eclipse Ti microscope (Nikon). 

 For 3,3-diaminobenzidine (DAB) staining, the antigen retrieval was performed in the same 

manner as that used for immunofluorescence. To block endogenous peroxidase activity, the sections 

were incubated with 1% H2O2 (Samchun Chemicals, Gyeonggi-do, Korea) for 10 min. The sections 

were then incubated with the following primary antibodies overnight at 4°C: anti-Nrf2 (1:50, Thermo 

Fisher Scientific), anti-CXCR3 (1:100, Novus Biologicals), anti-CXCR4 (1:100, Novus Biologicals), anti-

F4/80 (1:50, Santa Cruz Technology), or anti-IL-6 (1:500, Novus Biologicals). The next day, the 

sections were incubated with biotinylated secondary antibodies (1:200, Dako, Hamburg, Germany) 

for 1 h at room temperature. Then, the samples were incubated with avidin-HRP solution 

(VECTASTAIN® ABC kit, Vector Laboratories, Burlingame, USA) for 30 min, stained with DAB (Dako), 

and counterstained with Mayer's hematoxylin (Muto, Tokyo, Japan). The signals were analyzed using 

a bright‐field microscope (Nikon TE‐2000U). 
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DHE staining: The 20-µm frozen sections were pre-incubated with PBS for 5 min. 10 μM DHE (v/v) in 

PBS was prepared using a stock solution of 10 mM DHE (w/v) in dimethyl sulfoxide (DMSO). After 

incubating with 10 μM DHE staining solution in a dark chamber for 30 min at room temperature, the 

slides were counterstained with DAPI for 10 min. 

 

Explant cell culture: Cxxc5 heterozygous mice were bred for four generations to obtain wild-type 

littermates and Cxxc5-/- mice. The surgical instruments were sterilized prior to experimentation, and 

the Cxxc5+/+ and Cxxc5-/- mice were euthanized. The skin was peeled off with sterile forceps and 

transferred to a petri dish containing PBS on ice. After removing the connective tissues under the 

dermis, the mouse skins were split into smaller pieces. The Cxxc5+/+ and Cxxc5-/- mice skin explants 

were placed with the dermis facing down in a 24-well plate containing DMEM with 15% (v/v) FBS 

(Gibco), 100 mg/ml penicillin (Gibco), and 100 mg/ml streptomycin (Gibco). A few weeks after 

plating the Cxxc5+/+ and Cxxc5-/- mouse skin explants, the cells were observed migrating from the skin 

dermis, and they were then detached and transferred into a larger dish. 

 

In vitro wound healing assay: The Cxxc5+/+ and Cxxc5-/- mouse dermal fibroblasts were plated into 12-

well plates in DMEM supplemented with 15% FBS and were allowed to attach overnight. The 

monolayers were then gently scratched with sterile pipette tips and incubated in a medium 

containing 5% FBS with 1 mg/ml HA and/or 100 μM VPA. At 24 h after scratching, the cells were 

rinsed once with cold PBS, fixed in 4% PFA for 15 min at room temperature, and stained with 2% 

(w/v) crystal violet. 
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Immunocytochemistry: The Cxxc5+/+ and Cxxc5-/- mouse dermal fibroblasts were seeded into 12-well 

culture plates at a density of 8×104 cells/well. The cells were washed with PBS before being fixed 

with 4% (w/v) PFA in PBS for 15 min at room temperature. Then, the cells were rinsed with PBS and 

permeabilized using 0.1% (v/v) Triton X-100 in PBS for 15 min. After washing with PBS, the cells were 

incubated with 5% BSA in PBS for 30 min and then incubated at 4°C overnight with following primary 

antibodies: anti-Cxxc5 (1:50, Santa Cruz Biotechnology), anti--catenin (1:100, BD Biosciences), or 

anti-Collagen III (1:200, Novus Biologicals). The cells were washed in PBS, and this was followed by 

incubation with Alexa Fluor 488- or Alexa Fluor 555-conjugated IgG secondary antibody (1:500, 

Invitrogen) in a dark chamber at room temperature for 1 h. The nuclei were counterstained with 

DAPI for 10 min. Actin filaments were labeled with Alexa Fluor® 555 Phalloidin (1:20, Cell Signaling 

Technology, Danvers, USA) for 15 min. The stained images were acquired with the Nikon Eclipse Ti 

microscope (Nikon). 

 

Quantification of immunostaining: Immunohistochemical and immunocytochemical staining was 

quantified using NIS Elements V3.2 software (Nikon). The thresholds were defined as red, green, and 

blue channels, where the blue channels were used to represent the nuclei. The mean intensity was 

measured separately for the red and green channels, and the mean value was estimated by 

measuring the results of at least three independent experiments. 
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Statistical analysis: Data are represented as the means ± Standard Deviation (SD). Statistical analyses 

were performed by using the Student’s t-test or two-way ANOVA test in GraphPad Prism V6.01 

(GraphPad Software, Inc., San Diego, CA). The sample size used for each analysis is clearly stated in 

each figure legend, and statistical significance is presented in the figures as follows: *P <0.05, **P 

<0.01, and ***P <0.001.  
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Figure 1. Schematic illustration showing the mechanism underlying regenerative healing induced 

by HA-GA patches loaded with PTD-DBM and VPA. The HA-PG patches allow for off-the-shelf 

availability and dual delivery of PTD-DBM and VPA, and reconstruct the regenerative 

microenvironment during wound healing, providing regenerative healing while minimizing scarring.  
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Figure 2. The HA-PG patches exhibited self-crosslinking and tissue-adhesiveness. a) Chemical 

structure of the HA-PG conjugate. b) Photographs and internal chemical structures of the lyophilized 

HA-PG patch and the HA-PG hydrogel patch after self-crosslinking via spontaneous oxidation with 

PBS. c) Storage modulus (G′) and loss modulus (G″) of HA-PG hydrogel patches crosslinked via 

spontaneous oxidation with PBS (PBS group) and in vivo-like oxidation with HRP solution (HRP 

group), respectively. d) Average elastic modulus of the HA-PG hydrogel patches in the PBS and HRP 

groups (n = 4). e) Representative force-displacement graph measuring the adhesion forces of PBS 

and HA-PG hydrogel patches on porcine skin tissues in the PBS and HRP groups. f) Average maximum 

forces and g) adhesion strengths of HA-PG patches in the PBS and HRP groups (n = 3). The Student’s 

t-test was used for statistical analysis. Data are presented as means ± SD. *P <0.05, **P <0.01 for 

panels d), f), and g). 
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Figure 3. The HA-PG patches loaded with PTD-DBM and/or VPA accelerated wound healing and 

inhibited scar formation. a) Representative images of wounds on the backs of 7-week-old mice that 

received topical or HA-PG-mediated treatments with the indicated materials on days 0, 3, 6, 9, and 

11 after wounding (n = 10 per group). b) H&E staining of the wound tissues of mice applied topically 

or via the HA-PG patches with the indicated materials 11 days post-wounding. Red arrows indicate 

the scar margins. Scale bar, 500 μm. c) Measurements of scar area on the 11th day post-wounding 

as assessed using the Image J program (n = 10). d) Measurements of scar width using H&E-stained 

sections from wound tissues on the 11th day post-wounding using the Image J program (n = 5). The 

two-way ANOVA test was used for statistical analysis. Data are represented as means ± SD. **P 

<0.01, ***P <0.001 compared with the control group; ###P <0.001 compared with the topical 

treatment group for panels c) and d). 
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Figure 4. The HA-PG patches with PTD-DBM and/or VPA induced the regenerative wound healing. 

a) Immunohistochemical staining for Keratin 14 (green, upper panel), PCNA (red, upper panel), and 
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α-SMA (green, lower panel) with DAPI nuclear counterstaining (blue) in the wounds that received 

topical or HA-PG-mediated treatments with the indicated substances on the 11th day post-

wounding. The dashed lines represent the epidermis–dermis border in the wounds. The upper panel 

insets indicate that PCNA expression is maintained in the Keratin 14-positive epidermis, and the 

lower panel insets indicate that α-SMA is mainly expressed in vascular smooth muscle cells but not 

myofibroblasts after application of the HA-PG patches with PTD-DBM and/or VPA. Scale bar, 75 μm. 

b) Quantification of PCNA-positive cells in the wound dermis (n = 5). c) Quantification of α-SMA-

positive cells in the wound dermis (n = 5). d) Schematic depicting the experimental design for 

determining the type of collagen induced by topical or patch-mediated treatment. e) 

Immunohistochemical staining for Collagen I (red, upper panel) and Collagen III (red, lower panel) 

with DAPI staining (blue) in the wounds applied topically or via patches with the indicated 

substances 11 days post-wounding. Scale bar, 75 μm. f) Mean intensity quantification of Collagen III 

in the wound dermis (n = 5). g) Quantification of the Collagen III/Collagen I ratio after measuring the 

mean intensity of each type of collagen (n = 5). The two-way ANOVA test was used to determine 

statistically significant differences. Data are presented as means ± SD. *P <0.05, ***P <0.001 versus 

the control group; ##P <0.01, ###P <0.001 versus the topical treatment group for panels b), c), f), 

and g). 
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Figure 5. The HA-PG patches with PTD-DBM and/or VPA induced the markers for stem cells and 

endothelial cells, while reducing ROS in the wounds. a) Immunostaining for CD105 (green) in 

combination with DAPI staining (blue) in the wound dermis of mice applied topically (upper panel) or 

via the HA-PG patches (lower panel) with the indicated substances 11 days post-wounding. Scale 

bar, 100 μm. b) Schematic picture depicting the effects of HA-PG patches with PTD-DBM and VPA on 

the activation of stem cells and endothelial cells, and levels of ROS. c) Immunohistochemical staining 

for CD31 (red) with DAPI staining (blue) in the wound dermis. Scale bar, 100 μm. d) Quantification of 

CD31-positive cells in the wound dermis (n = 5). e) DHE (red) and DAPI nuclei (blue) staining in the 

wound dermis. Scale bar, 100 μm. f) Quantitative analyses of DHE staining in the wound dermis (n = 

5). Significance was determined by the two-way ANOVA test. Data are presented as means ± SD. **P 

<0.01, ***P <0.001 compared with the control group; #P <0.05, ###P <0.001 compared with the 

topical treatment group for panels d) and f). 
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Figure 6. The HA-PG patches with PTD-DBM and/or VPA modulated several chemokines and 

cytokines. a) H&E (top panel) and DAB staining for CXCR3 (brown, middle panel) and CXCR4 (brown, 

bottom panel) with Mayer's hematoxylin staining (purple) in the wounds 11 days post-wounding. 

The dashed lines denote the epidermal-dermal boundaries in the wounds. Scale bar, 100 μm. b) DAB 

staining for F4/80 (brown, top panel) and IL-6 (brown, bottom panel) with Mayer’s hematoxylin 

staining (purple) in the wounds. The dashed lines indicate dermo-epidermal junctions. Scale bar, 100 

μm. c) Mean intensity quantification of CXCR3 in the wounds (n = 5). d) Quantification of F4/80-

positive cells in the wounds (n = 5). The two-way ANOVA test was used for statistical analysis. Data 

are expressed as means ± SD. *P <0.05, ***P <0.001 compared with the control group; ##P <0.01, 

###P <0.001 compared with the topical treatment group for panels c) and d). 
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Figure 7. Cxxc5 knockout mouse fibroblasts recapitulated the regenerative healing phenotype by 

the HA-PG patches with PTD-DBM and/or VPA. a) Schematic depicting that the Cxxc5+/+ and Cxxc5-/- 

mouse fibroblasts were derived from skin explants of these mice. b) In vitro wound healing assay 

using Cxxc5+/+ and Cxxc5-/- mouse fibroblasts treated with 1 mg/ml HA and/or 100 μM VPA. The 

dashed line indicates the width of initially scratched wound. Scale bar, 100 μm. c) Quantification of 

migrating cell numbers in the Cxxc5+/+ and Cxxc5-/- mouse fibroblasts treated with HA and/or VPA (n = 

5). d) Immunocytochemical staining for Cxxc5 (green, upper panel) and β-catenin (green, lower 

panel) in the Cxxc5+/+ and Cxxc5-/- mouse fibroblasts. The Cxxc5 was co-immunostained with Collagen 

III shown in Figure 7g, and the images of green channel (Cxxc5) were presented merged with the 

DAPI-stained images (blue). Scale bar, 100 μm. e) Quantitative analyses of immunocytochemical 

staining for Cxxc5 (n = 5). f) Quantification of nuclear β-catenin in the Cxxc5+/+ and Cxxc5-/- mouse 

fibroblasts (n = 5). g) Immunocytochemical staining for Collagen III (red, upper panel) and phalloidin 

(red, lower panel) in the Cxxc5+/+ and Cxxc5-/- mouse fibroblasts. The Collagen III was co-

immunostained with Cxxc5 shown in Figure 7d, and the images of red channel (Collagen III) were 

presented merged with the DAPI-stained images (blue). Scale bar, 100 μm. h) Mean intensity 

quantification of Collagen III (n = 5). i) Quantification of the number of stress fibers in the Cxxc5+/+ 

and Cxxc5-/- mouse fibroblasts (n = 5). The two-way ANOVA test was used for statistical analysis. Data 

are presented as means ± SD. *P <0.05, **P <0.01, ***P <0.001 versus the control group; ##P <0.01, 

###P <0.001 versus the wild-type group for panels c), e), f), h), and i). 
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ToC contents 

The HA-PG patches allow for off-the-shelf availability and dual delivery of PTD-DBM and VPA, and 

reconstruct the regenerative microenvironment during wound healing. The HA-PG patches with PTD-

DBM and VPA critically reduced the markers for differentiated cells and inflammation, but 

significantly induced the stem cell markers, providing regenerative healing while minimizing scarring. 

 

 

Keywords: Skin regeneration, Regenerative wound healing, Wnt/-catenin pathway, Adhesive 

hydrogel patch, Combination drug therapy 
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