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ARTICLE INFO ABSTRACT
Keywords: Skin serves as the first-order protective barrier against the environment and any significant disruptions in skin
Dermal fibroblasts integrity must be promptly restored. Despite significant advances in therapeutic strategies, effective management
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Scarless wound healing
Skin tissue engineering

of large chronic skin wounds remains a clinical challenge. Dermal fibroblasts are the primary cell type
responsible for remodeling the extracellular matrix (ECM) in wound healing. Here, we investigated whether ECM
derived from exogenous fibroblasts, in combination with keratinocytes, promoted scarless cutaneous wound
healing. To overcome the limited lifespan of primary dermal fibroblasts, we established reversibly immortalized
mouse dermal fibroblasts (imDFs), which were non-tumorigenic, expressed dermal fibroblast markers, and were
responsive to TGF-p1 stimulation. The decellularized ECM prepared from both imDFs and primary dermal fi-
broblasts shared similar expression profiles of extracellular matrix proteins and promoted the proliferation of
keratinocyte (iKera) cells. The imDFs-derived ECM solicited no local immune response. While the ECM and to a
lesser extent imDFs enhanced skin wound healing with excessive fibrosis, a combination of imDFs-derived ECM
and iKera cells effectively promoted the re-epithelization and scarless healing of full-thickness skin wounds.
These findings strongly suggest that dermal fibroblast-derived ECM, not fibroblasts themselves, may synergize
with keratinocytes in regulating scarless healing and re-epithelialization of skin wounds. Given its low immu-
nogenic nature, imDFs-derived ECM should be a valuable resource of skin-specific biomaterial for wound healing
and skin tissue engineering.

* Corresponding author. Molecular Oncology Laboratory, The University of Chicago Medical Center, Chicago, IL, 60637, USA
** Corresponding author. Ministry of Education Key Laboratory of Diagnostic Medicine, Department of Clinical Biochemistry, School of Clinical Laboratory
Medicine, Chongqing Medical University, Chongqing, 400016, China.
E-mail addresses: tche@uchicago.edu (T.-C. He), fanjiaming1988@cqmu.edu.cn (J. Fan).

https://doi.org/10.1016/j.bioactmat.2024.12.030

Received 20 September 2024; Received in revised form 24 December 2024; Accepted 27 December 2024

Available online 8 January 2025

2452-199X/© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://orcid.org/0000-0001-7721-3934
https://orcid.org/0000-0001-7721-3934
mailto:tche@uchicago.edu
mailto:fanjiaming1988@cqmu.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2024.12.030
https://doi.org/10.1016/j.bioactmat.2024.12.030
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2024.12.030&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

X. Dong et al.

1. Introduction

As one of the most vital and largest organs in humans, the skin serves
as a first-order protective barrier against the environment, and plays a
role in immunologic surveillance, control of insensible fluid loss, sensory
perception, and overall homeostasis. The skin typically consists of three
layers, the epidermis (the outermost layer), the dermis (the layer below
the epidermis); and hypodermis is the dermis, and the third and deepest
layer is the subcutaneous tissue [1-3]. The epidermis has varied thick-
nesses in different types of skin and contains five sublayers with
numerous cell types, notably keratinocytes and Langerhans cells (both in
the squamous cell layer), and melanocytes (in the basal cell layer).
Keratinocytes produce keratin, a tough and protective protein that is the
major structural component of the skin, hair, and nails. The dermis is the
thickest of the three layers, and contains dermal fibroblasts, hair folli-
cles, sweat glands, sebaceous glands, blood vessels, lymph vessels, nerve
endings, collagen and elastin. Dermal fibroblasts (Fibs) are the major
cell population of the skin dermis and responsible for depositing and
remodeling the extracellular matrix (ECM), as well as regulating tissue
immunity, wound healing, and hair follicle development [4].

Skin integrity can be disrupted by trauma, surgery, and other
chemical and pathological insults, and must be promptly restored in
order to maintain its critical function. The repair of cutaneous wound
requires the coordinated participation of multiple cell types and growth
factors including peripheral blood mononuclear cells, resident skin cells,
extracellular matrix, cytokines, chemokines, and numerous regulatory
molecules [3,4]. Four overlapping phases are at play in the healing
process: hemostasis, inflammation, proliferation, and remodeling. Of
these phases, inflammation, proliferation, and remodeling determine
whether the wound heals normally or aberrantly with excessive scar
formation such as hypertrophic scars and keloids [1-3]. Dermal fibro-
blasts are the primary cell type responsible for remodeling the extra-
cellular matrix (ECM) in wound healing by replacing the initial fibrin
clot with hyaluronic acid, fibronectin, and proteoglycans, and later
mature collagen fibers [1,3,5-7].

The ECM is the major component of the dermal skin layer and
considered critical to wound healing and dermal regeneration. As a
complex, heterogeneous network of soluble and insoluble molecules,
dermal ECM provides a physical structural support to cell adhesion,
proliferation, and differentiation [8]. It also provides a biochemical
environment for cells to interact with biochemical components in the
ECM such as integrins that are essential for epidermal maintenance
through integrin-mediated anchoring of basal epidermal stem cells to
the lower dermis through ECM proteins [9]. Furthermore, dermal ECM
acts as a reservoir for growth factors, such as FGFs, VEGF, regulating
their bioavailability via their binding to heparin and heparan sulfate,
which are components of many ECM proteoglycans [10-12].
Adipose-derived mesenchymal stem cell-derived exosomes, which
potentiated ECM hydrogels, accelerated diabetic wound healing and
skin regeneration [13]. ECM-mimetic immunomodulatory hydrogels
have been developed for the treatment of chronic skin wounds infected
with methicillin-resistant Staphylococcus aureus [14]. In fact, ECM pre-
pared from iPSC human lung fibroblasts have been shown to create a
favorable microenvironment for wound repair, thereby enhancing
wound healing [15,16]. The preparation of ECM often comes from pri-
mary cells, but the source of primary cells is scarce. Currently, the use of
immortalized cell lines in human experiments is prohibited, but their
derivatives—such as extracellular matrix and extracellular vesicles—are
permitted for clinical applications. This underscores the necessity of
developing immortalized dermal fibroblasts.

The intercellular crosstalk between epidermal keratinocytes and
dermal fibroblasts is critical for skin homeostasis and wound healing
[17,18]. Wound healing aims to restore the barrier function, which is
accomplished by epithelial wound closure of the granulation connective
tissue. We have recently demonstrated that exogenous keratinocytes
facilitated re-epithelization and skin wound healing [19]. Mounting
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evidence suggests that well-coordinated interactions among dermal fi-
broblasts, keratinocytes, and dermal ECM may play an essential role in
normal wound healing and skin regeneration.

In this study, we investigated the effects of interactions between
dermal fibroblasts (Fibs) or ECM derived from dermal Fibs and kerati-
nocytes on the scarless healing of cutaneous wounds. To overcome the
limited lifespan of primary dermal fibroblasts, we established a revers-
ibly immortalized mouse dermal fibroblast line (imDFs) by stably
expressing SV40 large T antigen (SV40 T), which can be reversed by FLP
recombinase. The imDFs are non-tumorigenic, express dermal fibroblast
markers and are responsive to TGF-p1 stimulation. The ECM prepared
from both imDFs (imDFs-ECM) and primary dermal Fibs (Fibs-ECM)
shared similar expression profiles of extracellular matrix proteins, and
promoted the cell proliferation of the previously immortalized mouse
keratinocytes (iKera cells) [19]. The imDFs-derived ECM did not solicit
significant local immune response. When delivered with the GelMa
hydrogel, the ECM and to a lesser extent imDFs, effectively promoted
mouse skin wound healing with excessive fibrosis. However, a combi-
nation of imDFs-derived ECM and iKera, delivered by GelMa hydrogel,
effectively promoted the re-epithelization and scarless healing of
wounds in a mouse model. These findings strongly suggest that dermal
fibroblast-derived ECM, not fibroblasts themselves, may synergize with
keratinocytes in controlling scarless re-epithelialization of wounds.
Given its low immunogenic nature, imDFs-derived ECM should be a
valuable resource of skin-related biomaterial for wound healing and skin
regeneration.

2. Materials and methods
2.1. Cell culture and chemicals

HEK293 cells were obtained from American Type Culture Collection
(ATCC, Manassas, USA). The immortalized mouse keratinocytes (iKera)
and HEK-293 derivative 293pTP, RAPA, and 293 GP cells were previ-
ously described [19-22]. All cells were cultured in DMEM supplemented
with 10 % fetal bovine serum (WISENT, Cat: 086-150, Australian) and
100 units of penicillin and 100 pg/mL of streptomycin in 5 % CO; in-
cubators at 37 °C as previously described [23,24]. Unless otherwise
specified, all chemicals were purchased from Solarbio (Beijing, China),
Thermo Fisher Scientific (Waltham, MA, USA), or Sigma-Aldrich (St
Louis, MO, USA).

2.2. Isolation of mouse dermal fibroblasts (Fibs)

The use and care of experimental animals were approved by the
Research Ethics and Regulatory Committee of Chongqing Medical Uni-
versity, China, and the Institutional Animal Care and Use Committee of
The University of Chicago. Mouse dermal fibroblasts (Fibs) were isolated
from the skin tissue of newborn CD1 mice as described [19]. Briefly,
newborn CD1 mice were euthanized, washed with sterile PBS, and
sterilized with 70 % ethanol. The back skin was cut along the dorsal
midline, loosened, and pulled to the ventral side. The full thickness skin
was minced into 0.5-1.0 mm? pieces, directly seeded onto 100 mm cell
culture dishes, and cultured at 37 °C in 5 % COx in high glucose com-
plete DMEM supplied with 10 % FBS. The medium was changed every
24 h to remove non-adherent cells. The adherent cells were passaged
once reaching subconfluence (designated as PO, 1, 2, and 3, etc. to reflect
the numbers of passages) for in vitro assays.

2.3. Establishment of the reversibly immortalized dermal fibroblasts
(imDFs)

The isolated mouse dermal fibroblasts (less than 3 passages) were
used to generate the immortalized dermal fibroblasts (imDFs). Briefly,
the retroviral vector SSR#41, which expresses SV40 large T antigen
(SV40 T) flanked with FRT sites [25,26], was co-transfected with the
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pCL-Ampho packaging vector into HEK-293 cells to package SSR#41
retrovirus as described [27-29]. Subconfluent mouse dermal fibroblasts
were infected with the packaged SSR#41 retrovirus. The infected
dermal fibroblasts were treated with hygromycin B (0.3 mg/mL, Invi-
trogen) for 7-10 days, and then replated every 3 days. The resulting
immortalized dermal fibroblasts were designated as imDFs and have
been passaged for more than 30 generations.

2.4. Construction and amplification of recombinant adenoviral vectors
Ad-FLP, Ad-TGFp1, Ad-GFP and Ad-RFP

The AdEasy technology was used to generate recombinant adeno-
virus as described [30-32]. The construction and amplification of
Ad-FLP and Ad-TGFf1 were previously described [27,33]. Both Ad-GFP
and Ad-RFP were used as controls as described [34]. Ad-FLP also ex-
presses GFP, while Ad-TGFp1 co-expresses RFP. All recombinant ade-
noviruses were packaged and/or amplified in 293pTP, RAPA, or 293 GP
cells as described [20-22]. Fluorescence signals were captured using a
fluorescence microscope. For all adenoviral infections, polybrene (8
pg/mL) was added to enhance infection efficiency as reported [30,35].

2.5. Immunofluorescence (IF) staining

The IF staining was performed as described [36,37]. Briefly, cells
seeded on coverslips were fixed with 4 % paraformaldehyde for 30 min
at room temperature (RT), treated with 0.5 % Triton X-100 for 10 min,
and blocked with 5 % bovine serum albumin (BSA) for 30 min at RT.
Primary antibodies (Table S2) were diluted in PBS and incubated on
coverslips overnight at 4 °C. The secondary antibodies were incubated
for 2 h at RT. Cell nuclei were counterstained with DAPI (10 pg/mL) for
10 min at RT. Fluorescent images were captured using a laser confocal
microscope (Leica TCS SP8). Each assay condition was performed in
triplicate.

2.6. Crystal violet cell viability assay

Crystal violet staining was conducted as described [38]. Briefly,
exponentially growing cells were seeded in 24-well plates at a density of
10,000 cells per well. At the indicated timepoints, cells were gently
washed with PBS and then stained with a 0.5 % crystal violet/formalin
solution for 10 min. The plates were washed with tap water and air-dried
before scanning. For quantitative analysis, the stained cells were dis-
solved in 10 % acetic acid and their absorbance at 592 nm was measured
as described [19,39].

2.7. WST-1 cell proliferation assay

Exponentially growing cells were seeded in 96-well plates at a den-
sity of 3000 cells per well. At the indicated timepoints, the Premixed
WST-1 Reagent (Takara Bio USA, San Jose, CA) was added, followed by
an incubation at 37 °C for 2 h, and the absorbance at 450 nm was
measured using a microplate reader (Biotek, EON, USA) as described
[26].

2.8. RNA isolation and touchdown-quantitative real-time PCR (TqPCR)

Total RNA was isolated by using the TRIZOL Reagent (Invitrogen,
China), and subjected to reverse transcription using hexamer and M-
MulLV reverse transcriptase (New England Biolabs, Ipswich, MA). The
c¢DNA products were used as PCR templates. Gene-specific PCR primers
were designed by using Primer 3 program (Table S1). TQPCR was carried
out by using 2x SYBR Green qPCR Master Mix (Bimake, Shanghai,
China) on the CFX-Connect unit (Bio-Rad Laboratories, Hercules, CA) as
described [40]. All TqQPCR reactions were done in triplicate. Gapdh was
used as a reference gene. Quantification of gene expression was carried
out by using the 2744C4,
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2.9. Hyaluronic acid staining

Exponentially growing cells were seeded in 24-well plates at a den-
sity of 7000 cells per well. After 3 days, cells were gently washed with
PBS, fixed with 4 % polyoxymethylene, and then stained with 1 % Alcian
blue, pH = 2.5 for 5 min (Alcian Blue Cartilage Stain Kit, pH 1.0, G2541,
Solarbio, China). The plates were washed with PBS and air-dried before
photographed under a bright field microscope. The ECM also undergoes
the same fixation and staining steps. Each assay condition was per-
formed in triplicate.

2.10. Cell wound healing assay

The wound healing assay was conducted as previously described [41,
42]. The imDFs infected with Ad-RFP or Ad-TGF-p1 were seeded in a
6-well plate and grown to full confluence. Wounds were created by
scratching cells with a 10 pL pipette tip across the diameter of the well.
The attached cells were gently washed with PBS and incubated in DMEM
containing 10 % FBS. At the indicated timepoints, the wounds were
photographed and measured using Image J software. The formula for
calculating the wound healing rate (%) is (scratch width at 0 h - scratch
width at 16 h)/scratch width at 0 h x 100 %. Each assay condition was
performed in triplicate.

2.11. Transwell cell migration assay

Transwell assay was conducted as previously reported [41,43].
Transwell chamber filters were placed in a 24-well plate. 700 pL of
medium containing 10 % FBS was added to the lower chamber, and 300
pL of FBS-free media containing 2 x 10* imDFs was added to the upper
chamber. After 24 h, non-migrated cells in the upper compartment were
removed, and the migrated cells on the underside of the chamber were
fixed with 4 % paraformaldehyde. Subsequently, they were stained with
a 0.5 % crystal violet/formalin solution and photographed under a light
microscope. Each assay condition was performed in triplicate.

2.12. Cytoskeleton phalloidin staining

Exponentially growing imDFs were fixed with 4 % para-
formaldehyde, treated with 0.5 % Triton X-100 for 10 min, washed with
PBS, and then stained with YF® Dye/Rhodamine Phalloidin Conjugates.
Cell nuclei were counterstained with DAPI (10 pg/mL) for 10 min at RT.
Fluorescent images were captured using a laser confocal microscope
(Leica TCS SP8). Each assay condition was performed in triplicate.

2.13. Preparation of dermal fibroblast-derived extracellular matrix
(ECM)

The decellularized ECM was prepared as described [44]. The sterile
14 mm coverslips were placed in 24-well plates and coated with 0.2 %
sterile gelatin for 60 min at 37 °C. After washing with PBS, the coverslips
were cross-linked with 1 % sterile glutaraldehyde for 30 min at RT, and
washed with PBS again. Cross-links were quenched by incubating with
1M sterile glycine in PBS for 20 min at RT and then rinsed in PBS. The
coverslips were then incubated in medium (DMEM, 10 % FBS) for 30
min at 37 °C, rinsed with PBS and use immediately. 10,000 cells per well
were cultured overnight. The next day, medium supplemented with 50
pg/mL of ascorbic acid was added to the wells to stimulate ECM secre-
tion by the cells. The culture medium was replaced every two days. After
ten days of culturing, the cells were removed by pre-warmed extraction
buffer (20 mM NH4OH, 0.5 % Triton X-100 in PBS). DNA residues were
digested with 10 pg/mL of DNase I in PBS for 30 min at 37 °C. The matrix
can be used immediately or stored in PBS containing 1 % antibiotic for
up to 4 weeks at 4°C [45]. The structural characterization of the ECM
was evaluated using IF staining and scanning electron microscopy (SEM)
(JSM-IT700HR, Japan). The SEM images were subsequently processed
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to assess the diameters of the fibers using ImageJ and Fiji software.
Besides, three random Z-stack images of ECM were acquired for each
COL3A1 IF stained sample, which were used to evaluate the thickness of
ECM [45].

2.14. Degree of swelling

The degree of swelling was assessed as previously described [46].
Briefly, lyophilized ECM samples were weighed (=dry weight). After
incubation in deionized water for 24 h, the samples were weighed again
(=wet weight) and the degree of swelling was calculated using the
following equation: Degree of swelling (%) = (wet weight — dry
weight)/dry weight x 100 %.

2.15. Porosity analysis

The porosity of the ECM was estimated using liquid displacement as
described [47]. The lyophilized ECM was first immersed in a known
volume (v1) of water in a graduated cylinder. After 1 h, the total volume
(including both the water and the ECM) was recorded as v2. The volume
of water remaining in the cylinder after the removal of the ECM was
recorded as v3. The porosity (%) of the ECM was calculated using the
following formula: Porosity (%) = (v1 - v3)/(v2 - v3) x 100 %.

2.16. Cytotoxicity of 5 % GelMa hydrogel

The cytotoxicity of 5 % GelMa was evaluated using Calcein-AM/PI
live/dead cell staining kits (Yeasen, Shanghai, China) and the WST-1
cell proliferation assay [26]. 1 x 10° iKera cells were seeded in 100 pL of
5 % GelMa (Aladdin, Shanghai, China, Lot#A2304431) hydrogel in
96-well plates. The mixture was then cross-linked with ultraviolet (UV)
light for 30 s. Subsequently, 100 pL of 10 % FBS medium was added to
each well, and the cells were cultured for 3, 5, and 7 days, respectively.
Cells were incubated with the staining solution (1x buffer Assay Buffer:
Calcein-AM: PI = 1000:1:3) at 37 °C for 1 h. Living cells (green) were
observed, and fluorescent images were captured using a fluorescence
microscope. Meanwhile, cell viability was quantitatively assessed using
the WST-1 assay. In the control group, iKera cells were plated in a
96-well plate cultured in 10 % FBS medium.

2.17. Cytotoxicity of the ECM derived from imDFs

The cytotoxicity of ECM was evaluated using Calcein-AM/PI live/
dead cell staining kits (Yeasen, Shanghai, China) and the WST-1 cell
proliferation assay. Briefly, iKera cells and ECM were seeded in 96-well
plates with 5 % FBS medium. After 24, 48, or 72 h, the cells were
incubated with the staining solution (1x Assay Buffer: Calcein-AM: PI =
1000:1:3) at 37 °C for 1 h. Living cells (green) were observed, and
fluorescent images were captured using a fluorescent microscope. Cell
proliferation was quantitatively assessed using the WST-1 assay. In the
control group, iKera cells were plated in 96-well plates cultured in 5 %
FBS medium.

2.18. Acute local inflammatory response of ECM+5 % GelMa at the
subcutaneous injection sites in mice

KM mice (female, 6 weeks old) were randomly divided into the ECM
group (imDFs-ECM + 5 % GelMa) and the control group (5 % GelMa),
with 9 mice in each group. 100 pL mixture was injected subcutaneously
into the upper and lower sides of the mouse’s back. Three mice were
sacrificed at each time point (8h, 24h, and 72h) after injection, and
tissues from the injection sites were collected for hematoxylin and eosin
(H & E) staining and immunohistochemistry (IHC) analysis.
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2.19. Tumorigenicity analysis of the imDFs in athymic nude mice

The imDFs-FLuc cells were stably transduced with the retroviral
vector pSEB-FLuc, which expresses firefly luciferase, as described [19].
Exponentially growing imDFs-FLuc cells were injected subcutaneously
into the flanks of athymic nude mice (6-week-old, male, 2 x 10° cells per
injection, and 4 sites per mouse). The potential subcutaneous mass
growth was evaluated at 3 and 30 days after implantation through
whole-body bioluminescence imaging using the IVIS Lumina Series III In
Vivo Imaging System (PerkinElmer, Waltham, MA). The acquired data
were quantitatively analyzed using the Living Image Software (Perki-
nElmer) as described [42,48].

2.20. Full-thickness wounding experiment in vivo

A full-thickness wound model in mice was established as described
[19,49]. Briefly, KM mice (6 weeks old male) were divided into different
groups, and 3 mice per group. After the animals were anesthetized with
isoflurane inhalation, the dorsal surface of each mouse was disinfected
with 70 % alcohol, and a 1-cm diameter full-thickness incisional wound
was created on the upper back of each mouse. In the PBS group, the
wounds were treated with 100 pL PBS per mouse as a control. In the
GelMa group, the wounds were treated with 100 pL of 5 % GelMa per
mouse. In the GelMa + imDFs or iKera group, the wounds were treated
with 100 pL of 5 % GelMa containing 2 x 10° cells per mouse. In the
GelMa + imDFs-ECM group, the wound was initially treated with
imDFs-ECM, followed by the application of 100 pL of 5 % GelMa, which
was then cross-linked using UV light. In the GelMa + imDFs-ECM +
iKera group, the wound was initially treated with imDFs-ECM and then
covered with 100 puL of 5 % GelMa containing 2 x 10° iKera cells. The
mice were administered antibiotics orally through their drinking water.
Wound sizes were measured on days 0, 3, 7, 10, and 13, respectively.
The extent of the wound damage was calculated using Image J. All the
mice were euthanized on postoperative day 13. Wound beds were
excised with a 1 cm margin of normal skin and fixed in 4 % para-
formaldehyde for further histological analysis.

2.21. H & E, Masson’s trichrome staining

The skin tissue ®10mm centered on the healing site was retrieved,
and the maximum diameter is longitudinally cut to observe the changes
in the entire layer of skin at the healing center from mice at the endpoint.
The retrieved wound healing samples were fixed with 4 % para-
formaldehyde, embedded in paraffin, and sectioned along the maximum
diameter. Serial sections were deparaffinized, rehydrated, and then
underwent H & E, and Masson’s trichrome staining by using the Mas-
son’s Trichrome Stain Kit (G1340, Solarbio, China) as described [26,50].

2.22. Immunohistochemical (IHC) staining

THC staining was conducted by using the IHC staining kits (SP-9000,
7ZSGB-Bio, China) as described [26,50]. Briefly, the sections were
deparaffinized, rehydrated, and subjected to antigen retrieval. After
being blocked with 5 % BSA, the sections underwent immunostaining
with primary antibodies against CD45 (1:100 dilution; Wanleibio; Cat#
WL00922), CD54 (1:100 dilution; Wanleibio; Cat# WL02268), CD68
(1:100 dilution; Santa Cruz; Cat# sc-20060), CD206 (1:100 dilution;
proteintect; Cat# 18704-1-AP), TGB-f1 (1:200 dilution; proteintect;
Cat# 21898-1-AP) or COL1A1l (1:300 dilution; proteintect; Cat#
14695-1-AP). The biotin-labeled goat anti-rabbit IgG or anti-mouse
IgG/streptavidin-HRP kit (SP-9000, ZSGB-Bio, China) was used to
detect the proteins of interest. Sections incubated without primary an-
tibodies were used as negative controls. The staining results were
observed using a bright-field microscope (Leica, DM4B) and analyzed
semi-quantitatively with ImageJ.
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2.23. Visual dynamic detection of iKera cells implanted in wounds

A full-thickness wound model in mice was established as previously
described. 2 x 10° iKera cells infected with recombinant adenovirus
overexpressing green fluorescent protein (Ad-GFP) were mixed with 5 %
GelMa and implanted into the wounds. Filter conditions and illumina-
tions settings for GFP imaging were set an excitation/emission of 475/
520 nm, high lamp level, medium binning, filter 1, and 1.0 s exposure
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2.24. Statistical analysis

All experiments were performed at least three times and/or repeated
in three independent batches. Data were analyzed using GraphPad Prism
8 and presented as the mean + standard deviation (SD). Statistical sig-
nificance was confirmed using one-way analysis of variance and the
student’s t-test for comparing between groups. A value of p < 0.05 was
deemed statistically significant.

time. Grayscale and fluorescent images of each sample were analyzed
using Living Image software (IndiGO2).
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Fig. 1. Establishment of SV40 T-mediated reversibly immortalized mouse dermal fibroblasts (imDFs). (A) Steps for harvesting primary mouse dermal fibroblasts: (a)
removal of lower forelimbs, hind limbs, and tail close to the body; (b) the freshly stripped skin tissues; (c) the cultured skin tissues after being minced into small
pieces; (d) the recovered and proliferating primary dermal fibroblasts (Fibs) (P0); (e) primary dermal fibroblasts (P1); and (f) primary dermal fibroblasts (P7). (B) The
schematic representation of SV40 T-mediated retroviral vector SSR#41. The SV40 T gene is flanked by FRT sites, enabling the removal of SV40 T upon the expression
of FLP recombinase. (C) The morphologic comparison of Fibs (P2) and imDFs under phase contrast microscope. (D) Expression of SV40 T. Immunofluorescence (IF)
staining was used to evaluate the expression and localization of SV40 T in Fibs (P1) and imDFs. The nuclei were counter-stained with DAPI. Representative positive
stains were indicated by arrows. (E) Cell viability assay. Crystal violet staining assay (a) and quantitative analysis (b) were used to evaluate the viability and
proliferation of Fibs (P7) and imDFs at days 0, 1, 2, 3, 4, 5, and 6. “**”, p < 0.01, Fibs vs. imDFs at the indicated time points. (F) Cell proliferation assay. WST-1 assay
was used to measure the cell proliferation of Fibs (P7) and imDFs at 0, 24, 48, 72, and 96 h, respectively. “**”, p < 0.01, Fibs vs imDFs at the indicated time points.
(G) Removal of SV40 T expression in imDFs. Subconfluent imDFs were infected with Ad-FLP or Ad-GFP, respectively, the fluorescence signals were recorded 36 h
after infection (a). Total RNA was isolated for TqPCR analysis to assess the expression of SV40 T in imDFs 48 h after infection. “*”, p < 0.05, Ad-FLP treated group vs
Ad-GFP treated group (b). (H) Cell viability upon the removal of SV40 T in imDFs. Subconfluent imDFs were infected with Ad-FLP or Ad-GFP respectively. Crystal
violet cell viability assay (a) and quantitative analysis (b) were utilized to evaluate the viability and proliferation of the imDFs at days 0, 1, 2, 3, 4 and 5. “**”, p <
0.01, Ad-FLP treated group vs Ad-GFP treated group. (I) Effect of SV40 T removal on cell proliferation of imDFs. Subconfluent imDFs were infected with Ad-FLP or
Ad-GFP, respectively. WST-1 assay was used to assess cell proliferation at 0, 24, 48, 72, and 96 h “**”, p < 0.01, Ad-FLP treated group vs Ad-GFP treated group.
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3. Results

3.1. Reversibly immortalized mouse dermal fibroblasts (imDFs) can be
effectively established by stably expressing SV40 T antigen

To ensure a consistent supply of dermal fibroblasts for wound heal-
ing research, we sought to establish reversibly immortalized mouse
dermal fibroblasts (imDFs). We first isolated primary dermal fibroblasts
from neonatal mice, referred to as Fibs, following the procedure outlined
in the Methods section (Fig. 1A-a to f). Since the SV40 large T antigen
(SV40 T) is one of the most commonly used immortalizing genes, the
retroviral vector SSR#41 [25,27,28,51-54], which expresses the
hygromycin B resistance gene and SV40 T flanked by FRT sites, was used
to create a reversible immortalized dermal fibroblast cell line, termed
imDFs cells (Fig. 1B). Fibs (P2) and imDFs exhibited similar morphology
in vitro (Fig. 1C). The expression of SV40 T in imDFs was verified
through immunofluorescence (IF) staining in comparison with that in
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Fib cells (Fig. 1D, & Fig. S1A, and the negative control was shown in
Fig. S1B). Unlike Fib cells, imDFs can be passaged and maintain high
proliferative activity for at least 30 generations. We further demon-
strated that imDFs exhibited a higher proliferation capacity and cell
viability compared with Fib cells (P1) in the crystal violet cell viability
assay (Fig. 1E) and the WST-1 assay (Fig. 1F). These results demonstrate
that the SV40 T-mediated immortalization strategy can effectively
transform Fib cells into long-term passage dermal fibroblast cell lines.
From a safety perspective, there are many uncertainties in trans-
planting immortalized cell lines with unlimited proliferation ability.
Therefore, we attempted to construct reversible immortalized cell lines
using the FLP-FRT system, and at an appropriate time, restore these
immortalized cells to their original state. To investigate the reversibility
of the immortalized phenotype of imDFs, we employed recombinant
adenovirus expressing FLP recombinase (Ad-FLP) to knock out SV40 T.
The imDFs were effectively transduced by both Ad-FLP and control Ad-
GFP viruses (Fig. 1G-a). TQPCR analysis revealed a significant reduction
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Fig. 2. Expression of characteristic skin markers and hyaluronic acid (HA) production of imDFs. (A) Total RNA was isolated from Fibs and imDFs for TQPCR analysis
to assess the expression of papillary dermis (a) and reticular dermis (b) fibroblasts markers. "**", p < 0.01; “*”, p < 0.05, Fibs vs imDFs. (B) IF staining was used to
assess the expression and localization of VIMENTIN, ACTA2, COL3A1, and COL1A1 in Fibs and imDFs. The nuclei were counterstained with DAPI. Representative
positive results were indicated by arrows. (C) The hyaluronic acid (HA) was stained with alcian blue in Fibs and imDFs. The blank cell slides were used as negative
controls (NC). Representative positive results are shown. (D) Total RNA was isolated from Fibs and imDFs for TQPCR analysis to assess the expression of the genes

involved in the synthesis and decomposition of HA. “**”, p < 0.01, Fibs vs. imDFs.
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in SV40 T expression in imDFs transduced with Ad-FLP compared to 3.2. The imDFs express characteristic markers of dermal fibroblasts,
cells treated with the control virus (Fig. 1G-b). The results of the crystal produce hyaluronic acid (HA) and are responsive to TGF-1-induced
violet cell viability (Fig. 1H-a & b) and WST-1 assays showed that the transformation and activation

removal of SV40 T by Ad-FLP significantly reduced the proliferation rate

of imDFs (Fig. 1I). Although SV40 T may be partially removed using the The dermis is divided into a superficial papillary dermis and deeper
above method, these results strongly suggest that the SV40 T-mediated reticular dermis [55]. We next conducted qPCR analysis and determined
immortalization phenotype of imDFs may be reversed. the expression of the well-established papillary dermis and reticular

dermis fibroblast gene markers. The expression of most of papillary
dermis fibroblast genes, particularly Pdpn, Wifl, and Col6a5, was easily
detectable in both Fibs and imDFs (Fig. 2A-a). The expression of most of
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Fig. 3. Responsiveness to TGF-f1 by the imDFs. (A) Ad-TGFp1 effectively transduces imDFs and mediates exogenous Tgf-p1 expression. Subconfluent imDFs were
infected with Ad-TGFf1 or Ad-RFP, respectively. The fluorescence signals were recorded 36 h after infection (a), and total RNA was isolated for TQPCR analysis to
measure the expression of Tgf-f1 in imDFs at 48 h after infection. "**", p < 0.01, Ad-TGFp1 treated group vs Ad-RFP treated group (b). (B) Effect of TGF-$1 on
myofibroblast markers of imDFs. Subconfluent imDFs were infected with Ad-TGFf1 or Ad-RFP, respectively. TQPCR analysis was conducted to detect the expression
of myofibroblast markers in imDFs 48 h after infection. "**", p < 0.01, Ad-TGFp1 treated group vs Ad-RFP treated group. (C) Expression and location of ACTA2 and
FN1 proteins of imDFs induced by TGF-$1. Subconfluent imDFs were infected with Ad-TGFp1 or Ad-RFP, respectively. IF staining was used to assess ACTA2 and FN1
expression in imDFs at 72 h after infection, and the nuclei were counterstained with DAPI. Representative positive results were indicated by arrows. (D) Cell
proliferation assay. Subconfluent imDFs were infected with Ad-TGFf1 or Ad-RFP, respectively. WST-1 assay was used to assess cell proliferation of imDFs at 0, 24, 48,
72, and 96 h after infection. “*”, p < 0.05 for the Ad-TGFp1 treated group vs the Ad-RFP treated group. (E) Cell viability assay. Subconfluent imDFs were infected
with Ad-TGFB1 or Ad-RFP respectively. Crystal violet cell viability staining (a) and quantitative analysis (b) were used to evaluate the viability and proliferation of
the imDFs at days 0, 1, 2, 3, and 4 after infection. “*”, p < 0.05 for the Ad-TGFp1 treated group vs the Ad-RFP treated group. (F) Cell migration/wound healing assay.
Subconfluent imDFs were infected with Ad-TGFp1 or Ad-RFP respectively. Wound healing assay (a) and the relative wound closure rates (%) (b) were analyzed at 0,
8, 16 h after infection. “*”, p < 0.05, Ad-TGFf1 treated group vs Ad-RFP treated group. (G) Cell migration/invasion assay. The transwell assay (a) and quantitative
analysis were used to evaluate the cell migration of the imDFs at 24 h after infection. Positive staining migrated cells were indicated by arrows. “*”, p < 0.05 for the
Ad-TGFp1 treated group vs. the Ad-RFP treated group. (H) Cytoskeleton staining. Subconfluent imDFs were infected with Ad-TGFp1 or Ad-RFP respectively. The F-
actin in cytoskeleton was stained with phalloidin at 48 h after infection, and the nuclei were counterstained with DAPI. Representative positive stain was indicated by
an arrow. (I) Effect of TGF-p1 on cytoskeleton markers of imDFs. Subconfluent imDFs were infected with Ad-TGFf1 or Ad-RFP respectively. The total RNA was
isolated for TqQPCR analysis of the expression of cytoskeletal motility-related genes, Actr2, Actr3, Diaphl, and Diaph2 in imDFs. “**”, p < 0.01; “*”, p < 0.05, Ad-
TGFp1 treated group vs. Ad-RFP treated group.
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reticular dermis fibroblast genes, particularly Scgb2a2, Prg4, Acta2, and
Ppary, was also easily detectable in both Fibs and imDFs (Fig. 2A-b). IF
staining analysis further confirmed the high expression of fibroblast
protein VIMENTIN, COL3Aland COL1A1, and low expression of ACTA2
in Fibs and imDFs (Fig. 2B, & Fig. S1A).

Hyaluronic acid (HA), a non-sulfated glycosaminoglycan (GAG), is a
major component of skin extracellular matrix (ECM) that is secreted by
dermal fibroblasts and involved in the inflammatory response, angio-
genesis, and tissue regeneration process [56]. Dermal fibroblasts are also
the main secretory cells of hyaluronic acid in the skin. We further
observed a large amount of HA was produced both in Fibs and imDFs
cells by Alcian blue staining (Fig. 2C, and the negative control was
shown in Fig. S1C). The expression of hyaluronan synthase genes, Has1,
Has2, Has3, hyaluronic acid lyase and related genes, Hyall, Hyal2,
Hyal3, Kiaa, Ph-20 and Cd44 was readily detectable in both Fibs and
imDFs (Fig. 2D).

It has been reported that dermal fibroblasts can transform into

Az o — c

-ECM

Fi
Fiber diameter (nm)

COL3A1

O

Fibs-ECM

imDFs-ECM

m

F

[«>]
Control

Thickness of ECM (um)
e
iKera

imDFs-ECM

imDFs-ECM

Bioactive Materials 47 (2025) 1-17

myofibroblasts upon stimulation by TGF-p1[1,57,58]. Recombinant
adenoviruses expressing TGF-$1 (Ad-TGFpl) and RFP (Ad-RFP) were
used to infect imDFs, and TqPCR analysis indicated that TGF-f1
expression was significantly upregulated in the imDFs transduced with
Ad-TGF-p1, compared with that treated with the control viruses
(Ad-RFP) (Fig. 3A). Upon conducting qPCR analysis, we detected
upregulated levels of myofibroblast markers, Acta2, Fnl and Col3al in
imDFs cells from the Ad-TGFp1 group compared with Ad-RFP treated
group (Fig. 3B). IF experiments further demonstrated that imDFs in the
Ad-TGFp1 group upregulated the expression levels of ACTA2 and FN1
proteins (Fig. 3C, & Fig. S1D). In addition, the WST-1 assay and crystal
violet cell viability assay also showed that TGF-p1 could promote the
proliferation and viability of imDFs (Fig. 3D & E). The results of the
wound healing assay and chamber assay demonstrated that TGF-f1
could enhance the migration ability of imDFs (Fig. 3F & G). Cytoskeletal
staining and mRNA levels of cytoskeletal motility-related genes indi-
cated TGF-f1 promotes imDF migration ability by affecting cytoskeletal
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Fig. 4. Characterization of decellularized ECM derived from imDFs (imDFs-ECM). The ECM was prepared as described in Method. (A) Morphology and appearance of
ECM. The ultrastructure of the ECM derived from Fibs and imDFs (designated as Fibs-ECM and imDFs-ECM respectively) was assessed using light microscope (a) and
scanning electron microscopy (SEM) (b). Representative images are shown. Fiber diameter was counted based on SEM results as described. (B) The HA was stained
with alcian blue in Fibs-ECM and imDFs-ECM. Representative positive results are shown. (C)The swelling rate and porosity of Fibs-ECM and imDFs-ECM were
evaluated. (D) Detection of major protein components of extracellular matrix. IF staining was used to assess the expression of FN1, COL3A1, COL1A1, FGA, SPARC,
TNC, and TSP-1 in the Fibs-ECM and imDFs-ECM. FN1, COL3A1 and COL1A1 were shown by green fluorescence, FGA, SPARC, TNC, and TSP-1 were shown by red
fluorescence. Representative images are shown. (E) The thickness of Fibs-ECM and imDFs-ECM based on IF staining of COL3A1. (F) Cytotoxicity of ECM. Sub-
confluent iKera cells were cultured with imDFs-ECM, and iKera cells were stained with Calcein-AM/PI to assess the cytotoxicity of ECM at days 0, 1, 2, and 3. Living
cells were shown in green fluorescence. iKera cells in 5 % FBS DMEM was set as the control. (G) Cell proliferation assay. Subconfluent iKera cells were cultured with
imDFs-ECM, and WST-1 was used to assess cell proliferation at 0, 24, 48 and 72 h. iKera cells in 5 % FBS DMEM was set as the control. "**", p < 0.01, ECM group vs.
Control group.
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architecture (Fig. 3H & I). In conclusion, based on the above cell func-
tion experiments, we believe that imDFs cells exhibit similar biological
characteristics to primary dermal fibroblasts.

3.3. The imDFs-derived extracellular matrix (imDFs-ECM) maintains
similar 3D structure and protein components to that of the ECM derived
from primary dermal fibroblasts, and exhibits low cellular and tissue
toxicity

The ECM is an acellular, protein-rich matrix that is secreted by
dermal fibroblasts, and provides structural support and cellular attach-
ment in wound healing by directly modulating many aspects of cell
behaviors including adhesion, proliferation, migration, and survival.
The ECM can indirectly modulate cells and regulate extracellular pro-
tease secretion and growth factor bioavailability [59]. We prepared the
Fibs or imDFs-derived ECM as described above and observed ECM under
the microscope (Fig. 4A, panel a). Microarchitecture analysis by scan-
ning electron microscopy (SEM) showed that the ECM samples were
composed of a dense meshwork of filaments and the fiber diameter was
approximately 50 nm both in Fibs-ECM and imDFs-ECM (Fig. 4A, panel
b & ¢, the low magnification field of view was shown in Fig. S1E and the
negative control was shown in Fig. S1F). Alcian blue staining results
showed that Fibs-ECM or imDFs-ECM were rich in HA (Fig. 4B). The
swelling rate was around 2000 % and the porosity was about 90 % both
of Fibs-ECM and imDFs-ECM (Fig. 4C). The high swelling degree and
porosity provide space for cell growth and angiogenesis, while implying
a decrease in mechanical strength. When the key protein components of
ECM were stained by IF, we observed a high expression level of FN1,
COL3A1 and COL1A1, and a low expression level of FGA, SPARC, TNC
and TSP-1 [60-62] in Fibs-ECM and imDFs-ECM (Fig. 4D). The thickness
of ECM was approximately 7 pm both in Fibs-ECM and imDFs-ECM
(Fig. 4E). The above results indicate that the structure and key protein
compositions are very similar in the ECM derived from Fibs and imDFs.

In order to ensure that imDFs-ECM can firmly cover the skin wound
in subsequent animal models, we mixed the stretched imDFs-ECM in 5 %
GelMa hydrogel. Methacrylated gelatin (GelMa) is a double bond
modified gelatin that can be crosslinked and cured into a gel by UV and
visible light under the action of a photoinitiator. GelMa combines the
characteristics of natural and synthetic biomaterials, with a three-
dimensional structure suitable for cell growth and differentiation,
excellent biocompatibility, and cellular response properties. The 5 %
GelMa hydrogel has good tissue adhesion and solid morphology that
were verified in our previous study [26]. We next analyzed the viability
of the inoculated cells in the 3D microenvironment. Calcein AM/PI
staining and WST-1 assays shown that iKera cells survived and prolif-
erated in 5 % GelMa (Fig. S1G), consistent with our previous studies
[26]. Calcein AM/PI staining also showed that imDFs-ECM had almost
no cytotoxic effect on iKera cells (Fig. 4F). In fact, the WST-1 assay
revealed that the imDFs-ECM enhanced iKera cell proliferation
(Fig. 4G).

Studies have shown that ECM and GelMa do not cause acute or
chronic immune reactions [63,64]. We also analyzed the potential host
immune response and hypersensitivity induced by subcutaneous injec-
tion of imDFs-ECM. We found that subcutaneous injection of
imDFs-ECM+5 % GelMa into immune-competent mice did not cause
significant skin papules (Fig. 5A). In H & E staining, we observed that
imDFs-ECM induced capillary dilation at 8h, and aggregated inflam-
matory cells at 24h, which disappeared at the treatment sites 72h after
injection. Since mature dendritic cells (DC) are important
antigen-presenting cells that activate T lymphocytes and regulate acute
immune responses, IHC staining revealed that the inflammatory cells
(marked by CD45), mature DCs (marked by CD54), and macrophages
(marked by CD68 and CD206) generated and aggregated towards to the
injection point 24h after injection at the subdermal injection site.
However, the numbers of these inflammatory cells significantly
decreased and almost returned to normal levels at 72h after injection
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(Fig. 5B & Fig. S2A). Interestingly, the accumulation of both CD68 (in-
flammatory) and CD206 (anti-inflammatory) macrophages, suggesting a
simultaneous inflammatory and anti-inflammatory response. Macro-
phage polarization is intricately regulated by cytokines, chemokines,
and metabolites present in the surrounding microenvironment. For
instance, signals such as IFN-y and LPS promote M1 polarization, while
IL-4 and IL-13 induce M2 polarization [45,65]. The diversity and
abundance of endogenous signaling molecules within the ECM—such as
growth factors, cytokines, cryptic peptides, and microRNAs—are likely
significant contributors to this phenomenon. Additionally, the coexis-
tence of M1 and M2 macrophages is essential for immune homeostasis.
Excessive M1 activity can lead to tissue damage and chronic inflam-
mation [66], while predominant M2 activity may weaken immune de-
fenses or promote pathogen growth. Therefore, their coexistence
represents a crucial mechanism for maintaining balance at a wounded
site. These results indicate that the imDFs-ECM elicits a very short period
of host inflammatory response and exhibits extremely low cellular and
tissue toxicity, suggesting that the tested imDFs-ECM may serve as a
generic biomaterial scaffold.

3.4. imDFs and imDFs-ECM can both promote the healing of skin wounds
in vivo

The nude mouse ectopic tumorigenesis test is currently a highly
recognized method for identification of tumor cells in vivo [67,68]. Due
to congenital thymic defects in nude mice, they are unable to produce T
lymphocytes, allowing tumorigenic cells injected subcutaneously to
escape the killing of T lymphocytes and rapidly proliferate to form tu-
mors. Tumorigenic cells generally begin to form measurable tumors
within 7-10 days, which grow significantly over the subsequent weeks.
Depending on the type of tumor cells and treatment conditions, tumor
volumes typically reach between 1000 and 3000 mm?® within 3-6 weeks
[69]. We further tested whether imDFs are tumorigenic by injecting the
firefly luciferase-tagged imDFs (imDFs-FLuc) subcutaneously in athymic
nude mice. Whole-body bioluminescence imaging analysis revealed that
the bioluminescence signal was readily detected at day 3 after injection,
and essentially disappeared 30 days after injection. No subcutaneous
tumor formation was observed after 60 days (Fig. 6A), demonstrating
that the imDFs are not tumorigenic.

To test the effect of imDFs and imDFs-ECM on skin wound healing,
we established an experimental mouse skin wound healing model and
applied the cells or imDFs-ECM to the wound as described above. No
signs of inflammation or infection were observed during the healing
process in all groups (Fig. 6B, panel a). The wound healing process was
accelerated most significantly in the GelMa + imDFs-ECM group, and to
a lesser extent in the GelMa + imDFs group, starting as early as at day 3
(Fig. 6B, panel b). Since the presence of hair follicles, sweat glands,
sebaceous gland and other skin appendages is considered as components
of newly healed skin, H & E staining indicated that the diameter of the
unhealed skin wound was the shortest in the GelMa + imDFs-ECM
group, and at the healing center new tissues were found protruding from
the surrounding skin plane in the GelMa + imDFs-ECM group and the
GelMa + imDFs group (Fig. 6C left columns). Masson’s trichrome
staining revealed that more collagen fibers were produced in the dermis
layer in the GelMa + imDFs-ECM group and the GelMa + imDFs group,
compared with that in in the PBS group and GelMa group (Fig. 6C, right
columns). The Scar Elevation Index (SEI) was used to quantify scar
formation based on Masson’s trichrome staining results (Fig. 6D). These
results showed that the healing sites of imDFs and imDFs-ECM groups
protrude from the skin surface. During the remodeling phase of wound
healing, newly synthesized COL3A1 begins to degrade, while mature
COL1A1 increases, thereby enhancing the mechanical strength of the
skin. However, excessive production of COL1Al is often linked to hy-
pertrophic scarring [70,71]. IHC staining revealed that COL1Al
expression was significantly higher in the imDFs and imDFs-ECM groups
(Fig. 6E). The above results strongly suggest that imDFs and imDFs-ECM
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Fig. 5. Biocompatibility of imDFs-ECM in vivo. (A) ECM-induced inflammation assessment in vivo. KM mice were subcutaneously injected with imDFs-ECM in 5 %
GelMa (namely imDFs-ECM + GelMa in yellow ring) and observed at 8, 24, and 72 h after injection. Equal volume 5 % GelMa was set as a control. (B) Histological
evaluation and IHC staining. The skin tissues from ®1.0 cm centered on the injection sites were retrieved. The inflammatory cells were indicated by blue arrows in H
& E staining (a). IHC staining was used to detect the expression of CD45, CD54, CD68, and CD206. Positive staining cells were indicated by red arrows (b) and the
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Fig. 6. The imDFs-ECM accelerates skin wound healing. (A) imDFs are non-tumorigenic. Subconfluent imDFs stably expressing firefly luciferase (imDFs-FLuc) were
subcutaneously injected into the flanks of athymic nude mice. The animals underwent Xenogen IVIS 200 whole-body bioluminescence imaging on days 3 and 30, and
directly observed the appearance of nude mice after 60 days. Representative images are shown. (B) The effects of the imDFs or imDFs-ECM combined with 5 % GelMa
on skin wound healing. A ®1cm full-thickness skin wound was created on the dorsal part of each mouse. The operated mice were divided into four groups: PBS group
(PBS), 5 % GelMa group (GelMa), 5 % GelMa + imDFs group (GelMa + imDFs), and 5 % GelMa + imDFs-ECM group (GelMa + imDFs-ECM), and the initial di-
mensions of skin wounds were measured and recorded on days 0, 3, 7, 10, and 13 (a). "**", p < 0.01 for the GelMa group, GelMa + imDFs group, or GelMa -+ imDFs-
ECM group vs. the PBS group at respective time points. "#", p < 0.05 for the GelMa + imDFs-ECM group vs. the GelMa group at respective time points (b). (C) As
shown in Fig. 6B, the skin tissue ®10mm centered on the healing site was retrieved (red circular), and the maximum diameter (yellow line) is longitudinally cut to
observe the changes in the entire layer of skin at the healing center from mice at the endpoint. Histological assessment of the wound-healing process in the four
groups. The skin tissues from ®0.5 cm centered on wound were subjected for histological assessment by H & E staining and Masson’s trichrome staining. Sebaceous
glands were indicated with yellow ring, and the subcutaneous adipose tissue was indicated with blue * in H & E staining. Masson staining was used to reveal the
epidermal fibers in the epidermis layer (stained red) and the collagen fibers in dermis layer (stained blue). (D) Quantitative analysis of skin scar risk at the healing site
using Scar Elevation Index (SEI) based on Masson’s trichrome staining in Fig. 6C. (E) IHC staining of COL1A1 in all groups (a), and semi-quantified by Image J (b).
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may significantly accelerate wound healing with excessive collagen
production in the dermis, increasing the risk of hypertrophic scarring.

Bioactive Materials 47 (2025) 1-17

amount of extracellular matrix, which together with newly formed
capillaries forms granulation tissue to fill the wound and provide con-

ditions for the re epithelialization of keratinocytes [72,73]. Using our
recently immortalized mouse keratinocyte cell lines (iKera) [19], we
tested whether a combined use of keratinocytes and imDFs-ECM would
promote scarless wound healing. The conditioned medium prepared
from iKera cells was shown to enhance the proliferation and viability of
imDFs based on the WST-1 assay (Fig. 7A) and the crystal violet cell
viability assay (Fig. 7B).

Whole-body imaging analysis revealed that the GFP signal was
readily detected at day 8 after implanting iKera cells (labeled with green

3.5. The combined application of iKera cells and imDFs-ECM results in
scarless wound healing

The above results indicate that even though imDFs-ECM may be
beneficial for skin wound healing, the direct use of imDFs was shown to
promote fibrotic healing with a high risk of hypertrophic scarring.
Numerous studies have shown that during the healing process of
wounds, dermal fibroblasts proliferate extensively and secrete a large
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Fig. 7. The imDFs-ECM synergizes with iKera cells in promoting re-epithelization and scarless wound healing of skin injury. (A) The effect of iKera cells on the
proliferation of imDFs. Subconfluent imDFs were cultured with the conditioned medium of iKera cells (iKera group). The cells in control group received the same cell-
free culture medium. WST-1 assay was used to evaluate the proliferation of imDFs at 0, 24, 48 and 72 h “**”, p < 0.01; “*”, p < 0.05, the iKera group vs. the control
group. (B) Cell viability affected the conditioned medium of iKera cells. Subconfluent imDFs were cultured with conditioned medium prepared from iKera cells, and
the crystal violet cell viability staining (a) and quantitative analysis (b) were used to evaluate the viability and proliferation of the imDFs. “*”, p < 0.05, the iKera
group vs. the control group. (C) Exogenous iKera cell in wound. 2 x 10° iKera cells infected with Ad-GFP were mixed with 5 % GelMa and implanted into wounds as
described in method. The animals underwent whole-body imaging on days 1, 3, 5 and 8. (D) The in vivo effect of the iKera cells combined with ECM on skin wound
healing. A ®1cm full-thickness skin wound was created on the dorsal part of each mouse. The operated mice were divided into three groups: 5 % GelMa + ikera cells
group (GelMa + iKera), 5 % GelMa + imDFs-ECM group (GelMa + imDFs-ECM), and 5 % GelMa + ikera cells + imDFs-ECM (GelMa + iKera + imDFs-ECM) (a), and
the initial dimensions of skin wounds were measured and recorded on days 0, 3, 7, 10, and 13 (b). “**”, p < 0.01 for the GelMa + imDFs-ECM group vs. the GelMa +
iKera group at respective time points, while “##”, p < 0.01, the GelMa + ikera + imDFs-ECM group vs. the GelMa + iKera group. (E) As shown in Fig. 7D, the skin
tissue ®1cm centered on the healing site was retrieved (red circular), and the maximum diameter (yellow line) is longitudinally cut to observe the changes in the
entire layer of skin at the healing center from mice at the endpoint. Histological assessment of the wound-healing process in the three groups. The skin tissues from
@0.5 cm centered on the wound were retrieved at 13 days after injury and subjected for histological assessment. The sebaceous glands were indicated with yellow
ring, and the subcutaneous adipose tissue was indicated with blue * in H & E staining (a). Masson’s trichrome staining was used to reveal the epidermal fibers in the
epidermis layer (red staining) and the collagen fibers in dermis layer (blue staining) (b). Field views of the healed wound with lower magnification are shown in the
left column. Higher magnification of the two boxed areas indicating the edge and the center of the wounds is shown in the right columns. Representative images
are shown.
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fluorescent protein) with 5 % GelMa hydrogel directly (Fig. 7C). We
further created a full-thickness skin defect model, and applied the GelMa
hydrogels mixed with iKera cells, imDFs-ECM or imDFs-ECM + iKera
cells to the skin wounds. While no signs of inflammation or infection
were observed during the healing process in any of the groups, the
GelMa + imDFs-ECM group and GelMa + iKera + imDFs-ECM group
yielded smaller wound areas than that in the GelMa + iKera group at as
early as day 6 post treatment (Fig. 7D, panels a & b).H & E staining
analysis revealed that the unhealed skin defect diameter was the shortest
in the GelMa + iKera + imDFs-ECM group among all groups. Further-
more, the healing surface in the GelMa + ikera + imDFs-ECM group
consisted of a flat and smooth contour without any apparent protrusions
and covered with a thin epithelial layer (Fig. 7E, panel a). Masson’s
trichrome staining revealed that the collagen fibers at the unhealed skin
defect were arranged in a more organized fashion in the GelMa + iKera
+ imDFs-ECM group than that in the other groups (Fig. 7E, panel b).
SEI based on Masson’s trichrome staining results are shown in
Fig. 8A, panel b. These results showed that the healing sites of imDFs-
ECM group protrude from the skin surface, and demonstrate that iKera
cells may reduce the risk of scar formation. TGF-p1 plays a key role in the
proliferative phase of wound healing by promoting the migration and
proliferation of fibroblasts and keratinocytes, the formation of granu-
lation tissue, as well as collagen synthesis and angiogenesis. However, in
the late stage of wound healing, activation of TGF-f1 stimulates exces-
sive proliferation of dermal fibroblasts, leading to scar formation [74,
75]. Keratinocytes can downregulate TGF-p1 expression in fibroblasts
during skin healing, this is beneficial for the scarless healing of wounds
[76]. We conducted IHC staining analysis and found that TGF-p1 was
highly expressed in the newly formed epidermal layers of all three
groups, while its expression was lower in the dermal layer of the GelMa
+ iKera group and GelMa + iKera + imDFs-ECM group (Fig. 8B). The
negative controls were shown in Fig. S2B. Collectively, the above results
demonstrate that a combination of the dermal fibroblast-derived ECM
and keratinocytes can significantly facilitate wound healing and
re-epithelialization, while reducing the risk of scar formation.

4. Discussion

The crosstalk between epidermal keratinocytes and dermal fibro-
blasts is critical for skin homeostasis and wound healing [17,18]. In this
study, we used the reversibly immortalized dermal fibroblasts imDFs as

the surrogate cell source of primary dermal fibroblasts. The immortali-
zation phenotype of the imDFs can be reversed by FLP recombinase,
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whereas in vivo experiments demonstrated that the imDFs were not
tumorigenic in athymic nude mice. The expression of the
well-established dermal fibroblast gene markers in the imDFs were
readily detected at similar levels to that in primary dermal fibroblasts. In
particular, we found that Vimentin, Collal, and Col3al in the imDFs
were expressed at comparable levels with that of primary dermal fi-
broblasts. As expected, imDFs express a low level of Acta2 that is highly
expressed in smooth muscle cells and myofibroblasts [2]. We also found
that a large amount of hyaluronic acid was produced, and the expression
of hyaluronan synthase genes was readily detectable in both primary
dermal fibroblasts and imDFs, as hyaluronic acid is known to accelerate
re-epithelialization and healing of acute cutaneous wounds [77]. Since
dermal fibroblasts can transform into myofibroblasts upon by TGF-p1
stimulation [1,57,58], we found that expression levels of myofibroblast
markers, Acta2, Fnl and Col3al were significantly up-regulated by
TGF-p1 in imDFs, and that TGF-p1 enhanced the migration ability of
imDFs. Thus, our experimental findings demonstrate that imDFs exhibit
biological characteristics similar to that of primary dermal fibroblasts.
Nonetheless, dermal fibroblasts are heterogeneous populations derived
from early embryonic dermal fibroblast progenitors, which can differ-
entiate into several cell types such as upper papillary fibroblasts, lower
reticular fibroblasts, dermal condensate/dermal papilla, and intrader-
mal adipocytes/dermal white adipose tissue [6,78]. The imDFs were
primarily isolated from the dermis and may not include all sub-
populations of dermal fibroblasts. Our in vivo experiments demonstrate
that the imDFs promoted fibrotic wound healing, indicating that the
supply of fibroblasts alone may lead to an over-production of ECM and
fibrosis.

ECM not only plays an important role during development [79,801,
but also is a critical factor in wound healing [59,81,82]. ECM is a
complex, heterogeneous network of soluble and insoluble molecules
that provides a physical structure that is essential for cell adhesion,
growth, and differentiation [8], as well as biochemical milieu for cells to
interact with through integrins. It was reported that an ECM glycopro-
tein TGFBI located in the basement membrane enhanced the growth and
function of epidermal stem cells (EpSCs) and promoted wound healing
[83]. Epidermal maintenance relies on the integrin-mediated anchoring
of basal epidermal stem cells to the lower dermis through extracellular
matrix proteins [9]. Furthermore, ECM acts as a reservoir for growth
factors, binding and regulating their bioavailability [12]. Many growth
factors, such as FGF and VEGF, tightly bind to heparin and heparan
sulfate, which are components of many ECM proteoglycans [10,11],
while growth factors can be released from the ECM by degrading ECM
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Fig. 8. Expression of TGF-p1 at the skin wound healing sites. (A) SEI based on Masson’s trichrome staining in Fig. 7E, panel b. "*", p < 0.05 for the GelMa + iKera
group or GelMa + iKera + imDFs-ECM group vs. the GelMa + imDFs-ECM group. (B) The retrieved skin samples in Fig. 7D were subjected to IHC staining for TGF-p1
(a), and the semi-quantitative analysis of IHC staining of TGF-p1 in healing center of dermis layer by Image J. "**", p < 0.01 for the GelMa + imDFs-ECM group vs. the

GelMa + iKera + imDFs-ECM group (b).
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proteins or glycosaminoglycan components of proteoglycans [10].

Emerging evidence reveals that ECM-based biomaterials have
become promising scaffolds for generative medicine and other clinical
translation applications [80,84,85]. It was reported that ECM derived
from induced pluripotent stem cells was used to create biological scaf-
fold materials for in vitro models of diabetic wound healing [15]. Human
lung fibroblast-derived matrices (hFDM) that were used to create 3D
vascular structures loaded with growth factors and transplanted with
human umbilical vein endothelial cells (HUVECs) in a wound model
were shown to be more effective in re-epithelialization and regenerated
hair follicles with more advanced neovascularization [16]. In our study,
using a full-thickness skin defect model we found that imDFs-derived
ECM delivered with GelMA hydrogel promoted more effective wound
healing than the control group, although H & E staining and Masson’s
trichrome staining revealed that re-epithelialization of the healed
wounds were rather limited in the ECM treated group, suggesting that
keratinocytes may be added to facilitate the re-epithelialization.

To explore potential solutions, we investigated the effect of adding
keratinocytes, in addition to ECM, on wound healing. We previously
demonstrated that incorporating keratinocytes (i.e., iKera) on the
wound surface enhance re-epithelialization [19]. Following a similar
approach, we created a full-thickness skin defect model and treated the
wound with the GelMA hydrogel of iKera and imDFs-derived ECM mix.
We found that the combination of iKera cells and ECM resulted in the
most desirable wound healing outcome, complete wound healing and
re-epithelialization without excessive fibrosis. We also found that the
conditioned medium of keratinocytes stimulated fibroblast prolifera-
tion, suggesting that the addition of keratinocytes may enhance fibro-
blast functions in vivo.

Building a skin tension model is essential for analyzing the impact of
tension on skin wound healing. In our project, neither the experimental
group nor the control group used the tension model, as the study’s
purpose was not to investigate the effects of tension on wounds.
Furthermore, the healing effects of varying tension levels on skin defects
differ significantly. Under tension-free conditions, the wound expands
due to the contraction of the skin at the wound’s edges, while moderate
tension can stimulate cell proliferation and promote healing. However,
excessive tension may lead to wound hardening, decreased skin elas-
ticity, skin ischemia, and delayed healing. Therefore, there are stringent
requirements regarding the magnitude of tension during the skin healing
process. Some skin wound models that simulate tension utilize silicone
gaskets; however, the tension cannot be adjusted during this process,
and standardizing the tension size is challenging, as it is influenced by
factors such as the size, thickness, number of sutures, suture tension
force, and suture distance of the silicone gasket [86,87]. Consequently,
not all skin defect models need to consider tension factors, especially in
the absence of ideal animal models. Additionally, whether ECM alone or
in combination with iKera cells is beneficial for wound healing in the
presence of tension warrants further exploration in a more ideal
tension-affected wound healing model.

Our findings demonstrate that dermal ECM scaffolds can create a
favorable environment for keratinocytes and other important cells to
achieve optimal cutaneous wound healing. Decellularized ECM has long
been used as scaffolds for in vivo implantations of primary human cells,
stem cells, and induced pluripotent stem cells in biomedical research
and tissue engineering, as well as used wound dressing (such as OASIS
by Smith + Nephew USA) [84,85,88]. While ECM is a complex structure
composed of macromolecules, primarily containing type I and type III
collagen, fibronectin, elastin, and various proteoglycans, although
extensive proteomic studies have uncovered hundreds of proteins [89,
90]. It is now well recognized that ECM not only maintains tissue dy-
namic integrity but also acts on numerous signaling pathways.
Regardless of its source, ECM is usually decellularized through biolog-
ical, chemical, or enzymatic methods while preserving the natural
structure of the ECM, including components such as growth factors and
cytokines in the matrix. While decellularized ECM can be isolated from
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virtually all types of organs and/or tissues, the ECM structures and/or
compositions may vary significantly among ages, tissue types, and spe-
cies [63,91,92]. Natural biomaterials similar to ECM, such as collagen,
gelatin, and hyaluronic acid, have also been commonly used in wound
repair and wound dressings although they may lack the molecular
complexity and heterogeneity of the tissue-derived ECM [93].

More recently, cell-derived ECM has become an emerging field that
offers a more convenient and customizable source of ECM production
than decellularized tissues. For instance, drugs can be utilized to influ-
ence matrix deposition, or modifying the genotype of the source cells
can manipulate the levels of growth factors in the ECM [94,95]. In our
study, the decellularization process was easily accomplished by using
DNase to effectively eliminate the nucleic acid components, thereby
reducing the immunogenicity of the ECM. Our in vivo studies indicate
that the decellularized ECM prepared from imDFs exhibited low
immunogenicity and relatively rapid degradation in vivo. Thus, the re-
ported imDFs may be used as a valuable cell source for generating a large
quantity of dermal-specific ECM in skin tissue engineering.

5. Conclusions

Herein, we investigated the interactions between dermal fibroblasts
or ECM-derived from dermal fibroblasts and keratinocytes on the scar-
less healing of cutaneous wounds. To overcome the limited lifespan of
primary dermal fibroblasts, we established a reversibly immortalized
mouse dermal fibroblasts (imDFs), which were non-tumorigenic,
expressed dermal fibroblast markers and were responsive to TGF-f1
stimulation. The ECM prepared from both imDFs and primary dermal
fibroblasts shared similar expression profiles of extracellular matrix
proteins, and promoted the proliferation of keratinocytes iKera cells.
The imDFs-ECM did not solicit local immune response. While the ECM
and to a lesser extent imDFs promoted mouse skin wound healing with
excessive fibrosis, a combination of imDFs-ECM and iKera effectively
promoted the re-epithelization and scarless healing of skin wounds in a
mouse model. These findings strongly suggest that dermal fibroblast-
derived ECM, not fibroblasts themselves, may synergize with keratino-
cytes in controlling scarless healing and re-epithelialization of skin
wounds. Given its low immunogenic nature, imDFs-ECM should be a
valuable resource of skin-specific biomaterial for wound healing and
skin regeneration.
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