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Introduction

Diabetes mellitus is categorized as a metabolic disease that 
is prevalent worldwide. The occurrence of diabetes is 
absent or rare only in few traditional communities.1,2 
Diabetes is characterized by the dysregulation of blood 
glucose level and progressive loss of pancreatic beta cells. 
Type I diabetes is associated with beta cell dysfunction, 
which in turn leads to insulin deficiency.3,4 In contrast, 
type II diabetes is characterized by dysregulation of carbo-
hydrates and progressive loss of beta cells, resulting in 
insulin resistance.5 Diabetes mellitus has a deleterious 
effect on tissue healing, and therefore, impaired wound 
healing eventually occurs in individuals with diabetes.6

Generally, the process of wound healing involves 
hemostasis, inflammation, granulation and angiogenesis, 
re-epithelialization, and remodeling phases.4,7−9 
Specifically, the granulation and angiogenesis phase is 
downregulated in diabetic ulcers, leading to limited tissue 
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remodeling. Growth factors play a pivotal role, as thera-
peutic agents, in impaired wound healing.10−12 Recently, 
several studies have demonstrated the crucial role of 
growth factors such as epidermal growth factor (EGF), 
basic fibroblast growth factor (bFGF), and platelet-derived 
growth factor (PDGF) in promoting tissue repair.13−15 
These growth factors are secreted during the wound heal-
ing process from activated keratinocytes, endothelial cells, 
fibroblasts, macrophages, and platelets that help accelerate 
the healing process.16,17 However, individuals with diabe-
tes show impaired production of these growth factors.18−20 
In particular, EGF and bFGF are dysregulated during dia-
betic wound healing.21,22 EGF enhances extracellular 
matrix (ECM) formation by stimulating proliferation and 
migration of keratinocytes,23,24 while bFGF plays a major 
role in proliferation and differentiation of fibroblasts, angi-
ogenesis of vascular smooth muscle cells, and wound 
repair.25,26 Therefore, dysregulated growth factors result in 
delayed wound healing.

Although growth factors are potential therapeutic 
agents for the treatment of delayed wound healing associ-
ated with diabetes, they are of limited use in vivo. Growth 
factors are rendered inactive when applied onto the matrix, 
owing to their short half-life and instability at room tem-
perature.27 In our previous study, we developed a hyaluro-
nate-collagen dressing (HCD) matrix that is suitable for 
base material. This HCD matrix helps retain moisture 
around the wound site, reduce pain, and exhibit hemostatic 
effects.28 Additionally, in our previous study, we success-
fully established structurally stabilized growth factors and 
confirmed that structurally stabilized-EGF (S-EGF) and 
bFGF (S-bFGF) alone accelerate the wound healing pro-
cess in type I and II diabetic mice.29 Generally, the expres-
sion of most cytokines and chemokines, such as vascular 
endothelial growth factor (VEGF), bFGF, tumor necrosis 
factor-alpha (TNF-α), interleukin 6 (IL-6), CC chemokine 
family, and high-mobility group box 1 (HMGB1), is down-
regulated in both humans and mice with diabetes.30−32 
Among these cytokines, HMGB1 has been identified to be 
involved in the process of tissue repair and inflammatory 
response.33,34 HMGB1 enhances angiogenesis through the 
regulation of VEGF in diabetic mice.35 Furthermore, 
HMGB1 increases the expression of C-X-C chemokine 8 
(CXCL8) and chemokine C-C ligand (CCL2), which 
recruit endothelial progenitor cells.36,37 Promoted wound 
healing is also observed in diabetic mice by increasing re-
epithelialization and human fibroblasts migration upon 
recombinant protein HMGB1 treatment.32 Several studies 
have reported that the topical application of HMGB1 
accelerates wound healing, while the inhibition of HMGB1 
delays wound healing.7,32,35,38,39 The ability of HMGB1 to 
promote tissue repair suggests its potential role in wound 
healing.

This study aimed to investigate the efficacy of dual 
growth factor-loaded HCD (Dual-HCD) matrix, stabilized 

growth factors-stabilized-EGF (S-EGF) and stabilized-
bFGF (S-bFGF) loaded HCD matrix, in vivo and its wound 
healing ability in type I and type II diabetic mice. The find-
ings of this study could highlight the potential use of the 
Dual-HCD matrix in wound healing.

Materials and methods

Synthesis of stabilized growth factors  
loaded hyaluronate collagen dressing

The hyaluronate collagen dressing (HCD) matrix was syn-
thesized as previously described.28 Briefly, collagen, hya-
luronic acid, and pluronic F68 were dissolved in refined 
water and adjusted pH to 7–8. Then, the different concen-
tration ratios of structurally stabilized EGF (S-EGF) and 
bFGF (S-bFGF) were added and mixed with HCD matrix 
solution (Table S1). Aliquoted mixture into the mold for 
liphophilization.

Cell viability test

The Balb/3T3 and NIH/3T3 fibroblast cells were cultured 
in Dulbecco’s modified Eagle medium high-glucose 
(DMEM-HG; Gibco, Carlsbad, CA, USA) supplemented 
with 10% fetal bovine serum (FBS, Gibco) and 1% anti-
mycotic solution (Gibco) in a 5% CO2 humidified atmos-
phere at 37°C.40,41 Each cells were seeded at a density of 
3 × 103 cells/well on 96 well plates and incubated for 24 h. 
The HCD matrix containing different concentration ratios 
of the S-EGF and S-bFGF were added in medium of each 
well and the cells were subsequently starved in serum-free 
DMEM medium for 72 h. Then thyiazolyl blue tetrazolium 
bromide (MTT, M2128-100MG; St. Louis, MO, USA 
Sigma-Aldrich) was added. After 1.5 h of incubation, the 
absorbance was read at 450 nm.42

Generation of streptozotocin (STZ)-induced 
type I diabetic mouse model and efficacy  
test of HCD matrix on type I diabetes

ICR mice (Male, 6 weeks old) were received from Orient 
Bio (Seoul, Korea). Streptozotocin (STZ, 200 mg/kg body 
weight; Sigma-Aldrich) was administered intraperito-
neally to induce type I diabetes. STZ was dissolved in 
0.05 M citrate buffer (pH 4.5).43,44 Seven days post-injec-
tion, the blood glucose levels were measured after 12 h of 
fasting using the OneTouch Select meter (Johnson & 
Johnson, New Brunswick, NJ, USA). Approximately 5 μL 
of mouse blood obtained from the caudal vein was used to 
measure the blood glucose level. In our previous study, the 
blood glucose level was maintained above 300 mg/dL for 
3 weeks in diabetic mice.45 Thus, we decided that blood 
glucose level should be higher than 300 mg/dL to be con-
firmed as a type I diabetic mouse model. To evaluate the 
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efficacy of the HCD matrix, we categorized the mice into 
five groups. The groups were as follows: DEFECT 
(untreated negative control group), HCD only (a group 
treated with HCD), and HCDEF (a group treated with 
S-EGF:S-bFGF (2:1 ratio) at a total concentration of 1 μg/
cm2, S-EGF:S-bFGF (1:1 ratio) at a total concentration of 
1 μg/cm2, S-EGF:S-bFGF (1:2 ratio) at a total concentra-
tion of 1 μg/cm2). The matrix was replaced every 2 days. 
Reduced wound closure sites were confirmed at days 0, 3, 
7, 10, and 14. The animal experiments were carried out in 
accordance with the guidelines set by the Department of 
Laboratory Animal Resources (Permit No. 2017-0016).

Development of type I and type II diabetic 
mouse model with defective wound healing

The type II diabetic mice (C57BL/ksJ db/db, Male, 8 weeks 
old) were purchased from Central Lab Animal Inc. (Korea). 
The process for developing a mouse model with defective 
wound healing associated with diabetes has been outlined 
in our previous study.45 Briefly, mice were anesthetized via 
administration of Zoletile (30 mg/kg body weight) and 
Rumpun, (10 mg/kg body weight), intraperitoneally. The 
hair on the back of the mouse was shaved, and the skin was 
sterilized using 70% ethanol. Full-thickness skin wounds 
of a diameter of 10 mm were made on the backs of STZ-
induced type I and II diabetic mice. Wound contraction 
was prevented by fixing it with a silicone ring around the 
wound site. After application of the matrix on the wound 
site, vaseline gauze (Covidien, St. Louis, MO, USA) and 
neo dressing (Everaid, Gangnam, Seoul, Korea) were 
placed on the matrix to minimize the dehydration of wound 
sites. Type I diabetic mice were then sacrificed at 14 days 
post-operation (n = 5 per each group). While type II dia-
betic mice were sacrificed at 14 and 21 days post-operation 
(n = 40 and n = 20 per time point).

Biocompatibility test

For biological safety test of Dual-HCD matrix, the Dual-
HCD matrix was applied on full-thickness skin wounds of 
Sprague-Dawley rats (male, 8 weeks old, n = 5 in each 
group). Groups were classified into control (HCD matrix) 
and Dual-HCD matrix groups. After implantation, the rats 
were sacrificed, and skin tissue was harvested at days 7 
and 14. The skin tissues were fixed in 3.7% formaldehyde 
before hematoxylin and eosin (H&E) staining.

Measurement of wound closure

The images of the wounds were captured on days 0, 3, 7, 
10, and 14 for type I diabetic mice and on days 0, 3, 7, 10, 
14, 17, and 21 for type II diabetic mouse using a digital 
camera (Nikon, Tokyo, Japan). The degree of wound clo-
sure was evaluated by measuring the initial and remaining 

wound area using Image J v.1.8.0 software (Aspire 
Software International, Leesburg, VA, USA). The formula 
used to calculate the remaining wound area was as 
follows:
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where Ao  is the initial wound area on day zero and At  is 
the regenerated wound area on the indicated date. The 
completion of wound repair was defined as a wound area 
equal to the area on day zero.

Histological analysis of regenerated tissues

Type 1 and II diabetic mice were sacrificed on days 14 and 
21 post-implantation respectively. And then, 5 wound tis-
sues per each group were used for histological analysis. 
The tissues were fixed in 3.7% formaldehyde. 
Re-epithelialization and neovascularization were compar-
atively analyzed using H&E staining, while collagen depo-
sition was analyzed using Masson’s trichrome (MT) 
staining. They were quantitatively measured using Image J 
software. We followed the protocol used in a previous 
study for the quantitative measurement of the wounds.45

Immunofluorescence

Resected skin tissue samples from the wound area were 
fixed in 3.7% formaldehyde. The skin tissue was embed-
ded in paraffin, deparaffinized, rehydrated, and washed 
with phosphate buffer saline (PBS; Gibco). To confirm 
neovascularization, anti-CD31 (50:1; Abcam, Cambridge, 
MA, USA) was used as the primary antibody. Phycoerythrin 
(PE)-conjugated goat anti-rabbit secondary antibodies 
(Santa Cruz Biotechnology INC., CA, USA) were used to 
visualize the primary antibody. To observe fibroblasts, α-
smooth muscle actin (α-SMA) (200:1, Santa Cruz) was 
used as the primary antibody, and fluorescein isothiocy-
anate (FITC)-conjugated goat anti-mouse secondary anti-
bodies (Santa Cruz) were used. Nuclei were stained with 
DAPI (4′,6-diamidino-2-phenylindole, Sigma-Aldrich). 
Images were acquired using a fluorescence microscope 
(IX-71; Olympus, Tokyo, Japan).

HMGB1 secretion level

Human keratinocyte (HaCaT) cell line was kindly gifted 
from Dr. Min-Geol Lee (Yonsei University College of 
Medicine, Seoul, Korea).46 The HaCaT cells were seeded 
onto the lower chamber, and the different types of HCD 
matrix were placed in the upper chamber of the transwell 6 
well plate. After 48 h, the supernatant was collected from 
the HaCaT cells seeded onto the lower chamber. The 
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supernatant was then concentrated using Amicon® Ultra 
Centrifugal Filters (Millipore, MA, USA). Further, the fil-
tered supernatant was centrifuged for 1 h at 4°C, and then 
the samples were boiled at 100°C for 5 min to perform 
western blotting. Total protein was extracted from HaCaT 
cells. The cells were lysed using a PRO-PREP protein 
extraction solution (Intron, Sung-nam, Korea). The protein 
concentrations were determined using the BCA assay kit 
(Intron). Equal amounts of proteins (25°C μg) were sub-
jected to 10% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and then transferred onto 
polyvinylidene difluoride (PVDF) membranes (Hybond 
Escondido, CA, USA). The membranes were blocked using 
5% skimmed milk (BD Biosciences, CA, USA) for 1 h at 
room temperature (20–25°C). Immunoblots were probed 
with the indicated antibodies against HMGB1(Abcam, 

Cambridge, UK) and β-actin (Santa Cruz, Texas, USA) at 
4°C overnight.

In vitro scratch wound closure assay

A scratch assay was performed using the HaCaT cells to 
measure cell migration in vitro. HaCaT cells were main-
tained in DMEM-HG (Gibco) supplemented with 10% 
FBS (Gibco) and 1% antibiotic antimycotic solution 
(Gibco) at 37°C with 5% CO2. The cells were then seeded 
onto a 6-well plate at a density of 1.5 × 105 cells/well and 
cultured as a monolayer to achieve confluence overnight. 
When the cells reached 100% confluence, the scratch 
wounds were introduced using a sterile 20–200 μL pipette 
tip. Following scratch formation, HaCaT cells were treated 
with the recombinant protein S-EGF (0.3 µg) and 
S-EGF+S-bFGF (1:2, 1 µg of total protein). The cells 
were then incubated in DMEM-HG (Gibco) supplemented 
with 1% FBS (Gibco) in a 5% CO2 humidified atmosphere 
at 37°C. The scratch closure was quantified by measuring 
the scratch area at 0 and 48 h post wounding. The images 
were captured using a microscope (TS100, Nikon, Japan).

Statistical analysis

Student’s t-test and ANOVA were performed for statistical 
analysis. Data are expressed as the mean ± standard devia-
tion (SD). For all tests, *p < 0.05, **p < 0.01, ***p < 0.001 
were considered statistically significant.

Results

Characterization of stabilized growth  
factors loaded HCD matrix

The hyaluronate collagen dressing (HCD) matrix loaded 
with different concentration ratios of stabilized growth 
factors was developed and schematic illustration showed 
brief process of producing stabilized growth factors loaded 
HCD matrix (Figure 1(a)). We evaluated cell viability of 
S-EGF and S-bFGF loaded HCD matrix in Balb/3T3 and 
NIH/3T3 fibroblast cell. As a result, the percentage cell 
viability of the stabilized growth factors loaded HCD 
matrices (S-EGF:S-bFGF at the ratios of 1:1, 1:2, 2:1) 
exhibited no significant differences between the groups. 
Especially, the HCD matrix loaded with S-EGF and 
S-bFGF in the ratio of 1:2 efficiently enhanced the activity 
of cell proliferation (Figure 1(b)).

Determination of the optimal concentration 
ratio of S-EGF and S-bFGF in an STZ-induced 
type I diabetic mouse model

In our previous study, we confirmed that the stabilized 
growth factors alone—stabilized-EGF (S-EGF) and bFGF 

Figure 1.  Different concentration ratios of S-EGF and S-bFGF 
loaded HCD matrices were synthesized and evaluated in vitro. 
(a) Schematic illustration of S-EGF and S-bFGF loaded HCD 
matrix production. (b) The cytotoxicity of stabilized EGF 
and bFGF loaded HCD matrix was analyzed in Balb/3T3 and 
NIH/3T3 fibroblast cell. The S-EGF:S-bFGF (1:1, 1:2, 2:1) HCD 
matrix with various concentrations were used.
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(S-bFGF)—with hyaluronate collagen dressing (HCD) 
matrix promote wound healing in a diabetic mouse 
model.29 In this study, an STZ-induced mouse model of 
type I diabetes was used to establish the optimal concen-
tration ratio of S-EGF and S-bFGF that can induce effec-
tive wound healing. Cytotoxicity assay was performed 
using elutes of the double growth factor-loaded matrix. 
None of the treatment groups, S-EGF with HCD (HCDE), 
S-FGF with HCD (HCDF), and S-EGF/S-FGF with HCD 
(HCDEF), showed significant cytotoxicity when com-
pared to the negative control group. These results indicated 
that growth factor-loaded materials were not cytotoxic 
(data not shown). We observed that the HCDEF groups 
showed greater wound healing capacity than HCD and 
DEFECT groups 10 days after implantation (Figure 2(a) 
and (b)). Particularly, among the three different concentra-
tion ratios used, the mice treated with S-EGF:S-bFGF in 
the ratio 1:2, referred to as Dual-HCD in this study, showed 
greater wound healing capacity on day 14 than the other 

groups. In accordance with this result, the re-epithelializa-
tion and collagen deposition rates were also found to be 
increased in the Dual-HCD group (as shown in Figures S1 
and S2). The cumulative amount of released S-EGF and 
S-bFGF from the Dual-HCD matrix was confirmed to be 
over 97% within 3 days (Figure S3). As part of the biologi-
cal safety test, we applied the Dual-HCD matrix on full-
thickness skin wounds on a Sprague-Dawley rat. We 
observed that the Dual-HCD matrix had no inflammation 
reaction (Figure S4). Therefore, we confirmed the optimal 
concentration ratio of S-EGF:S-bFGF to be 1:2.

Wound healing effect of Dual-HCD  
matrix in type II diabetic mice

To evaluate the wound healing capacity of Dual-HCD on 
diabetic wounds, we used a type II diabetic mouse model. 
Type I diabetes is issued due to insulin deficiency by the 
destruction of pancreatic beta cells, while Type II diabetes 
is caused by dysfunction of insulin. Around 90% of dia-
betic patients have type II diabetes.47,48 The Dual-HCD 
matrix was applied to full-thickness skin wounds on type 
II diabetic mice. The HCDE (HCD loaded with EGF only) 
group was used as a comparative group to evaluate a single 
growth factor effect.29 The Dual-HCD group showed 
greater wound healing capacity after day 14, compared to 
DEFECT, HCD, and HCDE groups. Specifically, the 
wound closure rate of HCDE and Dual-HCD groups had 
increased by 1.4- and 2.4- fold, respectively, compared to 
that of the DEFECT group (Figure 3(a)). The HCDE group 
showed a higher wound closure rate at day 14 than the 
DEFECT and HCD only groups. However, it was less 
effective than the Dual-HCD group. The wound closure in 
the Dual-HCD group was significantly promoted from day 
14 after implantation, and it had completely closed by day 
21, while more than 10% of the wound remained in all the 
other groups (Figure 3(b)).

Wound re-epithelialization ability by  
Dual-HCD matrix in type II diabetic mice

Next, we carried out Masson’s trichrome (MT) staining on 
day 21 to further evaluate epithelial layer regeneration at 
the wound site. The Dual-HCD group showed excellent 
tissue regeneration capacities compared to that of DEFECT 
and HCDE groups. The tissue of the Dual-HCD group had 
completely regenerated on day 21 (Figure 4(a)). To be spe-
cific, the Dual-HCD group demonstrated about 2.7-fold 
higher capacity of re-epithelialization compared to the 
DEFECT group (Figure 4(b)).

Neovascularization ability of Dual-HCD in 
regenerated tissues of type II diabetic mice

To further investigate the neovascularization ability of 
Dual-HCD matrix, hematoxylin and eosin (H&E) staining 

Figure 2.  Optimal concentration ratio of S-EGF and S-bFGF 
was determined in the STZ-induced mouse model of type I 
diabetes. HCDEF (S-EGF:S-bFGF (1:1) at a total concentraof 
1 μg/cm2, S-EGF:S-bFGF (1:2) at a total concentration of 1 μg/
cm2, and S-EGF:S-bFGF (2:1) at a total concentration of 1 μg/
cm2) was applied to full-thickness skin wounds in type I diabetic 
mice. (a) Images were captured on days 0, 3, 7, 10, and 14. (b) 
Quantitative analysis of the wound area was measured.
*p < 0.05 versus DEFECT.



6	 Journal of Tissue Engineering ﻿

and immunohistochemistry for CD31 and alpha-smooth 
muscle actin (α-SMA) labeling were performed on day 14. 
The result indicated that Dual-HCD formed extensive red 
capillary vasculature compared to the other treatments. In 
accordance with the results of H&E staining (Figure 5(a)), 
immunofluorescence showed that a higher number of 
CD31-expressing cells was detected in the Dual-HCD 
group than in the other groups (Figure 5(b)). Especially, 
the quantitative analysis of CD31-positive cells revealed 
that the number of CD31-positive cells in the Dual-HCD 
group was 23.6- and 2.4-fold higher than that in the 
DEFECT and HCD groups, respectively (Figure 5(d)). 
Moreover, the expression of α-SMA, the biomarker of 
mural cells in blood vessels, was detected via immunoflu-
orescence labeling. The results demonstrated that the num-
ber of α-SMA expressing cells was significantly higher in 
the Dual-HCD group than in DEFECT, HCD, and HCDE 
groups (Figure 5(c)). Quantitative analysis revealed that 
the number of α-SMA expressing cells was 11-fold higher 

in the Dual-HCD matrix-applied group and 6.4-fold higher 
in the HCDE matrix applied group, as compared to that in 
the DEFECT and HCD groups (Figure 5(e)). We also 
observed that the Dual-HCD group achieved a faster 
revascularization rate as compared to that of the other 
groups.

Collagen deposition in type II diabetic mice

The deposition rates and alignment of collagen were eval-
uated via MT staining in the regenerated tissue area. The 
MT staining was performed on day 21 after implantation. 
MT staining revealed greater deposition of collagen at the 
wound site of HCDE and Dual-HCD groups than that of 
the DEFECT group. Notably, the Dual-HCD group dis-
played greater alignment and deposition of collagen in the 
newly formed tissues than the HCDE group (Figure 6(a)). 
Collagen deposition rates in the wound sites were also 
quantitatively analyzed. The rate of collagen deposition in 
the Dual-HCD group was 6.3- and 4.9-fold higher than 
that in the DEFECT and HCD groups, respectively (Figure 
6(b)).

Chemotaxic effects of double growth factors

To investigate the secreted HMGB1 protein levels from 
the HaCaT cells induced by double growth factors, west-
ern blotting was performed using supernatant obtained 
from the growth factor-loaded matrix. We observed that a 
considerable increase in HMGB1 secretion level was 
detected where the Dual-HCD matrix was applied (Figure 
7(a) and (b)). The results of in vitro scratch assay demon-
strated a significant difference between scratch wound clo-
sure at 0 h and 48 h in the presence of growth factors. As 
expected, the HaCaT cells of groups treated with double 
growth factors showed significantly higher wound closure 
rate than groups not treated with growth factors and those 
treated with a single growth factor (Figure 7(c) and (d)). 
This implies that enhanced chemotactic migration was 
induced by the synergistic effect of a combination of 
S-EGF and S-bFGF.

Discussion

Each phase of wound healing requires multiple factors 
such as pro-inflammatory cytokines and growth factors 
including transforming growth factor (TGF)-β, vascular 
endothelial growth factor (VEGF), FGF, and EGF.18,49,50 
All phases must occur at a specific time with optimal inter-
actions between signals and molecules for a wound to heal 
completely. However, the dysregulation of several cellular 
functions in diabetic wounds, such as impaired migration 
of keratinocytes and fibroblasts, extracellular matrix 
(ECM) deposition, defects in T-cell immunity, and upregu-
lation of metalloproteases, results in chronic and impaired 

Figure 3.  Dual-HCD significantly enhanced wound 
healing capacity in type II diabetic mice. HCDE (at a total 
concentration of 0.3 μg/cm2) and Dual-HCD (S-EGF:S-bFGF 
(1:2) at a total concentration of 1 μg/cm2) were applied to full-
thickness skin wounds in type II diabetic mice. (a) Images of the 
wound sites were captured on days 0, 3, 7, 10, 14, 17, and 21. 
(b) The wound closure rate was quantitatively analyzed.
*p < 0.05. **p < 0.01 versus DEFECT.
#p < 0.05. ###p < 0.001 versus HCDE.
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wounds.51 Moreover, the growth factors are also dysregu-
lated in individuals with diabetes mellitus. Although 
wound healing is an automatic process involved in the 
recovery of injured skin tissue, wound repair and regenera-
tion are delayed under diabetic conditions, resulting in 
impaired wound healing.7,38,39 EGF is known to enhance 
re-epithelialization by promoting migration and prolifera-
tion of keratinocytes, while bFGF helps to stimulate neo-
vascularization to trigger wound healing.23−26 Since EGF 
and bFGF play a major role in the wound healing process, 
several studies have been conducted for their clinical 
application and numerous wound-dressing materials con-
taining growth factors have been developed. Despite its 
therapeutic effects, the use of EGF and bFGF in wound 
healing is limited due to their short half-life and 

low stability at room temperature.27,52,53 This leads to the 
inactivation of growth factors when they are loaded onto a 
matrix. Wound dressing materials could be used as a pro-
tective barrier against pathogens. However, wound dress-
ing materials are generally unstable and are difficult to be 
applied directly onto the skin as they usually melt right 
after contact with body fluids.54 Thus, it is not suitable to 
protect the wounds and effectively deliver growth factors 
into the wounds. Therefore, we developed S-EGF and 
S-bFGF in our previous study to overcome the limitations 
of the use of growth factors. Their biological stability was 
confirmed as well. Furthermore, we also developed an 
HCD matrix to deliver growth factors efficiently into the 
wounds.28 The HCD matrix has several advantages such as 
hemostatic effect, reduction of pain, and maintenance of 

Figure 4.  Dual-HCD matrix significantly promoted the regeneration of epithelial layer at the wound sites. (a) Images present re-
epithelialization of the damaged skin tissues in the DEFECT, HCD, HCDE, and Dual-HCD groups. Blue arrows indicate the edge of 
the wounds, while red arrows indicate the wound epithelial margins. The distance between the two red arrows marks the width of 
the unrecovered epithelial layer. Scale bars = 4 mm, 2 mm, 400 μm. (b) The regenerated epithelial layer was quantitatively analyzed.
n.s.; > 0.5.
**p < 0.01. ***p < 0.001 versus DEFECT.
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Figure 5.  Effect of Dual-HCD on neovascularization at the wound site. (a) H&E staining was performed on day 14 post-operation. 
Arrows in the image indicate capillary vasculatures. Scale bars = 200 μm, 100 μm. (b) Immunohistochemistry was performed to 
label CD31-positive cells (red) on day 14. Scale bars = 500 μm. (c) Immunofluorescence images indicating the presence of α-SMA 
expression mural cells (green) with DAPI (blue) nuclear staining on day 21 after implantation. Scale bars = 200 μm. (d, e) CD31-
expressing cells and α-SMA-positive cells were quantitatively analyzed using Image J software.
*p < 0.05. **p < 0.01. ***p < 0.001.
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moisturizing environment around the wound area. 
Additionally, the HCD matrix does not adhere to the 
wound. These advantages make the HCD matrix suitable 
to be used as a base material for wound dressing.28,29 We 
also confirmed the positive effect of stabilized growth fac-
tor alone, either S-EGF or S-bFGF, with HCD matrix in 
diabetic mouse model which showed great improvement 
in wound healing.29

Based on our previous study, we speculated that the 
combination of S-EGF and S-bFGF would generate a syn-
ergistic effect in impaired wound healing. Prior to the ani-
mal, we checked the cytotoxicity of the HCD matrix that 
was loaded with multiple combinations of growth factors. 
Dual-HCD in the ratio of 1:2 (S-EGF:S-bFGF) was con-
firmed to be effective. Thus, we developed a Dual-HCD 
matrix. It showed greater enhancement of wound healing 
capacity as compared to a single growth factor-loaded 
HCD matrix. These data indicate that the optimal ratio of 
the concentration of growth factors is 1:2 and that they are 
biologically safe to be used as a wound dressing material, 
especially in case of impaired wound healing.

Based on the above results, in this study, we aimed to 
assess the wound healing capacity of the Dual-HCD matrix 

in type II diabetic mice. Since we have already confirmed 
its effect in type I diabetic mice, we attempted to demon-
strate it in type II diabetic mice. The type II diabetes mel-
litus mouse model exhibits severe impairments in wound 
healing as compared to the type I diabetes mellitus mouse 
model.55 Moreover, type II diabetic mice are appropriate 
mouse models that mimic the pathophysiological features 
observed in humans.56 To evaluate the effect of the growth 
factor-loaded matrix on the wound closure rate during the 
healing process, either S-EGF alone or Dual-HCD matrix 
was applied to the wound sites in type II diabetic mice. As 
a result, we observed that the S-EGF alone with HCD 
matrix promoted wound healing, but the Dual-HCD group 
achieved faster closure of the diabetic skin wounds; 
wounds were completely closed on day 21 post-implanta-
tion. The tissue regeneration rates around the wound site 
showed greater enhancement in the Dual-HCD group than 
in DEFECT, HCD, and HCDE groups. Specifically, the 
Dual-HCD group induced perfectly closed wound site, 
while DEFECT, HCD, and HCDE groups showed 74%, 
50%, and 18% of uncovered wound sites, respectively.

Angiogenesis in the dermis is crucial for effective 
wound healing. Angiogenesis comprises multiple steps that 
require migration and proliferation of epithelial and mural 
cells to form blood vessels and deliver sufficient amounts 
of oxygen, various nutrients, and growth factors that are 
necessary for wound healing.57,58 Nonetheless, studies have 
reported that abnormalities of angiogenesis are observed in 
diabetes mellitus.59 For evaluation of neovascularization of 
the wounds, we performed H&E staining and immunohis-
tochemistry to verify whether the enhanced wound healing 
capacity in diabetic mice with Dual-HCD matrix was due 
to increased angiogenesis. The results of the H&E staining 
revealed that the Dual-HCD group showed a denser capil-
lary vascular network than the other groups. Moreover, 
since CD31 and α-SMA are the markers of endothelial and 
mural cells in blood vessels, we also quantified the expres-
sion of CD31 and α-SMA in wound skin tissues using 
immunofluorescence. Immunofluorescence detection of 
CD31 and α-SMA was performed on day 14 post-implan-
tation. The expression of both markers was highly detected 
in mice belonging to the Dual-HCD group. Accordingly, 
quantitative analysis showed that the Dual-HCD group 
showed 23.6- and 2.36-fold greater number of CD31 
expressing cells than the DEFECT and HCD groups, 
respectively. Quantitative analysis of α-SMA-positive cells 
revealed that the Dual-HCD group exhibited 11.4- and 
12.6-fold higher capacity for neovascularization, as com-
pared to DEFECT and HCD groups, respectively. The 
DEFECT and HCD groups did not differ significantly.

The collagen in the ECM, is a crucial component in the 
terminal stage of wound healing. During the maturation 
stage of wound healing, collagen synthesis, deposition, 
and alignment increases as the tissues are regenerated. 
Collagen formation rarely occurs in the early stage of 

Figure 6.  Dual-HCD matrix improved collagen deposition in 
regenerated tissue. (a) MT staining was performed to observe 
collagen alignment on day 21 post-implantation. Blue areas 
in the image present the newly formed collagen tissue. Scale 
bars = 300 μm. (b) To quantify collagen deposition in the wound 
area, images were analyzed using Image J software.
*p < 0.05. **p < 0.01. ***p < 0.001.
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wound healing. Thus, only minimal collagen deposition 
can be observed. MT staining of wound skin sections on 
day 21 further confirmed the deposition and alignment of 
newly synthesized collagen. The result demonstrated that 
the Dual-HCD group showed extensive staining, indicat-
ing that it had the highest collagen deposition. Moreover, 
their collagen fibers were orderly arranged. The DEFECT 
and HCD group exhibited significantly more disorganized 
collagen fibers in the dermis than HCDE and Dual-HCD 
groups. The HCDE group also showed ordered arrange-
ment of collagen fibers, but its staining was less intense 
than that of the Dual-HCD group. Accordingly, Dual-HCD 
showed 76.5% of collagen deposition, whereas 12.1%, 
15.6%, and 40.9% collagen deposition was observed in 
DEFECT, HCD, and HCDE groups, respectively.

The cytokine HMGB1 is known to induce chemotaxis, 
cell proliferation, and vessel formation, which results in 
improved cell migration, re-epithelialization, and neovas-
cularization during the wound healing process.32,60,61 

However, downregulation of HMGB1 in diabetic humans 
and mice have already been reported in previous studies.32 
The downregulation of HMGB1 delays the wound healing 
process. Several studies have already stressed the impor-
tance of HMGB1 in the wound healing process,32,34,62 and 
it is already known that HMGB1 increases the level of 
growth factors.35,63,64 However, a few studies have demon-
strated the role of growth factors in promoting HMGB1. 
Thus, in this study, we aimed to confirm whether double 
growth factors enhance HMGB1 expression levels. We 
observed that the combined application of the growth fac-
tor-loaded HCD matrix promotes the secretion of HMGB1 
in vitro. We also established a scratch wound healing 
model to investigate the effects of growth factors on wound 
healing and cell migration using monolayer culture. 
HaCaT cells are keratinocytes that mimic the properties of 
epidermal keratinocytes. Furthermore, HaCaT cells have a 
similar migration index as human primary keratinocytes, 
and the growth factors positively affect wound healing that 

Figure 7.  Double growth factors promoted the secretion of HMGB1 and increased the wound closure rate in HaCaT cells. 
(a) The supernatant was obtained from the HaCaT cells, where the HCD matrices were applied. The secreted HMGB1 protein 
level was detected using western blot analysis. (b) Relative band intensity was analyzed using Image J software. (c) The images 
demonstrating wound migration was captured at 0 and 48 h after wound scratching. The concentrations of treated recombinant 
proteins were 0.3 µg/mL (S-EGF) and 1 µg/mL (1:2 ratio, S-EGF+S-bFGF). (d) The wound closure percentage was measured using 
Image J software.
*p < 0.05. ***p < 0.001.
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stimulates epithelial cells and thereby enhances wound 
closure.65 Consequently, the HaCaT cells with double 
growth factors achieved a much faster wound closure rate 
than those of the other groups and thus exhibited narrower 
denuded regions of wounds than cells cultured in the 
absence of any growth factors and those treated only with 
S-EGF.

Conclusions

In this study, we developed a Dual-HCD (S-EGF: S-bFGF, 
1:2, 1 μg/cm2) matrix, which possesses the ability to accel-
erate diabetic wound healing. Our results demonstrated 
that the application of the Dual-HCD matrix onto the 
wound area induced re-epithelialization, neovasculariza-
tion, and collagen deposition. We also established that, in 
vitro, the migration of HaCaT cells was significantly stim-
ulated to a greater extent when treated with the combina-
tion of S-EGF and S-bFGF than the cells treated with a 
single growth factor (S-EGF). Additionally, HMGB1 lev-
els increased in cells treated with double growth factors, 
S-EGF, and S-bFGF. Altogether, we demonstrated that the 
Dual-HCD matrix exhibits a synergistic effect and thus 
provides insights into how Dual-HCD is better at enhanc-
ing wound healing than a single growth factor-loaded 
HCD. Based on these findings, we conclude that the Dual-
HCD matrix could serve as an effective therapeutic agent 
for the treatment of chronic diabetic wounds.
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