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Development of mADM-collagen wound i

dressings for mimicking native skin architecture
to enhance skin wound healing
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Abstract

Acellular dermal matrix (ADM) is one of the most promising scaffold materials due to its ability to retain natural extra-
cellular matrix structure. Micronized acellular dermal matrix (MADM) was prepared with no intact cell nuclei and pre-
served growth factors by High Hydrostatic Pressure (HHP) approach. And mADM-collagen wound dressings were
developed with different proportion of type | collagen and recombinant humanized type Ill collagen. The porous
structure of the mADM-collagen wound dressings made them a good candidate for preventing excessive fluid
accumulation, while the collagens with gel-like texture combined with mADM powder to form pasty texture wound
dressing, which preserving the moisture at the wound site. Moreover, the paste texture of the mADM-collagen
wound dressing was easy to reshape to conform any wound shapes and body contours. Furthermore, the resulted
mADM-collagen wound dressings showed good biocompatibility by supporting fibroblasts adhesion and prolifera-
tion in vitro. Subsequently, a murine model of full-thickness skin wounds was employed to assess its effects on wound
healing. Notably, mMADM-75% Col-I exhibited superior effects throughout the wound healing process, specifically it
promoted neovascularization, skin appendage growth and new skin regeneration. This formulation closely mimicked
the collagen ratio found in healthy skin, facilitating the favorable wound repair. These results indicated the superior
performance of this mADM-collagen wound dressing providing an optimal environment for wound healing.
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Graphical Abstract

1 Introduction

Skin is the first defense barrier of the body which pro-
tects the body against damage and microbial invasion
and provides the functions of thermoregulation, sensa-
tion and metabolism. Burns, mechanical trauma and dis-
eases, lead to disruption of skin integrity and function
[1, 2]. Wound management is an important issue in the
medical system. Though skin has an extent of regenerat-
ing ability, chronic wounds resulted by diabetic, neuro-
logical disease, venous, and arterial ulcers are especially
difficult to heal, which has become an important global
medical problem [3].

An ideal wound dressing possesses several key prop-
erties that facilitate the wound healing process. First of
all, maintaining an optimal moisture balance by retaining
enough moisture to prevent drying out or excessive fluid
accumulation at the wound site is one of the most impor-
tant properties of wound dressings. Second, the wound
dressing should be flexible to conform the wound shape,
especially for the irregular wounds. Then, an ideal wound
dressing should be biocompatible and can promote angi-
ogenesis and granulation [4—6].

The extracellular matrix (ECM) plays vital roles in
keeping the integrities of the tissues and organs by equip-
ping them with a three-dimensional spatial structure and
bioactive cytokines to facilitate multidirectional com-
munications among various cells. Hence it is essential for
maintaining tissue homeostasis [7, 8]. Acellular dermal
matrix (ADM) is an ideal material for skin reconstruc-
tion, mimics the native dermis microenvironment, pro-
viding physical support to the skin and regulating cell
function by controlling the biochemical gradients, cell
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density, spatial organization, and attachment ligands [9].
However, the presence of foreign cellular material and
antigens could lead to adverse cell/host responses and
thus requires the minimization/elimination of immu-
nogenic risk before clinical applications [10]. Numerous
decellularization methods have been developed for the
removal of cellular and genetic materials while preserv-
ing extracellular matrix structure and bioactive com-
position. There are various decellularization methods
including physical, chemical and enzymatic approaches.
Chemical approaches are commonly employed for
decellularization through the solubilization of cellular
membranes, dissociation of DNA and disruption of lipid-
protein interactions. Enzymes approaches target cellular
and genetic materials removal by cleavage of cell-cell/
ECM interactions and nucleic acids [11, 12]. Though
chemical and enzymes approaches could remove cellular
materials completely, they often adversely affect the criti-
cal ECM components and exhibit substantial cytotoxicity
due to the chemical or biological residues [13]. Physical
methods could effectively prevent disruption of ECM
structure, which were incentivized to investigate physi-
cal method for decellularization. Akio Kishida et al. used
high-hydrostatic pressure (HHP) technology to acquire
decellularized blood vessels and cornea. HHP could dis-
rupt cells, bacteria, and viruses in the tissue physically
and then the residues of cellular components includ-
ing lipids, proteins, and nucleic acids were removed by
a washing process [14, 15]. It is generally believed that
under the condition of ultrahigh pressure, the non-cova-
lent bonding such as hydrogen bonding, hydrophobic
bonding, ionic bonding and other non-covalent bonding
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changes in the three-dimensional structure of macromol-
ecules of organisms.

Micronized acellular dermal matrix (mADM) has been
successfully used both in pre-clinical animal studies and
in human clinical applications, which is able to remove
cells and cellular components from a dermis and leave
the natural mixture of structural and functional proteins
that constitute the extracellular matrix, such as colla-
gen, fibronectin, laminin and vimentin. Additionally, the
mADM could be completely degraded, absorbed and
readily turned over to produce new dermal tissue [16].
It exhibits excellent tissue compatibility, good mechani-
cal properties, strong ability to promote normal tissue
regeneration [17]. Collagen is one of the most important
extracellular matrices, existing widely in connective tis-
sues or organs [18, 19]. It is biodegradable, absorbable,
non-toxic and biocompatible, and can provide support
for cell attachment, migration and proliferation [20]. As
wound dressings, collagen could absorb a large amount
of exudate due to its ability of water absorption, reducing
the loss of protein and electrolytes from traumatic exu-
date and avoiding dehydration of the wound [21]. Addi-
tionally, skin is mainly composed of type I and type III
collagens maintaining the normal tissue structure of the
skin [22].

In this study, a wound dressing without chemical or
biological residues, simulating the skin extracellular
matrix microenvironment was expected to be designed
to promote wound repair and reduce scar formation.
The novelty of the current work is the preparation of a
skin regeneration template for accelerating full-layer
skin defect wound healing using a new combination
of mADM and type I collagen (Col-I) and recombinant
humanized type III collagen (rhCol-III). It was suit-
able for shaping with more precise contour and irregular
wound surface to avoid surgical incision and separation
effectively. We investigated the efficiency of decellulari-
zation, physical and chemical properties of the material.
The cytotoxicity of the mADM-collagen wound dressings
and their ability to promote wound healing were evalu-
ated in vitro and in vivo.

2 Materials & methods
2.1 Preparation of micronized acellular dermal
matrix(mADM)

Porcine skin was subjected to a series of procedures to
obtain 0.6 mm thick dermis. After cutting into 2X2 cm
pieces, the dermal samples were degreased by dichlo-
romethane (1 g/2 ml, Chron Chemicals, Sichuan, China)
for 3 rounds of 30-min sonication. Then samples were
freeze-dried for 48 h, ground to powder (50—250 um),
treated hypotonically in RO water for 24 h, subjected
to repeated freeze—thaw three times in—80 °C and
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underwent HHP treatment at 350 MPa for 30 min. Fol-
lowing this, the dermal matrix was washed in phosphate-
buffered saline (PBS) for a period of 3 days and then
freeze-dried. The obtained mADM was sterilized through
irradiation before further experimentation.

2.2 Characterizations of mMADM

Hematoxylin and eosin staining (H&E staining) was
employed to visualize the presence of intact cell nuclei
within mADM. Specifically, mADM samples were immo-
bilized, dehydrated, paraffin-embedded, and sliced
according to a standard protocol. Then, after H&E stain-
ing, microscopic observations were applied. Moreo-
ver, quantitative evaluation of epidermal growth factor
(EGF), granulocyte—macrophage colony stimulating fac-
tor (GM-CSF) and platelet-derived growth factor (PDGF)
in mADM were performed via enzyme-linked immuno-
sorbent assay (ELISA) by Pig EGF ELISA Kit (Cusabio,
HuBei, China), Porcine GM-CSF ELISA Kit (Neobio-
science, Guangdong, China), Porcine PDGF-BB ELISA
Kit (ColorfulGene, HuBei, China), respectively. The
microstructure of mADM was observed using scanning
electron microscopy (SEM), with native dermal powder
serving as Control.

2.3 Preparation and characterizations of collagen

Col-I derived from porcine skin was prepared by Chip-
Bio (SiChuan, China). Briefly, porcine skin was degreased
by dichloromethane (1 g/2 ml) for 3 rounds of 30-min
sonication at 4 °C. Then the resulted porcine skin was
digested by pepsin (Aladdin Reagent, Shanghai, China)
at pH 3.0 for 10-12 h. Subsequently, the type I collagen
was collected and purified by centrifuged at 15000 g for
15 min and dialyzed with ultra-purified water until the
conductivity of dialysate equal to ultra-purified water.
The rhCol-III was purchased from Jland Biotech (70—
90%, Batch No.: PA2180S003, Jiangsu, China). The amino
acid sequence of rhCol-III was not disclosed for commer-
cial reasons.

Sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) was used to identify the
characteristic collagen peptide chains. Briefly, type I
collagen or rhCol-III was mixed with sample buffer
and heated at 100 °C for 5 min, and the resultant solu-
tion was loaded onto 5% (stacking) and 7.5% (running)
polyacrylamide gels in a vertical slab (1 mm thick) for
electrophoresis after centrifugation. After Coomassie
bright blue dyeing and decolorization, gel images were
captured using a ChemiDoc Imaging System (Bio-Rad,
USA). Furthermore, fourier transform infrared (FT-
IR, Nicolet 6700 spectrometer, PE, USA) was applied
to investigate chemical bonds in type I collagen and
rhCol-III at the wavelength of 4000-400 cm™. Circular
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Dichroism (CD) was employed to assess the secondary
structure of type I collagen and rhCol-III. Briefly, the
collagen sample was loaded into the 1 mm path quartz
pool, then wavelength scanning was performed in the
range of 180-260 nm at 25 °C. Transmission electron
microscope (TEM, Talos F200S, Thermo Scientific,
USA) was used to examine the transverse structure of
collagen fibers. SEM was applied to observe the micro-
structure of type I collagen and rhCol-III. The rhCol-
IIT was qualitatively detected by adding tannic acid
test solution (5%) with a molecular weight of 1701.20
to rhCol-III solution (0.1 mg/ml) and confirming the
existence of white precipitate produced by tannic acid
binding to the amino end of amino acids in collagen
proteins.

2.4 Preparation and characterizations of mADM-collagen
wound dressings

To prepare mADM-collagen wound dressings, 125 mg
of mADM was combined with varying proportions of
type I collagen and recombinant humanized type III
collagen by a homogenizer, as specified in Table 1. The
microstructure of mADM-collagen wound dressings
was obtained by SEM analysis after immobilization,
dehydration and lyophilization.

2.5 In vitro biocompatibility of mADM-collagen wound
dressings

2.5.1 CCK-8 assay

Mouse fibroblasts (L929) were cultured with Dulbecco’s
Modified Eagle’s Medium (DMEM, Gibco, USA) con-
taining 10% fetal bovine serum (FBS, BI, ISR), and 1%
antibiotics (HyClone, USA) and cultured at 37 °C with
5% CO,. MADM-collagen wound dressings were placed
in sterile 15 mL centrifugation tubes to prepare extracts
by extracting with cell culture medium at 37 °C for 72 h.
Then, 100 pL cell suspension containing 1x10* L929
cells was inoculated and cultured with sample extracts
for 24 and 48 h. Cell media was replaced with fresh
medium contained CCK-8 reagent after 24 h and 48 h
incubation, and optical density (OD) was measured at
450 nm after incubation at 37 °C for another 2 h. The

Table 1 Composition of mMADM-collagen wound dressing

mADM
mADM-Col-|
mADM-75%Col-I
mADM-75%Col-lll

25 mg mADM
25 mg mADM+1 mL Col-I
25 mg mADM+0.75 mL Col-I+0.25 mL rh Col-lll

1
1
1
125 mg mADM+0.25 mL Col-1+0.75 mL rh Col-lll
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cells cultured without extracts were used as negative
control.

2.5.2 Cell morphology

MADM-collagen wound dressings were placed at the
bottom of cell culture dish and incubated with 1 ml
DMEM at 37 °C for 1 h to form gel. Then 1 mL of cell
suspension containing 2 x 10* L929 cells was added and
cultured for 1d, 3d, 5d and 7d. Cell morphology was
observed by confocal laser scanning microscopy (CLSM,
LSM880 ZISS, Germany) after staining with Phalloidin-
TRITC (beyotime, China) and 4’,6-diamidino-2-phe-
nylindole (DAPI, beyotime, China).

2.5.3 Cell viability

Briefly, 1 mL of cell suspension containing 1x 10> 1929
cells was cultured with mADM-collagen wound dressings
for 1 and 3 days. Then, live/dead staining was applied to
observe cell viability under CLSM.

2.6 Invivo study

2.6.1 Surgical procedure for full-thickness wound in rats
There were 16 healthy 7-weeks old male SD rats included
in this study. Full-thickness skin wounds were created
on the back of rats, in which 12 of rats were received
mADM-collagen wound dressings while the remain-
ing 4 were served as sham surgical controls. Briefly, the
animals were anesthetized with Zoletil and wounds were
established on the rats’ back after shaving and general
disinfection. Then, different mADM-collagen wound
dressings were applied on the wounds and bandaged
with gauze. Wound healing progress was monitored
by taking photographs on the 3rd, 7th, and 14th days
post-operation.

2.6.2 Tissue processing, histological
and immunohistochemical analysis

On the 3rd, 7th and 14th day post-operation, the
required tissues were processed with standard protocol
including fixation, dehydration, paraffin embedding and
section with Leica RM2255 microtome. Tissue sections
were stained with H&E staining and Masson’s Trichrome
staining to analyze the regenerated dermis and collagen
deposition of healing wounds. Immunohistochemical
analysis of TGF-B3, Smad7, TGF-BRII, CD31 and a-SMA
was conducted on the 7th day post-operation. Finally, the
Halo software was performed to evaluate vascularization
of wound healing and thickness of regenerated dermis in
H&E staining images and was used to quantify the den-
sity of all the immunohistochemical images.
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2.7 Statistics

Data were presented as mean +standard deviation. Sta-
tistical significance was assessed using one-way analysis
of variance (ANOVA) with GraphPad Prism 8 software
(GraphPad Software Inc., USA). Significance level was
denoted as (*) p<0.05, (**) p<0.01 and (***) p<0.001
respectively. P values<0.05 were considered statistically
significant.

3 Results & discussion

3.1 Decellularization by high hydrostatic pressurization
Acellular dermal matrix (ADM), three-dimensional nat-
ural biomaterials, was harvested by removal of cellular
components without altering intrinsic structure, mor-
phology and composition of the extracellular matrix [23].
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It exhibited excellent tissue compatibility, good mechani-
cal properties, low absorption rate, strong ability to pro-
mote normal tissue regeneration [17]. In our study, we
employed freeze—thaw cycling and high hydrostatic pres-
sure for decellularization, such physical approaches led to
good biocompatibilities of the resulted mADM due to no
chemical residues and providing a large surface area for
cell adhesion and growth and facilitating the transport of
nutrients and oxygen through interconnected pores [24].
The efficacy of decellularization of mADM was evalu-
ated through H&E staining (Fig. 1A), in which no intact
cell nuclei in mADM observed, indicating complete cell
removal. Moreover, the collagen fibrils were slightly
loosened in mADM after decellularization as compared
to the native porcine skin (Control). In order to further
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Fig. 1 Decellularization and growth factors retaining of MADM. A Representative H&E staining of native dermal matrix (Control) and mADM. No
intact cell nucleus after decellularization. B SEM images of Control and mADM, with smooth surface of mMADM. C Density of EGF, GM-CSF and PDGF

remaining displayed no significant difference between Control and mADM
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explore structural difference, SEM was used to observe
the microstructure of mADM and Control (Fig. 1B).
There was no significant difference in the width of col-
lagen fiber bundles when comparing mADM with Con-
trol, though mADM showed relatively smoother surface
in SEM images with more fine smooth collagen fibers.
Bioactive growth factors also contributed to accelerate
wound healing. Hence, we tested the concentrations of
EGE, GM-CSF and PDGF in mADM. Specifically, GM-
CSF is one of the most widely studied cytokines in wound
healing, which influences the activity of keratinocytes
and fibroblasts and increases the production of vascu-
lar endothelial growth factor [25, 26]. EGF increases the
migration and proliferation of keratinocytes which plays
a vital role in the epithelialization process [27]. Moreover,
PDGF increases collagen production by fibroblasts and
promotes angiogenesis by stimulating endothelial migra-
tion [28, 29]. All the tested growth factors in mADM were
comparable to those in native porcine skin, as shown
in Fig. 1C, which significantly impact several stages of
wound healing. In summary, our approach effectively
removed cellular substances while preserving growth fac-
tors like EGE, GM-CSE, and PDGF at high level, critical
for wound healing, which is often a challenge with other
decellularization approaches [30].

A B
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3.2 Characterizations of collagen

The FT-IR pattern of bovine standard Col-I, type I colla-
gen and rhCol-III was shown in Fig. 2A, which identified
their characteristic peaks and validated their composi-
tion. The bovine standard Col-I and Col-I sample showed
same absorption patterns. The N-H stretching vibra-
tion and the coupling of hydrogen bonds produced an
amide A band and an amide B band at 3307.5 cm™
and 2939.2 cm™!, respectively. The absorption peak at
1633.5 cm™! was the amide I band, proved bovine stand-
ard Col-I, type I collagen and rhCol-III have typical
hydrogen bonds for collagen formed by the recurrent N—
H--O=C [31]. The absorption peak at 1548.6 cm™! and
1238.1 cm™! were the amide II band and amide III band
of collagen respectively. The FT-IR pattern of rhCol-III
showed similar absorption peaks with bovine standard
Col-I and Col-I though with lower peak values, which
indicated that the rhCol-III and Col-I had similar sec-
ondary structure, however, the difference of amino acid
contents might be a reason for forming different inter-
chain interactions [32].

The circular dichroic chromatography was used to
analyze the protein tertiary structure of bovine standard
Col-1, type I collagen and rhCol-III. As shown in Fig. 2B,
both type I collagen sample and bovine standard Col-I
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Fig. 2 Characterizations of type | and the recombinant humanized type Ill collagen. A FT-IR of type | collagen, bovine standard Col-I and rhCol-lll
revealed peaks at 3307.5 cm™',2939.2 cm™', 1633.5cm™, 15486 cm™' and 1238.1 cm™', corresponding to the amide A band, the amide B band,
the amide | band, the amide Il band and the amide Ill band, respectively, consistent with accepted collagen analysis. B CD mapping of type |

collagen and bovine standard Col-l showed no significant difference, while rhCol-lll showed no positive absorption peak. CTEM of type | collagen
fibers showed typical light and dark stripe with about 67 nm spacing structure with 200 nm in width, while rhCol-lll was a structure of wafers. D SEM
of type | collagen and recombinant humanized type Il collagen. E SDS-PAGE analysis of type | collagen (lane 3) was similar to bovine standard Col-I
(lane 2) and typical bands were confirmed in type | collagen, while rhCol-lll (lane 3) had only one diffused band between 190-210 KD. F Qualitative
detection of the recombinant humanized type Ill collagen solution tested by tannic acid solution. White sediment appeared immediately

after the addition of tannic acid to rhCol-lll water solution
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had a strong negative absorption peak at 197 nm and a
positive absorption peak at 221 nm, in which the negative
absorption peak was caused by the n-im amide bond tran-
sition and the positive absorption peak was caused by the
n-n amide bond transition. While the rhCol-III showed
no positive absorption peak, which indicated no typical
triple helix structure in rhCol-III. The ratio of the posi-
tive absorption peak to the peak of the negative absorp-
tion peak of type I collagen sample and standard was
about 0.13. These results confirmed the integrity of the
triple helix structure of collagen in both type I collagen
sample and bovine standard Col-I. As shown in Fig. 2E,
type I collagen (lane 3) and bovine standard Col-I (lane
2) exhibited similar bands. Bands at 100 KD, 116 KD, 205
KD and 295 KD were corresponded to the al, a2, § and
y chains of collagen respectively. For rhCol-1II, a diffused
band was observed between 190-210 KD. TEM images
(Fig. 2C) depicted the typical light and dark stripe with
about 67 nm spacing structure of type I collagen fibers
with 200 nm in width, while rhCol-III was a structure of
wafers [33]. SEM images (Fig. 2D) showed that rhCol-
III was mixture of flakes and fine fibers and Col-I were
coarse fibers formed by interweaving fine fibers. The
results of TEM confirmed the existence of typical triple
helix structure in Col-1.

Tannic acid can bind to the amino end of amino acids
in proteins, causing protein denaturation and precipita-
tion. Therefore, tannic acid could be used for the quali-
tative detection of the recombinant humanized type III
collagen (Fig. 2F). The type III collagen solution was clear
without precipitation after full dissolution. When drops
of the tannic acid test solution were added, the solu-
tion immediately became cloudy and produced white
precipitate.

3.3 Characterizations of mADM-collagen wound dressings
In the present study, we have combined mADM with
type I collagen and recombinant humanized type III col-
lagen with different portion to form such an ideal wound
dressing.

Figure 3A showed that mADM-Col-I and mADM-75%
Col-I presented pasty substance at room temperature,
while mADM-75% Col-III displayed a more fluid texture.
The recombinant humanized type III collagen existed in a
solution form, whereas the type I collagen exhibited a gel-
like texture. Consequently, as the proportion of rhCol-III
increased in the wound dressings, it enhanced the mobil-
ity of the materials. The resulting dressings exhibited
remarkable flexibility, enabling easy coverage of irregular
wounds. Furthermore, the microstructure of mADM-col-
lagen dressings was observed by SEM (Fig. 3B). The pres-
ence of coarse mADM fibers in all three mADM-collagen
wound dressings provided a framework for cell adhesion
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and proliferation. In comparison to mADM-75% Col-
III, the structures in mADM-Col-I and mADM-75%
Col-I were denser. The porous structure of the resulted
mADM-collagen wound dressings as evidenced by SEM
results made them a good candidate for preventing exces-
sive fluid accumulation, while the pasty texture wound
dressing, which preserved the moisture at the wound site.

3.4 In vitro study of cytocompatibility

3.4.1 Cell viability of L929 on the mADM-collagen wound
dressings

To further investigate cell viability on the wound dress-

ings, we performed live/dead fluorescence staining of

1929 cells after culturing them on different wound dress-

ings for 1 and 3 days (Fig. 3C). The number of live cells

(green) on all the wound dressings increased over the

culturing period, indicating good cell viability on all the

wound dressings.

3.4.2 Cytotoxicity of mMADM-collagen wound dressings

To evaluate the cytotoxicity of the mADM-collagen
wound dressings, 1929 cells were co-cultured with
extracts of different wound dressings for 24 h and 48 h.
The cell viability of L929 cells in mADM-Col-I, mADM-
75% Col-I and mADM-75% Col-III groups were signifi-
cantly higher than the only mADM group. Moreover, the
cell viability of all the wound dressings increased with
incubation time (Fig. 3D).

3.4.3 Cell morphology of L929 on the mADM-collagen
wound dressings

Cytoskeleton and nucleus staining of L929 cells were
observed after co-culturing with mADM-collagen wound
dressings (Fig. 3E). The cells maintained a round shape on
all the mADM-collagen wound dressings. Nonetheless,
the cells were significantly proliferated over the culturing
period. As shown in Fig. 3E, there was little adherent cells
on all the wound dressings at day 1, yet the number of
adherent cells increased steadily during the co-culturing
period.

The resulted mADM-collagen wound dressing in our
study showed good biocompatibility by supporting
fibroblasts adhesion and proliferation in vitro. Collagen
dressings increased fibroblast production and uptake,
contributed to fibronectin absorption and bioavailabil-
ity, assisted the retention of leukocytes, macrophages,
fibroblasts, and epithelial cells, as well as preservation of
wound tissue [34].

3.5 Invivo wound healing examinations

3.5.1 Wound observation

The mADM and mADM-collagen wound dressings
were applied to the full-thickness wounds, which
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Fig. 3 Morphology, microstructure and biocompatibility evaluation of mADM-collagen wound dressings. A Morphology of mADM-collagen
wound dressings at room temperature. mMADM-75% Col-Ill showed a more viscous fluid texture while others presented a pasty shape. B

SEM images of mADM-collagen wound dressings. The addition of rhCol-lll led to an increase in fine fibers and a subsequent loosening

of the structure in the mADM-collagen wound dressing. C Live/Dead staining of L929 cells cultured with mADM-collagen wound dressings for 1
and 3 days. The number of live cells (green) increased with incubation time. D CCK-8 assays showed that the cell viability of 1929 cells cultured
with mADM-collagen wound dressings extracts were significantly higher than the only mADM group. E Cell morphology over 1, 3,5, and 7 days,
stained by Phalloidin-TRITC and DAPI, displayed consistent round cell shapes with steady proliferation

could easily attach to the wound surface (Fig. 4A). The
group without any treatment was set as Control. Fig-
ure 4B showed the wound healing progress of the rats
over the healing period. Three days post-operation, the
wounds of the Control group exhibited crusting, while
the wounds of the wound dressing groups retained the
dressing materials. Despite similar wound sizes across
all groups initially, notable differences emerged dur-
ing the healing process. Seven days post-surgery, the
mADM, mADM-Col-I, mADM-75%Col-I and mADM-
75%Col-1II showed significantly smaller wound size,

which were 5.3+0.4 mm, 5.1+0.9 mm, 6.5+1.0 mm
and 4.2 + 1.1 mm, respectively. While the Control group
with the wound size of 8 £+ 1.4 mm. By the 14th day, the
wound dressing groups displayed completed wound
repair, while the Control group exhibited persistent
blood scabs. The mADM-collagen groups had smaller
wound area than the Control groups and showed no
blood scar, expressing faster wound repair. The result
indicated the superior performance of this mADM-
Collagen wound dressing, providing an optimal envi-
ronment for wound healing [35].
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Control

3.5.2 H&E staining and Masson'’s trichrome staining

In order to explore the internal regeneration process of
the newborn tissue, wound tissue was sectioned for H&E
and Masson’s trichrome staining at each designed time
point.

Generally, H&E staining revealed the presence of grow-
ing skin appendages in the mADM-collagen wound
dressing groups (Fig. 5A), while the Masson staining
indicated no significant difference in collagen deposi-
tion among all groups (Fig. 5B). The amount of collagen
deposition was increased steadily over the wound healing
period. A large number of inflammatory cells gathered
along the wound site in all groups at 3 days post-oper-
ation. After 7 days, the thickness of the regenerated
dermis increased in all groups, accompanied by the dis-
persion of inflammatory cells throughout the regener-
ated tissue. The number and distribution of inflammatory
cells in the mADM-collagen wound dressing groups indi-
cated that all of them had good biocompatibility, and no
stimulation effect on local tissue, evidenced by no sign
of accumulation of inflammation cells. Hair follicles
and their attached sebaceous glands were equivalent to
the relevant components of reconstructed skin [36]. By
the 14th day, notable growing of skin appendages was
observed in the mADM-collagen wound dressing groups.
Specifically, mADM-Col-I group displayed the emer-
gence of hair follicles and sebaceous glands, while only
hair follicle structures was observed in mADM-75% Col-I
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Fig. 4 Observation of wound healing. A Representative images of the establishment of full-thickness wounds and the application

of mMADM-collagen wound dressings. B Images of the wounds progression over the healing period. The wound dressing groups showed smaller
wound area (5.5+ 1.5 mm) than that of Control groups (8 + 1.4 mm) at the 7th day. Blood scarring was still visible in the Control groups at the 14th
day

group. Additionally, the mADM-75% Col-III group dem-
onstrated appendage-like tissue formation. In contrast,
minimal skin appendages were observed in both mADM
and Control groups, indicating that the mADM-collagen
wound dressings significantly stimulated skin appendage
growth. Furthermore, the regenerated skin of mADM
and mADM-collagen group at the 14th day was thicker
than Control group, while the mADM-75% Col-I group
showed significant difference (Fig. 5D). Revasculariza-
tion was an essential part of granulation tissue, because
blood vessels could transport oxygen and nutrients to the
wound sites and served as a template for the formation of
new dermis [37, 38]. Evaluation of vascular density at 3,
7 and 14 days post-operation indicated that the mADM-
collagen wound dressing groups promoted vasculari-
zation during the early stages of wound healing, while
the number of blood vessels in the Control group was
significantly higher than the mADM group and all the
mADM-collagen wound dressing groups at 14 days post-
operation (Fig. 5C). It might be because type I and III col-
lagen are able to bind to platelet receptors, then activate
platelet adhesion and aggregation and initiate the clotting
pathway which promoted blood vessel development [39].

3.5.3 Immunohistochemical analysis

Figure 6A, B displayed immunohistochemical analysis of
the wound tissues at the 7th day, the mADM group and
all the mADM-collagen wound dressing groups exhibited
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Fig. 5 Histological analysis of wound healing: A H&E staining revealed the presence of growing skin appendages in the mADM-collagen wound
dressing groups. B Masson staining indicated no significant difference in collagen deposition among all groups. C Evaluation of vascular density
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a higher CD31 expression compared to the Control
group, indicating increased vascularization in the experi-
mental set, though no significant difference was found.
Conversely, Fig. 6C depicted a significantly lower expres-
sion of a-SMA, a marker expressed in abnormal scar, in
the mADM-75% Col-I group when compared to other
groups [40]. It is reported that excessive type I and III
collagen would promote scar formation [41, 42]. There-
fore the type I and III collagen ratio in mADM-75% Col-I
group probably had the effect of avoiding scar formation
as compared to the other mADM-collagen wound dress-
ings in the present study. Additionally, TGF-p promoted
re-epithelialization, granulation tissue formation, and

increased collagen deposition by stimulating fibroblasts
into the wound site, which was expected to be impor-
tant for efficient wound healing. In the study, the expres-
sions of Smad7, TGF-PRII, and TGF-3 was showed in
Fig. 6D-F and no significant differences were observed
among all groups.

During the mADM-collagen groups, mADM-75%
Col-I showed the best wound repair effect at early and
late stage. Collagen I and III represent the most com-
mon collagen components in skin tissue with the deposi-
tion ratio of collagen type I and III tightly related to skin
regeneration. Type III collagen is the first type of collagen
produced during embryonic development and during the
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early phase of wound healing. In humans, the fetal der-
mis is comprised of about 20% of type III collagen while
adult dermis contains about 10% [43]. The ratio between
collagen I/III in the mADM-75% Col-1 groups was closed
to the healthy skin, which may lead the superior wound
healing effects [44].

Notably, mADM-75% Col-I exhibited superior effects
throughout the wound healing process. This formulation
closely mimicked the collagen ratio found in healthy skin,
facilitating the favorable wound repair. Thus mADM-75%
Col-I emerged as a promising wound dressing candidate
for efficient wound healing.

4 Conclusion

In conclusion, we developed mADM-collagen wound
dressings with different proportion of type I collagen
and recombinant humanized type III collagen. Among
these, the mADM-75% Col-I dressing closely mimicked
dermal architecture significantly enhanced wound heal-
ing. In vitro assessments highlighted that mADM-col-
lagen wound dressings support cellular functions and
proliferation. While in vivo experiments confirmed their
role in promoting neovascularization, skin append-
age growth, and new skin regeneration without elicit-
ing immune responses. The mADM-75% Col-1 dressing
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emerges as a promising wound dressing for rapid wound
healing. However, the rhCol-III with different amino
acid sequence and structure could be an important
parameter to affect the wound repairing effects of the
final wound dressing which needs further study. And the
signal pathways of how mADM-Collagen wound dress-
ings repairing human skin should be further studied.
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