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Abstract

The repair of deep skin defects involving subcutaneous tissue urgently requires
vascularized skin substitutes that can provide immediate blood perfusion. However,
existing engineering strategies struggle to construct multi-level vascular networks in
vitro. This study aims to develop a multi-layered skin substitute with both biomimetic
structure and physiological function, incorporating a perfusable “small-micro”
hierarchical vascular system.We employed a composite coaxial-extrusion bioprinting
strategy. First, a composite bioink consisting of 2% sodium alginate and 5% gelatin
methacryloyl was formulated and evaluated for its printability and biocompatibility.
Subsequently, using an ionic-photo dual-crosslinking coaxial printing technique, we
fabricated subcutaneous small vessels with controllable dimensions and adequate
mechanical properties. Finally, small vessels were integrated with an extrusion
bioprinted dermal microvascular network and an epidermal layer to form a complete
“small-micro” vascular pathway. This multi-layered construct was designed to mimic
the stratified characteristics of natural skin. In vitro functional experiments confirmed
that the epidermis possesses an excellent barrier function, and the subcutaneous
small vessels demonstrated an effective capability for delivering drug molecules.
The dual-crosslinking coaxial printing and composite manufacturing strategy
proposed in this proof-of-concept study successfully constructed vascularized skin
with a hierarchical tubular structure, offering a new solution with clinical translation
potential for treating full-thickness skin defects.
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1. Introduction

Deep tissue defects in the human body typically involve
the loss of the epidermis and dermis, as well as damage
to or absence of subcutaneous structures, including blood
vessels, nerves, and the musclelayer."* Thelack of functional
vascular networks in traditional grafts leads to low graft
survival rates, delayed healing, and impaired function
in the damaged area.** Addressing these challenges
requires the development of advanced skin substitutes
featuring a multi-layered, vascularized structure that can
restore the anatomical and physiological properties of the
damaged tissue.

Recent advancements in bioprinting have offered
promise for constructing complex tissues.” Various three-
dimensional (3D) bioprinting modalities now enable the
precise fabrication of biomimetic artificial skin structures.
These techniques could effectively replicate the stratified
epidermis-dermis architecture of native skin and integrate
functional components such as vascular networks.®*
This diverse technological landscape has significantly
expanded applications in wound healing and drug
testing.”’* Among the materials used, gelatin methacryloyl
(GelMA)" is widely employed as a core matrix material
due to its excellent biocompatibility and tunable physical
properties.'>” Sodium alginate (SA)," renowned for its
rapid ionic crosslinking capability, effectively enhances
the immediate shape fidelity and mechanical stability of
printed structures.'>® Their excellent hydrophilicity and
biocompatibility help regulate the local microenvironment,
creating favorable conditions for cell growth and tissue
regeneration.'” Utilizing these materials, researchers have
successfully created skin models mimicking the epidermis—
dermis structure via techniques such as extrusion'*'®
and photopolymerization,'*” and have attempted to
incorporate pre-vascularized components.>***!

Current mainstream strategies for introducing vascular
structures into skin substitutes primarily fall into three
categories. The pre-vascularization approach involves co-
printing vascular endothelial cells with fibroblasts and
other supporting cells within a blended bioink, relying on
their self-assembly capability in vivo or in vitro to form
microvascular networks.?>?* For instance, Nuutila et al.**
used a handheld bioprinter to deposit vascular endothelial
growth factor (VEGF)-containing GelMA ink directly
onto wounds, significantly promoting wound healing
and neovascularization. A second approach leverages

endothelial self-assembly by creating a permissive
microenvironment within the printed dermal Ilayer,
enabling spontaneous lumen formation.””® Choi et al.?
used silk fibroin-gelatin ink for digital light processing
printing to construct a pre-vascularized layer containing
human umbilical vein endothelial cells (HUVECs) and
human dermal fibroblasts, demonstrating cell proliferation
within the ink. A third approach creates channels via
sacrificial materials or coaxial printing. In sacrificial
printing, a removable template (e.g., gelatin) is printed and
later removed to form conduits that are endothelialized®*;
alternatively, coaxial printing can directly construct
hollow tubular structures.” Thomas et al.”” used projection
stereolithography to simultaneously print a degradable
sacrificial ink and hyaluronic acid methacrylate bioink,
forming perfusable channels lined with HUVECs with a
diameter of up to 360 pm. Ramasamy et al.® embedded
a 3D-printed polycaprolactone mesh within acellular
collagen and then sequentially printed bioinks containing
human dermal fibroblasts and human adult keratinocytes
to construct a full-thickness skin equivalent.

However, these strategies generally share two major
limitations. Firstly, pre-vascularization often relies on
the spontaneous tubulogenesis of endothelial cells within
hydrogels, making it difficult to form structurally stable,
dimensionally controllable subcutaneous small vessels in
vitro that meet the requirements for surgical anastomosis
with host vasculature. Secondly, they lack a hierarchical
design mimicking the architecture of the native cutaneous
vascular system, thereby struggling to achieve graded
perfusion from small vessels to microvessels. This
ultimately limits their efficacy in repairing deep defects.

To overcome these bottlenecks, this study proposes
an innovative hybrid bioprinting strategy. Building
upon our previously published multi-material extrusion
printing technology,” we investigated and integrated
coaxial printing methods to construct a multi-layered
skin substitute featuring a “small-micro” hierarchical
vascular network. Specifically, this study employs coaxial
printing combined with an ionic-photo dual-crosslinking
mechanism to precisely fabricate subcutaneous small
vessels with excellent mechanical strength. A T-shaped
microvascular network is designed within the dermal layer
via extrusion printing, serving as a bridge connecting the
small vessels to the superficial tissue. The ultimate goal
is to integrate and validate the functional performance
of a full-thickness skin model with multi-level vascular
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networks. This strategy aims to develop and validate a
hybrid bioprinting strategy for the integrated fabrication
of a multi-layered skin substitute that incorporates a
perfusable, hierarchical vascular network prototype,
thereby restoring its crucial barrier and nutrient transport
functions, providing the structural foundation for
subsequent functional maturation.

2. Materials and methods

2.1. Preparation of vascular hydrogel inks and
flowability measurement

Based on previous research findings,” 2% SA (Sigma-
Aldrich, USA) and 5% GelMA (Sigma-Aldrich, USA) were
identified as the optimal concentrations for formability
and biocompatibility, respectively. Accordingly, five groups
of hybrid hydrogels were prepared with the following
compositions: 1% SA/5% GelMA, 2% SA/5% GelMA,
3% SA/5% GelMA, 2% SA/3% GelMA, and 2% SA/10%
GelMA. The rheological properties of the hybrid hydrogel
samples were measured using an MCR302 rotational
rheometer (Anton Paar, Austria). The storage modulus (G)
and loss modulus (G”) were determined under conditions
of a fixed frequency of 1 Hz and a temperature decreasing
from 40°C to 4°C at a rate of 5°C/min. Additionally, the
influence of temperature on viscosity was recorded as the
temperature varied from 40°C to 4°C at a fixed shear rate
of 50/s.

2.2, Cell culture

HUVECs (Cell Bank of the Chinese Academy of Sciences,
China) and human foreskin fibroblasts (Fenghui Bio, China)
were cultured in Dulbecco’s Modified Eagle Medium/
Nutrient Mixture F-12 (Gibco, USA) supplemented with
10% fetal bovine serum (Gibco, USA) and 1% penicillin/
streptomycin. Human epidermal keratinocytes (KCs,
Fenghui Bio, China) were cultured in defined keratinocyte
serum-free medium (Gibco, USA) supplemented with
epidermal growth factor (EGF) and bovine pituitary
extract. All cells were maintained at 37°C under 5% carbon
dioxide. HUVECs and HFF-1 were routinely passaged in
tissue culture flasks and discarded after 8 and 12 passages,
respectively. Primary KCs were used between passages
2 and 4 to ensure the retention of their proliferative and
differentiation potential. The culture medium was changed
every 2 days, and the cells were passaged when they
reached 80%-90% confluence.

2.3. Biocompatibility of sodium alginate/gelatin
methacryloyl composite hydrogels

The SA/GelMA bioinks (1%/5%, 2%/5%, 3%/5%, 2%/3%,
2%/10%) were prepared and uniformly coated into well
plates. After complete crosslinking via immersion in

calcium chloride solution and exposure to 405 nm light,
endothelial cell suspensions of equal concentration and
volume were added onto the material surfaces. Cell status
on the material surface was observed after 7 days of
incubation. SA/GelMA bioinks (1%/5%, 2%/5%, 3%/5%,
2%1/3%, 2%/10%) loaded with green fluorescent protein-
labeled HUVECs (1x10° cells/mL) were prepared. The
bioinks were first ionically crosslinked by immersion
in calcium chloride (CaClz; Sigma-Aldrich, USA),
followed by complete photocuring under 405 nm light.
Subsequently, the samples were immersed in a 20 mM
ethylenediaminetetraacetic acid (EDTA; Gibco, USA)
solution for 5 min to thoroughly degrade the SA component.
After washing three times with complete culture medium
to remove EDTA, the samples were incubated for 7 days,
and cell spreading behavior was observed.

2.4. Simulation analysis of the flow field inside the
coaxial printing nozzle

During the coaxial printing process, Fluent software
(ANSYS 2022 R1, USA) was used to simulate the inner and
outer flow channels separately to analyze fluid flowbehavior.
To simplify the simulation, the following assumptions were
made regarding the fluid flow characteristics:

i The ink conforms to mass conservation, i.e., it is an
incompressible fluid.

ii 'The fluid state is laminar, with a no-slip and no-
penetration condition relative to the channel walls.
iii The inertial forces during flow are neglected.

A coaxial nozzle assembly consisting of an inner 22G
needle (inner diameter 0.40 mm, outer diameter 0.45 mm)
and an outer 17G needle (inner diameter 1.07 mm) was
selected as the simulation object. The inner and outer
flow channel models were constructed in SolidWorks
2021 (Dassault Systemes, USA) and imported into Fluent
for tetrahedral meshing. The ink was modeled as 2% SA,
and the crosslinker as an aqueous CaCl, solution. The
multiphase volume of fluid method was employed for
solving the flow field.

2.5. Analysis and optimization of coaxial printing
process parameters

A composite hydrogel consisting of 2% SA and 5% GelMA
was prepared and printed using four nozzle combinations
(G11-G15, G13-G18, G15-G20, and G17-G22; Shenzhen
Deli Precision Technology Co., Ltd., China). A 0.5% CaCl,
solution was used for ionic crosslinking, with the flow
rates for both the inner and outer channels controlled at
2 mL/min. Apart from nozzle specifications, the influence
of material flow rate can be divided into two aspects: the
absolute flow rate values and their ratio. The G17-G22
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nozzle combination, which met the diameter requirements
for constructing small vessels, was selected for further
printing tests. The flow rates for the inner and outer
channels were sequentially decreased starting from 2
mL/min. Regarding the hydrogel-to-CaCl, flow rate ratio
parameter, this factor alters the printed lumen structure by
influencing the anti-collapse relationship between the two
phases, with its effect being more pronounced at lower flow
rates. Printing tests were conducted using the following
hydrogel—to-CaCl2 flow rate ratios: 0.5:1, 0.5:0.1, 0.5:0.3,
0.5:0.5, and 0.7:0.1 mL/min.

2.6. Construction of the small vessel intima

The subcutaneous small vessel consists of a bilayered
structure comprising the vascular endothelium and the
vascular wall, which cannot be achieved by coaxial printing
alone. In this study, the lumen surface of the printed small
vessel was first coated with Matrigel (Corning, USA).
Subsequently, an endothelial cell suspension was injected
into the lumen using a syringe. The vessel was positioned
horizontally to allow the endothelial cells to settle and
adhere to the inner wall of the vessel. The vessel was then
rotated 90° every 5 min, repeating this process 5-10 times,
before being transferred to a culture dish for incubation.

Following this, the printed small vessel was embedded
in 5% (w/v) GelMA containing HFF-1 cells to construct
a tissue block containing the vascular structure. After 10
days of culture, the samples were embedded, sectioned,
and characterized to assess the cross-sectional morphology
of the printed small vessels.

2.7. Integrated construction of the multi-layered
vascularized skin substitute

To achieve the integrated construction of the multi-layered
vascularized skin, this study was based on the extrusion-
based 3D bioprinting system (design principle shown
in Figure S1) from previous research,” and integrated
the coaxial printing nozzle into the printing system, as
shown in Figure 1. The material supply for this nozzle is
independently controlled by syringe pumps (Leadfluid,
China) and shares the XY-axis system with conventional
extrusion printheads, allowing for the one-step printing of
multi-layered, vascularized skin substitutes. A 5% GelMA
hydrogel containing HFF-1 (1x10° cells/mL) was printed as
the subcutaneous layer. Small vessel structures containing
HUVECs (1x10° cells/mL) were fabricated via coaxial
printing. Subsequently, a 5% GelMA hydrogel containing
HFF-1 cells was printed above this to construct the dermal

n:rédu'éni ' Tery]ﬁefaturé
I :‘ - icontrolled |

i

Temperature
control module

oaxial nozzle

Syringe pump._

Figure 1. Composite construction system for the multi-layered vascularized skin substitute.
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reticular layer. A 3% GelMA hydrogel containing HUVECs
was extrusion-printed to form a microvascular network in
the T-shaped papillary layer, serving as a bridge connecting
the small vessels and the epidermis. Finally, a thin layer of
20% GelMA was printed as the epidermal base, onto which
keratinocytes were seeded, while HUVECs were cultured
within the vascular lumen.

2.8. Cell viability and morphology assessment

The HFF-1 cells (1.0 x 10° cells/mL) were added to
5%, 10%, 15%, and 20% concentrations of GelMA.
Cell viability was assessed by measuring red or green
fluorescent dye uptake using LIVE/DEAD® Viability/
Cytotoxicity Kit (Abcam, UK). The samples were cultured
in a humidified 5% carbon dioxide incubator at 37°C for 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, USA). The cells encapsulated
in the GeIMA were cultured in a humidified 5% carbon
dioxide incubator at 37°C for 7 days. The samples were
incubated at 37°C for 2 h, and cell viability was quantified
by measuring absorbance at 450 nm using a microplate
reader (RT-6100, Rayto, China).

2.9. F-actin fluorescent labeling

For the fluorescent staining of F-actin, the samples were
washed twice in phosphate-buffered saline (PBS) and
then fixed with 4% paraformaldehyde (Slarbio, China)
for 10 min at room temperature. After a 3 x 10-min rinse
with PBS, the samples were permeabilized with 5% Triton
X-100 (Sigma-Aldrich, USA) for 3 min, washed thrice for
10 min in PBS, and stained with tetramethylrhodamine
isothiocyanate phalloidin (Sigma-Aldrich, USA) for
30 min at 37°C in the dark. The samples were then
washed three times for 5 min in PBS. The samples were
then counterstained with 100 nM 4)6-diamidino-2-
phenylindole (Solarbio, 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 stereo fluorescence microscope (M165FA,
Leica, Germany) and analyzed using Image]J version 1.54j
(NIH, USA).

2.10. Barrier function assessment

2.10.1. Transepidermal water loss test

The vascularized skin was printed directly in Transwell
inserts. After 14 days of culture, the inserts were removed.
Surface culture medium was aspirated, and the inserts
were inverted and placed into a sealed container. A
predetermined amount of color-changing silica gel particles
was placed at the bottom of the container, while deionized

water was added to the porous membrane at the bottom
of the inverted insert. The container was then sealed with
sealing film. Silica gel particles were periodically removed
to observe color changes and weighed.

2.10.2. Dextran—fluorescein isothiocyanate
permeability assay

The vascularized skin was printed directly in Transwell
inserts and cultured for 14 days. The original culture
medium in the lower chamber was aspirated and replaced
with PBS solution, ensuring the liquid level covered the
skin’s upper surface. A dextran-fluorescein isothiocyanate
(Dextran-FITC; 40 kDa; Sigma-Aldrich, USA) solution
prepared in PBS was added to the upper chamber. The
fluorescent tracer permeated through the skin surface
into the dermal layer and subsequently diffused into the
lower chamber. The fluorescence intensity of the solution
was measured at different time points under identical
microscope parameters to analyze the barrier capacity of
the skin samples.

2.10.3. Transepithelial electrical

resistance measurement

Skin substitutes were printed directly in Transwell inserts
and cultured for 14 days. Under sterile conditions, the old
culture medium was aspirated from both the upper and
lower chambers of the Transwell. Pre-warmed (37°C) fresh
culture medium was added to both the upper and lower
chambers, ensuring equal liquid levels. Transepithelial
electrical resistance (TEER) measurements of the
printed skin samples were performed using an EVOM
voltohmmeter (Millicell ERS-2; Merck, USA).

2.11. Drug delivery function assessment

The vascularized skin was printed in Transwell inserts
and cultured for 14 days. A 1 mg/mL solution of Dextran-
FITC in PBS was prepared as a model drug molecule.
Using a micro-syringe and flexible catheter, the Dextran-
FITC solution was slowly injected into the inlet end of the
constructed subcutaneous small vessel. Simultaneously
with the initiation of perfusion, real-time time-lapse
imaging of the vessel and the surrounding dermal matrix
area was performed using stereo fluorescence microscope.
Fluorescence images were captured at 0, 10, 20, and 30
min. Image] was used to measure the average fluorescence
intensity within specific regions of interest outside the
vessel in the captured image sequences and to quantify the
diffusion rate of the fluorescent molecules.

2.12. Data processing methods

All data presented in this study were obtained from a
minimum of three independent replicates. Experimental
results are expressed as the arithmetic mean + standard
deviation of the mean (SEM). Outliers, defined as values
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below Q1 — 1.5 x the interquartile range and above Q3 + 1.5
x the interquartile range, were excluded from the analysis.
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.

3. Results and discussion

3.1. Rheological properties and biocompatibility of
the composite hydrogel

The construction of stable and perfusable subcutaneous
small vessels required a bioink that combines excellent
printability/formability with good biocompatibility. To
this end, we developed a composite hydrogel system
comprising SA and GeIMA and systematically evaluated its
rheological properties and its ability to support HUVEC
behavior. Rheological test results (Figure 2A) showed that
all tested SA/GelMA composite hydrogel formulations
exhibited typical thermosensitive behavior, with a defined
gelation point (G’ = G”). Figure 2B shows that the viscosity
of all grouped inks decreased with increasing temperature,
a property that can be utilized to control the extrussion
behavior of the bioink by adjusting the temperature of
the coaxial printhead. At the printing temperature, all
formulated inks were in a flowing state with low viscosity,
ensuring they could be smoothly extruded from the
coaxial printhead and meeting the basic requirements for
ink fluidity during the printing process.

Biocompatibility was another key criterion for ink
screening. HUVEC adhesion experiments on the material
surface are shown in Figure 2C. The results of Figure 2E
indicate that when the SA proportion was too high (e.g.,
the 3% SA/5% GelMA and 2% SA/3% GelMA groups), cell
adhesion rates were very low (all <0.6%), attributable to
the inherent lack of cell adhesion sites in SA. In contrast,
groups with higher GeIMA content (1% SA/5% GelMA, 2%
SA/5% GelMA, 2% SA/10% GelMA) exhibited relatively
better cell adhesion, with the 2% SA/10% GelMA group
showing the highest adhesion coverage (12.24 * 1.41%),
indicating that the RGD peptides in GelMA effectively
promoted cell adhesion.

However, surface adhesion is only a two-dimensional
characteristic; constructing 3D vascular structures requires
investigation of cell spreading and tubulogenesis capability
within the gel. We observed HUVEC tubulogenesis
behavior after chelating and degrading the SA component
with EDTA to expand the internal space of the gel. As
shown in Figure 2D, after EDTA treatment, the 1% SA/5%

GelMA, 2% SA/5% GelMA, and 2% SA/3% GelMA groups
all supported significant HUVEC spreading and the
formation of tubular structures. Notably, the 2% SA/3%
GelMA group exhibited the best tubulogenesis capability,
potentially due to its lower GelMA crosslinking density
after pore expansion, which made it more conducive to cell
extension and interaction (Figure 2F). In contrast, cells in
the 2% SA/10% GelMA group mostly remained rounded,
presumably because its crosslinked network was too dense;
even after SA removal, the remaining cavity structure was
insufficient to support cell spreading.

Integrating the above results, we balanced the ink’s
printability, cell adhesion, and 3D tubulogenesis capability.
Although the 2% SA/3% GelMA group performed best
in terms of intragel tubulogenesis, its low GelMA content
might lead to insufficient mechanical strength of the final
construct and poor surface cell adhesion. The 2% SA/10%
GelMA group, while having good surface adhesion, had an
internal structure unfavorable for 3D cellular functions.
The 2% SA/5% GelMA formulation achieved the best
balance among rheological properties, cell adhesion,
and intragel tubulogenesis capability, and was therefore
selected as the ideal bioink for subsequent coaxial printing.

3.2. Coaxial printing process optimization enables
perfusable small vessels

We aimed to establish a stable and controllable coaxial
printing process®** to construct small vessels that met
the dimensional requirements for subcutaneous vessels
(lumen diameter 300-1000 um) with structural integrity.
After preliminary investigation of the ionic crosslinking
process parameters between the SA/GelMA composite ink
and the CaCl, solution, we found that an inappropriate
flow rate ratio between the hydrogel and the CaCl, solution
in the inner and outer channels prevented the stable
formation of the tubular structure, potentially leading to
clogging or fracture (Figure S2). Guided by simulations
(Figure S3), we systematically investigated the effects of
nozzle specifications, absolute flow rates, and the inner-to-
outer flow rate ratio on the printed structure. The results
indicated that the nozzle specification is the primary factor
determining the vessel dimensions (Figure 3A). Using the
G17-G22 nozzle combination at a flow rate of 2 mL/min,
vessels with an outer diameter of 730.5 + 14.9 pm and a
wall thickness of 77.25 + 5.26 um could be stably fabricated,
meeting the size and wall thickness requirements of small
arteries. Maintaining the inner-to-outer flow rate ratio
while decreasing the absolute flow rates effectively reduced
the printed tube diameter (Figure 3B). This is attributed
to fluid contraction being more susceptible to surface
tension effects at lower flow rates, as Figure 3C intuitively
illustrates. Furthermore, adjusting the flow rate ratio
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Figure 2. Biological characteristics of the composite hydrogels. (A) Modulus of different SA/GelMA hydrogels as a function of temperature. (B) Viscosity
of different SA/GelMA hydrogels as a function of temperature. (C) HUVEC adhesion on the material surface. Scale bar: 100 um; magnification: 100x. (D)
HUVEC spreading within the hydrogels. (E) Coverage rate of HUVECs on the material surface. (F) The tubulogenesis node formed by HUVECs within
the hydrogels. Data were analyzed using one-way analysis of variance and are presented as mean + standard deviation (n = 3). Statistical significance
determined at *p < 0.05, **p < 0.01, and ***p < 0.001, while ns indicates not significant. Abbreviations: GelMA, gelatin methacryloyl; HUVEC, human

umbilical vein endothelial cell; SA, sodium alginate.
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between the hydrogel and the crosslinker allowed precise
modulation of the vessel wall thickness (Figure 3D). When
the hydrogel flow rate was relatively high, the ability of
the CaCl, stream to resist hydrogel retraction decreased,
resulting in increased wall thickness; conversely, the wall
thickness decreased as the flow rate decreased.

Formation relying solely on ionic crosslinking was
still constrained by fluid surface tension at the nozzle,
leading to lumen contraction and structural fluctuations.”
To address this issue, we introduced an ionic-photo
dual-crosslinking mechanism (Figure 3E). This strategy
enabled the inner layer of the extruded hydrogel tube
wall to undergo ionic crosslinking with CaCl, while
the outer layer was simultaneously fixed by immediate
photocuring, effectively counteracting the contraction
effect (Figure 3F). Validation experiments showed that
under the same printing parameters, the introduction
of photocrosslinking increased the inner and outer
diameters of the printed vessels by 18.5% and 18.8%,
respectively, while the wall thickness remained unchanged
(Figure 3G). Printing tests with varying flow rates yielded
similar conclusions (Figure 3H). This characteristic
can simulate the morphological differences between
arteries and veins, offering the potential for constructing
pathological models of arteriovenous malformations.

The dual-crosslinking strategy not only improved
printing accuracy but also significantly enhanced
the mechanical properties of the vessels. Tensile tests
showed (Figure 4A) that the tensile modulus of the dual-
crosslinked vessels reached 115.21 + 6.34 kPa, representing
a 119.49% increase compared to the 52.49 + 4.79 kPa of
the single-crosslinked vessels. Although this modulus
is lower than that of human large arteries,’ it meets the
mechanical requirements for small animal vessels*® and
provides the necessary mechanical strength for subsequent
surgery.* Meanwhile, we verified the patency and function
of the printed vessels through dye perfusion experiments
(Figure 4B). Red dye could completely perfuse an S-shaped
lumen within 10 s without leakage, demonstrating its
excellent liquid transport capability. In a small vessel
grid scaffold constructed using this dual-crosslinking
method, the dye also filled the entire network, indicating
that this process maintains good lumen patency even
when constructing complex, lengthy vascular structures
(Figure 4C).

3.3. Construction and structural validation of the
vascularized skin substitute

We further integrated coaxial printing with multi-material
extrusion printing technology, aiming to achieve the
integrated fabrication of a multi-layered skin substitute
featuring a biomimetic “small-micro” vascular network

(Figure 5A). The process involved printing a 5% GelMA
hydrogel containing HFF-1 cells as the hypodermis/
subcutaneous tissue layer. The small vessel structure
containing HUVECs, obtained via coaxial printing,
was embedded within this. Subsequently, a 5% GelMA
hydrogel containing HFF-1 cells was printed above this to
construct the dermal reticular layer. A 3% GelMA hydrogel
containing HUVECs was then extrusion-printed to form a
microvascular network in the papillary layer, specifically
in a T-shaped zone, serving as the connection between
the small vessels and the epidermis. Finally, a thin layer of
20% GelMA was printed as the epidermal base, onto which
keratinocytes were seeded, while HUVECs were seeded on
the surface of the vascular lumen, ultimately yielding the
multi-layered, vascularized skin model (Figure 5B).

To evaluate the potential for endothelialization, we
performed luminal seeding of HUVEC: into the coaxially
printed small vessels. The lumen surface was first coated
with Matrigel to provide adhesion sites, followed by
injection of a concentrated HUVEC suspension. Through a
sequential rotation protocol, the cells were allowed to settle
and adhere to the inner wall (Figure 6A(i)). After 5 days
of culture, fluorescence staining revealed that HUVECs
had adhered and spread across a substantial portion of the
luminal surface, achieving a confluent cellular coverage
(Figure 6A(ii, iii)). Quantitative analysis of the cell
attachment area revealed that the attached area reached
its peak after 5 days of culture, approximately four times
the initial value, indicating that the intima had essentially
formed (Figure 6A(iv)). This demonstrates the feasibility of
our printed tubular structures as scaffolds for endothelial
lining, highlighting their potential for subsequent vascular
maturation. Embedding the printed small vessels within a
fibroblast-GelMA matrix for sectioning and observation,
46-diamidino-2-phenylindol staining confirmed the
presence of the hollow lumen structure (Figure 6B),
although mechanical compression during sectioning
caused slight distortion of its circularity.

Cross-sectional fluorescence analysis of the integrally
printed construct confirmed the spatial organization
achieved by our hybrid printing strategy (Figure 6C). The
architecture displayed a multi-layered cellular distribution,
suggesting it may correspond to the anatomical layers of
skin: hypodermis, the cell-dense dermal layers, and the
superficial epidermal layer. More importantly, the staining
results clearly showed that the coaxially printed small
vessels in the hypodermis were structurally connected to
the T-shaped microvascular network formed by HUVECs
via intervening cell clusters. This observation confirmed
that our printing strategy successfully constructed a
multi-level network ranging from the subcutaneous small

Volume 12 Issue 1 (2026)

679

doi: 10.36922/1JB025490504


https://doi.org/10.36922/IJB025490504

International Journal of Bioprinting

GelMA-based skin with multiscale vasculature

A

1600

1400

1200

=
=]
i=]
I=3

Diameter (um)
o
8

-3
=3
=3

Diameter (pm)

Diameter (um)
g 8

g
S

External diameter Inner diameter Thickness

Nozzle size C

“/ . 2/2 mL/min
@S 1/1 mL/min
= 0.5/0.5 mL/min
m— (2/0.2 ml/min

; . G15-G20 600 4
i - G762

7

] £ 0
7z E

7 i
Z ;

7 7 2 5
Z 2 100 4
7 %

0.5/1 mL/min

0.5/0.1 mL/min
0.5/0.3 mL/min
0.5/0.5 mL/min
0.7/0.1 mL/min

THIRY

NANNNNNY

SRR

External diameter Inner diameter Thickness
Flow rate ratio

Q(SA)/Q(Ca)
SA/GelMA
lonic crosslinking
M cacl,
Photo crosslinking
kit G17-G22
o G17-G22+UV
= G13-G18

NS G13-G18+UV

ns
ns ——

-l

External diameter Inner diameter Thickness
Crosslinking method

Diameter (pm)

ML

]
=3

w

=3

=3
s

N

o

Q
L

100 -

0.3/0.3
0.3/0.3+UV
0.2/0.3
0.2/0.3+UV
0.4/04
0.4/0.4+0V

i

External diameter Inner diameter Thickness
Crosslinking method

Figure 3. Optimization of coaxial printing nozzle parameters. (A) Vessel dimensions under different nozzle specifications and (B) different hydrogel flow
rates. (C) Representative images of vessels printed at different hydrogel flow rates. Scale bar: 300 um. (D) Vessel dimensions under different inner-to-outer
flow rate ratios. (E) Ionic-photo dual-crosslinking schematic. (F) Comparison showing the enlarged lumen resulting from the dual-crosslinking strategy.
(G) Vessel dimensions after introducing dual-crosslinking under different nozzle specifications and (H) different hydrogel flow rates. Data were analyzed
using one-way analysis of variance and are presented as mean + standard deviation (n = 3). Statistical significance determined at *p < 0.05, **p < 0.01, and
**p < 0.001, while ns indicates not significant. Abbreviations: CaCl,, calcium chloride; GelMA, gelatin methacryloyl; SA, sodium alginate; UV, ultraviolet.

Volume 12 Issue 1 (2026)

680

doi: 10.36922/1JB025490504


https://doi.org/10.36922/IJB025490504

International Journal of BIOprIntlng GelMA-based skin with multiscale vasculature

(1) (i) (iii
Printed vessel original a " 120
804 — Printed vessel smoothed o

2% SA vessel ariginal
= 2% SA vessel smoothed

p —

60

40

Stress (kPa)

20

G

o
0 25 50 75 100 125 150 175 Printed vessel 2% SA vessel
Strain (%) Type
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curves, (iii) elastic modulus of the vessels. (B) Perfusion of vessels with red dye. Scale bar: 1 cm. (C) Small vessel grid scaffold: (i) printing initiation, (ii)
upon printing completion, (iii) perfusion with red dye. Data were analyzed using one-way analysis of variance and are presented as mean * standard
deviation (n = 3). Statistical significance determined at *p < 0.05, **p < 0.01, and ***p < 0.001, while ns indicates not significant. Abbreviation: SA, sodium
alginate.

vessels to the dermal microvessels, closely mimicking the possesses the key physiological functions of native skin,
hierarchical distribution of the vascular system in native we conducted a series of in vitro experiments, focusing
skin. The current model provides the spatial organization of on evaluating its physical barrier function and the
different cell types. However, achieving precise histological substance transport potential of the subcutaneous vascular
stratification and mature epidermal differentiation will be network. The coaxial printing process developed in this
a key objective for the next stage of model refinement. work, combined with the previously reported layer-by-

layer printing method,” forms a composite strategy for
3.4. In vitro validation of the skin substitute fabricating a multi-layered vascularized skin substitute,
The structural biomimicry of the construct serves as the which was ultimately constructed and functionally
foundation for achieving its intended functions. To verify validated. We established four experimental groups: the no
whether this multi-layered vascularized skin substitute epidermis group contained only the dermal layer, lacking
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(ii) small vessels, and (iii) papillary and epidermal layers, resulting in a (iv) perfusable network. Scale bar: 5 mm. Abbreviations: EC, endothelial cell; F,
fibroblast; GelMA, gelatin methacryloyl; KC, keratinocytes.

an epidermal structure. The incomplete epidermis group based on water absorption by color-changing silica gel
and the complete epidermis group were both fabricated demonstrated that the water retention capability of the
on the basis of the no epidermis group. By adjusting complete epidermis group was significantly superior to
the printing stage temperature and path spacing, we that of the incomplete epidermis and no epidermis groups.
engineered a surface with either grooves or a continuous, This demonstrates that the dense keratinocyte layer and the
dense, and smooth layer. The no skin sample group intercellular substances it secretes effectively block passive
was used to account for interference from water vapor water evaporation, a crucial process for maintaining
inside the container. Both the Incomplete epidermis and the internal water balance. The impaired function of the
complete epidermis groups contained the “small-micro” incomplete epidermis group directly correlates with its
vascular network. engineered micro-grooves, which provide pathways for

We systematically evaluated the barrier function using TEWL and molecular permeation.

transepidermal water loss (TEWL) measurements, a The transdermal penetration assay  further
transdermal penetration assay with a fluorescent substance, corroborated this observation (Figure 7B). When Dextran-
and TEER testing. As shown in Figure 7A, the TEWL test FITC was used as a model molecule, its penetration rate
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through the complete epidermis group was the slowest,
with the fluorescence intensity in the solution remaining
consistently low. In contrast, the fluorescent molecules
rapidly penetrated the no epidermis group, while the
incomplete epidermis group showed an intermediate
level, indicating that structural defects in the epidermis
significantly impair its barrier efficacy. TEER testing
provided electrophysiological evidence for this observation
(Figure 7C). The TEER value of the complete epidermis
group (3170 + 162.35 ) was substantially higher than
that of the incomplete epidermis group (1316 + 182.06
Q) and the blank control group (no skin sample) (199 *
59.50 Q). This 140.82% increase relative to the incomplete-
epidermis group supports the conclusion that a complete
and tightly connected epidermal layer is the decisive
factor in establishing a high-impedance physical barrier.

The results from these three experiments consistently
demonstrate that the structural integrity of the epidermal
layer is necessary for the engineered skin to exert an
effective barrier function.

Beyond serving as a physical barrier, a functional skin
substitute requires its subcutaneous vascular network to
possess the capability for substance exchange. Therefore,
we simulated the process of drug diffusion from blood
vessels by injecting a Dextran-FITC solution into the
coaxially printed small vessel within the construct
and observing its extravasation behavior in real-time
(Figure 7D). Time-lapse images clearly showed that the
fluorescent molecules were initially confined to the vascular
lumen and then gradually diffused into the surrounding
extracellular matrix over time. Quantitative analysis of the
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Figure 7. In vitro validation of the skin substitute. (A) TEWL measurement: (i) schematic of the test setup, (ii) color change of silica gel due to
water absorption, (iii) water loss rate across different groups. (B) Transdermal penetration assay: (i) schematic of the test principle, (ii) fluorescence
detection results, (iii) changes in fluorescence values across different groups. (C) TEER measurement: (i) schematic of the measurement principle,
(ii) electrical resistance values across different groups. (D) Dextran-FITC permeability assay: (i) time-lapse images showing fluorescent molecule diffusion,
(ii) quantification of diffusion rate. Scale bar: 200 um. Data were analyzed using one-way analysis of variance and are presented as mean + standard
deviation (n = 3). Statistical significance determined at *p < 0.05, **p < 0.01, and ***p < 0.001, while ns indicates not significant. Abbreviations: Dextran-
FITC, dextran—fluorescein isothiocyanate; EVO, epithelial voltohmmeter; PBS, phosphate-buffered saline; TEER, transepithelial electrical resistance;
TEWL, transepidermal water loss.
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diffusion rate indicated that the rate decreased over time,
consistent with the classical Fick’s law of diffusion,?” where
the driving force for diffusion naturally weakens as the
concentration gradient across the vessel wall decreases. The
hydrodynamic diameter of 40 kDa dextran is comparable to
that of a key transport protein in the human body—serum
albumin (approximately 66 kDa).”® Albumin serves as the
natural carrier for many hydrophobic drugs. Numerous
therapeutic biomolecules, such as cytokines, enzymes,
and antibody fragments, also fall within this molecular
weight range. The permeation behavior of Dextran-FITC
can be used to model the diffusion and clearance of these
drug-protein complexes within the interstitial space and
vascular system. For instance, Aflibercept (VEGF Trap),”
a dimeric glycoprotein used to treat neovascular age-
related macular degeneration, diabetic macular edema,
and other angiogenic diseases, has a functional subunit
size comparable to 40 kDa Dextran-FITC. Observing the
diffusion of Dextran-FITC from the vascular network can
directly simulate and predict the distribution kinetics and
local clearance rate of drugs like Aflibercept in diseased
skin tissue.

The in vitro functional validation demonstrates that
our constructed multi-layered vascularized skin substitute
not only successfully mimicked the anatomical structure of
native skin but also replicated two of its core physiological
functions: the excellent physical barrier function provided
by the complete epidermis, and the substance transport and
potential drug delivery function enabled by the multi-level
hierarchical vascular network. This lays a solid foundation
for its applications in wound repair, disease modeling, and
in vitro drug screening.

3.5. Limitations and future perspectives
While the hybrid bioprinting strategy proposed in this
study shows promise for constructing vascularized skin
constructs, the current model still has several limitations,
which also point the way for future research.

In terms of vascular function, although we achieved
confluent endothelial coverage within the coaxially
printed small vessels, the maturity and barrier integrity
of this endothelium require further validation. For
example, immunofluorescence staining for endothelial
junctional proteins such as vascular endothelial cadherin
and claudin-5, combined with perfusion assays using
fluorescently labeled macromolecules like 70 kDa dextran,
is needed to quantitatively assess vascular permeability.

Regarding tissue maturation and structural fidelity,
although the current construct successfully achieved the
designed spatial organization of multiple cell types, more
in-depth histological analysis is still required to truly
recapitulate the sophisticated layered architecture of native

skin. In subsequent work, hematoxylin and eosin staining,
Masson’s trichrome staining, and immunohistochemical
analysis should be performed to assess layer-specific
markers quantitatively and evaluate tissue maturation and
stratification. Relevant markers may include cytokeratin 10
for epidermal differentiation, collagen I/III in the dermal
matrix, and cluster of differentiation 31 for vascular
networks. Simultaneously, introducing melanocytes to
model pigmentation or incorporating immune cells such
as macrophages to confer immunocompetence would
significantly enhance the biological relevance of this model
for disease modeling and immunological studies.

For the drug delivery assessment, the diffusion
kinetics of the 40 kDa Dextran-FITC model molecule
provide valuable preliminary insights. However, to more
accurately predict therapeutic efficacy, future studies
need to directly investigate the transport and retention
behaviors of clinically relevant agents. This includes small-
molecule drugs, growth factors such as VEGF or basic
fibroblast growth factor, as well as nanoparticle-based
formulations. By analyzing the structural characteristics
and permeability of the construct’s vascular network and
correlating them with the pharmacokinetic profiles of
these agents, this model holds the potential to evolve from
a structural platform into a predictive tool for preclinical
drug screening.

Finally, the ultimate validation of any tissue-engineered
construct lies in in vivo experimentation. Future work
should focus on implanting these skin constructs into
full-thickness skin defect models in small animals, such
as mice or rats. Key evaluation metrics should include
the anastomosis of the engineered vascular network with
the host circulatory system, the long-term survival rate of
the graft, perfusion monitoring via imaging techniques,
and the wound healing efficacy compared to standard
therapies. The outcomes of these experiments will lay the
foundation for testing in larger, more clinically relevant
animal models.

4, Conclusion

This study successfully developed a hybrid bioprinting
strategy for the integrated fabrication of a multi-layered
skin substitute featuring a biomimetic “small-micro’
hierarchical vascular network. The 2% SA/5% GelMA
composite hydrogel was optimized and validated as the
coaxial printing ink. It achieved an optimal balance among
rheological properties, cell adhesion, and 3D tubulogenesis
capability, thus laying the material foundation for
constructing functional vessels. Through systematic
optimization of coaxial printing parameters combined
with an ionic-photo dual-crosslinking mechanism,
we achieved the automated fabrication of structurally
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stable, dimensionally controllable, mechanically robust,
and perfusable subcutaneous small vessels, effectively
overcoming the challenges of structural contraction
and instability associated with single-crosslinking
methods. By integrating coaxial printing with extrusion
printing technologies, we achieved, for the first time, the
integrated fabrication of a full-thickness, biomimetic
skin construct with designed layer compartments in a
single manufacturing process. Structural characterization
demonstrated that the printed construct formed a multi-
level “small-micro” vascular structure and achieved the
precise distribution of various cell types in their predefined
locations. In vitro functional experiments demonstrated
that the construct possessed both an effective physical
barrier function and drug delivery potential enabled by the
engineered vascular network, proving it to be a promising
platform that integrates biomimetic architecture with
initial barrier and transport functionalities.

In summary, the composite printing and dual-
crosslinking strategy proposed in this study provided an
effective technical solution for addressing the challenge of
pre-vascularization and thick-walled tissue construction.
The fabricated, multi-layered, vascularized skin substitute
exhibits great potential for application in the repair of deep
skin defects, disease modeling, and in vitro drug screening.
Future work should focus on the long-term in vivo
functional evaluation of this construct and its reparative
efficacy in large animal models.
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