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Abstract

The skin is the largest organ of the human body and is the primary barrier against
external stressors. However, in cases of severe skin damage or pathological
conditions, the body’s natural physiological repair mechanisms are often insufficient
to support effective skin tissue repair and regeneration. Bioprinting, a form of three-
dimensional (3D) printing technology, utilizes various biomaterials and cells to
construct complex 3D structures, offering the potential to overcome the limitations
of conventional tissue-engineered skin and to develop functional skin substitutes.
In this study, we developed a 3D bioprinter with excellent printing performance to
fabricate vascularized skin substitutes. Through methacrylic anhydride-mediated
modification of gelatin, we synthesized gelatin methacryloyl (GelMA) with varying
degrees of substitution. The resulting GelMA hydrogel exhibited excellent mechanical
properties, swelling ratio, porosity, and rheological properties. To create a hydrogel-
multicellular composite bio-ink, we adjusted the concentration of the GelMA solution
and co-cultured humanimmortalized epidermal cells, human foreskin fibroblasts,and
human umbilical vein endothelial cells to optimize biological function. Importantly,
by fine-tuning the printing parameters, the 3D extrusion-printed lines successfully
fused into a continuous membrane, enhancing interlayer bonding and mechanical
integrity. This process enabled the construction of a vascularized skin substitute
with distinct reticular and papillary layers. In addition, the 3D-printed vascularized
skin was implanted into skin defect models established in BALB/c nude mice and
New Zealand rabbits to investigate its regenerative capabilities. These findings
hold significant implications for the utilization of 3D-printed vascularized skin for
improving skin injury repair, thereby advancing the field of skin tissue engineering.

Keywords: Three-dimensional bioprinting; Gelatin methacryloyl; Skin injury;
Vascularized skin
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1. Introduction

The skin is the largest organ of the human body, comprising
the epidermis, dermis, and subcutaneous tissue arranged
in distinct layers. It serves as a critical protective barrier.
However, conditions such as burns, trauma, ulcers, and
cancer can cause varying degrees of skin damage. For
large-area skin defects, skin grafting is often required.
The most common clinical grafting techniques are split-
thickness and full-thickness skin grafts. Since these
methods use autologous skin, they carry minimal risk
of immune rejection and generally result in favorable
recovery outcomes. However, their application is limited
by the availability of donor sites. Therefore, developing
a straightforward method to fabricate skin substitutes
remains highly desirable.

Three-dimensional (3D) bioprinting enables the
precise spatial organization of biomaterials and cells
to create functional skin substitutes. This technology
deposits bio-inks layer-by-layer to recreate native
tissue microenvironments. Currently, 3D bioprinting
skin substitute methods include inkjet printing, laser
printing, photopolymerization printing, and extrusion
printing. Inkjet printing, the earliest technology applied in
bioprinting, was used by Lee et al.' from Konkuk University
to construct dermal and epidermal skin substitutes by
printing cell-containing collagen/fibrinogen. Michael
et al? fabricated a bilayer skin substitute using laser
technology, employing a tissue-engineered skin scaffold as
a base, on which they printed layers of dermal fibroblasts
and keratinocytes and applied it to treat skin defects in
mice. However, skin substitutes constructed using inkjet
printing often suffer from poor mechanical strength, while
the metal absorption substrate used in laser printing may
release metal particles under high-energy laser exposure,
potentially contaminating the cells. Photopolymerization
printing materials must possess photosensitive properties,
which limits their application in constructing skin
substitutes. Extrusion printing, which uses air pressure or
screw extrusion to push bio-ink through a nozzle, deposits
it on the platform according to the preset path to form the
printed structure.** Compared to other printing methods,
it is highly suitable for constructing complex biological
tissues and organs with multiple cells and materials. It is
widely applied in research on printing skin substitutes.

Bio-ink selection is critical for skin bioprinting,
requiring optimal printability, biocompatibility, and certain
mechanical properties.”® Both natural and synthetic
biopolymers have been explored for 3D-printed skin
constructs. Common natural biopolymers include gelatin,
collagen, hyaluronic acid, cellulose, alginate, chitosan, and
decellularized extracellular matrix derived from animal

tissues. Synthetic biopolymersinclude polyethylene glycol, "
polyethylene glycol,' polylactic acid,'? polycaprolactone,
and poly(lactic-co-glycolic acid).” Gelatin methacrylate
(GelMA) is a modified gelatin-based hydrogel renowned
for its superior photocrosslinking properties. The hydrogel
contains matrix metalloproteinases and arginine-glycine-
aspartic acid sequences, facilitating cell migration,
adhesion, proliferation, and differentiation. GelMA
boasts a range of advantageous properties, including
excellent thermosensitivity, outstanding photocrosslinking
capability, non-toxicity, and good biocompatibility. Zhao
etal.”reconstructed amultilayer epidermis, which benefited
from the sufficient hardness of high-concentration GelMA
(20% w/v). According to the research of Xu et al.,'® low-
concentration GelMA with large pores, although having
weak material stiffness, is beneficial to the growth and
proliferation of fibroblasts. This concentration-dependent
behavior enables precise layering of skin substitutes.

Currently, research on skin substitutes focuses on
constructing skin models with appendage structures,
including blood vessels,'”*® nerves,'*** and hair follicles,?" *
to enhance graft survival and enable more physiologically
relevant drug testing. Various bioprinting strategies have
been explored to create such complex structures. For
instance, Motter et al.** developed a bilayered skin substitute
using collagen-based bio-inks containing human follicle
dermal papilla cells, fibroblasts, and keratinocytes, which
formed follicular structures during culture. Researchers
from Tsinghua University utilized GelMA* and Matrigel*
as matrix hydrogels to encapsulate epidermal stem cells
and skin precursor-derived cells obtained from mice.
The newly formed skin at the site of skin defects in
mice exhibited the formation of vascular and follicular
appendages, among other structures. Dai et al.”” from the
National Taiwan University utilized a composite hydrogel
mixed with polyurea and gelatin as the dermal ink, loaded
with human fibroblasts and endothelial progenitor cells,
and used keratinocytes as the epidermal ink to construct
a pre-vascularized bilayer skin substitute. This was then
implanted into a nude mouse defect model to validate
its repair and angiogenesis effects. Ma et al.*® employed a
composite hydrogel scaffold made of strontium silicate,
cold-set gelatin, sodium alginate (SA), and methylcellulose,
on which vascular endothelial cells and fibroblasts were
deposited to form a pre-vascularized skin (VS) scaffold.
In vivo experiments demonstrated that this skin substitute
actively promoted vascular formation. Barros et al.” used a
mixture of GeIMA and SA hydrogels to encapsulate vascular
endothelial cells, and GelMA hydrogel to encapsulate
fibroblasts, constructing the pre-vascularized and dermal
layers layer-by-layer. On the surface of the dermal layer,
a multi-layered keratinocyte layer was rapidly formed by
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repeatedly dropping a low-concentration gelatin solution
containing keratinocytes, ultimately resulting in a pre-
vascularized multi-layered skin substitute. Despite these
advances, significant challenges remain. Many studies
primarily assess endothelial cell viability without fully
characterizing in vitro microvascular network formation
or functionality. Effective vascularization is critical for
nutrient delivery, oxygenation, and tissue integration, yet
current methods often fail to recapitulate the hierarchical
vascular networks found in native skin.

Therefore, this study aimed to construct a multi-
layered skin substitute with a vascularized structure. First,
we modified gelatin with methacrylic anhydride to obtain
GelMAhydrogelswithdifferentdegreesoffunctionalization.
We then characterized the physicochemical properties,
printability, and biocompatibility of the GelMA. By
adjusting the concentration of GelMA solutions and

optimizing the culture parameters for epidermal cells,
dermal cells, and vascular endothelial cells, we prepared
a hydrogel-based, cell-compatible composite ink for VS.
Using 3D extrusion printing technology, we constructed
a stable in vitro dermal VS substitute. Additionally, the
3D-printed VS was implanted into skin defect models to
further investigate its reparative effects on damaged tissue.
We believe this study provides a promising skin substitute
for clinical applications and offers valuable insights for
future research.

2. Methods

2.1.Three-dimensional bioprinting equipment

We independently developed a 3D bioprinting device. The
device comprises a temperature control module, a motion
module, a material supply module, and a control module.
The constructed 3D bioprinting device is shown in Figure 1,

Feed"'moduie’and
cBAtfo | modlul

Frontview

= e

Temperature
control module

Air pamp

h ..”.y.-.’ ]

Temperature
controlled
nozzle

Figure 1. Overall assembly diagram of the printing equipment system.
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in which the constant temperature controller of the feeding
and control module and the temperature control module
are distributed inside the chassis. The overall size of the
printing device is 450 mm X 450 mm x 500 mm, and it can
be used as a desktop-level printer. The software-controlled
host computer system is programmed with LabVIEW
software, and the lower computer is developed with an
STM32F407 single-chip microcomputer (LabVIEW 2020,
STM32F407 single-chip microcomputer 5.0+).

2.2, Print device test

Vasovascular skin substitute printing involves multi-
ink printing. The repetitive positioning accuracy of the
printing nozzle has a great influence on the final forming
quality.**** This equipment was designed with a reset sensor
button in the z-axis direction, which was used to locate the
knife each time the nozzle was replaced. This paper defines
the repetitive positioning accuracy of nozzle replacement
as D (Equation I). The x-axis deviation is AX, the y-axis
deviation is AY, and # is the number of random tests.

D= " NAX*AY?x100% 1)
- n

The SA/gelatin composite hydrogel was printed in the
shape of a five-pointed star and an ear using a single-nozzle
printing method, and the parameters selected are shown
in Table 1. Multi-ink simulation printing of a 10% (w/v)
GelMA hydrogel mixed with different ink colors was used
to print a multi-layer skin.

2.3. Synthesis of gelatin methacrylate

In this study, GelMA was synthesized using an improved
process. Briefly, 10 g of type A gelatin (Sigma, Germany)
was dissolved in 100 mL of 0.25 M sodium bicarbonate
(Macklin, China) buffer solution with a pH of 8.5.
Methacrylic anhydride (Sigma, Germany) was added,
and the mixture was stirred at 50°C for 2 h. After that,
it was centrifuged at 4000 rpm for 10 min to remove the
precipitate, and the clear supernatant extract was retained.
Then, 200 mL of warm sodium bicarbonate solution was
added to adjust the pH to 7.4, and the mixture was stirred at
40°C for 0.5 h. The solution after the reaction was put into
a dialysis bag with a molecular weight cutoff of 12-14 kDa
and dialyzed in pure water at 40°C for 1 week. The solution
was filtered through a 0.22 um filter membrane and freeze-

Table 1. Model printing parameters

dried for 3 days, resulting in white porous foamy GelMA,
which was stored at -80°C. The synthesized GelMA was
verified using proton nuclear magnetic resonance (JEOL,
Japan), and the formula is presented in Equation (II).

_ lysine methylene pronton of Gel MA
lysine methylene pronton of Gelatin

D0F=(1 )xlOO% (I1)

2.4. Characterization of gelatin methacrylate

The GelMA was dissolved in phosphate buffer saline
(PBS) containing 0.5% (w/v) lithium phenyl-2,4,6-
trimethylbenzoylphosphinate and filtered using a 0.22-pm
filter membrane. Finally, GeI]MA at concentrations of 5%
(W/v), 10% (w/v), 15% (w/v), and 20% (w/v) was obtained
as the bio-ink, and their mechanical modulus, swelling
ratios, porosity, and rheological properties were measured,
respectively.

The GelMA mechanical modulus was tested using a
dynamic thermomechanical analyzer (DMATAQ800, TA
Instruments, United States), employing uniaxial tensile
and compression methods. In the tensile test, the sample
was made into a dumbbell shape with a thickness of 4 mm,
and the cross-sectional area of the middle section of the
dumbbell was 16 mm?. A pre-stress of 0.01 N was applied,
and the dumbbell sample was clamped at a strain rate of 0.1
N/min from 0.01 to 10 N until the sample was crushed. In
the compression test, the sample was shaped cylindrically
with a diameter of 12 mm and a thickness of 2 mm, and the
GelMA cylinder was compressed at a strain rate of 10 N/
min in the range of 0.01-18 N until the sample was crushed.
The swelling sample resulted in a cylindrical hydrogel with
a diameter of 12 mm and a thickness of 2 mm. After the
sample was prepared, it was immediately weighed as W,
and then transferred to a 12-well plate of PBS and stored
in a 37°C and 5% carbon dioxide incubator for 24 h. After
taking it out, the surface water was absorbed using dust-
free paper, and the wet weight W, was measured. The
formula is as follows in Equation (III).

SR— Wd—v;,m % 100% (111)

The GelMA samples were freeze-dried and split into
two halves to expose the cross-section, followed by coating

Structure Needle model Extrusion pressure Print speed Print temperature Print layers
Five-pointed star model 30G 0.7 bar 2 mm/s 27°C 10
Human ear model 30G 0.9 bar 4 mm/s 27°C 81
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with gold-palladium. The morphology of samples was
observed using scanning electron microscopy (SU-8010,
Hitachi, Japan), with a working distance of 9 mm and an
accelerating voltage of 15 kV, and analyzed using Image]
(ImageJ2 2.14.0). The rheological properties of GelMA
hydrogel samples were measured using an MCR302
rotational rheometer (Anton Paar, Austria). At a fixed
frequency of 1 Hz, the storage modulus (G’) and loss
modulus (G”) were measured as the temperature decreased
from 40 to 4°C at a rate of 5°C/min. To assess the effect
of temperature on viscosity, measurements were taken at
a constant shear rate of 50/s within the same temperature
range. At 25°C, the relationship between the shear rate and
viscosity was observed within the 0-500/s range.

2.5. Cell culture

Human umbilical vein endothelial cells (HUVECs), human
foreskin fibroblasts (HFF), and human immortalized
epidermal cells (HaCaT) (SUNNCELL, China) were
cultured in Dulbecco’s modified Eagle Medium/Nutrient
Mixture F-12 supplemented with 15% fetal bovine serum
and 1% penicillin/streptomycin at 37°C and 5% carbon
dioxide. HUVECs and HFF were routinely passaged
onto a tissue culture flask and were discarded after 8 and
12 passages, respectively, to ensure the representation of
key characteristics. Culture media was changed every
2 days, and cells were sub-cultured upon reaching
80-90% confluency.

2.6. Printability and biocompatibility

According to the gel point test results of the GelMA
hydrogel, printing tests were carried out for GelMA with
concentrations of 5%, 10%, 15%, and 20% (w/v) within
the temperature ranges of 13-17, 15-19, 17-21, and 20-
24°C, respectively. The printing speed was 6 mm/s, the
pressure was 0.1-1.2 bar, the needle type was 30 G, and
a two-layer grid structure was printed. A smaller needle
diameter typically improves printing resolution but may
compromise cell viability due to higher shear stress.
Therefore, we selected a 30 G needle to balance resolution
and cell viability.

For cell-loaded printing, 10% (w/v) GelMA loaded
with HFF cells (1 x 10°/mL) were used to print the grid and
film structures. During printing, the nozzle temperature
was controlled at 18°C, and the low-temperature platform
temperature was controlled at 8°C; the needle type selected
was 30 G. After printing, the samples were irradiated with
405 nm blue light for 60 s, followed by the addition of
culture medium and incubation. Both samples were dyed
with LIVE/DEAD® Viability/Cytotoxicity Kit (Thermo
Fisher, United States) within an hour after printing and on
the 7th day after printing.

2.7. Cell viability and proliferation assays

The HFF cells (1.0 x 10° cells/mL) were added to 5%, 10%,
15%, and 20% concentrations of GelMA. Cell viability
was measured by red or green fluorescent dye uptake with
LIVE/DEAD® Viability/Cytotoxicity Kit. The samples
were cultured in a humidified 5% carbon dioxide incubator
at 37°C for 1, 3, and 7 days. The fluorescence images of
the cell-laden structures were collected using confocal
laser scanning microscopy (ZEISS LSM780, Oberkochen,
Germany). Cell proliferation was determined using cell
counting kit-8 assays (Medchemexpress, United States).
The cells encapsulated in the GelMA were cultured in a
humidified 5% carbon dioxide incubator at 37°C for 1, 2,
3,4, 5, 6, and 7 days. The samples were incubated at 37°C
for 2 h, and cell viability was quantified by measuring the
ultraviolet absorbance of the solution at 450 nm using a
microplate reader (RT-6100, Rayto, China).

2.8. F-actin fluorescent labeling

For the fluorescent staining of F-actin, the samples
were washed twice in PBS and then fixed with 4%
paraformaldehyde for 10 min at room temperature. After a
3x 10-min rinse with PBS, the samples were permeabilized
with 5% Triton-X 100 for 3 min, washed thrice for 10 min
in PBS, and stained with TRITC phalloidin for 30 min at
37°C in the dark. It was then washed thrice for 5 min in
PBS. The samples were then counterstained with 100 nM
4',6-diamidino-2-phenylindole (DAPI; Slarbio, China) for
15 min at room temperature in the dark and then washed
twice for 5 min in PBS. The images of the samples were
observed using confocal laser scanning microscopy (Leica,
Germany) and analyzed using Image]J software.

2.9. Western blot

Western blot was performed using a previously
described method.> The HFF cells (1 x 10° cells/mL)
encapsulated in the GelMA were cultured at 37°C and
5% carbon dioxide for 7 days. The samples were lysed
in radioimmunoprecipitation assay buffer (Solarbio,
China) with phenylmethanesulfonyl fluoride (Servicebio,
China) on ice, followed by centrifugation for 5 min
(12,000 rpm, 4°C). The protein was quantified using the
bicinchoninic acid protein assay kit (HK Bio, China). The
supernatants (10 ug protein) were subjected to SDS-PAGE
(Servicebio, China) electrophoresis and transferred onto
polyvinylidene difluoride membranes (Servicebio, China).
The non-specific sites were blocked with 5% fat-free milk
in tris-buffered saline with Tween-20 buffer (Servicebio,
China) on a shaker at room temperature for 2 h. The
membranes were then incubated with primary antibodies
for collagen I (1:1000) and GAPDH (1:1000) (Servicebio,
China) overnight at 4°C. Subsequently, the membranes
were incubated with goat anti-Rabbit immunoglobulin
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G, horseradish peroxidase secondary antibody (1:5000)
(Abcam, United States) at room temperature for 2 h.
Signal detection was performed using an enhanced
chemiluminescence detection kit (Servicebio, China), and
images were captured using the ChemiDoc XRS+ system
(Bio-Rad, United States). Band intensities were quantified
using Image] software.

2.10. Hematoxylin and eosin and Masson staining,
immunohistology, and image analysis

The samples were fixed in 4% paraformaldehyde for
48 h and washed thrice for 5 min in PBS, followed by
processing according to standard methods of paraffin wax
embedding, dewaxing, and tissue sectioning. The samples
were cut into 5-um-thick sections using a microtome
(RM2016, Leica, China) for hematoxylin and eosin (H&E)
and Masson (BHBT, China) staining. The sections were
immersed in xylene (I-20 min, II-20 min, and III-15 min)
and sequentially immersed in ethanol solutions (100%
twice, 85%, and 75%) for 5 min. Then, the sections were
immersed in a hematoxylin solution for 5 min, washed
with tap water for a minute, and dipped in 1% acid alcohol
for 10 s. They were further immersed in a bluing solution
for 5 min and then in an eosin Y solution for 2 min. After
washing with tap water for a minute, the sections were
sequentially immersed in a series of ethanol solutions
(75%, 85%, 95%, and 100% twice) for 5 min in each
solution for dehydration. After two immersions in xylene
for 5 min each, the specimens were sealed with Neutral
Balsam. Masson staining was performed following the
instructions in the manual. Samples were visualized using
an optical microscope (DMILLED, Leica, China).

The sections (5 pum thick) were treated for epitope
recovery and then incubated in 10% goat serum in PBS
to block non-specific staining for immunohistological
analysis. Skin sections were stained with rabbit antihuman
(Abcam, United States) diluted in a 1:100 ratio in a
1x PBS solution containing 1% bovine serum albumin at
4 °C overnight, followed by washing and labeling with
Alexa Fluor 488 goat anti-rabbit antibody (1:500; Abcam,
United States) for an hour at room temperature. The
sections were then counterstained with DAPI. The images
of the samples were observed using confocal laser scanning
microscopy. HUVECs suspension (1 x 10° cells/mL) was
mixed with 3% GelMA hydrogels and cultured for 1, 7,
and 14 days at 37 °C and 5% carbon dioxide, followed by
staining with platelet endothelial cell adhesion molecule-1
(PECAM-1/CD31) immunofluorescence and F-actin
fluorescence as described above.

2.11. Cell migration
To assess HUVEC migration in response to GelMA
concentration gradients, a test model was constructed

using 3-3% and 3-5% GelMA hydrogel pairings in the
left-right regions of a 6-well plate. In each well, the left-
hand region was filled with 3% (w/v) GelMA hydrogel
containing HUVECs at a concentration of 1 x 10° cells/mL,
while the right-hand region was filled with blank GelMA
hydrogels at either 3% (w/v) or 5% (w/v), depending on
the test condition. The culture medium was uniformly
added over the hydrogels, and the plate was placed in an
incubator. The migration behavior of HUVECs during
the subsequent cultivation process was observed under
the microscope.

2.12. Single concentration line fusion into the film
plane printing

The GeIMA with a concentration of 20% (w/v) was printed
into samples with groove textures and smooth planar films
by extrusion. After photocuring, HaCaT cell suspension
was added to the surface and cultured in a 37°C 5% carbon
dioxide incubator. Cell adhesion on the sample surface was
recorded on the first and fifth days. The samples on the fifth
day were used for cytoskeleton and nuclear staining.

2.13. Multi-concentration print layer fusion

The 20% (w/v) GelMA and 5% (w/v) GelMA bio-inks were
prepared for layer printing, which was divided into full
crosslinked printing (FCP) and partial crosslinked printing
(PCP). For FCP, the bottom layer of 20% (w/v) GelMA
ink was photocured for 100 s to achieve a higher degree
of crosslinking. In contrast, for PCP, the bottom layer of
20% (w/v) GelMA ink was photocured for 10 s to limit
crosslinking, while the upper layer of 5% (w/v) GelMA
ink was photocrosslinked for 100 s. Frozen sections of the
samples were made, and the cross sections were observed
under a microscope. Meanwhile, the samples were soaked
in the medium for 96 h, and after being taken out, a tensile
test was performed using the method described previously.

2.14. Printing of vascularized skin substitutes

The 3% (w/v) GeIMA bio-ink containing HUVECs (1 x
10° cells/mL) and blank 5% GelMA bio-ink were prepared.
The extrusion method was used to construct circular
dermal substitutes with microvascular network structures
in the areas of the letters U, ], and ZJU. After 14 days, F-actin
staining was performed as described previously. Bio-
inks containing HFF cells (1 x 10° cells/mL) in 5% (w/v)
GelMA and blank 20% (w/v) GelMA were prepared. The
dermal layer and epidermal base were constructed using a
layer-by-layer printing approach. After 14 days of culture
in a Transwell, H&E and Masson staining were performed
as described. Then, a 5% (w/v) GelMA layer containing
HEFF cells as the reticular layer, a 3% (w/v) GelMA layer
containing HUVECs as the papillary layer, and a blank
20% (w/v) GelMA layer as the epidermal basal layer were
sequentially built from the bottom up. HaCaT cells (1 x 107
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cells/mL) were seeded onto the epidermal base to construct
the skin substitute structure, and fluorescence staining was
performed after 14 days of culture.

2.15. BALB/c nude mice and rabbit full-thickness
excisional wound creation and transplantation

All animal procedures were performed according to the
protocols approved by the Zhejiang University Health
Sciences Animal Care and Use Committee. All experiments
were performed following Animal Care and Use Committee
guidelines and regulations. All mice were male BALB/c nude
(n=12;4), aged 6 weeks and weighing between 16 and 20 g,
were divided into three groups: untreated (control), blank
GelMA (BG), and VS. A dimension of 2 x 1 cm? (L x W)
full-thickness skin was removed from the dorsal midline
surface of mice, and a printed hydrogel was implanted into
the wound. A Band-Aid was applied to cover the wounds.
Then, the wounds were wrapped with sterile gauze and
surgical tape to prevent bandage damage and photographed
at0, 1,2,and 3 weeks, respectively. The mice were euthanized
after 3 weeks for analysis. The New Zealand rabbits
(n=12;3), aged 4 months and weighing between 2 and 3 kg,
were divided into four groups: untreated (control), GelMA
(blank), epidermis skin (E), and endothelial keratinocyte
skin (EK). A dimension of 3 x 3 cm? (L x W) full-thickness
skin was removed from the dorsal of rabbits, and the
wound was treated as described above. The wounds were
photographed at 0, 1, 2, 3, and 4 weeks, respectively, and the
rabbits were euthanized after 4 weeks for analyses.

2.16. Statistical analysis

All data analyses were performed using the Statistical
Package for Social Sciences version 17.0. Statistical
significance was analyzed using a one-way analysis
of variance, with the Bonferroni method applied for
multiple comparison corrections to adjust the p-values
of individual tests. A p-value of <0.05 was considered
statistically significant and marked with an asterisk (*). As
the level of significance increased, the number of asterisks
correspondingly increased. All data are presented as mean
+ standard deviation.

3. Results and discussion

3.1. Replacing the sprinkler head: Positioning
accuracy adjustment and print testing

The repeated positioning was randomly tested 10 times.
After replacing the inner tube, the repeated positioning
accuracy of the printhead in the XY plane was 104.93 pum.
Since the printing structure is a single-layer membrane
plane, the displacement deviation in the XY plane has
a relatively small impact. This accuracy can meet the
requirements of constructing a multi-layer skin structure
by planar printing (Figure 2A). With excellent formability,

the SA/gelatin composite hydrogel” was used for the
extrusion printing of a five-pointed star model and a
human ear model (Figure 2B). The printing system offers
stable output and can construct complex, large-volume
hydrogel tissues, meeting the requirements for skin
substitute printing. The height of the printed multi-layer
model can reach over 4 mm (Figure 2C), meeting the
thickness requirement of 1-4 mm for human skin.** The
multi-layer structure of the model is visible, which meets
the construction requirements of the multi-layer skin
substitutes in this study.

3.2. Characterization of gelatin methacryloyl

The proton nuclear magnetic resonance spectroscopy
spectra (Figure 3A) showed the degree of modification
of methacryloyl groups to gelatin molecules. The
appearance of peaks at § = 5.4 and 5.7 ppm (the protons
of the methacrylate vinyl group of methacryloyl) and the
disappearance of peak at § = 3.0 ppm (the protons of the
methylene of lysine signal) indicated that methacryloyl
was successfully grafted on the gelatin. Using the peak area
normalization method, the degree of functionalization of
GelMA samples was improved from 30% to 90%.

The results of tensile and compression tests are shown
in Figure 3B and C. The data interval in the strain range
of 2-10% was selected to calculate the elastic modulus.
It was observed that the mechanical properties of the
tensile modulus and the compression modulus of GelMA
hydrogels with different concentrations become stronger
as the concentration increases. This characteristic provides
a theoretical basis for studying the functional performance
of skin cells in GelMA with varying concentrations.

Hydrogel swelling is a phenomenon where the hydrogel
absorbs water and increases in volume. The swelling is
caused by the balance between osmotic pressure and elastic
force. The osmotic pressure results from the difference
in solute concentration inside and outside the hydrogel.
This difference drives water molecules to penetrate from
the low-concentration region to the high-concentration
region, thus causing the hydrogel to expand. The elastic
force comes from the cross-linking points between polymer
chains and entropy elasticity, which work together to resist
excessive expansion. Figure 3D shows that the swelling
ratio of GelMA hydrogels is negatively correlated with the
concentration, and there are significant differences among
groups. This can directly reflect the pore structure of the
hydrogel. Generally, the pore structure is also larger for
hydrogel components with a larger swelling ratio.

Scanning electron microscopy (Figure 3E) reveals
significant differences in pore structure sizes among groups.
Wang et al.*> demonstrated that larger pores facilitate more

Volume 11 Issue 4 (2025)

334

doi: 10.36922/1JB025090069


https://doi.org/10.36922/IJB025090069

International Journal of Bioprinting GradGelMA 3D-bioprinted vascular skin

250 ¢
GelA GelB
* ° *
200 o .
E
2
5 150 A .
s 2 g
: 3 ¢
9 100 ’ 7S 2
*
* 9
50 e T ol ®
| =g r J’
4 V4 hd
X-axis deviation (um) Y-axis iation (pm) ition A y (um)

D: Reposition Accuracy

Figure 2. Printing device testing. (A) Principle of the printhead repeatability positioning test, repeatability positioning test values, and representative
microscopy images of the repeatability positioning test. Scale bar: 200 um. (B) Sodium alginate/gelatin printed five-pointed star and human ear models.
Scale bar: 10 and 20 mm. (C) Multi-layered structure printing tests of 10% (w/v) gelatin methacryloyl with different dyes. Scale bar: 5 mm.
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Figure 3. Characterization of gelatin methacryloyl (GelMA). (A) Quantification of the degree of functionalization of GelMA using proton nuclear magnetic
resonance spectroscopy. (B) Compression testing of samples, experimental procedures, and quantification of compression modulus. Scale bars: 5 and 10
mm. (C) Tensile testing of samples, experimental procedures, and quantification of tensile modulus. Scale bars: 5 and 10 mm. (D) Samples of GelMA before
and after freeze-drying, and quantification of swelling ratio. Scale bar: 10 mm. (E) Scanning electron microscopy images of GelMA: representative electron
micrographs and quantification of GeMA porosity. Scale bar: 100 pum, magnification 500x. (F) Determination of gelation point in GelMA hydrogels.
(G) Rheological characterization of GelMA. Data were analyzed via a one-way analysis of variance and are shown as mean * standard deviation (*p < 0.05,
**p < 0.01, ***p < 0.001, n = 3). For a better overview, only the significant differences are indicated.
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efficient transport of nutrients and oxygen while providing
sufficient space for cell attachment and extension, enabling
them to perform their biological functions. Human
fibroblasts and vascular endothelial cells are relatively
large, necessitating the selection of hydrogels with larger
pores, ie., lower-concentration GelMA hydrogels, as
carriers for printing.

The rheological properties of hydrogels directly
influence the material flow and molding quality during
the printing process. Rheology refers to the property of
hydrogels to deform and recover under external force.
Figure 3F indicates that for GelMA of all concentrations,
both G” and G” decrease as the temperature rises, but the
decrease rate of G’ is greater. The intersection point of G’
and G” represents the gel point. When the temperature
is lower than the gel-point temperature, G' > G” for the
hydrogel shows a solid state; conversely, above the gel point,
where G” > G’, it shows a liquid state. Figure 3G shows
the “shear-thinning” phenomenon of GelMA hydrogels,
where the viscosity decreases as the shear rate increases.
This may be because when subjected to a large shear force,
the entanglement points of the polymer chains inside
the hydrogel are opened, and the structure undergoes
directional stretching, resulting in a decrease in viscosity.
Kim et al.** and Won-woo et al.”’ have demonstrated the
shear-thinning behavior of porous hydrogels.

3.3. Printability and biocompatibility

The printing test results are shown in Figure 4A. All GelMA
hydrogels of different concentrations have a printable
interval and can form a stable and regular two-layer
hydrogel grid structure. When the concentration of GelMA
hydrogel increases, its suitable printing pressure and
temperature will also increase. For a single concentration of
GelMA, if the printing pressure or temperature is too low,
over-gelling and irregular extrusion will occur. Conversely,
under-gelling and excessive softening extrusion will occur
if the printing pressure or temperature is too high.

Cell viability staining (Figure 4B) shows that HFF cells’
survival rates for both mesh and membrane structures
on Day 0 and Day 7 are greater than 90%, and the cell
viability increased with prolonged culture time. This
indicates that GelMA is a hydrogel bio-ink with excellent
biocompatibility, allowing cells to maintain good vitality.
Song et al.*® demonstrated that bio-inks made from GelMA
exhibit cell morphology on the first day of cell seeding on
the GeMA bio-ink, with cell confluence exceeding 90% by
the seventh day.

3.4. Skin cells adapted to composite ink
The HFF cell line is derived from human neonatal foreskin
tissue. It has the normal functions of human fibroblasts,

such as secreting extracellular matrix and growth factors,
and is often used to study the role of fibroblasts in tissue
repair and regeneration. HFF cells have a high survival rate
at 5%, 10%, 15%, and 20% (w/v) GelMA (Figure 5A and C).
On the first day, HFF cells in the 5% (w/v) GelMA group
had slightly extended. By the seventh day, almost all cells in
the 5% (w/v) GelMA group had extended and multiplied
exponentially. In the 10% (w/v) GelMA group, only
some cell extension and a small amount of proliferation
were observed, while cells in other groups remained
spherical. When HFF cells in the 5% (w/v) GelMA group
were cultured until the tenth day, the cells extended into
long, spindle-shaped structures, and the extension length
exceeded 200 um (Figure 5B). Type I collagen is a fibrous
collagen that maintains tissue elasticity in the human
dermis and is mainly secreted by fibroblasts. Fibrinogen,
as a natural biomaterial with excellent biocompatibility,
is a key material for manufacturing skin substitutes in
traditional tissue engineering.* According to the numerical
analysis of the gray value, the content of type I collagen in
the 5% (w/v) GelMA group is significantly higher than that
in the high-concentration groups but slightly lower than
that in the fibrinogen group (Figure 5D). Therefore, among
GelMA groups with different concentrations, 5% (w/v)
GelMA is more suitable for the functional performance of
human skin fibroblasts.

The human skin epidermis mainly comprises
keratinocytes, melanocytes, and Langerhans cells.
Keratinocytes are derived from the ectoderm and account
for over 90% of human epidermal cells. Scholars have
conducted extensive research on the culture methods
of keratinocytes. Research shows that keratinocytes
must be cultured under air-liquid interface conditions
to differentiate into a multi-layer epidermal structure
in vitro.** Keratinocytes can attach and proliferate on
the surfaces of 5%, 10%, 15%, and 20% (w/v) GelMA
solidified through manual dropping (Figure 5E). On Day
2, HaCaT cells in the 20% (w/v) group grew in a sheet-like
manner. By Day 5, HaCaT cells in the 20% (w/v) group
formed a film and covered the hydrogel surface, which was
significantly better than the other three groups. Moreover,
higher concentration results in better attachment and
proliferation of HaCaT cells throughout the growth and
reproduction cycle. By Day 10, there was an obvious basal-
epidermal layer interface in the 20% (w/v) GeIMA group
and the collagen group, with clear epidermal structures,
and the thicknesses were 53.63 + 11.27 and 52.26 + 26.33
um, respectively. By Day 28, a relatively thick epidermal
layer structure could be seen in both groups of samples,
with thicknesses of 130.61 + 8.84 and 119.29 + 18.87 pm,
respectively, both approaching the 200 pum thickness of
the human epidermis. However, the printed GelMA group
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Figure 4. Printability and biocompatibility of gelatin methacryloyl (GelMA). (A) Printing tests of GelMA at different concentrations under varying
temperatures and pressures. Overextrudable: GelMA is overly softened during extrusion, and the extruded material cannot maintain its original linear
structure after exiting the nozzle, resulting in softening, collapse, and formation of lines with uneven widths. Printable: GelMA is smoothly extruded,
forming continuous and stable linear structures. Irregular: GelMA is irregularly extruded, with intermittent or discontinuous extrusion from the nozzle,
leading to broken lines and discontinuous structures. Scale bar: 10 mm. (B) Human foreskin fibroblast cells-laden printing examples of 10% (w/v) GelMA
in membrane/grid forms, with live/dead staining microscopy images at Day 0 and Day 7, and quantification of cell viability using Image]. Data were
analyzed via a one-way analysis of variance and are shown as mean + standard deviation (*p < 0.05, **p < 0.01, ***p < 0.001, n = 3). Scale bars: 2 mm,
300 pm, and 500 pum; magnification: 100x and 40x.
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Figure 5. Skin cell-compatible composite ink. (A) Live/dead staining to assess the viability and stretching of human foreskin fibroblast (HFF) cells in
5%, 10%, 15%, and 20% (w/v) gelatin methacryloyl (GelMA). Scale bar: 300 um; magnification: 50x. (B) F-actin/4’,6-diamidino-2-phenylindole (DAPI)
staining of HFF cells cultured in 5% (w/v) GelMA for 10 days. Scale bar: 100 um. (C) Cell counting kit-8 (CCK-8) assay to measure the proliferation of
HFF cells in 5%, 10%, 15%, and 20% (w/v) GeMA from Day 1 to Day 7. (D) Western blot analysis of collagen I protein expression in HFF cells cultured in
5%, 10%, 15%, and 20% (w/v) GelMA, quantifying collagen I expression using Image]J. (E) Proliferation of human immortalized epidermal cells (HaCaT)
cells on the surface of 5%, 10%, 15%, and 20% (w/v) GelMA, with quantification of HaCaT cells surface coverage using Image]. Scale bar: 500 um. (F)
Hematoxylin and eosin staining of HaCaT cells cultured on 20% (w/v) GelMA and collagen surfaces for 10 and 28 days, with quantification of epidermal
thickness using Image]. Scale bar: 100 um; magnification: 50x. (G) Immunofluorescence staining of Involucrin (IVL) and Cytokeratin 14 (CK14) in
HaCaT cells cultured on 20% (w/v) GelMA and collagen surfaces for 10 and 28 days, with quantification of keratinocyte layer number and IVL/CK14
expression using Image]J. Scale bar: 100 um. (H) Fluorescence microscopy images of human umbilical vein endothelial cells (HUVECs) spreading in 3%
(w/v) GelMA at D1, D7, and D14, with quantification of junction, mesh, and branch formation using Image]. Scale bars: 200, 500 um; magnification:
50x. (I) Immunofluorescence staining of platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31) and F-actin in HUVECs cultured in 3% (w/v)
GelMA at Day 7 and Day 14, quantifying CD31 and F-actin expression using Image]. Scale bar: 100 pum. (J) Schematic diagram of the HUVECs migration
experiment from 3% (w/v) GelMA to 3% (w/v) GeMA or 5% (w/v) GelMA, with microscopy images of cell migration at D7 and D14, and quantification
of migration distance using Image]. Scale bar: 200 um; magnification: 50x. The red dashed lines mark areas where partial cell extension and interconnected
microvascular structures are observed. Data were analyzed via a one-way analysis of variance and are shown as mean =+ standard deviation (*p < 0.05, **p
< 0.01, **p < 0.001, n = 3). For a better overview, only the significant differences are indicated. Abbreviations: ALI, air-liquid interface; FIB, fibrinogen;
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IOD, integrated optical density

displayed a more uniform and flat epidermal structure there are arterioles and venules. The arterioles and venules,
(Figure 5F). Involucrin (IVL) is a highly reactive soluble formed by their branching, pass through the dermis and
transamidase substrate protein present in keratinocytes form a rich microvascular network in the upper layer of
of the epidermis and other stratified squamous epithelia, the dermis (papillary layer), which supplies oxygen and
synthesized in the spinous layer. It is highly expressed in nutrients to the epidermis.** The construction of the
the granular layer and serves as a marker of the terminal microvascular network in the upper layer of the dermis
differentiation of keratinocytes. Cytokeratin 14 (CK14) is is of great significance for the construction of the skin
a member of the intermediate fiber albumen type I keratin epidermal barrier function. As shown in Figure SI,
family that pairs with type II keratin CKS5 to form the basic Supporting Information, HUVECs were cultured in
keratin of stratified squamous epithelial keratinocytes, 3% (w/v), 5% (w/v), and 7% (w/v) GelMA hydrogels,
including the epidermis and non-keratinized stratified respectively, and observed under a microscope every
squamous epithelial mucosa. It is highly expressed in the 3 days for imaging. In the 3% (w/v) GelMA hydrogel
undifferentiated basal cell layer, containing stem cells, group, HUVECs began to extend and elongate by Day
and down-regulated in differentiated basal cell layers. The 3, and extensive microvascular formation was observed
GelMA and collagen groups had a cell structure of more by Day 9. In the 5% (w/v) GelMA hydrogel group, slight
than 10 layers, with no obvious difference between them, cell elongation was noted by Day 9, while no significant
similar to the structure of the human skin epidermis. changes were observed in the 7% (w/v) GelMA hydrogel

CK14 ar.1d IVL were signi'ﬁcantly expressed in the GelMA group. In conclusion, the 3% (w/v) GelMA hydrogel is more
and fibrinogen groups (Flgur'e 5G')- The observed' pattern suitable for HUVEC culture. When the 3% (w/v) GelMA
of CK14 and IVL co-expression in the same region may bio-ink containing HUVEC-green fluorescent protein
be attributed to the unique microenvironment of in vitro (1x 10° /mL) was cultured for 7 days after solidification,
cu.lture, where the dif?ferentiatior.l process of kef atinocyftes the vascular endothelial cells began to spread and intersect
might not .fully repllce.lte the in vivo scenario, lee.idmg to form some connection points, showing a tube-forming
to o.verlapplng expression of markers that are jtyplcally phenomenon. On the 14th day, the tube-forming effect
spatlally separated. The 20% (_W/ v) ) GelMA is more of vascular endothelial cells was apparent, producing
conducive to the growth and proliferation of HaCaT cells many branches, connection points, and grid structures

on its surface, and the keratinocytes on its surface have a (Figure 5H). PECAM-1/CD31 is a transmembrane
high degree of functional expression. Therefore, 20% (w/v)

GelMA loaded with HaCaT cells was selected as the bio-
ink for constructing the epidermal base layer.

glycoproteinbelonging to theimmunoglobulin superfamily.
It is a major marker of vascular endothelial cells. It is often
used to identify the structure of vascular endothelial

The human vascular system is a complex and precise cells, and its expression level can reflect the functionality
network that spreads throughout the body and is of vascular endothelial cells.** During the incubation
responsible for transporting oxygen and nutrients to all of 3% (w/v) GelMA bio-ink containing HUVEC-green
body parts while removing waste and carbon dioxide fluorescent protein (1 x 10° /mL) from 7 to 14 days, the
through blood circulation. In the subcutaneous tissue, expression of CD31 in vascular endothelial cells increased
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(Figure 5I), indicating that when vascular endothelial cells
form tubes, the intercellular signal transduction and other
interaction mechanisms may occur more intensively, and
the cell functional activities are more frequent.

In the 3% (w/v) GelMA samples, HUVECs exhibited
spreading by Day 5. Cell migration into the blank
hydrogel was observed in the 3-3% (w/v) test samples,
with a migration distance of 197.12 + 47.51 um by Day
10, nearly equivalent to the length of a single HUVEC. In
contrast, no migration was observed in the 3-5% (w/v)
test samples, with no significant change in migration
distance between Days 5 and 10 (Figure 5J). This may

be because the small pore structures within the higher-
concentration hydrogel restrict the inward growth
of HUVECGs. This property supports the controlled
construction of microvascular network distribution
regions, enabling the formation of a papillary layer with a
microvascular network and a reticular layer without one.
A VS substitute with distinct layered characteristics can
be constructed based on this.

3.5. Single-concentration line fusion for planar film
printing and multi-concentration layer fusion
Numerous studies have confirmed that the morphology
and mechanical properties of hydrogel substrates have
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Figure 6. Single-concentration line fusion and multi-concentration layer fusion of gelatin methacryloyl. (A) Exemplary microscope images of human
immortalized epidermal cells on grooved and flat substrates at Day 1 and Day 5, with F-actin and 4’,6-diamidino-2-phenylindole staining (DAPI) at
Day 5. Scale bars: 50 and 30 um; magnification: 40x and 100x. (B) Schematic diagram of the partial concentration printing (PCP) and full concentration
printing (FCP) layer fusion printing processes. (C) Exemplary microscope images of the interface in PCP and FCP layer fusion printing. Scale bar: 200 m;
magnification: 40x. (D) Tensile testing of the layered fusion printed structures, showing significant differences in tensile modulus between PCP and FCP;
statistical significance at ***p < 0.005. (E) Multi-layered skin structure model printed using the FCP layer fusion method. Scale bars: 2 mm and 500 um.
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a significant impact on the growth characteristics of
cells, such as cell-oriented growth and the degree of
differentiation and maturation.*** HaCaT cell suspension
was dropped onto the surface of 20% (w/v) GelMA samples
with groove textures and smooth planar film, respectively.
On Day 1, HaCaT cells on the grooved samples exhibited
a clear tendency to grow along the grooves, while cells on
the smooth planar membranes appeared scattered and
clustered. By Day 5, HaCaT cells on the grooved samples
continued to grow along the grooves without forming a
continuous layer. In contrast, cells on the smooth planar
membranes had largely converged into a continuous layer
(Figure 6A).

The multi-concentration layer fusion process is shown
in Figure 6B. The cross-sectional images show that the
bilayer structure printed using the PCP method exhibited

a transitional layer, whereas the structure printed using the
FCP method showed a distinct boundary between layers
(Figure 6C). To quantify the interlayer bonding strength,
the samples were cultured in vitro for 96 h to simulate the
skin substitute. Tensile testing results (Figure 6D) revealed
that the fracture strength at the bonding interface of
FCP was 9.6 + 1.4 kPa, while that of PCP was 18.4 + 2.5
kPa. The PCP method effectively enhanced the bonding
strength between different layers, increasing it by 91.67%
compared with the FCP method. The reason may be that
the upper-layer ink in the PCP printing method can form
an intertwined structure with the lower-layer ink, thus
improving the inter-layer bonding strength. Based on the
PCP process, a four-layer skin model was printed by mixing
pigments into inks of different concentrations (Figure 6E).
The thickness of each layer can be controlled to vary, with
the thick layer exceeding 1 mm and the thin layer less than

0 :>\/ 0 = 4

Print dermis layer IHayer

Epldermls—[ - i
Papillary
layer

Reticular
layer

Figure 7. Printed vascularized skin substitutes. (A) Hematoxylin and eosin (HE) and Masson staining of the bilayered skin. The red dashed line indicates the
dermo-epidermal junction, black arrows point to fibroblast nuclei in the dermis, and red arrows indicate collagen fibers. Scale bar: 200 um, magnification:
40x. (B) Laser confocal microscopy images of vascularization in a defined ZJU region within human umbilical vein endothelial cells (HUVECs)-laden
gelatin methacryloyl (GelMA). (C) Exemplary confocal microscopy images of self-assembled microvascular networks forming “U” and “J” shapes. The “U”
and “J” shapes were printed using 3% (w/v) GelMA containing HUVECs, while the surrounding area was printed using blank 5% GelMA. Scale bars: 10
mm, 2 mm, 50 um, and 100 um; magnification: 100x. (D) Schematic diagram of the construction of vascularized dermal skin. Vascularized dermal models
were constructed and subjected to immunofluorescence staining: green fluorescent protein for HUVECs, F-actin for HaCaT cells and human foreskin
fibroblast (HFF) cells, and DAPI for nuclei of HUVECs, HaCaT cells, and HFF cells. The white dashed line indicates the boundary between the papillary
and reticular layers. Scale bar: 30 and 100 um.
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60 pm. The layers exhibited clear morphology and stable
printing structure.

3.6. Printing of vascularized dermal skin substitutes
The vascularized dermal skin substitute comprises the
epidermis, papillary, and reticular layers. Initially, a bilayer
skin substitute of the dermis and epidermis was constructed
(Figure 7A), followed by a dermal substitute with a
controllable microvascular network distribution (Figure 7B
and C). These were then integrated to create a vascularized
dermal skin substitute with a dermal-epidermal interface
and a microvascular network in the papillary layer
(Figure 7D). After 14 days of culture in a Transwell, the
bilayer skin substitute exhibited distinct dermal and

epidermal layers. The red dashed line in the figure shows
the interface between the 20% and 5% (w/v) GelMA layers
of the dermal and epidermal layers, respectively. The black
arrow in the figure points to the nucleus of fibroblasts
in the dermis, and the red arrow points to the collagen
fibers stained by Masson, indicating that fibroblasts
in this structure have exerted biological functions and
synthesized and secreted collagen (Figure 7A). Trujillo
et al® demonstrated that encapsulating microcarriers
seeded with HUVECs into a vascular endothelial growth
factor (VEGF)-containing hydrogel resulted in extensive
vascular sprouting similar to that observed in Matrigel. In
contrast, our study utilized pure GeIMA hydrogel without
the addition of VEGF and successfully constructed a disc-
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Figure 8. Repair of dorsal skin defects in BALB/c nude mice. (A) Flowchart of the dorsal skin defect repair experiment in BALB/c nude mice. (B)
Photographs of dorsal skin defect healing in BALB/c nude mice at Day 0, Day 7, Day 14, and Day 21. By Day 21, the partial healing rates in all three groups
were close to 100%, with no significant differences. However, there were significant differences in the complete healing rates of the epidermis among
the three groups. The vascularized skin (VS) group showed a significantly higher complete healing rate (91.78 + 5.42%) compared to the blank gelatin
methacryloyl (BG) group (85.51 + 6.96%) and the control group (75.99 + 5.81%). (C) Hematoxylin and eosin (HE) and immunohistochemical staining
of the healed dorsal skin defects in BALB/c nude mice. HE indicated significant differences in epidermal thickness between the VS and other groups. The
expression of involucrin (IVL) and cytokeratin 10 (CK10) proteins in the newly formed epidermis of the dorsal skin showed significant differences between
the VS group and the control and BG groups. Additionally, platelet endothelial cell adhesion molecule-1 (PECAM-1/CD31) expression and the maximum
vascular diameter in the newly formed skin significantly differed between the VS group and the control and BG groups. Data were analyzed via a one-way
analysis of variance and are shown as mean + standard deviation (*p < 0.05, **p < 0.01, and ***p < 0.001, n = 3). For a better overview, only the significant
differences are indicated. Scale bars: 100 um and 500 pm; magnification: 100x and 40x. Abbreviations: CH, complete healing; PH, partial healing.
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shaped dermal substitute featuring microvascular network
structures in the shapes of “U’ “J) and “ZJU” letter
patterns (Figure 7B and C). After 14 days of culture, the
tube-forming phenomenon was evident within the letter
structures, with distinct interconnected branches and grid
structures. The microvascular network was well-formed
and confined to the areas of lower-concentration ink,
without migrating to regions of higher-concentration ink.
The structures marked by the white dotted line represent
the tube-forming branches, indicating that the lumen
diameter of the self-assembled microvessels is between 5
and 20 um. From the fluorescence staining of the structure
of the constructed skin substitute (Figure 7D), it can be
seen that each layer is stratified. The cells in the reticular,
papillary, and epidermal layers are orderly distributed
according to the layer structure. Among them, the HFF
cells in the reticular layer and the HUVEC:s in the papillary
layer are spread and elongated.

3.7.Validation of printed vascularized skin
substitutes in mice

BALB/c nude mice are an immunodeficient experimental
animal model that shows no rejection reaction to many
foreign tissues and cells.® Moreover, BALB/c nude mice
have completely hairless skin, making them a suitable
experimental animal for skin-healing evaluation.”® The
skin injury repair experiment process in BALB/c nude
mice is illustrated in Figure 8A. The healing progress of the
dorsal wounds was regularly photographed and recorded,
and Image] was used to quantitatively measure the wound
areas of complete and partial healing. At 21 days, the
partial healing rates for all three groups were close to 100%,
with the VS group at 100 + 0%, the BG group at 99.75 +
0.51%, and the control group at 98.08 + 1.46%. However,
there were significant differences in the degree of complete
epidermal healing. The VS group had a significantly higher
complete healing rate (91.78 + 5.42%) compared to the
BG group (85.51 + 6.96%) and the control group (75.99
5.81%) (Figure 8B). This phenomenon may be because the
VS substitute contains fibroblasts and vascular cells, which
can secrete cell growth factors to attract autologous cells to
migrate to the wound, thus accelerating the healing process.
Additionally, the upper epidermal structure can enhance
the recruitment of autologous epidermal cells, effectively
promoting epidermal regeneration. Wei et al.** developed
miR-17-5p-engineered  small  extracellular  vesicles
(sEVs17-OE) and encapsulated them in GelMA hydrogel
for treating diabetic wounds. Gel-sEVs17-OE effectively
accelerated wound healing by promoting angiogenesis
and collagen deposition. Cytokeratin 10 (CK10), a type I
keratin and intermediate filament protein, is involved in the
keratinization process of the skin, helping to maintain skin
integrity and barrier function. Its expression level reflects

the degree of keratinocyte differentiation. By Day 21, all
three groups exhibited “ridge” structures in the epidermis,
but there were differences in thickness. The epidermal
thickness in the VS group was significantly greater than
that in the other two groups, and the expression of IVL and
CK10 in the VS group was higher than that in the other two
groups, indicating that the epidermal reconstruction in the
VS group was superior. This might be due to the VS group’s
faster healing speed and earlier entry into the epidermal-
reconstruction stage. In addition, the vascularized dermal
skin substitute contains an epidermal layer. The epidermal
cells of the layer perform biological functions such as
extracellular matrix secretion in the early healing stage,
resulting in a better-matured healed epidermal layer.
The CD31 fluorescence intensity and maximum vascular
aperture in the VS group were higher than those in the
other two groups. This may be because the cells in the
vascularized dermal skin substitute continuously secrete
cytokines and extracellular matrix during the healing
process, accelerating the onset of biological functions
and promoting the vascularization process of the newly-
formed skin (Figure 8C). Zhang et al.”® investigated using
GelMA-HAMA-fibrin as a scaffold material, with human
keratinocytes, fibroblasts, and umbilical vein endothelial
cells as seed cells. They conducted a full-thickness skin
wound healing experiment in a nude mouse model,
and the results demonstrated that the printed organoid
hydrogel significantly accelerated wound closure rates and
improved epithelial regeneration in the nude mice.

3.8. Validation of printed vascularized skin
substitutes in rabbits

Previous studies have shown that GelMA hydrogel
positively affects the repair of full-thickness skin defects
in rabbits.***® The process of skin injury repair in New
Zealand rabbits is illustrated in Figure 9A. The healing
progress of the wounds was regularly photographed and
recorded, and Image] was used to quantitatively measure
the wound healing rate (Figure 9B). By Day 28, all groups
except the untreated group had completely healed. By Day
21, the EK group had fully healed, while the untreated
group (control), GeIMA (Blank) group, and E group had
healing rates of 96.43 + 0.71%, 98.16 + 0.46%, and 99.48 +
0.38%, respectively. The VS and bilayer skin groups showed
significantly higher healing rates than the other groups,
indicating faster healing speeds. On Day 28, H & E staining
was performed on the newly formed skin tissue and the
host’s native skin tissue (Figure 9C). The EK group showed
significantly superior results compared to the other groups.
The epidermal layer had developed a “ridge”-like structure
and papillae, which were tightly integrated with the dermal
layer. Additionally, melanocyte-like cells were observed in
the basal layer. The E group also exhibited a “ridge”-like
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Figure 9. Repair of dorsal skin defects in New Zealand rabbits. (A) Flowchart of the dorsal skin defect repair experiment in New Zealand rabbits. (B)
Photographs of dorsal skin defect healing in New Zealand rabbits at Day 0, Day 7, Day 14, Day 21, and Day 28. By Day 28, all groups except the control group
had completely healed. At Day 21, the endothelial keratinocyte skin (EK) group had already achieved complete healing, showing significant differences
compared to the control group (96.43 + 0.71%), blank group (98.16 + 0.46%), and epidermis skin (E) group (99.48 + 0.38%). (C) Hematoxylin and eosin
staining revealed that the EK and E groups had developed a “ridge-like” structure in the epidermis. However, the dermo-epidermal junction in the E group
was less defined compared to the EK group. The epidermal thickness in the EK group (56.59 + 10.68 pm) was significantly greater than that in the E group
(45.65 £ 13.81 um). Scale bars: 50 and 200 um; magnification: 200x and 40x. (D) Cytokeratin 10 (CK10) protein expression in the newly formed epidermis
of New Zealand rabbits. The EK group showed significantly higher CK10 expression than the control and blank groups, but no significant difference was
observed compared to the E group. Scale bars: 20 and 100 um. (E) Alpha-smooth muscle actin protein expression in small blood vessels and measurement
of the maximum vascular diameter in the newly formed skin of New Zealand rabbits. The EK group exhibited the largest vascular diameter (95.36 + 24.87
um), which was significantly different compared to the control group (13.53 + 3.32 pm), blank group (17.69 + 4.13 um), and E group (35.83 + 11.70 pum).
Scale bars: 50 and 100 pm. Data were analyzed via a one-way analysis of variance and are shown as mean + standard deviation (*p < 0.05, **p < 0.01, and
***p < 0.001, n = 3). Abbreviation: IOD, integrated optical density.

structure, but its integration with the dermal layer was substitutes or autografts) and extend the experimental
less robust than that of the EK group. Tissue sections were duration to provide more comprehensive insights.
subjected to CK10 staining (Figure 9D). The expression

levels of CK10 in the EK and E groups were significantly 4. Conclusion

higher than those in the other experimental groups. This study successfully developed a method for
Specifically, the EK group (143.84 + 8.55) showed a slightly constructing a 3D bioprinted VS substitute. By proposing
higher expression level than the E group (128.30 + 4.83). a single-component hydrogel-cell-compatible composite
This indicates a higher degree of epidermal differentiation ink, a GelMA hydrogel-cell-compatible ink targeting
in these two groups, possibly due to the presence of fibroblasts, keratinocytes, and vascular endothelial cells
epidermal cells. In contrast, the EK group has a more mature was formulated. Based on this, a gradient vascularization
epidermal structure due to its accelerated early repair and dermal skin substitute containing a reticular layer, a
longer epidermal generation time than the double-layer papillary layer, and an epidermal layer was gradually
skin group. Moreover, it had more vascular cells/structures constructed. The 3D-printed VS was implanted into
for oxygen supply for epidermal cell generation, resulting BALB/c nude mice and New Zealand rabbit skin defect
in a more mature epidermal structure. Alpha-smooth models, validating the effectiveness of the VS substitute
muscle actin (a-SMA) is mainly expressed in smooth in promoting skin healing and angiogenesis. The VS
muscle cells of the middle layer of blood vessels. In this substitute constructed by 3D bioprinting provides a
experiment, a-SMA was selected as a marker for vascular promising strategy for treating skin injuries.

characterization (Figure 9E), labeling newly formed small
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