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Abstract

Three-dimensional (3D)-printed bioactive scaffolds that can be produced rapidly
could offer an individualized approach for treating full-thickness skin defects.
Decellularized extracellular matrix (dECM) and mesenchymal stem cells have been
proven to support wound healing. Adipose tissues obtained by liposuction are rich
in adipose-derived dECM (adECM) and adipose-derived stem cells (ADSCs) and
thus represent a natural source of bioactive materials for 3D bioprinting. Herein,
ADSC-laden 3D-printed bioactive scaffolds consisting of gelatin methacryloyl
(GelMA), hyaluronic acid methacryloyl (HAMA), and adECM were fabricated with
dual properties of photocrosslinking in vitro and thermosensitive crosslinking
in vivo. adECM was prepared by decellularization of human lipoaspirate and mixed
as a bioactive material with GelMA and HAMA to form a bioink. Compared with
the Ge[MA-HAMA bioink, the adECM-GelMA-HAMA bioink had better wettability,
degradability, and cytocompatibility. Full-thickness skin defect healing in a nude
mouse model showed that ADSC-laden adECM-GelMA-HAMA scaffolds accelerated
wound healing by promoting faster neovascularization, collagen secretion, and
remodeling. ADSCs and adECM collectively conferred bioactivity on the prepared
bioink. This study represents a novel approach to enhancing the biological activity
of 3D-bioprinted skin substitutes by adding adECM and ADSCs derived from human
lipoaspirate and may provide a promising therapeutic option for full-thickness skin
defects.

Keywords: Lipoaspirate; Adipose-derived stem cells; Adipose-derived decellularized
extracellular matrix; 3D bioprinting; Full-thickness skin defect; Wound healing

1. Introduction

In China, the treatment and nursing of cutaneous wounds create a heavy burden on
individuals, families, and society"l. According to studies conducted in the USA, medical
expenses incurred by repairing various wounds, particularly surgical wounds and diabetic
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foot wounds, have become a substantial social burden'.
Recently, with remarkable progress in regenerative
medicine related to wound healing, skin tissue engineering
has spawned the emergence of skin replacement products
for wound repair. However, in a 2016 global survey of
111 specialists, 100% of the participants believed that an
ideal skin substitute had yet to be developed®. This is due
to many factors, such as the material source, preparation
time, storage time, medical expense, physiological
function, structure reproduction, and biological stability
of previously developed tissue-engineered skin*7!.

Recently, many tissue engineering studies have
fabricated three-dimensional (3D)-bioprinted, structurally
complex scaffolds®!?. 3D-bioprinted structures containing
pigments, or sweat glands and hair follicles have been
successfully constructed in vitro!'"'?. The emergence
of these constructs is very encouraging, but their long
in vitro culture time may not provide patient satisfaction
within a short period of time. By integrating in situ
bioprinting system with image processing technology,
autologous or allogeneic dermal fibroblasts and epidermal
keratinocytes can be delivered precisely to the skin defect
area, which can accelerate wound healing in vivo".
Jorgensen et al. produced three-layer, bioprinted skin
model that encapsulated cells from a wider array of
cell types, such as human keratinocytes, melanocytes,
fibroblasts, dermal microvascular endothelial cells, hair
follicle dermal papilla cells, and adipocytes!"*. There is
no doubt that the composition or function of the newly
emerging full-thickness skin constructs are increasingly
similar to that of natural skin, but we should also note that
most in vitro fabricated 3D-bioprinting scaffold require
a remarkable amount of time to complete material and
cell culture preparation. Confronted with urgent clinical
needs, rapid fabrication of 3D-bioprinting scaffolds is
essential for accelerating wound recovery and reducing
scar formation'"”. There remains a lack of products using
human materials and cells that can be fabricated within
a few days, particularly in terms of material source and
preparation time. This study will focus on this perspective.

If tissue engineering is considered an external tool,
the wound microenvironment itself may serve as an
internal tool to promote implant maturation. Therefore,
these external and internal tools could be combined to
eliminate excessive steps in in vitro fabrication. Therefore,
rapidly fabricated 3D-bioprinted scaffolds that seem like
“semifinished products”but possess biological activity could
be directly implanted into the wound, where their structure
and function would continue to improve depending on
the wound microenvironment. We believe that this is
a valuable approach, although many details regarding
the wound microenvironment remain unexplored. This

treatment approach is based on the concept that if the
microenvironment is regarded as a macroscopic whole,
the overall regulatory direction is conducive to wound
repair’®'7l, Therefore, we attempted to modify the usual
strategy of in vitro fabrication of highly biomimetic skin
substitutes by 3D bioprinting technology to a strategy of
rapid in vitro fabrication and in vivo maturation in the
microenvironment. Once this attempt can be realized, the
preclinical time consumed by 3D bioprinting technology
for wound repair will be substantially shortened.

Liposuction is a well-established procedure that is
widely used in plastic surgery, and the removed fat is
typically discarded as biohazardous waste!'sl. This “waste”
contains abundant extracellular matrix (ECM) and
mesenchymal stem cells (MSCs) that fully meet the cell and
material requirements for bioactive materials that support
the repair of full-thickness skin defects. ECM is a natural
material derived from the human body that can affect
numerous cell processes, including cell spreading, growth,
proliferation, migration, and differentiation, as well as
organoid formation"**l. Decellularized ECM (dECM)
does not contain cellular or nuclear components, reducing
the risk of inflammatory and immune responses upon
implantation, but does retain the structural and functional
properties of ECM, including specific nanostructures,
biochemical complexity, and bioinduction properties®'l.
Importantly, dECM can promote the production of
functional tissues in specific parts of the body®?. These
advantages make dECM a promising material for
tissue engineering strategies for wound treatment. The
thermosensitivity of dECM enables physical crosslinking at
37°C, but dECM alone is unsuitable for 3D printing because
of the low viscosity!®’!. Gelatin methacryloyl (GelMA)
has photocrosslinking properties and can promote cell
adhesion, proliferation, and spreading®!. Hyaluronic
acid methacryloyl (HAMA) has a high hydrophilicity and
considerable cytocompatibility, supporting cell growth,
migration, and differentiation'®!. Photocrosslinked HAMA
can improve the mechanical properties of bioprinted
implants. Therefore, adipose-derived decellularized
extracellular matrix (adECM), together with GelMA and
HAMA, as the main components of a bioink, can provide
dual properties of photocrosslinking and thermosensitive
crosslinking, which can further improve the stability of the
scaffold after implantation.

Several studies have demonstrated the potential of
adipose-derived stem cells (ADSCs) to promote wound
healing*?*]. ADSCs can differentiate into endothelial cells,
fibroblasts, and keratinocytes and secrete cytokines that
promote their proliferation and migration'*-*?.. Biomaterial
scaffolds fabricated by 3D bioprinting technology and
loaded with ADSCs can promote the healing of burn
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Figure 1. Schematic illustration of the fabrication and implantation process for ADSC-laden ECM-GelMA-HAMA constructs. (A) Human adipose tissue
was decellularized, and the obtained adECM was prepared as a hydrogel. Three hydrogel materials, adECM, GelMA, and HAMA, were mixed with ADSCs
at predetermined concentrations to form bioink. (B) Bioink was printed layer-by-layer, and the construction was completed by vertical superposition. (C)
Constructs were implanted into the wounds of nude mice for subsequent in vivo studies.

wounds™?. Based on the traditional concept of tissue
engineering, predifferentiation of ADSCs should be
completed before the printing of scaffolds; however, this
approach reduces the time efficiency for clinical application.
Herein, we developed a 3D-printed bioactive scaffold that
can be fabricated using human adECM and ADSCs as
bioink compositions and evaluated its effect on the healing
of full-thickness skin defects in nude mice, thereby laying
a methodological foundation for the rapid fabrication of
3D-printed skin substitutes for wound healing (Figure 1).

2. Materials and methods

2.1. Decellularization of human adipose tissue and
preparation of hydrogel

Adipose tissue was harvested from the abdomen of healthy
women during routine liposuction procedures at the

Senior Department of Burns and Plastic Surgery of the
Fourth Medical Center of PLA General Hospital in Beijing,
China (No. 2022KY135-KS001). Informed consent was
obtained from the human subjects with approval from
the local ethics committee of PLA General Hospital. The
decellularization process followed Flynn's method™, with
one difference involving the isopropyl alcohol extraction
after the first enzymatic digestion, which was replaced every
12 h to maximize lipid removal. Reagents used for enzyme
digestion included 0.25% trypsin/0.1% EDTA (Gibco,
Canada), benzonase (1000U/mL; Merck, Germany),
and lipase type II (Solarbio, China). All decellularization
solutions included 100IU/mL penicillin, 100mg/mL
streptomycin, 0.625mg/mL amphotericin (Biosharp,
China), and 1% phenylmethanesulphonylfluoride (Sigma-
Aldrich, USA). Collected adECM was freeze-dried in a
vacuum freeze-drying machine for 48 h, and the resulting
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sample was pulverized in a freeze-grinding machine. The
adECM powder was then digested with 0.5 M acetic acid
and 10% pepsin (Sigma-Aldrich, USA) relative to the
adECM weight for 72 h. After the powder was completely
dissolved, the pH of the solution was adjusted to 7.4 with
10 M NaOH, while the temperature was kept at <10°C to
avoid adECM gelation. The pH-adjusted adECM hydrogel
was stored at 4°C.

2.2. Evaluation of adipose-derived

decellularized ECM

To evaluate the decellularization efficiency, residual DNA
within the adECM was extracted using a genomic DNA
extraction kit (Tiangen, China) and measured using the
NanoDrop system (Thermo, USA). The DNA quantity
was normalized to the initial dry weight of the tissue.
Sircol collagen and Blyscan sGAG assay kits (Biocolor,
UK) were used to evaluate the collagen and sulfated
glycosaminoglycan (sGAG) content, respectively, of
decellularized samples. Hematoxylin and eosin (H&E)
staining was performed to visualize any remaining nuclei.
An Oil Red O staining kit (Solebo, China) was used to stain
residual lipids in the adECM.

2.3. Culture and identification of ADSCs

ADSCs were obtained from the adipose tissue of the patient
undergoing liposuction as mentioned in section 2.1.
Isolation and culture of ADSCs were performed as
previously described®. Liposuction was digested with
0.1% collagenase type I (Sigma-Aldrich, USA) for 60 min
at 37°C. Samples were then filtered through a 200-
mesh filter. The filtrate was centrifuged at 1200 xg for
5 min. Pelleted cells were washed and resuspended in
L-DMEM (HyClone, USA) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin-
amphotericin in a humidified atmosphere of 5% CO, at
37°C. Cells from the third to fifth passages were used for
experiments. Commercial kits (Cyagen, China) were used
to examine the adipogenic, osteogenic, and chondrogenic
differentiation abilities of the ADSCs following the
manufacturer’s protocols. Cells were stained with Oil Red
O, Alizarin red, and Alcian blue to assess adipogenic,
osteogenic, and chondrogenic differentiation, respectively.
Flow cytometry (BD Biosciences, USA) was used to detect
the expression of cell surface markers, such as CD31,
CD34, CD45, CD73, and CD90.

2.4. Bioink formulation and cell encapsulation

To improve adECM hydrogel formability for 3D printing,
GelMA and HAMA (SunP Biotech, China) were used
as composite components of the prepared bioink herein
based on their photocrosslinked properties. The final
concentrations of adECM, GelMA, and HAMA in the
bioink formulation were 1.125%, 7.5%, and 1% w/v,

respectively. A bioink solution of7.5% w/v GelMA + 1% w/v
HAMA without adECM was prepared. After the bioink
solutions were pasteurized, a 10% volume concentration
of the photoinitiator lithium phenyl-2,4,6-trimethyl
benzoyl phosphinate was added. Before bioprinting,
ADSCs were detached using 0.25% trypsin/0.1% EDTA.
After centrifugation, cells were suspended in phosphate-
buffered saline (PBS) and then mixed with the bioink at
a 1:9 ratio. The final working concentration of cells was
1.0 x 107 cells/mL in the cell-laden bioink. 3D bioprinting
was performed as soon as the bioink with all components
was prepared.

2.5. Rheological characterization of bioinks

The rheological properties of the two acellular bioinks with
and without adECM were analyzed using a HR-20 hybrid
rheometer (TA Instruments, USA) equipped with a 40-mm
diameter parallel-plate geometry and a gap size of 1 mm.
The storage (G') and loss modulus (G"”) were recorded at a
rate of 3°C/min from 0°C to 35°C under a fixed frequency
of 1 Hz and strain of 2%. The viscosity was measured in
two aspects. First, the effect of temperature on the viscosity
was observed at a fixed shear rate of 1 1/s from 0°C to 30°C.
Then, the effect of shear rate on viscosity was recorded for
a shear rate change from 0.1 to 100 1/s at 17°C. A time-
sweep oscillatory test with a fixed frequency of 1 Hz, strain
of 2%, and temperature of 25°C was used to record the
modulus changes of the samples before and after 10 s of
UV irradiation with a 405-nm UV lamp (CREE, China).

2.6. Swelling of photocrosslinked bioinks
Photocrosslinked samples of the two acellular bioinks
with and without adECM were immersed in PBS at 37°C
for the following time intervals: 1, 6, 12, and 24 h. At each
timepoint, excess PBS was drained from scaffold surfaces,
and the scaffold weight was then measured and recorded as
W.,. Scaffolds were lyophilized for 1 week, and the weight of
each after lyophilization was recorded as W. The swelling
ratio (SR) was calculated using Equation I:

SR = (W, - W)/W, (I

2.7. Degradation of photocrosslinked bioink
scaffolds

Scaffolds prepared from the two acellular bioinks were
lyophilized, and initial masses were recorded as W,. Dried
scaffolds were rehydrated in PBS for 24 h and subsequently
transferred to PBS containing 1.5 U/mL collagenase II for
incubation with shaking at 37°C. Samples were removed
at different time points for lyophilization, and the weights
of dried samples were recorded as W, The percent of
remaining mass (RM) after degradation was calculated
using Equation II:

RM(%) = W,/ W, x 100% (1)
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2.8. Scanning electron microscopy

To remove moisture from the hydrogel, acellular samples
were vacuum-freeze-dried, followed by sputtering,
and coated with iridium to avoid charge accumulation.
Lyophilized samples were cut with a razor to expose the
internal structure and placed on the sample stub, with
tangent facing up. A scanning electron microscope (SEM,
S-4800, HITACHLI, Japan) was used to examine sample pore
structures, and images were obtained with an accelerating
voltage of 15 kV at a working distance of 10 mm.

2.9. Cytocompatibility of photocrosslinked bioinks
After crosslinking with 405-nm UV light, 200 pL of
acellular bioink samples were transferred to a 24-well plate
and immersed in 2 mL Dulbecco’s modified Eagle medium
(DMEM)-F12 medium containing 10% FBS in a humidified
atmosphere of 5% CO, at 37°C for 3 days. The samples
were then removed, and the solution containing the eluent
was collected. The eluent solution was supplemented with
10% FBS and 1% penicillin-streptomycin-amphotericin
and stored at 4°C for later use. ADSCs (5 x 10° cells/well)
were cultured in 96-well plates with 100 pL of the above-
mentioned eluent solution per well for 1, 3, and 7 days. The
blank control group was cultured in DMEM-F12 medium
containing 10% FBS and 1% penicillin-streptomycin-
amphotericin. After washing with PBS, ADSCs were treated
with a mixture of DMEM-F12 medium (90 pL) and CCK-8
reagent (10 puL) for 2 h. ADSC proliferation was determined
using a CCK-8 assay (Dojindo Molecular Technologies,
Japan), and the absorbance value of the sample solutions at
450 nm was measured using a microplate reader (ELX 800;
BioTek Instruments, USA).

2.10. Fabrication of 3D-bioprinted scaffolds
Four-layer circular scaffolds were printed layer-by-layer
using a commercial 3D printer (Envision TEC, Germany)
by extruding bioinks with a thermo-controlled chamber
at 16°C-18°C, a 27G nozzle with an inner diameter of
200 um, a pneumatic pressure of 0.8-1.2 bar, and a moving
speed of 3.2-5.6 mm/s. Scaffolds had an 8-mm diameter
with an 800-um strand spacing and 180-um layer height.
Photocrosslinking was performed by irradiating the
scaffolds for 3-5 s with 405-nm UV light immediately after
the printing process for each layer was completed. Scaffolds
were temporarily immersed in DMEM-F12 medium
containing 10% FBS and maintained under normal culture
conditions for later use.

2.11. Biocompatibility of adECM-GelMA-HAMA
scaffold

A calcein-AM/propidium iodide (PI) double staining kit
(Dojindo Molecular Technologies, Kumamoto, Japan)
was used to assess the biocompatibility of prepared
scaffolds according to the manufacturer’s instructions.

Scaffolds carrying ADSCs were placed in 24-well plates,
and then DMEM-F12 medium was added for culture
under standard conditions at 37°C. On days 0, 3, and 7,
scaffolds were collected, rinsed with PBS three times, and
stained in 2-mL solution containing 2 pmol/L calcein-AM
and 4.5 umol/L PI at 37°C for 15 min. Fluorescent images
of stained cells within scaffolds were obtained using a
confocal laser scanning microscope (Leica TCS SP8, Leica,
Germany). To evaluate ADSC viability at different time
points, the numbers of live and dead cells were counted in
the fluorescent confocal microscopy images using Image-
Pro-Plus 6.0 software.

2.12. In vivo wound healing

All animal experiments were approved by the ethics
committee of the Fourth Medical Center of the PLA General
Hospital (No. 2022-X18-03). Thirty female BALB/c nude
mice, aged 4-5 weeks old and weighing 19.13-22.47 g, were
purchased from Beijing Vital River Laboratory Animal
Technology (Beijing, China). After anesthesia, two full-
thickness excisional skin wounds with 8-mm diameters
were created using a trephine on the backs of nude mice.
A rubber ring with an 8-mm inner diameter was sutured
around the wound with 6-0 nylon to minimize wound
contraction. Mice were randomly divided into five groups
(n = 6 per group) where wounds were filled with no
treatment, ADSC-laden adECM-GelMA-HAMA, acellular
adECM-GelMA-HAMA, ADSC-laden GelMA-HAMA,
or acellular GelMA-HAMA. After scaffold placement, the
wound was covered with a semipermeable membrane and
bandaged, and mice were housed and fed in separate cages.
Images of the wounds were taken at 0, 7, and 14 days, and
the wound residual rate was calculated using Equation III:

Wound residual rate = (Residual area/Original area) x 100%
(Im)

Mice were euthanized at either day 7 or 14 after
implantation for the harvesting of wound tissues, which
were then processed for analysis.

2.13. Histological and immunohistochemical
staining of wound tissues

Wound tissues harvested after 7 or 14 days were fixed in 4%
paraformaldehyde, dehydrated in a graded alcohol series,
and embedded in paraffin. The tissues were then sliced
into 4-um-thick sections perpendicular to the wound
surface for further staining. Each section was stained
with H&E and Masson’s trichrome stain. Picrosirius red
staining was performed to visualize collagen fibers using
a Picrosirius Red Staining Kit (Yeasen Biotechnology,
China). Images were taken under polarized light with a
Nikon Eclipse Ci microscope (Nikon, Tokyo, Japan). For
immunohistochemical staining, deparaffinized sections
were evaluated for CD31 expression using a staining kit

Volume x Issue x (2023)

https://doi.org/10.18063/ijb.718



International Journal of Bioprinting

3D-Bioprinted human lipoaspirate-derived cell-laden skin constructs

H&E
A 2 2
§ m B
2 Ccnlnfugatlon Trypsmlznhon - Delipidation ‘. d
b= .
F Freeze-thaw . 1 z
. =
» \ 4 N4 :
Lipoaspirate
. g
Decellularized process Trypsinization £
g
" PBS washing - Delipidation Benzonase 2
=
= Lipase &
\ ~ ‘ 4 &
e 4
adECM
Lyophilizing Gelation process Oil red O
D
=
[}
g
. Pulverizing Solubilization £
—— =
» 3
~ =
20°C —
E 1000 sk » F 4 iis G 120 %
= > S 354 ~ 100
£ 800 3 -] -
E .%" 25 5 %D 3 § E" 80
22 600 ) £ B 25 ]
g 2 g5 gz
8 t. 15 o 2 S ., 60
=
<3 400 ! &t: % 15 a-a 4
ZE , oE 11 s g
a 5 200 05 S E ] 20
g 0 Es S2
0 i adECM 0 = {0
Native adECM Native adECM Native adECM

Figure 2. Preparation and evaluation of adECM hydrogels. (A) Main steps of adECM preparation, including the sol-gel transition with increasing
temperature. (B) Representative image of H&E-stained native human adipose tissue. Scale bar: 100 pm. (C, D) Representative images of H&E- and Oil
Red O-stained decellularized human adipose tissue, respectively. Scale bar: 100 um. (E, E and G) Quantitative measurements of DNA, sGAG, and collagen
content of native human adipose tissue and adECM. *p < 0.05, **p < 0.01, and ***p < 0.001.

according to the manufacturer’s instructions (Affinity
Biosciences, China). Stained sections were observed using
a BX51 microscope (Olympus, Japan).

2.14. Statistical analysis

Data are representative of at least three experiments and
are presented as mean * standard deviation. One-way
analysis of variance was used for comparisons among
multiple groups, followed by Tukey’s multiple comparisons
test, and adjusted p-values were obtained using GraphPad
Prism 9.0 software. Values of p < 0.05 were indicative of
significant differences.

3. Results and discussion

3.1. Preparation and characterization of adECM
hydrogel

adECM hydrogel was prepared using the procedure
outlined in Figure 2A. After 5 consecutive days of

decellularization, flocculent-hydrated ECM was obtained.
Hydrated adECM was subsequently freeze-dried and
ground into white powder, which was digested by pepsin.
Upon rehydration and adjustment of the pH, adECM
hydrogel was formed. The adECM hydrogel exhibited
a temperature-sensitive sol-gel phase transition with
solid-state characteristics at 37°C. To evaluate the
decellularization effect, we performed H&E and Oil Red O
staining. Adipocytes in the native adipose tissue showed an
intact structure and were arranged in a network, with blue-
stained nuclei clearly visible within the cells (Figure 2B).
Hydrated adECM showed a lack of any blue-stained nuclei
or cellular structures and only contained red-stained ECM
components (Figure 2C). Oil Red O staining of adECM
showed no residual red-stained lipids (Figure 2D).

Verification of residual cellular material is required
and is mainly accomplished by examining the remaining
DNA and genomic residues™. The DNA content in
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adECM was 99.71% lower than that of native tissue (2.34 +
0.87 vs. 804.02 + 72.74 ng/mg dry weight, respectively;
Figure 2E) and substantially below the minimal criterion
for decellularization (<50 ng/mg dry weight)"”.. The sGAG
content was 2.58 + 0.26 and 3.03 + 0.41 pg/mg dry weight in
adECM and native tissue, respectively, indicating that most
sGAG components were retained in adECM, although the
difference between them was not significant (p > 0.05)
(Figure 2F). The collagen content levels in adECM and
native tissues were 100.38 + 4.21 and 90.8 + 4.84 ug/mg
dry weight, respectively (Figure 2G). The collagen content
was remarkably increased in the adECM compared with
that in native adipose tissue, and this may be due to the
low proportion of collagen in adipose tissue, which would
naturally increase with the removal of adipocytes. This is
consistent with the results of Pati et al., who reported that
the GAG content decreased, while the collagen content
increased after decellularization of adipose tissue®.
This elevated collagen content could be an advantage for
adECM as a component of bioink for a 3D-printed skin
substitute.

3.2. Printability of bioinks

The rheological properties of hydrogels are an important
basis for evaluating their printability®. First, the
gelation kinetics of bioinks were evaluated by performing
temperature sweep experiments. Both bioinks exhibited
thermally sensitive properties, with the storage (G’) and
loss modulus (G”) values changing abruptly when the
temperature neared the gel point, indicating that the bioinks
were changing from a liquid to a gel, which is a prerequisite
for ensuring that hydrogels form after printing. The gel
point is the temperature corresponding to the intersection
point of G’ and G”. The gelation temperature ranges
of adECM-GelMA-HAMA and GelMA-HAMA were
16.5°C and 17.4°C, respectively (Figure 3A). The viscosity
of both bioinks decreased with increasing temperature
from 0°C to 30°C (Figure 3B). The loss tangent (tand =
G"/G') tended to increase as the temperature increased,
showing a transition from solid-like behavior (tand < 1) to
liquid-like behavior (tand > 1; Figure 3C).

Bioinks required a viscosity that was appropriate
for controllable printing with excellent shape fidelity™ .
Bioink viscosity was recorded over the shear rate range
of 0.1-100 Hz at 17°C. Rheological analysis showed that
the viscosity of adECM-GelMA-HAMA at 0.1 Hz was
82.67 * 6.71 Paes, which decreased to 1.62 + 0.13 Paes at
the highest shear rate of 100 Hz. The viscosity of GelMA-
HAMA was 110.33 + 5.02 Paes at 0.1 Hz and decreased
to 1.98 + 0.09 Paes at the highest shear rate of 100 Hz.
Both bioinks exhibited shear-thinning properties, with
the viscosity decreasing under increased shear strain
(Figure 3D). Therefore, both bioinks could be smoothly

extruded through the 3D printer nozzle without blockage,
making them suitable for 3D-bioprinting.

We also observed the modulus change after
photocrosslinking. After 10 s of UV irradiation, the
moduli of both bioinks increased rapidly, and the value
of G' changed from being lower than that of G” before
crosslinking to being much higher than that of G”. The
G’ value of adECM-GelMA-HAMA increased by >79-
fold, whereas the value of G” increased by approximately
11-fold, and the respective increases for G’ and G” values
for GeIMA-HAMA were approximately 72- and 4-fold,
respectively (Figure 3E and F).

These results indicate that the bioink may have acceptable
printability and shape retention ability. In particular,
this shape retention ability could enable the printed
scaffold to more effectively fill and contact the wound
microenvironment for a sufficient time throughout wound
healing, thus establishing a dynamic microenvironment
where cells in the scaffold interact with the wound and
those surrounding the wound interact with the scaffold.

3.3. Physical characterization of bioinks

The water uptake capacity is an important criterion
to consider because the encapsulated cells absorb
nutrients from the wound to maintain their growth and
proliferation™!. For analysis of bioink scaffold swelling, the
weight of hydrogel samples was measured at different time
points within a 24 h incubation at 37°C. GelMA-HAMA
and adECM-GelMA-HAMA samples exhibited rapid
water absorption after 1 h of incubation, with SRs of 3.94 +
0.32 and 4.89 + 0.34, respectively. After 12 h of incubation,
the swelling plateaued, and by 24 h, the swelling ratios
were 8.95% + 0.72% and 11.18% =+ 0.45%, respectively. The
swelling ratio of GelMA-HAMA was remarkably lower
than that of adECM-GelMA-HAMA at different time
points (Figure 4A).

To analyze bioink degradation, we used collagenase
treatment at several time points >72 h to calculate the rate
of weight loss. The RM of adECM-GelMA-HAMA was
remarkably higher than that of GeIMA-HAMA after the
experimental time course, and approximately 53.06% =+
5.16% of the adECM-GelMA-HAMA mass remained
at 72 h compared with only 37.53% + 4.52% of GelMA-
HAMA (Figure 4B).

SEM was performed to observe the pore structure of the
two bioinks, as this property can affect cell behaviors, such
as cell spreading, as well as the nutrient and oxygen supply
and metabolite removal. The 3D structures of the two bioink
hydrogels showed a reticular porous morphology (Figure 4C
and D). The porous structure with a network distribution
is an important basis for promoting the attachment and
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Figure 3. Rheological properties of bioinks with and without adECM. (A) Effect of temperature on storage modulus (G') and loss modulus (G”). (B) Effect
of temperature on viscosity. (C) Effect of temperature on loss tangent. (D) Effect of shear rate on viscosity at 17°C. (E, F) Modulus changes before and after

photocrosslinking.

migration of encapsulated cells'*?. In addition, attention
should be paid to the pore size. An internal pore size that
is too small will cause nutrient deficiency and slow cell
growth, whereas a larger pore size is more suitable for cell
growth, proliferation, and migration*’. The measured pore
diameters were 131.39 + 6.88 um (107.6 £ 6.35 pores per
1 x 1 mm field on SEM) for adECM-GelMA-HAMA and
112.16 + 8.07 um (143 + 5.24 pores per 1 x 1 mm field on
SEM) for GelMA-HAMA (Figure 4E and F). This indicates
that adECM-GelMA-HAMA may be more suitable for cell
growth than GelMA-HAMA.

3.4. Morphology and verification of ADSCs
Adherent ADSCs showed a fibroblastic morphology
(Figure 5A), but under the respective inductive culture

conditions, ADSCs differentiated into adipocytes,
osteoblasts, and chondroblasts based on the observation of
lipid droplets by Oil Red O staining, calcium deposition by
Alizarin red staining, and chondrogenic nodules by Alcian
blue staining, respectively (Figure 5B). Flow cytometric
analysis showed that ADSCs were positive for CD90 and
CD?73 expression but negative for CD31, CD34, and CD45
expression (Figure 5C). Thus, isolated cells displayed
typical ADSC characteristics.

3.5. Bioprinting of ADSC-laden scaffolds

Generally, 3D bioprinting can be divided into three types,
including vat polymerization, jetting, and extrusion-
based bioprinting. Vat polymerization-based bioprinting
technique produces solid objects layer-by-layer via
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photopolymerization of a vat of liquid resin. However,
the use of single bio-resin is still a major bottleneck for
its application in tissue engineering*!. Jetting-based
bioprinting enables drop-on-demand patterning of
different types of cells and biomaterials in a noncontact
profile, with the advantages of high throughput and
efficiency. Notably, controlling the droplet volume and
impact velocity during printing can improve cell viability
and proliferation*”.. Extrusion-based bioprinting has
become the most common bioprinting technique due to its
quick production time, ease of operation, and compatibility
with a variety of bioinks. Bioinks in the cartridges are
extruded using either pneumatic pressure or mechanical
force to the preset position through a nozzle (Figure 6A). It
enables the bioprinting of bioinks with high-cell densities.
The shear stress generated by high extrusion pressure
during extrusion-based bioprinting may damage cells, so
cell viability needs to be assessed after printing*®’. adECM

with weak mechanical properties can form composites
together by materials with shear thinning properties, such
as the adECM-GelMA-HAMA bioink in this study. Shear
stress during extrusion can disrupt the weak interactions
between the bio-macromolecular gels and force the
material to flow through the nozzle. This is precisely why
extrusion-based bioprinting was chosen for this study.

To evaluate bioink printability, the cartridge
temperatures for adECM-GelMA-HAMA and GelMA-
HAMA were 16°C-17°C and 17°C-18°C, respectively,
based on the sol-gel transition temperatures determined
by rheological analysis. A four-layer circular structure
with an 8-mm diameter was fabricated via layer-by-layer
photocrosslinking in the bioprinting process (Figure 6B
and C). High-definition images showed that the scaffold
structure was consistent with the design pattern and that
the scaffolds had a regular porous structure (Figure 6D).
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Figure 5. Characterization of ADSCs. (A) ADSCs showed a typical fibroblastic morphology. (B) Differentiation of ADSCs into adipocytes, osteoblasts,
and chondrocytes was detected using Oil Red O, Alizarin red, and Alcian blue staining, respectively. (C) ADSCs stained positive for CD90 and CD73

expression and negative for CD31, CD34, and CD45 expression.

Light microscopy showed that the reticular structure had
a nonsmooth surface, which may be more conducive to
cell growth and interaction between the scaffold and the
wound microenvironment (Figure 6E). SEM showed that
the original structure was retained after lyophilization,
although with a degree of surface shrinkage deformation
(Figure 6F).

3.6. Biocompatibility of bioinks and 3D-printed
bioink scaffolds

Cells in the scaffold with 7.5% GelMA had greater
viability, proliferation, and spreading compared with
those in scaffolds with 5% and 10% GelMA", and the
7.5% GelMA was chosen for further study. To determine
whether bioink components affect the viability of ADSCs,
CCK-8 assays were performed. Based on increasing optical

density (OD) values over time, ADSCs in the mixture
remained viable and proliferated, indicating that the two
bioink formulations did not exhibit any biological toxicity.
Notably, OD values for ADSCs loaded in adECM-GelMA-
HAMA were higher than those in GelMA-HAMA at all
timepoints, suggesting that adECM could improve the
activity of ADSCs (Figure 7A-C). To visualize the effect
of the bioprinting process and photocrosslinking on cell
viability, we performed live/dead staining of ADSCs
within the scaffolds at 1, 3, and 7 days after printing.
Bioink-formed 3D structures were maintained for 7 days,
indicating their high structural stability. The ADSCs in
each scaffold type survived, and the number of live cells
increased with the prolonged culture time (Figure 7D).
The percentages of viable cells in the adECM-GelMA-
HAMA group on days 1, 3, and 7 were 97.24% + 1.18%,
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Figure 6. Fabrication of 3D-printed constructs. (A) 3D-bioprinting platform. (B) Bioink was used for printing in a layer-by-layer style in a sterile
environment. (C) Printed constructs exhibited a complex lattice-shaped structure as expected. (D) Image taken by the printer’s high-definition camera. (E)
Representative microscopic image of printed construct. (F) Representative SEM micrograph of printed construct.

95.73% + 1.21%, and 96.17% =+ 1.05%, respectively,
and those in the GelMA-HAMA group were 96.43% =+
1.07%, 95.35% * 1.52%, and 95.19% + 1.4%, respectively.
No significant difference in cell viability was observed
between the two bioinks (Figure 7E and F). CCK-8 assay
and live/dead staining results together demonstrated the
biocompatibility of adECM-GelMA-HAMA. We propose
that the high cell viability in both groups may be related
to the nutrient-rich medium used for cell growth in vitro,
which differs from the complex wound microenvironment
in vivol'l. Although no significant difference was observed
between the two bioink groups, cell viability was >95% in
both groups. Together, the CCK-8 assay results and live/
dead staining results demonstrated the biocompatibility of
both prepared bioinks.

3.7. Invivo wound healing after treatment with
3D-bioprinted scaffolds

A full-thickness skin defect model in nude mice was used
to evaluate the effectiveness of ADSC-laden 3D-bioprinted
adECM-GelMA-HAMA scaffolds for promoting the
wound-healing process (Figure 8A). Gross observation

of wound closure showed that the wound area decreased
over time in each treatment group. However, wound sizes
differed among the groups, and on day 7 after implantation,
the wound area of the blank control group decreased the
most slowly. On day 14, the two groups with ADSC-laden
scaffolds had achieved complete wound closure. Notably,
the skin in the ADSC-laden adECM-GelMA-HAMA
group had healed more completely, whereas that in the
ADSC-laden GelMA-HAMA group still showed an area
of poor epithelization. In both treatments with acellular
scaffolds, a small area of unclosed wound remained, but
the wound areas in these groups were smaller than those in
the blank control group (Figure 8B).

Quantitative measurement of wound closure
showed that the area of the unclosed wound at day 7
was remarkably smaller in the ADSC-laden adECM-
GelMA-HAMA group (15.4% + 1.56%) than that in the
ADSC-laden GelMA-HAMA, adECM-GelMA-HAMA,
GelMA-HAMA, and blank control groups (26.43% =+
4.11%, 29.47% =+ 3.23%, 34.68% + 3.73%, and 54.48% =+
6.59%, respectively). On day 14, the wound area in the
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ADSC-laden adECM-GeIMA-HAMA group (0.81%
+ 1.14%) was remarkably reduced compared with that
in the adECM-GelMA-HAMA, GelMA-HAMA, and
blank control groups (6.67% * 1.97%, 16.65% * 2.9%, and
29.42% + 4.21%, respectively) but was not remarkably
different from that in the ADSC-laden GelMA-HAMA
group (0.82% + 1.52%; Figure 8C). Several studies have

confirmed that ADSCs can accelerate the wound-healing
process“-"l. In the early stage of wound healing, implanted
MSCs recruit more endogenous cells through the
paracrine effect for tissue remodeling. In the latter stage,
exogenous cells gradually disappear, and endogenous
cells gradually assume the responsibility of repair®'l
Another consideration is that ECM is involved in wound
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re-epithelialization through contact with keratinocytes or
by affecting granulation tissue®?.

3.8. Histopathological analysis of repaired skin

At day 14, the ADSC-laden adECM-GelMA-HAMA
group was superior to the other groups for promoting the
collagen III/I ratio, the deposition of collagen, and the
expression of CD31. In vivo wound healing after treatment
with different scaffolds was further evaluated histologically
through H&E staining. On day 14 after implantation,
the harvested tissues from the two ADSC-laden groups
showed a well-organized epidermal structure and a well-
distributed dermal structure with clear vascular and
fibrous tissues and minimal inflammatory cell infiltration.
We speculate that the limited inflammatory infiltration
may be related to modulation of neutrophil, macrophage,
and lymphocyte responses by MSC-secreted growth
factors and cytokines®™. In comparison, the epidermis
was fractured in samples from the two groups treated
with acellular scaffolds, and fibrous tissue hyperplasia was
found in the dermis, especially in the GelMA-HAMA
group. In the blank control group, no covered squamous
epithelium was observed, and the dermis was dominated
by inflammatory granulation tissue (Figure 8D). Porous
scaffold structures have recently been shown to facilitate
healthy fibroblast activity and inhibit myofibroblast
activation®. The adipogenesis reported in previous studies
was not observed here after implantation of ADSC-laden
adECM-GelMA-HAMA scaffolds*!.

Collagen synthesis and remodeling were evaluated
using Masson’s trichrome staining with quantitative analysis
at 14 days after implantation. Collagen fibers in tissue
samples from the ADSC-laden adECM-GelMA-HAMA
and ADSC-laden GelMA-HAMA groups were denser and
arranged in a more orderly fashion (Figure 8E) compared
with those in the other groups. The collagen contents of
samples from the ADSC-laden adECM-GelMA-HAMA
and ADSC-laden GelMA-HAMA (52.62% + 3.4% and
44.41% =+ 2.57%, respectively) were remarkably higher
than those of samples from the adECM-GelMA-HAMA,
GelMA-HAMA, and blank control groups (34.05% =+
4.85%, 26.79% * 3.61%, and 15.77% + 3.55%, respectively),
with significant differences observed among the groups
(Figure 8F).

The histological morphology of collagen I and III in
each group was observed using Picrosirius red staining
14 days after implantation. Under polarized light
microscopy, collagen I showed red or yellow birefringence,
and collagen III showed green birefringence. Thus, the
collagen content differed among the groups, which was
consistent with Masson’s trichrome staining, and the
proportion of collagen I was higher than that of collagen

III in each group (Figure 9A). The ratio of collagen III to
collagen I in the ADSC-laden adECM-GelMA-HAMA
group (0.5 + 0.04) was remarkably higher than those in the
ADSC-laden GelMA-HAMA, adECM-GelMA-HAMA,
GelMA-HAMA, and blank control groups (0.44 + 0.05,
0.19 + 0.05, 0.16 + 0.03, and 0.08 + 0.03, respectively)
(Figure 9B).These results indicate that adECM and ADSCs,
in combination or individually, can increase the content of
collagen type III and promote scarless wound healing. The
collagen ratio reflects a dynamically evolving process, and
during the maturation phase, the collagen fibers reorganize
from type III collagen to type I collagen to complete the
tissue remodeling®**7],

Angiogenesis and neovascularization are critical
determinants during the wound-healing process®**. Blood
vessels provide oxygen and nutrients to maintain cell
proliferation and structural remodeling®. The expression
of endothelial cell biomarker CD31 was detected by
immunohistochemical staining, and then wound
neovascularization also was evaluated. Positive expression
of CD31 was seen in all groups on day 14 after implantation
(Figure 9C). The number of blood vessels in tissue samples
from the ADSC-laden adECM-GeIMA-HAMA group
(60.5 + 6.14/field) was remarkably higher than those
from the ADSC-laden GelMA-HAMA, adECM-GelMA-
HAMA, GelMA-HAMA, and blank control groups
(50.38 + 4.32, 35.75 + 5.45,29.38 £ 3.77, and 15.75 + 3.96/
field). Significant differences in the numbers of blood
vessels were observed among all the groups (Figure 9D).
These results indicate that adECM and ADSCs could
promote angiogenesis during wound healing, whether
acting together or alone.

These differences in wound neovascularization suggest
that adECM and ADSCs alone or in combination can
promote the formation of key physiological structures
in wounds after implantation. ECM contributes to
cell adhesion, tissue anchoring, cell signaling, and cell
recruitment’®’. To date, the vast majority of natural
or synthetic materials do not fully replicate all the
natural features of ECM"). The adECM was chosen
as the bioink component herein to provide a natural
microenvironment similar to that of native adipose
tissue for ADSCs, which may facilitate cell survival and
retention of characteristics!®**?. Upon placement in the
wound microenvironment in vivo, ADSCs can continue
to adapt to the wound microenvironment to function in
promoting wound healing. Xu et al. injected adECM into
the skin of mice and found that adECM increased dermal
thickness, proliferating cell abundance, capillary density,
and collagen types I and III expression'®’. This suggests
that the microenvironment may play a determining
role in the direction of tissue generation, independent
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Figure 9. Ratio of collagen type III/collagen type I and angiogenesis within repaired skin tissue from each treatment group. (A) Representative images of
Picrosirius red staining of repaired skin samples harvested after 14 days. Scale bar: 100 pm. (B) Ratio of collagen type III (Col III) to collagen type I (Col I)
in repaired skin samples from different treatment groups. (C) Distribution of blood vessels (CD31-positive area) identified by immunohistochemical
staining in repaired skin samples harvested from different groups after 14 days. Scale bar: 100 um. (D) Quantitative analysis of CD31-positive (+) blood
vessels in repaired skin samples harvested from different groups after 14 days. *p < 0.05, **p < 0.01, and ***p < 0.001.

of the source tissue for MSCs or ECM. In the process
of wound healing, this microenvironment may direct
ADSCs to participate in tissue repair through different
mechanisms, and further research is needed to elucidate
these specific mechanisms/®. This activity within the in
vivo wound microenvironment supports the development
of an “in vitro rapid fabrication + in vivo maturation in the

microenvironment” strategy adopted herein, which does
not require in vitro preparation of a tissue-engineered
material that completely matches the wound environment.
This enables us to focus on maintaining the viability and
identity of engrafted MSCs in the present study.

A limitation of this study is that ADSC survival,
proliferation, and differentiation were not evaluated
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after implantation. A specific microenvironment that
provides complex communication is critical in regulating
cell survival and differentiation®”.. Previous studies have
confirmed that ADSCs can differentiate in vivo and adapt
to microenvironmental conditions®!. In skin regeneration
studies, MSCs have been shown to differentiate into
keratinocytes, dermal fibroblasts, and other skin
components!® 7’ Therefore, our subsequent studies will
focus on the possible cellular fates of ADSCs and the
underlying regulatory mechanisms after implantation of
the 3D-printed scaffolds.

5. Conclusion

The ADSC-laden 3D-printed scaffolds fabricated herein
could address several clinical needs for treating major
skin defects, such as sufficient material source, timely
preparation, and efficacy. It is important to emphasize
the rapid timeline for the preparation of these scaffolds,
allowing sufficient material to be quickly obtained from
human lipoaspirate for the fabrication of the clinically
needed scaffolds. We found that the 3D-printed ADSC-
laden adECM-GeIMA-HAMA scaffold can accelerate
wound healing in a mouse model by promoting
angiogenesis and collagen synthesis, and this approach
may consequently become a new treatment method for
tull-thickness skin defects.
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