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ARTICLE INFO ABSTRACT
Keywords: The healing of large skin defects remains a significant challenge in clinical settings. The lack of epidermal
Skin organoid sources, such as autologous skin grafting, limits full-thickness skin defect repair and leads to excessive scar

Skin defect
3D bioprinting
Wound healing

formation. Skin organoids have the potential to generate a complete skin layer, supporting in-situ skin regen-
eration in the defect area. In this study, skin organoid spheres, created with human keratinocytes, fibroblasts, and
endothelial cells, showed a specific structure with a stromal core surrounded by surface keratinocytes. We
selected an appropriate bioink and innovatively combined an extrusion-based bioprinting technique with dual-
photo source cross-linking technology to ensure the overall mechanical properties of the 3D bioprinted skin
organoid. Moreover, the 3D bioprinted skin organoid was customized to match the size and shape of the wound
site, facilitating convenient implantation. When applied to full-thickness skin defects in immunodeficient mice,
the 3D bioprinted human-derived skin organoid significantly accelerated wound healing through in-situ
regeneration, epithelialization, vascularization, and inhibition of excessive inflammation. The combination of
skin organoid and 3D bioprinting technology can overcome the limitations of current skin substitutes, offering a
novel treatment strategy to address large-area skin defects.
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1. Introduction

Wound healing is an intricate and dynamic process involving the
participation of various cells and cytokines across four overlapping
phases: hemostasis, inflammation, proliferation, and tissue remodeling
[1-4]. Wounds of varying etiologies burden the healthcare system [5],
with an estimated 100 million people globally suffering from acute or
chronic wounds annually. The worldwide wound care market, estimated
to be worth close to 20 billion in recent years, is forecasted to exceed
30.1 billion by the year 2030 [6,7]. In Northern China, the total cost of
treating wounds in hospitals increased from 1.23 % in 2014 to 3.18 % in
2017 of total healthcare expenditures for each respective year [8]. The
growing number of surgical cases, rising combat burns, and surge in
traffic accidents worldwide have motivated the urgent need for
advanced wound care products.

Unfortunately, despite numerous treatments available for wound
healing, including various wound dressings, negative pressure wound
therapy, hyperbaric oxygen therapy, and autologous skin flap grafts,
their clinical efficacy remains unsatisfactory for massive skin defects [2,
9]. Skin organoids can address the extraordinary challenge of skin
transplantation by providing an alternative for infertile wounds where
peri-wound epidermal cells are inadequate to migrate and cover the
entire wound area. These organoids contain the fundamental cells and
biological construction of skin layers.

The capacity of skin organoids to develop integrated skin structures
is incalculable. In 2020, Jiyoon et al. [10] engineered an organoid cul-
ture system capable of generating intricate skin constructs from human
pluripotent stem cells in vitro. These constructs consist of a stratified
epidermis, a dermis enriched with adipose tissue, and pigmented hair
follicles integrated with sebaceous glands, which further develop into
planar hair-bearing skin upon transplantation onto nude mice. The
construction of organoids facilitates an intricate exploration into the
nuances of intercellular communication, the spectrum of cellular het-
erogeneity, the regulation of tissue-specific gene and protein expres-
sions, alongside the dynamics of metabolic activities [1]. This
sophisticated model emulates the extracellular microenvironment
intrinsic to living organisms, providing a platform for comprehensive
biological inquiry [11,12,13].

Bio-engineered skin substitutes based on skin organoids can be
applied to acute massive skin defects to address the shortage of skin
regeneration and adverse wound substrates. Given the ethical concerns
and the uncontrolled proliferation and differentiation attributes asso-
ciated with embryonic stem cells (ESCs) and induced pluripotent stem
cells (iPSCs), adult stem cells (ASCs) emerge as a promising alternative.
ASCs, defined as tissue-specific stem cells, exhibit a propensity for tissue-
restricted differentiation, thereby offering a more controlled and tar-
geted approach [14,15]. Although they do not exhibit the broader plu-
ripotency characteristic of ESCs and iPSCs, these cells possess
multipotency, enabling them to differentiate into multiple cell types
within their tissue of origin [16,17]. Based on cell accessibility and
culture manufacturing, we utilized three types of skin layer cells to
produce spherical skin organoids containing keratinocytes, fibroblasts,
and vascular endothelial cells, demonstrating the basic skin structure in
the epidermis, dermis, and neo-vessels. ASC-derived skin organoids have
enormous application prospects.

However, there is an overwhelming demand for substrate support
because scattered spherical skin organoids should not be implanted
directly in practical application scenarios [18]. Three-dimensional (3D)
bioprinting represents a sophisticated biofabrication methodology,
meticulously depositing bioinks in accordance with preconceived de-
signs to engineer tissues and organs that exhibit architectures closely
emulating native biological structures [19-22]. Recent research has
shown significant advancements in 3D bioprinting organoids, although
bioprinting approaches have been predominantly used for bioprinting
cells encapsulated in hydrogels [23]. Furthermore, three-dimensional
(3D) bioprinting affords precise positioning of spherical organoids or

258

Bioactive Materials 42 (2024) 257-269

cellular aggregates, thereby offering superior spatial regulation. This
technique facilitates the direct amalgamation of these structures, paving
the way for the formation of large-scale, functional tissues with
enhanced structural integrity and physiological relevance in vitro [24,
25].

To adapt to the wound microenvironment, as shown in Fig. 1, we
proposed a composite preparation process for 3D bioprinting skin
organoids. The core idea of this method is to achieve effective embed-
ding and assembly of spherical skin organoid hydrogels based on
extrusion bioprinting technology under the action of a temperature field
and a step-by-step photo-cross-linking composite molding method. First,
spherical skin organoids were 3D printed by extrusion bioprinting and
temperature-derived pre-crosslinking. Subsequently, to ensure the
overall mechanical properties of the 3D bioprinted skin organoids, a
photo-cross-linking process based on dual photo sources was innova-
tively proposed. This process ensures the mechanical properties of
hydrogels. At the same time, the cross-linking process can reduce photo
damage to cells by reducing the illumination time, providing a new
solution to the problem of wound repair.

In our investigation, we utilized adult stem cells to produce spherical
skin organoids, then combined them with 3D bioprinting to simulate a
more authentic skin architecture. Biological complexes corroborated the
regenerative capacity of 3D bioprinted skin organoids, underscoring
their efficacy in accelerating wound closure in situ, fostering the
maturation of an epidermal stratum mirroring native skin architecture,
augmenting collagen synthesis, and stimulating neovascularization.
Ultimately, through the application of RNA sequencing, we substanti-
ated the role of 3D bioprinted skin organoids with a three-dimensional
bionic structure in massive wound healing. This brings organoid
research a step closer to translational clinical applications and provides
more innovative insights into regenerative medicine.

2. Materials and methods
2.1. Materials

Human keratinocytes (HaCaT), human dermal fibroblasts, and
human umbilical vein endothelial cell lines were sourced from Shanghai
Sebachem Biotechnology Co. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), streptomycin-penicillin solution,
and 0.25 % trypsin were supplied by Thermo Fisher Scientific. Human
Platelet Lysate (HPL) was obtained from Sexton Biotechnologies. K1,
K10, K14, human VIM, human CD31, COL I, and COL III antibodies were
purchased from Sevier Biotechnology Co.LTD. Gelatin methacrylate
(GelMA) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
were procured from Yongqinquan Intelligent Equipment Co., Ltd, Suz-
hou, China.

2.2. Cells culture and experimental animals’ welfare

All cell lines were maintained in Dulbecco’s Modified Eagle Medium
(DMEM,; Gibco, catalog number 10567014) enriched with 10 % fetal
bovine serum (FBS; Gibco, catalog number 10099141C) and 1 % anti-
biotic solution of streptomycin-penicillin (Gibco, catalog number
15140122). Cultivation occurred within a humidified incubator, set at
37 °C and supplied with 5 % CO,. The culture medium underwent
replenishment every alternate day. Upon reaching approximately 90 %
confluency, cells were subcultured, with those from passages 4 through
7 deemed suitable for the construction of skin organoids. All immuno-
deficient BALB/c female mice, aged 6 weeks and weighing between 20
and 25 g, were sourced from Beijing Viton Lihua Laboratory Animal
Technology Co., Ltd. The experimental animals were housed in an SPF-
grade animal laboratory facility and acclimatized to the environment for
one week prior to surgical procedures. Animal management procedures
were approved by the Animal Ethics Committee of the First Affiliated
Hospital of Naval Medical University (CHECAE2022009) under the
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Fig. 1. The schematic diagram illustrates the preparation of 3D bioprinting skin organoid was developed from three adult stem cells for the restoration of large skin

defects in situ and improved healing quality.
guideline.

2.3. Synthesis and formation of floating sphere skin organoid

Single-cell suspensions of keratinocytes, fibroblasts, and vascular
endothelial cells were prepared at a ratio of 2:1:1 to generate sphere skin
organoids. Briefly, 4 x 105 cells per cm? were seeded as single cells
followed by self-assembly using ultra-low adsorbent material (Corning,
3471) for 24 h. The cells were exposed to DMEM fortified with 10 % HPL
(Sexton, PL-NH-100) alongside a 1 % antibiotic solution of
streptomycin-penicillin and the culture medium was replenished on
alternate days. Microscopic analysis was performed 5 days after seeding
(see image acquisition).

2.4. Physicochemical properties and biocompatibility of hydrogels

2.4.1. Swelling properties

Immediately freeze the printed samples at —80 °C. Subsequently,
remove the moisture from the samples using a freeze dryer and measure
the hydrogel mass (denoted as WO0). Immerse the samples in PBS at 37 °C
to determine the swelling ratio (SR). At various time points (1 h, 2h, 4 h,
6 h, 24 h), retrieve the samples, dry the surface moisture with filter

paper, and measure the sample mass (denoted as Wt). Finally, calculate
the hydrogel SR using the following formula [26]:

W, — W
SR= “We
2.4.2. Rheological properties

The rheological properties of hydrogels were tested using a rheom-
eter. The ambient temperature was set to 22 °C, and the shear rate
variation range was set to 0.1-100 s-1. The viscosity is a determining
factor for evaluating the rheological properties of hydrogels, which in-
fluences their printability.

2.4.3. Biocompatibility

The biocompatibility of the hydrogel was verified using three
different skin cell types. Live/dead staining was used to label live and
dead cells. According to the instructions (Solarbio), calcein-AM and
propidium iodide (PI) were dissolved in PBS to prepare the experimental
solution. Cell proliferation was detected using a cell counting kit-8 (CCK-
8, Dojindo). The test mixture was prepared at a volume ratio of CCK-8
reagent: DMEM solution of 10:100 (v/v).
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2.4.4. Printability and optimization of printing process parameters

The printability of the hydrogel was demonstrated by printing
different shapes (polylines and spirals). To determine the main printing
process parameters, the effects of different print speeds and extrusion
speeds on hydrogel printing quality were studied.

2.5. 3D bioprinting skin organoid

Dissolve 0.2 g GelMA powder in 1 ml PBS, then add 1 mL LAP so-
lution, and mix thoroughly at 40 °C to prepare bioink with concentra-
tions of 10 % GelMA and 0.25 % LAP. Take 1.5 ml of biological ink and
filter it using a 0.22 pm sterile filter. Then mix it thoroughly with the
number of spherical skin organoids cultured in a 6-well plate, and finally
load it into a 3 cc dispensing syringe. The size of the 3D bioprinting skin
organoid is designed to be a cylindrical structure with a diameter of 10
mm and a thickness of 1 mm. The printer is based on pneumatic
extrusion and uses a 22 g conical nozzle, the print speed and extrusion
speed of printer are 1 mm/s and 1.5 mm?®/s ( Axolotl Biosystems, Axo
A3, AxoSuite 1.4.9 ) . Place the printed sample between two UV curing
lamps. After exposing the front side for 10 s, expose the back side for
another 10 s(UV lamp: EFL-LS-1601-405, 405 nm, 25mw/cm>).

2.6. Animal experiments

Adult female BALB/c mice (8 weeks, 20.0 + 5.0 g, n = 18) were
employed to develop in vivo full-thickness wound healing paradigm.
Each subject was rendered unconscious utilizing isoflurane anesthesia. A
full-thickness, circular incision with a 10-mm diameter was meticu-
lously excised from the dorsal epidermis of each animal to simulate a
wound site. Hydrogels were fabricated with a diameter congruent to the
wound size and the same storage modulus as described above. The mice
were divided into three groups: Gel group (hydrogel implantation only),
Gel + Susp group (implanted with cell suspension) and printed organoid
group (implanted with 3D bioprinted skin organoid). After hydrogel
implantation, all mice were fitted with anti-shrinkage rings to reduce
autologous skin contraction on wound closure, and dressings were
changed every 2 days. Wound images were captured using a digital
camera, and wound closure area was analyzed using ImageJ software.
All mice were maintained on a standard rodent diet to ensure consistent
nutritional support throughout the study period. The mice were
executed via CO» suffocation after 16 days, and the excised skin speci-
mens were encapsulated within paraffin blocks for histological analysis.

2.7. Histology of FSOs and wound sections

Hematoxylin and eosin (H&E) as well as Masson’s trichrome staining
were conducted following established protocols. For H&E staining,
rehydrated samples underwent hematoxylin treatment for 2 min and
eosin treatment for 6 min at room temperature. Subsequently, the slides
were dehydrated, mounted, and examined using optical microscopy.

Masson’s trichrome staining was carried out in accordance with the
manufacturer’s instructions (Solarbio, G1340). In brief, the samples
were sequentially stained with Weigert’s iron hematoxylin solution,
Biebrich scarlet acid fuchsin solution, and aniline blue solution. Subse-
quently, the stained samples were mounted for subsequent analysis.

2.8. Immunofluorescence staining and immunohistochemical staining of
3D bioprinting skin organoid and wound tissue

For immunofluorescence (IF) staining, Specimens were immobilized
and subsequently incubated overnight at 4 °C with anti-VIM or anti-
CD31 antibody solution (1:100 in blocking buffer; 5 % FBS and 0.1 %
Tween-20 in PBS). The samples were then exposed to a biotin-
conjugated anti-mouse IgG secondary antibody (1:100 in blocking
buffer) and accompanied by a FITC-conjugated streptavidin tertiary
antibody, similarly, diluted for a duration of 2 h at 37 °C. Post-
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processing, the specimens were affixed and visualized under a fluores-
cent microscope to capture the resultant images. immunofluorescence
(IF) staining of cytokeratins (K1, K10, K14), a primary antibody specific
to these proteins was utilized, diluted at a ratio of 1:200 in the blocking
buffer.

Immunohistochemical (IHC) staining was executed adhering to a
standardized protocol up until the stage of primary antibody applica-
tion, deploying anti-COL I and anti-COL III antibodies (1:200 in blocking
buffer). Subsequently, the specimens underwent exposure to anti-rabbit
IgG HRP-conjugated secondary antibody (1:500 in blocking buffer) for
2 h, followed by incubation with hematoxylin solution for a span of 2
min at ambient temperature. Conclusively, the samples were immersed
in DAB substrate solution for a period of 10 min at room temperature to
achieve the final chromogenic reaction.

2.9. RNA sequencing

At 16 days post-modeling, tissue samples from the wound areas of
the three groups of mice were harvested following an identical protocol.
The skin tissues were placed into cryovials, labeled according to their
respective groups, snap-frozen in liquid nitrogen for 2 min, and subse-
quently stored at —80 °C until required for sequencing. For tran-
scriptome sequencing and analysis, the samples were submitted to
Shanghai OE Biotech Co., Ltd.

2.10. Data analysis

The results are articulated as the mean + standard deviation (SD).
Statistical assessments were executed utilizing IBM SPSS Statistics 20.0,
complemented by graphical representation in Origin software. A one-
way Analysis of Variance (ANOVA) was employed to ascertain statisti-
cal significance. A p-value threshold below 0.05 was deemed indicative
of statistical significance. P values are denoted as: *p < 0.05, **p < 0.01,
**%p < 0.001, ****p < 0.0001.

3. Results and discussion

3.1. Self-assembly of keratinocytes, fibroblasts and endothelial cells
generated sphere skin organoid

Although skin organoids are not genuinely human skin, they can
simulate the structure and function of human skin, such as the epidermis
and dermis, and are not a mere aggregation of cells. Based on previous
studies, progenitor cells isolated from various organs can self-assemble
into spheroids when cultured in an ultralow attachment environment
[12]. We created spherical skin organoids using three main components
of skin. As shown in Fig. 2A, sphere skin organoids were constructed by
the aggregation of human-derived keratinocytes, fibroblasts, and
endothelial cells, accompanied by scattered cells distributed in the
surrounding area after mixing the single-cell suspensions in a 2:1:1
proportion for one day. The spheroids gradually augmented as the cul-
ture prolonged, becoming larger and more spherical in shape. We
observed that the cell clusters were tightly structured, and the stratifi-
cation was in homogeneous rows, which is an integral morphology of
sphere skin organoids, as demonstrated by H&E staining in Fig. 2B. It is
evident that the pattern of cell arrangement is organized rather than
disordered.

Sphere skin organoids were encapsulated by multi-layered epidermal
cells, as shown in Fig. 2E. Peripheral keratinocytes were highly char-
acterized by the expression of keratin 1/10/14, and Ki-67-positive cells
were mainly located at the surface of the spheroid, suggesting that
keratinocytes maintained an aggressive proliferative activity (Fig. 2C).
The core of the spheroids consisted of dermal fibroblasts and vascular
endothelial cells, which was coherent with the immunofluorescence
labeling. VIM was expressed in the center of the sphere organoids as a
specific marker for mesenchymal tissues derived from mesodermal
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Fig. 2. The preparation and characterization of self-assembly sphere skin organoids. (A) Microscopic morphology of sphere skin organoids at dayl and day5. Scale
bar, 75 pm (B to F) Histology of cross-sectioned organoids harvested at day 7. (B) Hematoxylin/eosin staining illustrated FSO organization. Scale bars, 100 pm and
50 pm. (C) Anti-Ki67 staining indicating cell proliferation within sphere skin organoids. Scale bars, 150 pm and 50 pm. Immunofluorescence staining results of anti-
human vimentin (VIM, red, D), anti-human keratin 10/1/14 (K10, K1, and K14, green, E) and anti-human CD31 (red, F) confirmed cell organization into dermal core
structures (VIM + CD31) and epidermal layered arrangement (K14). Scale bars, 100 pm and 25 pm. DAPI + nuclei in blue. (B-F) Frames indicating area shown in

higher magnification at the right next to overview pictures.

origins (Fig. 2D) and was interspersed with early vasculogenesis
(Fig. 2F). In conclusion, we successfully constructed sphere skin orga-
noids in vitro with fibroblasts and vascular endothelial cells as the
dermal core, peripherally wrapped by keratinocytes, which is poten-
tially capable of developing into complete skin to replace massive skin
defects.

3.2. Physicochemical properties and biocompatibility of hydrogels

Swelling performance is a commonly used indicator to evaluate the
ability of hydrogels to absorb liquids. Hydrogels with good liquid ab-
sorption capabilities are conducive to the exchange of substances within
the three-dimensional structure. As shown in Fig. 3A, the swelling ratio
of different proportions of hydrogels was negatively correlated with
concentration. The hydrogel swelling curves of the 5 % and 10 % GelMA
groups showed similar trends, exhibiting rapid liquid absorption ca-
pacity in 0-2 h. As time increased, the swelling capacity changed
gradually. The absorption of the 15 % GelMA hydrogel showed a slow
increase throughout the process. The swelling ratios of different
hydrogels at 24 h proved the excellent swelling capabilities of 5 % and
10 % GelMA hydrogels.

The test results of the rheological properties are shown in Fig. 3B.
The viscosity ranges of 5 %, 10 %, and 15 % GelMA are 0.67-39.02 Pa s,
5.15-4343 Pa s, and 0.71-16780 Pa s, respectively. As the shear rate of
each hydrogel group increases, the viscosity gradually decreases,
showing typical shear-thinning characteristics. Hydrogels with shear-
thinning properties can become smooth during bioprinting, making it
easier to print tissues/organs with higher precision. The ideal bioink for
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extrusion-based bioprinting should flow easily when shear stress is
applied and quickly stabilize to form a solid hydrogel after extrusion
[27]. Moreover, it should be ensured that the sphere skin organoids are
subject to small shear forces during the printing process. Considering the
swelling and rheological properties, 10 % GelMA was used as the
hydrogel concentration in the following studies.

HacCaT cells cultured in hydrogel-free well plates can attach normally
to the surface (Fig. 3C). However, HaCaT cells seeded in well plates
containing 10 % GelMA hydrogel tended to grow in clusters. After
replacing the culture medium, almost no cells were found on the gel
surface, indicating that HaCaT did not adhere to the hydrogel surface
normally. Previous studies have shown that this phenomenon is related
to the mechanical properties of the hydrogel, and higher concentrations
of GelMA can promote the adhesion and proliferation of HaCaT [28,29].

Cell viability and proliferation tests of human skin fibroblasts (HSF)
and human umbilical vein endothelial cells (HUVEC) were performed on
days 1, 2, and 4 after culture, as shown in Fig. 3D. HSF exhibited high
viability during culture, with only a few dead cells found. After 1 day of
culture, there was no significant difference in HSF morphology. How-
ever, on the second and fourth days of culture, the cell morphology
began to transform into an elongated spindle shape. On the fourth day,
the cells grew and stretched significantly, and cell-cell contacts were
observed. The CCK-8 results of HSF verified that as the culture time
increased, HSF proliferation also increased, with significant statistical
differences in cell proliferation at different culture times (p < 0.01).
Most HUVEC showed green fluorescence at different culture times,
indicating a high cell survival rate. HUVEC morphology also gradually
changed during culture, although the rate of change was not as fast as
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Fig. 3. Physicochemical properties and biocompatibility of hydrogels. (A)Swelling properties of GelMA with different ratios. a) Swelling rate of hydrogels as a
function of time. b) Swelling ratios of different hydrogels at 24 h. (B)The curves of viscosity changes with shear rate of 5 % GelMA, 10 % GelMA, 15 % GelMA,
respectively. Scale bar = 500 pm. (C)Growth status of HaCaT on the hydrogel surface. ¢1)-c3) show low magnification images of the cells in the well plate without
hydrogel, in the well plate with hydrogel, and in the well plate with hydrogel (after changing the medium) after 1 day of culture, and high-magnification images. (D)
Growth status of HSF and HUVEC on the hydrogel surface. Scale bar = 200 pm. (E) and(F) show the CCK-8 results of HSF and HUVEC.

that of HSF. In addition, HUVEC also showed strong proliferation ability
on the hydrogel surface (Fig. 3E and F). The biological behavior of three
types of skin cells on the hydrogel demonstrates that the ability of
different skin cells to perceive the hydrogel varies.

To verify the printability of the bioink mentioned in section 2.5, the
effect of different printing speeds on bioink printing quality was studied,
keeping other conditions unchanged. The results are shown in Fig. 4A.
As shown in the supplementary documents, when other parameters are

kept constant, as the extrusion speed increases, the size and shape of the
fiber filaments gradually become uniform. It can also be concluded that
1.2-1.5 mm3/s is the optimal parameter for extrusion speed.

Further, the printing parameters were kept constant, and the effect of
single and dual light source crosslinking on cell survival was investi-
gated. The ratio of cell spheres to bioink was as described in section 2.5.
The cell sphere-laden hydrogel samples were irradiated by a single-
photo source for 40 s and a dual-photo source for 10 s, respectively, to



T. Zhang et al.

A

Extrusion speed

Bioactive Materials 42 (2024) 257-269

B Single-photo source crosslinking

Dual-photo source cross-linking

.. -J’ ; | .
S 4l | ' 1
\ 2 . &
% ¥
L S -
. -
; .
. ' .
e

> Dual-photo source cross-linking
I Single-photo source crosslinking
0.9 mmd/s 1.2 mm3/s 1.5 mm3/s 1.8 mmd/s 074 . .
§ 0.6 "
S | 0.5mm/s X X X X Eos]
s 2
=2 SAPR
c 1 mm/s X v v X 8 - L
— g 0.34
= S
- (7]
o | 1.5mmis X N N X 202
0.14
v 2mm/s X X P X 0.0 o o T

Time

Fig. 4. Biocompatibility of cell spheres-laden hydrogel samples under different light strategies. (A) Different printing speeds and extrusion speeds affect the print
quality of bioinks (B) Growth status of internal cells in single-photo source and dual-photo source sample groups, the arrows indicate cell spheres. Scale bar = 200
pm. (C) The CCK-8 results for cells inside hydrogels. (D) The morphology of the 3D bioprinted tissue containing skin organoids.

achieve complete cross-linking of the hydrogels. Both groups of cell
sphere-laden hydrogel samples were cultured simultaneously for 7 days,
and cell viability and proliferation assays were performed on days 1, 3,
and 7, as shown in Fig. 4B and C. On the first day, a small number of cells
died in both groups. On the third day, there was a small increase in the
number of dead cells, but most cells remained viable. By the seventh
day, the number of dead cells increased in both groups. The number of
cell deaths was higher in the samples crosslinked with a single-photo
source compared to those crosslinked with a dual-photo source. The
CCK-8 results showed that the absorbance increased and then decreased
with increasing incubation time, and the absorbance of the sample group
crosslinked with a dual-photo source increased faster and decreased
slower. These results proved that dual-photo source cross-linking is a
suitable strategy.

According to the above printing parameters and lighting strategy, the
morphology of the 3D bioprinted tissue containing skin organoids is
shown in Fig. 4D. The three-dimensional structure is uniform, and the
appearance is clear.

3.3. 3D bioprinting skin organoid accelerates wound closure

To evaluate the therapeutic efficacy of 3D bioprinted skin organoids,
we utilized a nude mouse model of full-thickness skin wounds, as
depicted in Fig. 5A. A 1 cm diameter wound was created on the back of
each mouse, and three printed hydrogels with different ingredients were
transplanted, with the printed hydrogel strictly adhered to the host on
day 0. During the following observation period, the wounds were
observed and photographed every 4 days. In the early stage of wound
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healing, there was slight exudation on the surface, but the organoid
group had integrated well with the host, and there was no significant
inflammatory reaction at the wound margin during the observation
interval.

As shown in Fig. 5B and C, the skin of nude mice gradually closed, the
wound area gradually decreased, and the scabs fell off until approxi-
mately day 12. The rate of wound closure in the printed organoid group
was significantly accelerated compared to all other groups, with a
greater rate of re-epithelialization. The process of re-epithelialization
refers to the migration and crawling of epidermal cells from the
trauma tissue until they cover the entire trauma, restoring the protective
barrier function of the epidermis. Fig. 5C presents the wound healing of
the three groups of nude mice using a visualization method, through the
detailed outline and integration of the region of interest (ROI). This
facilitated intuitive analysis of the closure profiles of the full-thickness
skin defects in the mice, showing that the mice in the printed orga-
noid group had the smallest wound area and the best healing effect by
the last day of the observation period. There were no significant dif-
ferences in ROI area and wound healing rate between the groups before
day 8, as shown by the statistical data in Fig. 5D and E. However, at days
12 and 16, significant improvement in wound closure could be observed
in the printed organoid group compared to the Gel group and Gel + Susp
group, with 93.76 % vs. 76.06 % vs. 75.26 % of the original wound area
at day 16.

The 3D bioprinted skin organoid filled the defective skin and accel-
erated the epithelialization process of the wound, promoting faster
wound healing. This demonstrates that the therapeutic effect of the 3D
bioprinted skin organoid on wound healing was superior to that of pure
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hydrogels and cell suspensions.

3.4. 3D bioprinting skin organoid could improve wound healing quality
and promote in-situ healing

Wound repair constitutes a meticulously orchestrated cascade,
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encompassing distinct phases: hemostasis, inflammation, proliferation,
and remodeling. To evaluate the therapeutic impact of the different
treatments on wound healing progression, H&E staining was employed
on biopsy specimens obtained on post-treatment days 8 and 16 from the
Gel, Gel + Susp, and printed organoid groups. This histological analysis
was performed to assess the status of epidermal integrity, the degree of
epidermal and dermal apposition, as well as the extent of inflammatory
cell infiltration within the wound sites (Fig. 6B). Extensive literature
supports that during the inflammatory phase, there is a surge in in-
flammatory cell recruitment, which is succeeded by the proliferative
phase, marked by neo-angiogenesis, fibroblast proliferation, and the
advancement of re-epithelialization. The wound section in the gel group
had many inflammatory cells aggregated in the dermis on day 8,
meanwhile, it could be observed that the cells in the epidermis under the
hydrogel were disorganized and the dermis was loosely connected to the
epidermis with vacuolated structures, and the cells did not entirely feed
into the wound, which had not yet healed completely. On the other
hand, mice in the printed organoid group presented a thinner wound
with a tighter structure, well-arranged cells in the epidermis, fewer in-
flammatory cells, and abundant vascularization and many erythrocytes,
which were expected to facilitate the continuous proliferation of fibro-
blasts and the growth of granulation tissues to fill in the defective skin
tissues. The epidermis of the printed organoid group was complete and
well adhered to the dermis at 16 days after modeling, and the crista
structure had developed, with a morphology closer to that of normal
skin. Though the epidermis of the Gel + Susp group was structurally
intact, and the dermal granulation tissue proliferation was obvious,
while the epidermis of the Gel group was not completely healed, and the
epidermis was obviously separated from the dermis. Meanwhile, the
range of new tissue in the printed organoid group was significantly su-
perior to that in the Gel group and Gel + Susp group, and the tissue
morphology was closer to that of normal mouse skin, the dermal
thickness was close to that of normal mouse skin at the margin of the
wound, and the sebaceous glands and hair follicles like constructures in
the epidermal layer was significantly more obvious compared with that
in the other two groups, which indicated that skin organoids might
accelerate skin appendages regeneration (Fig. 6B). There is a conclusion
that 3D bioprinting skin organoid can promote re-epithelialization of
wounds with tight epidermal dermal apposition, less inflammatory cell
infiltration of wounds, and newly generated skin that more closely re-
sembles normal skin structure.

Besides, collagen deposition is a key factor that determines skin
strength and maturation. Masson staining results showed that the dermis
of all three groups of wounds were formed by collagen fiber structure,
mainly concentrated in the dermis, with a blue mesh structure. How-
ever, compared with Gel group, which demonstrated loose and thin
dermal collagen fibers, Gel + susp and Gel + Org group presented
aligned collagen fibers. (Fig. 6C). This result suggests that 3D bio-
printing skin organoid promote wound collagen alignment, increase the
neatness of collagen arrangement, and enhance the quality of wound
healing.

Type I and III collagen is the main component of dermis, as the
structural scaffold of extracellular matrix, it facilitates cell adhesion,
chemotaxis and migration, whose structure and arrangement reveal the
quality of wound healing. In addition, Type III collagen was associated
with the generation of scar tissue. Therefore, the wounds condition of all
groups was evaluated by analyzing Col-I and Clo-III immunohisto-
chemical staining of the wound tissues on the 16th day, including the
expression of collagen type I and collagen type III as well as the
arrangement and distribution of collagen. These results demonstrated
that type I collagen and type III collagen were expressed in all three
groups, but type I collagen was expressed maximally while type III
collagen was expressed minimally in the printed organoid group (Fig. 6F
and G), compared to the other two groups and the arrangement of type I
collagen and type III collagen was much more aligned in printed orga-
noid group, while the remaining two groups were more distorted in
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terms of collagen structure(Fig. 6D).

In order to verify the therapeutic effect of skin organoid constructed
by human-derived cells on immunodeficient mice with large skin de-
fects, Immunohistochemical staining with hVIM and hCD31 was
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employed to determine whether 3D bioprinting skin organoid could
promote wound healing in situ. A clear observation reveals that, there is
no expression of human-specific dermal marker VIM and CD31 at the
edge of the wound in mice using hydrogel material alone, while abun-
dant expression of hVIM and hCD31 was found in the suspension group
and printed organoid group using cell therapy. Meanwhile the neo-
vascularization was more abundant in printed organoid group, and the
vascular density was significantly higher than the others (Fig. 6E), which
is in accordance with the following results in Fig. 7B.

In summary, 3D bioprinting skin organoid can improve the quality of
wound healing by integrally filling skin defects in situ, enhancing the
compactness of epidermal cells and collagen arrangement of the dermis,
as well as the overall tissue structure after application to large skin de-
fects in mice, leading to skin repairs that tend to resemble normal skin,
rather than scar tissue.

3.5. 3D bioprinting skin organoid promote re-epithelialization and
vascularization

Re-epithelialization and vascularization are extremely important in
the healing of skin defects [30]. Re-epithelialization involves migration,
proliferation and differentiation of keratinocytes, and the process of
epithelialization covers and closes the wound site and restores the skin
barrier function [31]. Fig. 7A depicted experimental animals were un-
dergone euthanasia and samples were taken from wound sites at day16.
The process of vascularization involves the proliferation and migration
of endothelial cells, and the neovascular network provides energy and
nutrients to the wound tissue to promote wound healing. Immunofluo-
rescence staining of CD31 was used to detect angiogenesis in the wound
sections and quantitative immunofluorescence analysis was used to
calculate neovascular density to assess the vascularization of skin
wounds. As expected, neo-vessels as labeled by the CD31 (red) were
found in the wounds of all three groups but compared with the cell Gel
+ Susp group and the Gel group, the CD31 expression was maximum in
the printed organoid group, followed by the Gel + Susp group. Thus, the
results of immunofluorescence quantitative analysis of vascular density
showed that the vascular density of the printed organoid group was
significantly higher than that of the remaining two groups, P < 0.01
(Fig. 7B and C). It is demonstrated that 3D bioprinting skin organoid can
promote neovascularization of skin wounds with higher vascular den-
sity, which implied that the adequate blood supply was conducive to
neoplastic skin growth and repair.

In Fig. 7E, immunofluorescence staining of K14 demonstrates
epidermal thickness and re-epithelialization during wound healing after
being modeled for 16 days. As an epidermal stem cell marker with
proliferation and division ability in the basal layer of the epidermis, the
expression of K14 in the traumatic epidermis of mice in the printed
organoid group was higher and concentrated in the basal layer, whereas
the expression of K14 in mice in the Gel group and the Gel + Susp group
was dispersed and uneven, and the fluorescence intensity was signifi-
cantly lower than that in the printed organoid group. In addition, by
analyzing the statistical data on epidermal thickness, the epidermal
thickness of mice in the printed organoid group was significantly lower
than that of the other two groups, as shown in Fig. 7D.

Collectively, all these results suggest that the pro-healing effect of the
3D bioprinting skin organoid was better, highlighting the importance
role of epidermal reconstruction and neovascularization.

3.6. 3D bioprinting skin organoid accelerated wound healing through
inflammation inhibition

Employing a rodent model with extensive cutaneous lesions have
substantiated the efficacy of three-dimensional bioprinted skin organo-
ids in expediting wound closure. Henceforth, elucidating the intricate
biological mechanisms underlying this enhanced healing capacity be-
comes imperative. To delve deeper into the underlying mechanisms, we
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Fig. 7. 3D bioprinting skin organoid generate a tightly packed neoepidermal layer with more neovascularization. (A) Samples were taken at dayl6, and Immu-
nofluorescence staining was performed to test re-epithelialization and neovascularization. (B—-E) Immunofluorescence staining of CD31(B) and K14(E) on day 16.
CD31, red; CK14, red. Scale bar = 50 pm. Quantitative analysis of (C) CD31 and (D) K14. Data are presented as mean + SD (n = 3). *P < 0.05, ***P < 0.001

compared with control group.

embarked upon a comprehensive transcriptomic dissection utilizing
samples derived from the Gel, Gel + Susp, and printed organoid group.
The results unveiled conspicuous disparities in gene expression profiles
across the various groups, with printed organoid group exhibiting a
significantly enriched landscape of differentially expressed genes. Spe-
cifically, the analyses revealed an upregulation of 478 transcripts and a
downregulation of 204 transcripts, as graphically represented in the
Venn diagram, volcano plots, and heatmap (Fig. 8A-C). These differ-
entially expressed genes were further interrogated through the lens of
the Gene Ontology (GO) database, encompassing domains of biological
processes, cellular components, and molecular functions. As depicted in
Fig. 8D, the genes of T cell receptor associated signal pathway and hu-
moral immune response were downregulated in the printed organoid
group, which is compared to Gel + Susp group. The findings suggest
that, even in cases involving allogeneic cell transplantation, the utili-
zation of 3D bioprinting skin organoid demonstrates enhanced efficacy
in promoting wound healing, while concurrently reducing inflammatory
response and maintaining a relatively stable state of the wound tissue.
Additionally, The 3D bioprinted skin organoids augmented the tran-
scriptional activity of genes integral to the positive regulation of
sarcolemma integrity and muscle contractility, thereby facilitating the
acceleration of wound closure. (Fig. 8E). Moreover, an enhancement in
the expression levels of genes pivotal to collagen biosynthesis and the
activities of modifying enzymes was observed, suggesting a robust
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extracellular matrix (ECM) remodeling and regenerative response
(Fig. 8H). Furthermore, to elucidate the potential regulatory cascades
governing these transcriptional alterations, we delved into pathway
analysis utilizing the Kyoto Encyclopedia of Genes and Genomes
(KEGG).The wound healing observed in the printed organoid group, as
illustrated in Fig. 8F and G, demonstrated alterations in IL-17 signaling,
NK cell-mediated cytotoxicity signaling, and cGMP-PKG signaling
pathways that are closely associated with the regulation of inflamma-
tory response. The collective findings of this study demonstrate that the
3D bioprinting skin organoid effectively expedite the process of wound
healing by promoting pathways involved in skin regeneration and
regulating proinflammatory response.

3.7. Discussion

In this study, we construct skin organoids by taking advantage of self-
assembly potential of skin fibroblasts and keratinocytes together with
endothelial cells. This spheroid-shaped skin organoid comprises surface-
anchored keratinocytes surrounding a dermal core made of fibroblasts
and endothelial cells, representing a micro-sized skin unit. We apply this
unit to the treatment of full-thickness skin defects in immunodeficient
mice, developing an unique sort of bio-ink which is optimal for spherical
bioprinting, and employing extrusion-based 3D bioprinting and photo-
crosslinking processes to construct biomaterials containing skin
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organoids that match the size and shape of the wound. The result turns
out that this composite construct exhibits remarkable therapeutic effi-
cacy of skin defects.

Current research on the treatment of skin defects mainly focuses on
the development of biomaterials with special functions, such as anti-
inflammatory and antibacterial biogels, or composite biomaterials
loaded with skin cells or collagen [32,33]. These materials have played a
certain role in promoting wound healing but still have obvious limita-
tions. Due to the lack of components that can regenerate dermis and
epidermis in situ, this leads to increased scarring and severe fibrosis of
the newly formed skin, with its structure and function being signifi-
cantly different from that of normal skin [34,35]. In this study, we found
that Bioprinting 3D constructs embedded with skin organoids exhibited
superior wound repair capabilities compared to simple biomaterials or
those loaded with cell suspensions. Not only was the wound healing
process the fastest, but more importantly, we detected human dermis
and vascular structures in the mouse wound sites, which indicated that
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3D bioprinting skin organoid might promote would in-situ regeneration
in a relatively more normal way. This result indicates that skin organoids
possess great potential and clinical application prospects for skin defect
repair.

Skin organoids are a hot research field in recent years. Discussing
their function involves indispensable in vivo experiments, which include
how to better implant these organoids into animals. Currently, skin
organoids are mostly implanted into animals by direct coverage, injec-
tion, or through small incisions [36-38]. These methods are simple and
direct, generally suitable for small-scale implantation. However, for
patients with large areas of skin defects, the aforementioned implanta-
tion methods are not convenient enough, and the hostile microenvi-
ronment of the wound could directly damage the implanted skin
organoids [39]. Therefore, this study employed 3D bioprinting tech-
nology to address this issue. 3D bioprinting technology is an upgraded
version of common 3D printing technology where the bio-ink mainly
includes cell suspension and hydrogel [40-43]. As skin organoids are
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three-dimensional cell spheroids, they present more complexity in size,
structure, and function compared to two-dimensional cells, indicating
they require more specific printing technology [44-47]. During our
research, we prepared a unique bio-ink with embedded skin organoids
and successfully combined extrusion bioprinting technology with
dual-photo source cross-linking technology.

The extrusion bioprinting technology based on temperature field
regulation prepares pre-crosslinked biological structures and completes
the effective combination of skin organoids and hydrogels [48]. Subse-
quently, a dual -photo source cross-linking process was innovatively
proposed [27]. Compared with the traditional single photo source or the
common photo-curing bioprinting technology, the dual-photo source
cross-linking can first reduce the illumination time on the premise of
ensuring that the bioink is completely formed, thereby reducing the
adverse effects of light radiation on the sphere skin organoids [49].In
summary, extrusion bioprinting technology combined with dual-photo
source cross-linking technology provides more options for wound
repair methods. Finally, we obtained the 3D bioprinting skin organoid
that match the shape and size of the wound. Not only was this biological
structure conducive to the survival of skin organoids, but it also
possessed water-absorption capabilities, effectively reducing early
exudation from the wound. Moreover, the customized shape and size
made it more convenient for implantation into the skin defect, pre-
senting high clinical translational value.

In vivo experiments indicated that 3D bioprinting skin organoid
transplantation significantly accelerated would healing rate, but also
promoted the healing quality. The arrangement of collagen in normal
skin tissue is very different from that in scar tissue, which indicates that
the collagen arrangement shown in Masson staining images proved high
healing quality by organoid transplantation. Furthermore, this study
conducted a preliminary analysis of the mechanism of the therapeutic
efficacy of the 3D bioprinting skin organoid to skin defect, which was
not involved in previous studies. By RNA sequencing, we tested that skin
organoids could reduce the expression of inflammation-related genes,
involving cellular pathways such as IL-17, NK cells, and the cGMP-PKG
pathway, providing the direction for further research on the mechanism
of regulating inflammation during wound healing.

In summary, this study pioneers the combination of two cutting-edge
technologies, skin organoid technology and 3D bioprinting technology
to develop a composite construct embedded with skin organoids. It also
screened out an optimum bio-ink and innovatively merged extrusion
bioprinting technology with dual-photo source cross-linking technology
to make sure skin organoids can perform better when embedded into
hydrogel. The research verifies that the printed biological structures not
only make it more convenient for implantation but also exhibit a robust
therapeutic effect in promoting in situ wound healing. This demon-
strates significant clinical translational value and give new insights to
the treatment of large-area skin defects in the future. However, this
study still has some limitations. First, the observation time for skin
wound healing in mice in this study is short, and subsequent studies
could extend the observation time to analyze the degree of tissue fibrosis
after wound healing and detect the role of skin organoids in scar repair.
In addition, this study focuses on discussing the therapeutic effects of
skin organoids on wound repair, while only a superficial analysis of its
repair mechanisms is conducted. Subsequent studies could focus more
on exploring the mechanisms of skin organoids in regulating inflam-
mation during wound healing.

4. Conclusion

In general, the current study demonstrates that self-assembly of
keratinocytes, fibroblasts and endothelial cells can successfully generate
sphere skin organoids. By utilizing extrusion bioprinting technology
combined with dual-photo source cross-linking technology, we designed
an 3D bioprinting skin organoid. When this 3D bioprinting skin organoid
was applied to full-layer skin defects in immunodeficient mice the
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therapeutic efficacy of wound was significantly enhanced. Remarkably,
we verified that skin organoid could promote in-situ healing, facilitate
epithelialization and vascularization and improve wound healing qual-
ity. We also preliminarily found that skin organoid could effectively
expedite the process of wound healing by promoting pathways involved
in regulating proinflammatory response, which provide new insights
into the repair of large-area skin defects.
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