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ARTICLE INFO ABSTRACT

Keywords: Full-thickness skin wounds are have continued to be reconstructive challenges in dermal and skin appendage
Cell sheets regeneration, and skin substitutes are promising tools for addressing these reconstructive procedures. Herein, the
Hydrogel

one-step fabrication of a cell sheet integrated with a biomimetic hydrogel as a tissue engineered skin for skin
wound healing generated in one step is introduced. Briefly, cell sheets with rich extracellular matrix, high cell
density, and good cell connections were integrated with biomimetic hydrogel to fabricate gel + human skin
fibroblasts (HSFs) sheets and gel + human umbilical vein endothelial cells (HUVECs) sheets in one step for
assembly as a cell sheet-laden hydrogel (CSH). The designed biomimetic hydrogel formed with UV crosslinking
and ionic crosslinking exhibited unique properties due to the photo-generated aldehyde groups, which were
suitable for integrating into the cell sheet, and ionic crosslinking reduced the adhesive force toward the substrate.
These properties allowed the gel + cell sheet film to be easily released from the substrate. The cells in the
harvested cell sheet maintained excellent viability, proliferation, and definite migration abilities inside the
hydrogel. Moreover, the CSH was implanted into a full-thickness skin defects to construct a required dermal
matrix and cell microenvironment. The wound closure rate reached 60.00 + 6.26% on the 2nd day, accelerating
mature granulation and dermis formation with skin appendages after 14 days. This project can provide distinct
guidance and strategies for the complete repair and regeneration of full-thickness skin defects, and provides a
material with great potential for tissue regeneration in clinical applications.

Full-thickness skin wound
Dermal construction
Cell sheet-laden hydrogel

1. Introduction

The high-quality repair of full-thickness skin wounds is a practical
topic in clinical and fundamental research, that calls for dermal resto-
ration and skin appendage regeneration [1,2]. The dermis is mainly
composed of connective tissue, including collagen fibers, elastic fibers
and matrix [3]; more importantly, it pertains to a large number of ap-
pendages, such as blood vessels, lymphatics, muscles, hair follicles,
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sebaceous glands and sweat glands [4,5]. At present, autologous or
allogeneic skin transplantation has shown a remarkable therapeutic ef-
fects on skin regeneration; however, donor tissue sources are limited,
and secondary damage may be caused, and hindering the popularization
of this technique [6]. As an alternative for autologous or allogeneic skin,
artificial tissue constructs [7]. That contain biological scaffolds and
living cells have the advantages of a wide range of sources, moderate
price, simple preparation and adjustable physical and chemical
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properties, endowing them with great application potential of use in
skin barriers, wound healing, skin reconstruction, and skin accessory
regeneration [8,9].

Biomimetic hydrogel materials are well suited for use as scaffolds for
artificial tissue constructs [10,11]. In particular, biomimetic hydrogels
have the advantages of superior biocompatibility, biodegradability, and
low immunogenicity and can provide a suitable three-dimensional (3D)
network structure, mechanical support, moist microenvironment, and
skin-like composition for skin regeneration [12,13]. Various designed
hydrogels, such as photocurable gelatin methacryloyl (GelMA)/poly
(ethylene glycol) diacrylate (PEGDA) [14], GelMA/N-(2-aminoe-
thyl)-4-(4-(hydroxymethyl)-2-methoxy-5-nitro-sophenoxy) butanamide
(NB)-linked hyaluronic acid (HA-NB) [6], and polyurethane (PU)/ge-
latin [15], have been applied as tissue scaffolds to encapsulate specific
skin-associated cells, such as skin fibroblasts, umbilical vein endothelial
cells, and keratinocytes, and were assembled as a tissue constructs
[15-17]. However, most cells are acquired by trypsin digestion, and the
contact between cells is destroyed in this process, which affects affecting
the activity and specific functions of cells [18].

In recent years, cell sheet technology has been widely used in the
field of tissue engineering because of its advantages of retaining high-
density cell tissue and the natural ECM secreted by cells, and the abil-
ity to be engineered and has thus been explored as a promising solution
for skin repair, scar reduction, and even perfect regeneration [19,20].
For example, oral mucosal and skin cell sheets can promote wound
healing with early wound closure and less scarring [21], multilayer
adipose-derived stem cells can be a potentially viable matrix for
full-thickness defect wound healing in a mouse model [22], and
spheroid-incorporated human dermal fibroblast sheets can mediate the
activity of inflammatory cytokines for M2 polarization and increase
angiogenic efficacy for wound healing [23]. Currently, the most widely
known cell sheet harvesting technologies are realized by regulating the
reaction between the intelligent interface of the cell sheet and
thermo-responsive [24], photo-responsive [25], magnetic-responsive
[26], or electro-responsive biomaterials [27]. However, scaffold-free
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cell sheets lack sufficient mechanical performance and cell viability,
crimping, wrinkling and destruction of the cell sheet are inevitable, all of
which limit their application for skin regeneration. Considering these
aspects, the integration of scaffolds with cell sheets for high overall
performance is an extremely promising strategy [28].

Therefore, in this work, cell sheets were harvested and integrated
with a biomimetic hydrogel through a one-step strategy, and rapidly
assembled to form a cell sheet-laden hydrogel (CSH) by layer-by-layer
superposition, simulating the function of the epidermis and dermis in
the skin. As Fig. 1 shows, the biomimetic hydrogel introduced in our
previous work was prepared by incorporating GelMA, N-(2-aminoethyl)-
4-(4-(hydroxymethyl)-2-methoxy-5-nitro-sophenoxy) butanamide (NB)-
linked sodium alginate (Alg-NB), and the photoinitiator lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP). The GelMA/Alg-NB/LAP (G-
A) hydrogel was formed through both UV crosslinking and ionic cross-
linking, which gave the hydrogel strong mechanical properties, strong
adhesion to wet tissue and slow degradation characteristics [29].
Moreover, the human skin fibroblast (HSFs sheet and human umbilical
vein endothelial cell (HUVEC) sheet were obtained by in vitro culture
and were integrated with the prepared pre-gel. Then, the G-A hydrogel
was formed in situ by photo-crosslinking and ionic crosslinking and
overlapped as a double layer of CSH composite film. The activities of the
cell sheets and their interactions with the hydrogel were investigated via
in vitro measurements. Finally, a full-thickness defect Sprague-Dawley
(SD) rat model was constructed, and CSH was adhered to the defect
with the help of the G-A hydrogel via in situ gelling. The effect and
mechanism of full-thickness wound healing by CSH were evaluated by
hematoxylin—eosin (H&E) staining, Masson’s trichrome (MT) staining,
and immunohistochemical staining.

2. Methods and materials
2.1. Synthesis of biomimetic hydrogel

The preparation of the biomimetic hydrogel with a triple-network
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Fig. 1. Schematic illustration of the formation of the biomimetic gel with a triple-network, the preparation of the cell sheet-laden hydrogel (CSH), and application of

the CSH for full-thickness skin regeneration.
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structure was described in our published paper [29], and the synthesis
method is briefly described here. First, methacrylic anhydride (MA)
(Sigma-Aldrich) was grafted with gelatin (Sigma-Aldrich) to obtain
GelMA, and alginate (Alg) (Aladdin Chemical Reagent, molecular
weights (Mw) of approximately 20,000-50,000, M/G units of approxi-
mately 1:2) was grafted with UV-light-sensitive N-(2-amino-
ethyl)-4-(4-(hydroxymethyl)-2-methoxy-5-nitro-sophenoxy)  butana-
mide (NB) (Haining Jurassic Biotechnology Co., Ltd.) to obtain Alg-NB.
Then, GelMA, Alg-NB, and the polymerization initiator lithium
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (Haining Jurassic
Biotechnology Co., Ltd.) were mixed in PBS to prepare glue solutions,
and the concentrations of GelMA, Alg-NB, and LAP were set as 5 wt%, 1
wt%, and 0.1 wt%, respectively. Finally, ultraviolet (UV) light (365 nm,
30 mW/cm?) was applied for UV crosslinking (to form the G-A-1
hydrogel) and CaCl, solution was used for calcium ion crosslinking (to
form the G-A-l-i hydrogel, or abbreviated as G-A).

2.2. Rheological studies

The rheological properties of the GelMA/LAP, GelMA/Alg-NB, and
GelMA/Alg-NB/LAP hydrogels were evaluated to determine their UV
light crosslinking characteristics and mechanical properties, and a
photorheometer with a parallel-plate (Discovery HR-3, TA, USA) ge-
ometry and an OmniCure Series 2000 (365 nm, 30 rnW/cmz) at 37 °C
were used to determine the rheological properties of the hydrogels. The
tested time was set to 180 s. The gel point was defined as the time at
which the torsion modulus (G’) surpassed the loss modulus (G”).
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2.3. Cell culture

Human skin fibroblast cells (HSFs) were cultured on PS dishes in
Dulbecco’s modified Eagle’s medium (DMEM; CellMax) supplemented
with 10% fetal bovine serum (FBS, CellMax) and 1% antibiotic solution
containing 10,000 units/mL penicillin, and 10,000 mg/mL streptomycin
(CellMax). Then, the cells were incubated in a humidified atmosphere
with 5% CO- at 37 °C. The cultured cells were harvested with 0.25%
trypsin/EDTA (CellMax) and suspended in fresh culture media for the
next subsequent subculture experiments. The same method was per-
formed for the culture of human umbilical vein endothelial cells
(HUVECs). HSFs and HUVECs were purchased from the American Type
Culture Collection (ATCC, USA).

2.4. Cytocompatibility of the hydrogels

HSFs and HUVECs were used to assess the cytocompatibility of the
hydrogels. First, GeIMA/LAP (G) and G-A hydrogels were submerged in
culture medium for 24 h to obtain an extraction medium (Fig. 2a), which
contained a mixture of the extract of the hydrogels and culture medium.
Then, cells (20000 cells/mL gel) were seeded on PS dishes with the
prepared extraction medium and incubated in a humidified atmosphere
with 5% CO» at 37 °C. Finally, after 1, 3 and 5 days of culture, the ac-
tivity of the cells in the hydrogels was detected by a cell counting kit-8
(CCK-8), using normal medium as a control.
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2.5. Cell migration

The effects of the hydrogels on the migration efficiency of HSFs and
HUVECs were measured by a cell scratch assay. As Fig. 2d shows, the
cells were first seeded into a 24-well plate (5000 cells/cm?) and cultured
until the cells fully covered the surface. Then, a straight cell scratch was
gently created, and the cells were washed twice with PBS. Next, 100 pL
of G-A pre-gel solution was added to the medium. The migration effi-
ciency of the cells was observed by optical microscopy after 24 h and 48
h of culture. The PS culture plate and G group (GelMA/LAP) were used
as the control groups.

2.6. Bioactivity of cells inside the hydrogels

The viability of the cells in the hydrogels was determined by a live-
dead cell staining kit (Abnova). First, HSFs/HUVECs were uniformly
suspended in a sterile G-A hydrogel precursor solution and added
dropwise to culture dishes. Then, UV crosslinking and calcium ion
crosslinking were performed to achieve the in situ gelation of the
hydrogels. Next, Dulbecco’s modified Eagle’s medium was added, and
the samples were incubated in a humidified atmosphere with 5% CO; at
37 °C. Finally, after 1 and 3 days of culture, a live-dead cell staining kit
(Abnova) was used to measure the cell viabilities of the cells in the
hydrogels. The uptake of fluorescent indicators was detected using a
confocal microscope. Cells encapsulated in the G hydrogel were used as
a control group.

2.7. The ability of hydrgels to support angiogenesis

The ability of the hydrogels to support HUVEC angiogenesis for
hydrogel was evaluated with tube formation assays. First, 330 pL of G
hydrogel, G-A hydrogel, and matrix glue (Corning, 354262) were added
to 24-well plates. Then, HUVECs (1¥10° cells/cm?) cultured in DMEM
medium were seeded on the surface of the G hydrogel, the G-A hydrlgel,
and matrix glue and incubated in a humidified atmosphere with 5% CO
at 37 °C. Finally, after 12 h of culture, calcein staining was carried out to
examine to measure the cell morphology, and fluorescent indicators
were detected using a confocal microscope. The PS surface was used in
the negative control group, and Matrigel was used in the positive control
group.

2.8. Preparation of CSH

The methods by which the cell sheets were cultured and tested for
activity were as follows. First, the surface-polished silicon (Si) substrate
(undoped, diameter of 10 mm, thickness of 150 pm), which was
designed to match the size and shape of the wound and has a clear and
smooth surface for harvesting the CSH, was autoclaved. Then, HSFs and
HUVECs were seeded on the surface of the Si substrate at a density of 1
x 10° cells/cm? and cultured for 3 days to obtain HSF and HUVEC
sheets. The bioactivity of the cell sheets was determined by a live-dead
cell staining kit.

Assembly of the hydrogel harvested cell sheets as CSH. After HSF
sheets and HUVEC sheets were obtained on the surface of the Si sub-
strate, G-A pre-gel solution was dropped onto the surface of the cell
sheet/Si. The amount of pre-gel solution needed was determined by the
size of the skin defect in the subsequent full-thickness skin defect model.
After 30 s of UV illumination at 365 nm (30 mW/cm?) and the addition
of an excess of CaCl, solution to complete the ionic crosslinking, the gel
+ cell sheet composite films were assembled. Then, the CaCl; solution
was aspirated and PBS solution was added. Finally, the gel + cell sheet
films were gently peeled from the surface of the Si substrate and kept in
the medium for the next experiments. The bioactivity of the harvested
cell sheets inside the hydrogels was detected by a live-dead cell staining
kit.

To examine the desorption process of the “gel + cell sheet” films from
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the Si surface, the G-A-1 hydrogel and G-A hydrogel were used to harvest
the cell sheets, and this process was video recorded. The static water
contact angles of the G, G-A-], and G-A hydrogels and various Si surfaces
were measured with a contact angle meter (Dataphysics, OCA20). The
roughnesses of the surface for Si, the G-A gel detached Si, and the G-A
gel + cell sheet detached Si were measured by atomic force microscopy
(AFM; NTEGRA Spectra, NTMDT). The surface morphologies of Si and
the G-A gel + cell sheet detached Si were characterized by scanning
electron microscopy (SEM, with an operating voltage of 3.0 kV (Hitachi,
SU47)). Energy spectrum analyses were also carried out.

2.9. Cell proliferation and migration assay of the cell sheets inside the
hydrogel

After the gel + HSF sheet and gel + HUVEC sheet composite films
were detached from the Si substrate, they were transferred were trans-
planted to a 24-well plate, and 500 pL of medium was added, and
cultured for 1, and 5 days of culture. The cell sheets were placed on the
upper faces of the gel + cell sheet films. To investigate whether the
hydrogel provided a suitable microenvironment for cell proliferation
and migration, 4’, 6-diamidino-2-phenylindole (DAPI, ENZ-52404, Enzo
Life Sciences, Switzerland) and calcein-AM dye were used to visualize
the cells, which were imaged with a laser scanning confocal microscope
((Zeiss LSM 780, Germany).

2.10. In vivo full-thickness skin defect healing experiments

To investigate the wound healing properties of CSH in vivo, full-
thickness skin defects were created on the dorsal surface of SD rats.
First, the 5-week-old male SD rats (approximately 150g) were purchased
from the Shanghai Institute of Experimental Animals, Chinese Academy
of Sciences, and all the rats were reared in a specific pathogen free (SPF)
animal lab with constant temperature, stable relative humidity and
pressure gradient. After the SD rats were anesthetized with isoflurane in
a sterile environment, a part of the dorsal area of the SD rat was selected
for hair removal, and the shaved skin was cleaned and sterilized with 2%
povidone-iodine solution. Then, a full-thickness dorsal skin wound
model (a circle with a diameter of approximately 10 mm) was made with
surgical scissors. Next, CSH was implanted into the full-thickness skin
defect area, and G-A hydrogel was injected and formed in situ to assist in
its attachment of CSH (Fig. 6a). CSH was assembled by overlaying the
gel + HSF sheet (upper) and gel + HUVEC sheet (lower), with placemen
of the cell sheets on the bottom side of the gel + cell sheet film. More-
over, the groups of gel (in situ gelling), scaffold (hydrogel colloid col-
umn), and gel + cells (layered HSFs and HUVECs dipped in gel) were
also applied, and the scaffold and gel + cells were all implanted with the
help of G-A hydrogel adhesion. The group without any treatment was set
as a blank control. Finally, the process of wound healing was followed by
imaging and quantitatively analyzed using ImageJ 1.45 software. At
designated time points (2, 6, 10, and 14 days), the rats were euthanized
with an overdose of isoflurane, and H&E, Masson trichromatic staining,
and immunofluorescence staining (CD31, CD68, a-SMA, and TNF-o)
were carried out for histological analysis.

2.11. Study approval

All the animal experiments were approved by the Ethics Committee
of Sir Run Shaw Hospital, Zhejiang University.

2.12. Statistical analysis

The sample size and number of animals in each experimental/study
group for each experimental measurement was n = 4, and the data are
expressed as the means + standard deviations (SDs). Statistical analysis
was evaluated via Tukey’s post hoc test and one-way analysis of vari-
ance. Student’s t-test was performed by SPSS software, and *p < 0.05,
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Fig. 4. Cell sheet harvested by G-A hydrogel and the
possible corresponding mechanism. (a) Videos of the
cell sheet harvesting process by G-A-l and G-A-l-i
hydrogels; (b) Contact angles of G hydrogel, G-A-1
hydrogel, G-A-l-i hydrogel, Si, Si (G-A-1 detached),
and Si (G-A-l-i detached); (c) AFM images of the
surfaces of Si, G-A gel detached Si, and G-A gel + cell
sheet detached Si; (d) SEM images and mapping of
the surfaces of Si, and G-A gel + cell sheet detached
Si, red marks the Si element and green marks the C
element; (e) Schematic diagram of the mechanism of
the cell sheet harvesting from the Si surface by the G-
A hydrogel.
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**p < 0.01 and ***p < 0.001 were considered to indicate statistical
significance, while NS indicates that there was no significant difference.

3. Results and discussion
3.1. Invitro evaluation of the bioactivity of the G and G-A hydrogels

The G-A hydrogel was fabricated with MA-grafted gelatin (GelMA)
and NB-linked sodium alginate (Alg-NB). Although the biocompatibility
of the G-A hydrogel was demonstrated in our previously published work
[29], it is still necessary to demonstrate its influence on cell prolifera-
tion, migration and viability for the synthesis of the G-A hydrogel, as the
G-A hydrogel was designed to integrate HSF sheets and HUVEC sheets.
To evaluate the biocompatibility of the G and G-A hydrogels with HSFs
and HUVEGs, cell proliferation was assessed using the CCK-8 assay at 1
day, 3 days, and 5 days, respectively. As Fig. 2a—c shows, cell prolifer-
ation in both hydrogels increased with time, indicating the excellent
biocompatibility of the G-A hydrogel.

After the cell sheets were integrated into hydrogels, a superior pro-
motion of the cell migration ability of the hydrogels would be helpful for
cell sheets to migrate into the hydrogel [30,31]. Therefore, a cell
migration test was used to determine whether the G-A hydrogel could
promote cell migration. For the case of the HSFs, no significant cell
migration promotion effect was observed with the G and G-A hydrogels,
compared that obtained for the control group without the addition of
pre-gel (Fig. 2 e,f). However, the G and G-A hydrogels both showed
potential promotion effects on cell migration for HUVECs, and G-A
exhibited a more effective cell migration promotion effect (Fig. 2 g,h).
As the HSFs has a superior migration ability in various condition, the
signaling molecules provided by hydrogel may can be ignored. How-
ever, the adhesion and migration ability for the HUVECs are relatively
lower than the HSFs, the signaling molecules provided by hydrogel may
play a significantly role. Therefore, that is the most possible reason for
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Fig. 5. Analysis of the cell proliferation and migra-
tion abilities of cell sheets harvested in hydrogels. (a)
Calcein (green) and DAPI (blue) nuclear staining at
0™ day, 1st day, and 5th days after HSFs sheets har-
vested in hydrogel, in order to obtain a HSFs sheets
with a high cell density, HSFs were seeded on the
surface of the Si substrate at a density of 2 x 10°
cells/cm? and cultured for 3 days to obtain HSFs
sheet, laser scanning confocal microscopy was carried
out to determine the morphology of the cell sheet
from the top view, 45° view, and side view; (b) Cal-
cein (green) and DAPI (blue) nuclear staining of the
HUVECs sheets in the hydrogel at 0" day, 1st day,
and 5th days, HUVECs were seeded on the surface of
the Si substrate at a density of 1 x 10° cells/cm? and
cultured for 3 days to obtain HUVECs sheet.

45° view

why G and G-A hydrogels failed to facilitate the migration of HSFs but
facilitated the migration of HUVECs. Moreover, the HUVECs on the
surface of G-A hydrogel exhibit the phenomenon of polarity distribution,
indicating its potential to support angiogenesis (Fig. S1). These result
suggested that the G-A hydrogel might enhance integrated cell sheet
migration and recruit more cells in vivo.

Next, the cell viability of the cells inside the hydrogels was verified
through the Live/dead staining. As Fig. 2 j and k shows, the HSFs and
HUVECs both maintained excellent cell viability inside the G and G-A
hydrogels, compared with the cells cultured on the surface of the PS
substrate.

All these results demonstrated that the G-A hydrogel has superior
biocompatibility, and can promote HUVEC migration, indicating that
the G-A hydrogel is a qualified candidate for combined cell sheets and to
form a “gel + cells sheet” film.

3.2. One-step fabrication of the “gel + cell sheet” film

The preparation process of the “gel + cell sheet” film is shown in
Fig. 3a. After HSFs or HUVECs were cultivated to form a cell sheet on the
surface of the Si substrate, the G-A pre-gel solution was injected and
integrated with the cell sheet, and the G-A hydrogel formed in situ with
UV crosslinking and ionic crosslinking. Then, the combined “gel + cell
sheet” film was detached from the Si substrate, and the one-step fabri-
cation process of harvesting the cell sheet and integrating cell sheet into
the hydrogel to form a “gel + cell sheet” film was realized at the same
time. As Fig. 2b shows, through the one-step fabrication strategy, HSFs
sheet and HUVECs sheet could combine in the G-A hydrogel, respec-
tively. Moreover, according to the live/dead staining test results, the
integrated HSFs and HUVECs maintained an excellent viability inside
the hydrogel (Fig. 3c). This result indicates the successful fabrication of
the gel + cell sheet film, and provided superior cell viability. The
retained cell viability of the cell sheet indicated that this one-step
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Fig. 6. CSH for full-thickness skin defect repair in a
rat model. (a) Schematic representation of the surgi-
cal process. Full-thickness defects were created on the
dorsal surface of SD rats, and the G-A hydrogel was
injected and formed in situ to assist in its attachment
of CSH. The CSH was assembled through the over-
laying of the “gel + HSFs sheet” (upper) and “gel +
HUVECs sheet” (lower); (b) Representative photo-
graphic images of wounds at 2, 6, 10 and 14 days for

Neo-tissue formed

N

N

<

-
1

Distance (cm)
Distance (cm)

)

Scaffold
treatment with gel (in situ gelling), scaffold (hydrogel
J‘j colloid column), “gel + cells” (HSFs and HUVECs
layered dipped in gel), and CSH, respectively. The

Distance (cm)
i

o

0 T
0 1 2
Distance (cm)

Gel+cells

N

Distance (cm)

=}

Distance (cm)

Distance (cm)

0

Distance (cm)

o

H 1 untreated group functioned as the control group; (c)
Distance cm)  Traces of wound-bed closure during 14 days for each

CSH treatment; (d) Calculation method of wound closure,

and percentage of wound closure for each treatment
on days 2, 6, 10 and 14 post-operation, (*p < 0.05,
**p < 0.01, ***p < 0.001; n = 4 each experimental/

® & O
day 0 day 2 day 6

@ [ J
day 10 day 14

0

Distance (cm)

2 study group; Student’s t-test).

Wound trace

Initial
wound
area

Wound healing
B

Healed wound area

Healed
= wound
area

Wound Closure (%) = =—— X 100%
Initial wound area
mm Control == Gel mm Scaffold
mm Gel +cells mm CSH
120
100 1
§ 80
Gel Scaffold Gel+cells CSH S
A g o0
I HSFs ©
' T 401
- -
30 20 A
In situ Hydrogel ~ Cells dispersed  Cell sheets
gelling  colloid column in gel harvested in gel 0-

fabrication strategy is a noninvasive process for [32].

Moreover, we examined how the G-A hydrogel could integrate into
the cell sheet and be released from the Si surface. As our previous
published paper proved, the G-A hydrogel is a biomimetic hydrogel with
a triple-network attained through UV crosslinking and ionic cross-
linking, that exhibited mechanical properties superior to those of the G
and G-A-1 hydrogels (Fig. S2) [29]. The adjustable mechanical properties
of the G-A hydrogel allowed the cell sheet to be supported [19], and the
cell sheet was not easily broken through the cell sheet harvesting pro-
cess. More significantly, the adhesion force of the hydrogel toward the
substrate could determine the cell sheet harvesting efficiency [33], and
surface polished Si with a smooth surface was designed as a culture
substrate for the cell sheet. As Fig. 4a shows, regarding the harvesting
effect of the G-A-1 gel + cell sheet, the G-A gel + cell sheet could be
released from the Si surface more easily (Movie S1, and Movie 52); in
fact, the adhesion force between the G-A hydrogel and Si was too small
to be detected by a conventional uniaxial testing machine.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.bioactmat.2023.06.005

The G-A hydrogel formed through UV crosslinking and ionic cross-
linking with a triple-network compared with the G hydrogel formed
with a single network [34] and the G-A-1 hydrogel formed with a
double-network, and the G-A hydrogel displayed superior mechanical
properties [29]. More importantly, the G-A hydrogel had superior hy-
drophobic surface characteristics, the water contact angle on the surface
of the G-A hydrogel increased to 111.70 =+ 0.28°, compared with results
of 94.45 + 0.21° for the G hydrogel, and 102.00 + 0.71° for the G-A-1
hydrogel (Fig. 4b). As most hydrogels have the characteristics of an
internal porous structure and high water content [35,36], hydrogels are

10d 14d

internally hydrophilic [37], however, on the surface of the hydrogels,
rough and non-porous structures were observed (Fig. S3), which may be
the reason why the G-A hydrogel had superior hydrophobic surface
characteristic [38]. The high mechanical strength and super surface
hydrophobic characteristics of the G-A hydrogel might be the reason
why the G-A gel + cell sheet was released from the surface of the Si
substrate more easily. Moreover, as indicated by the results of the water
contact angle test and AFM measurements, the Si surface after G-A gel
detachment had less residue than the Si surface after G-A-1 gel detach-
ment, and Si surface after G-A gel + cell sheet detachment was clear
(Fig. 4b and c). In addition, the results of SEM and the mapping tests
showed that the Si surface after G-A gel + cell sheet detachment had no
visible residue, and the presence of carbon which can be monitored by
mapping tests, might be due to some inevitable trace residues from the
hydrogel or ECM (Fig. 4d). All these results indicated that the G-A
hydrogel was a suitable candidate for use as a cell sheet integration
scaffold. As a photo-responsive molecule, the grafted NB in the G-A
hydrogel can generate aldehyde groups [39], which would be beneficial
for anchoring the amidogen on the cell sheet [40]. Moreover, ionic
crosslinking could increase the hydrophobic surface characteristics,
shrinking the colloid and decreasing the adhesion force toward the Si
surface. These are the most likely reasons why the G-A hydrogel could
integrate into the cell sheet and easily detached from the Si surface
(Fig. 4e).

3.3. Evaluation of the cell sheet proliferation and migration abilities
within the hydrogels

After the cell sheets were harvested with the hydrogels, the
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proliferation and migration abilities of the cells in the hydrogel also
need to be determined [6,13], as these properties are fundamentally
crucial for their further application of in skin repair and regeneration. As
the results of day 0 in Fig. 5 show, HSFs sheet and HUVECs sheet could
be harvested by the G-A gel. Moreover, the harvested cell sheets main-
tained a complete lamellar structure in the gel, the morphologies of the
HSFs and HUVECs maintained their typical shuttle and elliptical struc-
tures [41,42], respectively, and the characteristics of good intercellular
connections were preserved, which indicated that the cell sheet could
integrate with the G-A hydrogel while maintaining a good morphology
and function of the cell sheet. From day 0 to day 5, for the HSFs sheet,
the cell proliferation was obvious (top view and 45° view), but no
obvious migration was observed in three-dimensional space (side view)
(Fig. S4). This phenomenon might contribute to the HSFs sheet having a
relatively low cell proliferation ability and low cell density, and cells
tend to proliferate and migrate in two-dimensional space. When
increasing the number and density of the HSFs sheet by doubling the
density of seeded cells on the surface of Si substrate, and the harvested
HSFs sheet had a significantly cell density. The thickness of the cell sheet
increased from 30 pm (day 0) to 35 pm (day 1) and 60 pm (day 5),
indicating the HSFs would migrate into the hydrogel (Fig. 5a). More-
over, for the HUVECsS sheet, cell proliferation was obvious (top view and
45° view), and the thickness of the cell sheet increased from 25 pm (day
0) to 45 pm (day 1) and 60 pm (day 5), indicating that HUVECs could
migrate inside the hydrogel in three-dimensional space (side view)
(Fig. 5b). The possible reason for this could be the high cell density of the
HUVEGs sheet, and the elliptical structure of the HUVECs allowed them
to migrate in the G-A hydrogel more easily. These results all demon-
strated that the cells in cell sheet could migrate in three-dimensional
space, which is significantly important for its usage in vivo.

3.4. In vivo full-thickness skin repair using CSH

Finally, the therapeutic effect of the CSH system on skin regeneration
was determined by employing it in an SD rat full-thickness dorsal skin
defect model (Fig. 6). The skin wound repair schematic diagram is
shown in Fig. 6a. After a full-thickness skin defect (a diameter of
approximately 1 cm) was created on the dorsal surface of the SD mouse
and the CSH was implanted in the defect area, and G-A hydrogel was
added to assist the attachment of CSH, the CSH was assembled by
overlaying the “gel + HSFs sheet” (upper) and “gel + HUVECs sheet”
(lower). Granulation tissue and neo-skin formed after several days. Five
groups were used for the wound closure assay were prepared as follows:
blank control (untreated), gel (in situ gelling), scaffold (hydrogel colloid
column), gel + cells (layered HSFs and HUVECs dipped in gel), and CSH.

The full-thickness skin wound closure process was monitored
photographically on days 0, 2, 6, 10, and 14 post-surgery (Fig. 6b). Gross
observation of the wound size showed that a remarkable wound closure
effect was observed in all treated groups, especially within 6 days,
compared with the slow wound closure effect observed in the blank
control group during the experimental time. More significantly, hydro-
gel application resulted in quick closure of the wound, preventing
further bleeding and potential bacterial infections (Fig. S5) [10]. Among
the treated groups, the gel + cells group possessed a more efficient
healing with complete wound closure than the gel and scaffold groups,
indicating that the addition of HSFs and HUVECs had a positive effect on
wound healing. Moreover, the CSH group exhibited the most efficient
healing effect with smooth neo-skin and hair growth at day 14. This
result indicated that the cell sheet in CSH could accelerate full-thickness
skin wound healing. Consistent with the gross observations, the quan-
titative analysis of the wound closure rates showed that the CSH pro-
duced the fastest closure rate than the other groups throughout the
healing process. The wound closure rate reached 60.00 + 6.26% in the
CSH group on the 2nd day, while the other groups reached healing rates
of 38.52 + 6.32% (gel + cells), 26.92 + 6.14% (scaffold), 14.59 +
2.49% (gel), and 5.83 + 1.96% (control). Surprisingly, the wound
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closure rates for the CSH group reached 85.52 + 5.08%, 98.37 + 0.82%,
and 100% on the 6th day, 10th day, and 14th day, respectively, which
were all significantly higher than those of the other groups at the same
times pionts. The most possible mechanism for the 60% wound closure
in the CSH group by day 2 was “gel + cell sheet” induced more wound
contraction, and the rat skin wound healing/closure is characterized by
a mechanism of wound contraction due to its unique skin anatomy. All
these results indicated that CSH can accelerate the full-thickness skin
defect healing process through the strategy of integrating the G-A
hydrogel with a cell sheet, and overlaying the gel + cell sheet to simulate
the function of the epidermis and dermis in the skin.

Subsequently, hematoxylin—eosin (H&E) staining was used to eval-
uate the pathological characteristics of the formed neotissue on the 2nd
and 10th days. As shown in Fig. S6a and Fig. 7a, the macroscopic H&E
staining images showed that the granulation tissue contained some
growth factors, abundant fibroblasts, and accumulated extracellular
matrix that filled the wound on the 2nd day and 10th day for all the
groups, and gradually formed neo-dermis tissue. In addition, the gran-
ulation tissue thickness and length of the wound were also limiting
factors for assessing the therapeutic effect of the wound dressing [43],
and these parameters were measured with Image-J software. As shown
in Figs. S6¢ and d and Fig. 7c,e, the granulation tissue thicknesses of all
the treated groups were significantly thicker and the lengths of the
wound were shorter than those of the untreated control group on the
2nd and 10th days. Moreover, the epidermal layer thickness of all the
treated groups were also higher than the control group on the 10th days
(Fig. 7d). The CSH group with cell sheets showed thicker granulation
tissue than that in the gel + cell (p < 0.05), scaffold (p < 0.01), gel (p <
0.01), and control (p < 0.001) groups on the 10th day. Moreover, the
wounds of the CSH-treated group exhibited the shortest lengths
compared with those of the gel + cell (p < 0.05), scaffold (p < 0.001),
gel (p < 0.001), and control (p < 0.001) groups on the 10th day. It’s
worth noting that, there was no obvious epithelization on the 2nd day
(Fig. S6a) and the wound length data on the 10th day (Fig. 7a,e) could be
a good evidence of wound contraction (Fig. 6b,d), more wound
contraction and accelerate neo-tissue formation could be the most
possible mechanism for CSH promote wound closure. These results
further demonstrated that CSH with cell sheets could accelerate
full-thickness skin defect repairs efficiently.

Likewise, regarding the Masson’s trichrome (MT) staining results,
the treated groups and untreated control group exhibited similar gran-
ulation tissue thicknesses and wound lengths to those recorded in the
results of H&E staining (Fig. S6b, Fig. 7b). Moreover, the content and
distribution of collagen fiber in granulation tissue and neo-dermis tissue
can be assessed by MT staining [44], and are important factors when
evaluating the quality of regenerated skin. On the 2nd day, obvious
collagen fibers were visible in the treated groups but significantly
decreased in the control group, and the wounds of the CSH-treated
group exhibited the highest collagen fraction compared with those of
the gel + cell (p < 0.001), scaffold (p < 0.001), gel (p < 0.001), and
control (p < 0.001) groups on the 10th day (Fig. S6e). On the 10th day,
the collagen fibers were more distinctly observed in all the groups. Ac-
cording to the quantitative analysis, the collagen fraction of the CSH
group was still the highest of all the treatment groups (Fig. 7e). In
addition, capillary vessels and hair follicles were visible in the granu-
lation tissue and neo-dermis tissue for all the groups on the 10th day,
and were particularly obvious for the treated groups. However, angio-
genesis or new blood vessel and hair follicles were only distinctly
observed for the CSH group on the 2nd day, while these observations
were relatively poorer in the other groups. In general, the results of H&E
staining and MT staining all demonstrated that mature granulation and
dermal tissue formed with skin appendages for wounds treated with
CSH, which indicated that the CSH with cell sheets had high efficiency
and high quality full-thickness skin defect repair abilities.

To investigate the cell metabolism and proliferation behaviors dur-
ing skin wound healing, immunohistochemical staining for a series of
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changes in cytokines was carried out [45]. After biomaterials are
implanted in vivo, especially those integrated with in vitro cultured cells,
the potential inflammatory reactions are closely related to the eventual
success of the implantation procedure [46]. CD68 is ubiquitous in
monocytes and pan-macrophages [47,48], and tumor necrosis factor-a
(TNF-a) is a kind of typical proinflammatory factor [49], which could be
a marker of inflammation [50,51]. The immunofluorescence staining of
inflammation-related cytokines CD68 and TNF-a (Fig. 8a and b, and
Figs. S7a and b) showed that the expression of CD68 and TNF-a are
significantly lower for the treated groups, compared with those of the
control group, indicating the treated groups have less inflammation.
That was mainly contributed to the G-A hydrogel has a strong tissue
adhesion ability and can closed the wound quickly to prevent further
infection [29]. More importantly, these results indicated that there was
no obvious in vivo rejection reaction occurred when the HSFs and
HUVECs were integrated with the hydrogel and implanted into the SD
rat model. Moreover, the immunofluorescence-stained of CD206 for
CSH group was relatively higher than remaining groups, and the high
expression of CD206 is considered to inhibit inflammation and promote
tissue regeneration (Fig. 8a) [46]. In addition, immunohistochemical
staining for CD31 and a-SMA for assessed angiogenesis of neo-skin, as
neovascularization and vascular network formation is a sign of
high-quality skin wound regeneration [6,52]. The immunofluorescence
and immunohistochemical staining of angiogenesis-related cytokines
CD31 and a-SMA (Fig. 8c,d, and Figs. S7c and d) showed that the
expression of CD31 and a-SMA are significantly higher for the treated
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Fig. 7. Analysis of healed wounds with H&E staining
and Masson staining. (a) H&E staining evaluation of
wound regeneration after treatment with gel, scaf-
fold, gel + cells, and CSH on the 10th day, the black
dashed line show the border between the wound tis-
sue and surrounding healthy skin tissue, the black
dotted line label the epidermal layer; (b) Masson
staining evaluation of wound regeneration after
treatment with gel, scaffold, gel + cells, and CSH on
the 10th day; (c) Quantification of granulation tissue
thicknesses, (d) epidermal layer thickness, the thick-
ness of the granulation tissue and epidermal layers
also were compared with the normal skin, and (e) the
length of wound for different treatments on the 10th
day measured with H&E’s trichrome stained tissue
sections; (f) Quantification of collagen volume frac-
tion for different treatments on the 10th day
measured with Masson’s trichrome stained tissue
sections (blood vessels: red arrows), where the light
blue color indicates the collagen deposition, (NS >
0.05 , *p < 0.05, **p < 0.01, ***p < 0.001; n = 4 in
each experimental/study group; Student’s t-test).
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groups, compared with those of the control group. Notably, the CSH
group obtained the highest expression of CD31 and a-SMA, which was
further demonstrated the ability to promote capillary vessels and
angiogenesis formation for the CSH with cell sheet. In general, these
results demonstrated that mature granulation and dermis formed with
skin appendages in the CSH hydrogel group, which indicated a high
efficiency and quality full-thickness skin defect repairing ability.

Therefore, the one-step fabricated CSH benefitted from the advan-
tages of the biomimetic hydrogel scaffold and cell sheets. The hydrogel
scaffold provided a three-dimensional scaffold structure and biomimetic
microenvironment for inducing neo-tissue ingrowth, and the integrated
cell sheets maintained a superior cell viability, good intercellular con-
nections, and cell function, which resulted in an amazing effect on the
promotion of full-thickness wound healing, accompanied by skin-related
appendages regeneration. This strategy of integrating hydrogels and cell
sheets by a one-step pathway could expand the creativity and possible
utilization of cell sheet technology and make it be more suitable for
clinical applications. Moreover, such compositions of hydrogels and cell
sheets also show potential applications for vascular remodeling, carti-
lage defects, and even organ manufacturing.

4. Conclusion
In this work, HSFs sheet and HUVECs sheet were harvested with a G-

A hydrogel, and one-step integrated as cell sheet-laden hydrogel (CSH).
First, in vitro cell tests confirmed the biocompatibility of the G-A
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hydrogel. The G-A hydrogel was proven to be very suitable for inte-
grating and harvesting the cell sheet. Moreover, the harvested cell sheet
maintained a good morphology and function, and the cells had an
excellent proliferation capacity and could migrate inside the hydrogel.
Finally, an SD rat mouse full-thickness dorsal skin defect model was
constructed, and the fabricated CSH exhibited an ideal wound healing
effect within 14 days. The results of H&E staining, MT staining, and
immunohistochemical staining demonstrated that the neo-skin formed
with skin appendages (hair follicle, blood vessels, etc.). This project
provides new insight into the utilization of cell sheets for skin regener-
ation, and shows clinical applications potentials.
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Fig. 8. Immunohistochemical staining of wound
regeneration site on the 10th day after treatment. (a)
Confocal images of immunofluorescence-stained
control, gel, scaffold, gel + cells, and CSH. Cell
nuclei are stained with DAPI (blue). Pink fluorescence
corresponds to the expression of CD68 macrophages.
Green fluorescence corresponds to the expression of
CD206 macrophages (scale bar: 50 pm); (b) Immu-
nostained for TNF-a on the 10th day; (c¢) Immuno-
stained for CD31 on the 10th day, the red arrow
indicates the vascular networks with endothelial
cells; (d) Immunostained for a-SMA on the 10th day,
the red arrow indicates the vascular networks with
smooth muscle cells.
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