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« A novel multicentric regeneration
model capable of fusing to form a
complete full-thickness skin.

« Bilayer microneedles are utilized to
combine the synergistic action of
epidermal and dermal cells.

« A layered scaffold that conforms to
the skin structure, achieving
functional skin regeneration.

« The density of MNs was verified to
ensure optimal cellular cross-talk
between different cells.

« The microneedle tip accurately
delivers cells to the corresponding
area.
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ABSTRACT

Introduction: Managing large chronic wounds presents significant challenges because of inadequate
donor sites, infection, and lack of structural support from dermal substitutes. Hydrogels are extensively
used in various forms to promote chronic wound healing and provide a three-dimensional spatial struc-
ture, through growth factors or cell transport.

Objectives: We present a novel multicenter regenerative model that is capable of regenerating and merg-
ing simultaneously to form a complete layer of skin. This method significantly reduces wound healing
time compared to the traditional centripetal healing model. We believe that our model can improve clin-
ical outcomes and pave the way for further research into regenerative medicine.

Methods: We prepared a novel multi-island double-layer microneedle (MDMN) using gelatin-
methacryloylchitosan (GelMA-CS). The MDMN was loaded with keratinocytes (KCs) and dermal
fibroblasts (FBs). Our aim in this study was to explore the therapeutic potential of MDMN in a total skin
excision model.

Results: The MDMN model replicated the layered structure of full-thickness skin and facilitated tissue
regeneration and healing via dual omni-bearing. Multi-island regeneration centres accomplished hori-
zontal multicentric regeneration, while epidermal and dermal cells migrated synchronously from each
location. This produced a healing area approximately 4.7 times greater than that of the conventional
scratch tests. The MDMN model exhibited excellent antibacterial properties, attributed to the chitosan
layer. During wound healing in diabetic mice, the MDMN achieved earlier epidermal coverage and faster
wound healing through multi-island regeneration centres and the omnidirectional regeneration
mode. The MDMN group displayed an accelerated wound healing rate upon arrival at the destination
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(0.96 % +0.58 % vs. 4.61 % + 0.32 %). Additionally, the MDMN group exhibited superior vascularization and

orderly collagen deposition.

Conclusion: The present study presents a novel skin regeneration model using microneedles as carriers of

autologous keratinocytes and dermal fibroblasts, which allows for omni-directional, multi-center, and

full-thickness skin regeneration.

© 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

An ongoing concern in clinical practice is the management of
chronic wounds, particularly those caused by diabetes and ulcers
[1-3]. Delayed wound heightens increases the risk of nfections
and significantly aggravates skin barrier function and overall quality
of life [4,5]. The present clinical approach to managing chronic
wounds comprises procedures such as skin flap grafting [6], debride-
ment, and traditional dressings (e.g., gauze and bandages) [7-9], as
well as bioengineered skin [10,11]. While these methods have their
constraints, including a shortfall of donor sites for flap transplanta-
tion, multiple skin transplants, and the infusion of growth factors,
they retain the potential for further enhancement [12-15].

Meek’s skin micrografting technique and skin substitute prod-
ucts provide a viable solution to the problem of limited donor sites
[16]. A stratified skin (STS), comprising the epidermis and part of
the dermis, was obtained from the donor site and then diced into
skin particles of 0.3-0.8 mm? for transplantation [17]. The Meek
skin micrografting technique has a remarkable skin graft expan-
sion rate with an expansion ratio of up to 1:4-1:9, thereby reduc-
ing the need for donor site skin and allowing for excellent re-
epithelialization rates. Furthermore, patients treated with the
Meek method manifest a lower graft failure rate than those under-
going whole flap transplantation because of micrografts that act as
autonomous regenerative centers [18-21]. It should be noted that
these micrografts do not contain dermal elements and mainly
depend on re-epithelialization for wound healing, which can lead
to scar formation and wound contracture. Additionally, the skin
substitute creates a microenvironment similar to that of the extra-
cellular matrix, thereby reducing the healing time for wounds and
enhancing the skin’s barrier function [22,23]. However, fully
homogenised skin substitutes are not entirely suitable for the nat-
ural structure of the skin, posing a challenge to complete skin
regeneration [24].

During the process of wound healing, various cellular and extra-
cellular pathways are activated in a meticulously regulated and
coordinated manner to restore the integrity of tissues [25]. Epider-
mal cells, in particular, play a crucial role in wound healing
through re-epithelialisation, which is a vital marker of wound clo-
sure [25]. Similarly, fibroblasts, by secreting collagen and forming
granulation tissue, are crucial in maintaining the strength and
integrity of tissues during the wound healing process [26]. How-
ever, numerous other cell types, comprising immune cells like neu-
trophils, macrophages, and lymphocytes, are also engaged in the
wound healing process and have significant roles in clearing debris
and remodelling tissue. The emergence of blood vessels during
angiogenesis is a crucial aspect of granulation tissue, as they deli-
ver oxygen, nutrients, and bioactive substances to the wound area,
highlighting their essential role in wound healing. Furthermore,
endothelial cells facilitate the chemotaxis of inflammatory cells
from blood vessels to damaged skin tissues. These inflammatory
cells then release inflammatory factors and extracellular matrix,
which encourage the proliferation of basal cells.

Delivering these two types of cells in the correct temporal and
spatial order in the wound has the potential to build natural skin
layers. Microneedles (MNs) are an excellent candidate for simulat-
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ing and engineering full-thickness skin structures. These miniature
needles offer an array of advantages, with their needle tip serving
as a self-regeneration center that can facilitate multi-layered colla-
gen production in a longitudinal direction. This collaborative
approach ensures a more accurate simulation of the natural skin
structure, ultimately leading to improved cosmetic outcomes.
Compared with traditional dressings, MNs have micron-scale nee-
dle tips, allowing for effectively delivering coated cells or bioactive
substances to the corresponding tissue areas [27]. MNs have
demonstrated their value in multiple disease treatments, including
wound healing [28], vaccine delivery [29], and in situ detection
[30]. Importantly, owing to the lack of connectivity between the
tips, the inactivation of cells encapsulated within a single tip does
not adversely affect cells at other tips. GelMA, a photo-crosslinked
polymer derived from gelatin, is a widely used biomaterial for MN
applications due to its good biocompatibility and cell responsive-
ness [31-33]. After photocrosslinking, GelMA can sustainably
release encapsulated small molecules and cells [34,35], making it
a versatile biomaterial for various biological applications and tis-
sue engineering [36-39]. In addition, chronic wound healing has
been linked to an increased risk of infection, prolonged infection,
and even life-threatening infection. To mitigate this risk and safe-
guard the cells from contamination during the healing process, we
incorporated chitosan (CS) into our approach. CS, a positively
charged linear amino polysaccharide composed of approximately
80 % B1,4-linked p-glucosamine (GIcN) and 20 % B1,4-linked N-
acetyl-D-glucosamine (glucosamine), is derived from crustaceans
or fungal shells. This substance has garnered widespread applica-
tions in biomedicine and tissue engineering scaffolds due to its bio-
compatibility, low toxicity, biodegradability, and antibacterial
effect [40-43]. By leveraging the wound-healing capabilities of
CS, we aim to reduce the risk of infection and promote cell survival
during the healing process.

In this study, we have successfully constructed a multi-island
double-layered microneedle (MDMN) using GelMA hydrogel
infused with KCs and FBs, which mimics the natural skin structure
and multi-island regenerative centers of MEEK micrografting tech-
nology. This innovative approach provides an effective tool for der-
matological regenerative medicine. Fig. 1 illustrates the process of
creating a GelMA prepolymer by mixing KCs and FBs obtained from
autologous full-thickness skin with a GelMA solution. The prepoly-
mer was then poured into a polydimethylsiloxane (PDMS) mold,
following the sequential pattern of the skin layers, with GelMA-
CS integrated as the backing material. After vacuum defoaming
and UVA cross-linking, we obtained MDMNS structures that mimic
skin. The vertical layers of microneedles followed the same hierar-
chical ratio as normal skin, which was demonstrated by adjusting
the needle density. This adjustment also had an impact on the
directional migration of cells. The tip of the needle serves as the
regeneration centre of the micro-skin island, and the density of
its distribution holded paramount importance in regulating cell
biological behaviour and wound healing. In the case of diabetic
and normal wounds, animals treated with MDMN showed an
improved healing rate, increased re-epithelialization, promoted
angiogenesis, and increased expression of related proteins. These
results demonstrate that longitudinally stacked double-layered
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Fig. 1. (A) The design and application of the MN system loaded with KCs, FBs, and chitosan. (B) Multi-island regeneration compared with traditional culture, the arrow shows

the direction of regeneration.

MDMNs achieve omnidirectional multi-centric regeneration by
delivering KCs and FBs as well as synergistically promoting cell
migration, representing a completely new mode of regenerative
healing.

Materials and methods
Materials and cell cultures

Methacrylic anhydride (purity = 94 %), gelatin (type A, gel
strength 200, from pigskin), and the photoinitiator 2-hydroxy-
(4-(hydroxyethyl)benzene base)-2-methyl-1-propanone(Irgacure
2959) were purchased from Macklin (Shanghai, China). Chitosan
(low viscosity, <200 mPa.s) and calcein were purchased from Alad-
din (Shanghai, China). The cells used in this experiment, including
FBs and KCs, were obtained from the full-thickness skin of
C57BL/6] mice. For the study of normal wounds, FBs and KCs were
extracted from the skin tissues of non-diabetic mice, whereas dia-
betic wound models used FB and KC obtained from STZ-induced
T2D mice. After harvesting, the cells were cultured in high-glucose
DMEM (Gibco) supplemented with 10 % fetal bovine serum (FBS;
Gibco) and 1 % penicillin-streptomycin (Gibco). Tissue passage or
harvesting was done after 80 % fusion was reached. Third to sixth
generation FBs and KCs were used in this experiment.

Preparation of GelMA

GelMA was prepared using a method previously reported [31].
Briefly, a 10 % w/v gelatin was dissolved in PBS (pH 4.7) at around
50 °C with constant stirring. Then, a specific amount of methacrylic
anhydride was introduced under vigorous magnetic stirring. The
resulting mixture was continuously stirred at 50 °C for a duration
on 120 min. Finally, 5 x PBS was added to halt the methacrylate
modification. Following this, the mixture underwent dialysis in
distilled water for a week utilizing a 12-14 kDa dialysis mem-
brane. The functionalized gelatin was subsequently frozen and lyo-
philized, then stored at —80 °C to allow for further utilization.
GelMA underwent characterization through Fourier transform
infrared (FTIR) spectroscopy (Mattson Instruments Inc., model
Genesis II, Madison, WI, USA).

Preparation of MDMN

The MDMN was produced in a biologically secure cupboard
under strict hygienic conditions. First, 5 g of GelMA was dissolved
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in 50 mL of PBS solution at 37 °C. Then, 25 mg of photoinitiator
(Irgacure 2959) was introduced to the solution. Three mixed solu-
tions of FB-GelMA (10°/mL), KC-GelMA (10%/mL), and CS-GelMA
(3 % w/v) were prepared by dividing the GelMA solution into three
parts and adding FBs, KCs, and CS, respectively. The PDMS mold
was filled with 300uL of FB-GelMA and placed under vacuum at
37 °C for 5 min to remove any surface air bubbles.A small quantity
of FB-GelMA was then removed from inside the tip, after which
100uL of KC-GelMA was added to evacuate the vacuum for 2 min
until the tip was filled. Next, CS-GelMA was added to fill the bot-
tom groove as a backing. Finally, the molds were placed under to
10 mW/cm? of UV light (365 nm) for 3 min to crosslink. After
the crosslinking was completed the MDMN was carefully peeled
off the PDMS mold and used immediately. The molds were pris-
matic conical tips with a tip height of 850 pm, a tip base diameter
of 410 um, a backing groove depth of 10 mm, and tip spacings of
2000 pm (MN I), 1500 pm (MN II), 1000 pm (MN III), and
500 um (MN IV), respectively, and a total of four PDMS molds were
used to fabricate the MDMN.

Scanning electron microscopy

To assess the physical morphology of the MDMN patches, all
samples were analyzed using a scanning electron microscope
(FEI, Nova NanoSEM 450, USA) operated at an accelerating voltage
of 5 kV. The samples were spray-coated with gold to increase con-
ductivity before imaging.

Biocompatibility of the GelMA hydrogel and MDMNSs in vitro

FBs and KCs were cultured at a seeding density of 1 x 10° per well
on a 6-well plate covered with GelMA hydrogel at the bottom and
incubated at 37 °C for 24 h. Live/dead detection kits were used for
fluorescence staining. On days 1, 3, and 5, use calcein AM (1 pL/mL
of 50 UM stock, green, 494/517 nm) and ethidium homodimer-1
(2 pL/mL of 2 mM stock solution, red, 528/617 nm) were used, and
fluorescence images were collected at 10 x magnification using an
inverted fluorescence microscope (Olympus IX 73). The total num-
ber of live and dead cells was quantified using the Image] software.
Cell proliferation was quantified by calculating the average number
of viable cells with positive staining per frame.

Biocompatibility of the MDMN patches was assessed by KCs and
FBs viability. Briefly, sterile MDMN patches were immersed in
Transwell chambers containing 1 % FBS high-glucose complete
medium (3 mL/well) for 3 days, and then the chambers were
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removed to obtain extracts of the MN patches. Next, FBs and KCs
were then inoculated into a 96-well plate (1 x 10*/well), and
100 uL of the extract was added to each well. The cytotoxicity of
the sterile microneedle extracts to FBs and KC swas determined
using the CCK8 assay on days 1, 3, and 5.

Wound healing by scratch assay in vitro

L929 mouse fibroblasts were seeded in 6-well plates (1 x 10°/
well) and incubated for 24 h. The next day, they were scratched
with a 200-uL pipette tip. They were then placed in transwell
chambers containing different groups of microneedles (native
MN, KC MN, FB MN, and MDNM), and scratch healing was recorded
at 0, 24, 48, and 72 h. Images were analyzed using Image J. Wound
healing rate = (original wound area — current measured area)/orig-
inal wound area x 100 %.

Quantification of cytokine secretion in vitro

Different microneedle groups (native MN, KC MN, FB MN, and
MDNM) were cultured in serum-free media for 24 h. After the
incubation period, the supernatant fluid was collected. The levels
of LPS, KGF, TNF-a, TGF-a, IL-1at, IL-1B, FGF, EGF, and TGF-B were
quantified using ELISA kits following the manufacturer’s instruc-
tions (Jiangsu Meimian Industrial Co., Ltd.). Briefly, 50 uL of the col-
lected supernatant was aspirated and applied to the wells of a 96-
well inline plate pre-coated with the capture antibody. The plate
was then incubated for 30 min at 37 °C and washed thoroughly.
Subsequently, 50 puL of biotinylated detection antibody was added
to each well, followed by an additional 30-minute incubation at
37 °C. After extensive washing, 3,3',5,5'-tetramethylbenzidine sub-
strate solution was added, and the plates were incubated in the
dark for 10 min at room temperature. Finally, 50 pLL of termination
solution was added to each well, and the absorbance at 450 nm
was recorded using a microplate reader.

Antibacterial test in vitro

The bactericidal activity of the samples was tested against Sta-
phylococcus aureus (ATCC 29213) and Escherichia coli (ATCC 25922).
After transferring sterile MNs were transferred to a 48-well plate,
100 pL of the bacterial solution was added, and the mixture was
incubated for 4 h at 37 °C. Then add 900 pL of medium was added
and incubated overnight in a CO, incubator. After 24 h of incuba-
tion, the absorbance was measured at 600 nm using a microtiter
plate reader. A bacterial solution to which no sample was added
was used as a control. Finally, the bacterial culture was diluted
to the appropriate concentration (10*> CFU/mL). Bacterial colonies
were counted after 6 h, 12 h and 24 h.

Animal wound healing experiments

The T2D mouse model was established by injecting STZ
(100 mg/kg) into 6-week-old male C57BL/6] mice after 2 weeks
of high-fat chow feeding [44]. Blood samples were taken from
the tail vein of the mice prior to the experiment. Blood glucose
levels were then measured utilizing a blood glucose meter (Sino-
care Inc., Changsha, China). After the blood glucose level reached
a stable hyperglycaemic state, a full-thickness skin defect model
with a diameter of 10 mm was created on the dorsal skin of 6-
week-old male C57BL/6] mice. The mice were randomly divided
into five groups (n = 3 mice per group): control, native MN, KC
MN, FB MN, and MDMN. On days 8 and 18 after treatment, the ani-
mals were killed and their wound sites photographed. In addition,
simple wounds were used to compare the therapeutic efficacy of
MDMN with a commercially available recombinant growth factor
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gel (Pavay Inc., Guilin, China). A 10 mm adiameter full-thickness
skin defect mod was established on the dorsal skin of 8-week-old
male C57BL/6] mice. Mice were randomly divided into 6 groups
(n = 3 mice per group): control, native MN, KC MN, FB MN, MDMN,
and growth factor gel (GF) [45-48]. Animals were killed and the
wound site was photographed on days 7 and 14 after treatment.

Histopathology assay

After 14 and 18 days of treatment, each mouse was sacrificed,
and the wound samples from each group were randomly selected
for histological examination, with normal skin as the control. The
skin tissues were fixed in 4 % buffered paraformaldehyde overnight
and then embedded in paraffin. The samples were sectioned and
stained with hematoxylin-eosin (H&E) and Masson’s trichrome.
The epidermal thickness was evaluated by examining the H&E-
stained specimens. Collagen synthesis was demonstrated through
Masson’s trichrome staining. The sections were rehydrated and
citric acid buffer and heat were sued for antigen retrieval. Subse-
quently, they were permeabilized with 1 % Triton X-100 solution
for 30 min and blocked for 2 h in a solution of 2 % BSA and 2 % goat
serum. Antibodies against PCNA (Abcam) and CD31 (Abcam) were
diluted at a 1:100 and incubated with sections overnight at 4 °C.
After being washed in tris-buffered saline solution containing
0.01 % tween-20 (TBS-T, pH 7.4), the sections were incubated with
HRP-conjugated goat anti-rabbit IgG for 2 h, reacted with
diaminobenzidine, counterstained with hematoxylin or incubated
with Alexa-Fluor conjugated secondary antibodies (Invitrogen)
for 2 h, washed with TBS-T, counterstained with DAPI, and covered
using a coverslip.

Ethics statement

Animal experiments were conducted in accordance with the
guidelines of the National Health and Medical Research Committee
(People’s Republic of China) and approved by the Ethics Committee
of Nanfang Hospital (NFEC-2019-212). We obtained ethical
approval for all experimental procedures to ensure the humane
treatment of the animals (IACUC-LAC-20221125-003). Addition-
ally, all applicable institutional and national guidelines for the care
and use of animals were adhered to.

Statistical analysis

All data were presented as the mean * standard deviation (SD).
Each experiment was conducted a minimum of three times. Statis-
tical significance was determined using two-way ANOVA with
Tukey’s post-hoc test. GraphPad Prism version 9.4 was used for
all statistical analyses. ‘ns’ signifies non-significance unless other-
wise indicated. “* p < 0.05’, “** p < 0.01’, and “** p < 0.001’ denote
statistical significance.

Results and discussions
Preparation and characterization of MDMN

GelMA was synthesised by modifying gelatin with methacrylic
anhydride. The success of this modification was confirmed by the
Fourier transform infrared spectroscopy (FTIR) spectra, which were
obtained for both gelatin and GelMA (Fig. S1). The absorption bands
at 3308 and 3079 cm~! were attributed to the N-H stretching of the
amide A band and the C-H stretching of the amide B band, respec-
tively. Furthermore, the peaks at 1645, 1549, and 1241 cm™! were
attributed to the C=0 stretching of the amide I bond, N-H bending
and C-N stretching of the amide II band, and N-H bending of the
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amide III band, respectively. The wavenumber of the amide Il band
and the presence of the amide Il band confirmed the secondary
amide structure in GelMA. These results confirm the successful fab-
rication of GelMA. The fabrication process for the MDMN is shown
in Fig. 2A. The patches were prepared using the micromolding
method, in which three GelMA prepolymers were vacuum cast in
a layered fashion into pre-designed molds. The prepared MNs exhib-
ited an 11 x 11 uniformly arranged array (Fig. 2B). In the scanning
electron microscope (SEM) image, the MN is cone-shaped, with a
height of approximately 800 pm and a base diameter of approxi-
mately 400 pum (Fig. 2C and D). The unique morphology of the
MNs significantly increases their specific surface area, thus facilitat-
ing the release of bioactive factor and providing sufficient contact
with the surrounding tissue. The needle tip was layered according
to the normal mouse skin structure (Fig. 2E (i)). The red fluorescent
cell membrane probe Dil and the green fluorescent cell membrane
probe DiO were used to label the KCs and FBs in the MN, and the
KCs and FBs were observed in different layers of the microneedles.
Frozen sections (Fig. 2E (ii)) and confocal microscopy (Fig. 2E (iii))
clearly show the hierarchical structure of the double-layered micro-
needles in proportion to that of the epidermis and dermis.

MDMN biocompatibility and needle spacing

Biocompatibility is a critical factor in assessing the quality of
biomaterials. To test cell viability and proliferation, a live/dead cell
staining assay was conducted, and the results indicated that the
GelMA hydrogel exhibited excellent cell viability (Fig. 3A). The
cytotoxicity of the hydrogel microneedles was evaluated using
the CCK-8 assay. As shown in Fig. 4C, after 5 days of incubation, cell
viability continued to increase in all hydrogel groups, consistent
with the control group, reflecting the ideal cytocompatibility of
the hydrogels. The MDMN group was stimulated by bi-cellular
secretion of active factors and showed higher cell viability com-
pared to the control group. We then used ELISA to measure differ-
ent groups of lipopolysaccharide (LPS) to further verify its safety.
There was no significant difference in LPS between all microneedle
groups (Native MN: 4.17 £2.42 vs KC: 5.26 £ 0.23 vs FB: 4.40 £ 0.11
vs MDMN: 4.67 + 0.57 ng/L) and was far below the safety standard
line, indicating that they all have good biosafety [49].

The needle tip is the regeneration centre of the micro-skin
island, and the distribution density of the regeneration centre is
of great importance in regulating of cell biological behaviour and
wound healing. Increasing the needle density multiplies the speci-
fic surface area of the MN and enhances the resistance to deforma-
tion caused by the directional cell migration and growth. This
process favours tissue regeneration. However, excessive needle
density results in increased hydrophobicity, which has the poten-
tial to limit cell migration and proliferation [50].

To investigate the interaction between needle spacing and tis-
sue, four needle spacings of 2000, 1500, 1000, and 500 pm were
defined as MN I, MN II, MN III, and MN 1V (Fig. S2), respectively.
First, the effects of a single tip on cell growth and proliferation
were assessed. Confocal microscopy images showed that the num-
ber of cells within the tip of the four groups increased significantly
after five days (Fig. 3B), and there was no statistically significant
difference in proliferation among MN I (10.92 % + 0.11 %), MN II
(10.21 % + 0.20 %), MN 1II (10.42 % + 0.92 %), and MN IV (10.65 %
+ 1.12 %) (Fig. 3D). The results showed that changes in the needle
density had no significant effect on cell proliferation within the
needle tip. Next, the effect of needle density on directional migra-
tion of cells was evaluated. Compared with the MN I group (3.30 %
+0.32 %), the MN 11 (3.71 % + 0.03 %), MN IV (4.69 % + 0.26 %), and
MN III groups (5.45 % + 0.30 %) had higher mobility (Fig. 3C, E and
S3). These results suggest that increasing needle density has a pos-
itive effect on targeted cell migration. However, the needle density
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has an upper limit and excessive needle density is not conducive to
cell migration. Therefore, in the following experiments, the
1000 pm needle spacing was used to fabricate MN patches.

Effect of MDMN on cell migration

Double cells produce a synergistic effect through the cytokines
interaction, further promoting migration. The effect of bi-cellular
co-culture on the migratory ability of the basal cells was assessed
by scratch assay. The L929 fibroblast group showed a significant
improvement in cell migration in the KC MN group (42.07 % +
11.80 %), FB MN group (54.03 % + 2.91 %) and MDMN group
(66.20 % + 8.71 %) at day 3, compared to the control group (13.98 %
+ 3.63 %) and native MN group (16.15 % + 3.92 %) showed signifi-
cantly improved cell migration, as shown in Fig. 4A. Meanwhile,
MDMN was more significant in promoting cell migration than the
KC MN group or the FB MN group (Fig. 4B). In addition, as shown
in Fig. S4, the healing rates of the KC group (Fig. S4A) and the FB
group (Fig. S4C) were as high as 76.80 % + 2.15 % and 76.86 % +
1.22 % in the MDMN group on day 2, and almost completely healed
on day 3 (90.19 % + 1.17 % and 90.96 % + 1.64 %, respectively),
whereas the control group had only 77.58 % + 2.24 % and 55.94 %
+ 2.40 on day 3, respectively (Fig. S4B and D). Cytokines serve as cru-
cial regulators influencing various physiological functions and meta-
bolic processes after injury, directly or indirectly influencing cellular
growth, division, differentiation, proliferation, and migration. In the
context of accelerated cell migration, our investigation initially
focuses on assessing the specific cytokines released by different
microneedle groups. Notably, pro-inflammatory cytokines such as
TNF-a, IL-1a, and IL-1B play pivotal roles in orchestrating the inflam-
matory phase of wound healing. This phase involves fibroblast pro-
liferation, synthesis and degradation of ECM proteins, fibroblast
chemotaxis, and modulation of the immune response. For instance,
epidermal Kkeratinocytes exhibit constitutive production of IL-1a,
with its expression rapidly escalating within four hours post-injury
[51]. The rapid elevation in IL-1o concentrations correlates with a
noticeable increase in basal keratinocytes, dermal fibroblasts, and a
substantial influx of neutrophils to the wound site [52]. IL-1a exerts
control over epidermal keratinocyte migration and proliferation,
indirectly stimulates leukocyte chemotaxis, promotes fibroblast
growth and collagen synthesis, and triggers fibroblasts to release
KGF (keratinocyte growth factor) [53]. IL-1at and IL-1B, via signal
transduction pathways, regulate angiogenesis and vascular perme-
ability, often displaying a synergistic effect in these processes [54].
Between twelve to twenty-four hours post-injury, the primary
sources of TNF-o expression include polymorphonuclear leukocytes,
macrophages, and hyperproliferative epithelial cells located at the
wound’s periphery. TNF-a0 contributes to enhancing antimicrobial
defense mechanisms, stimulating the expression of growth factors
by fibroblasts and keratinocytes, and aiding in the regulation of
migration of epidermal Langerhans cells [55-57]. Growth factors,
which stimulate cell regeneration, proliferation, migration, and
extracellular matrix synthesis, play a major role in wound healing.
These factors include KGF, FGF, TGF-o, TGF-B, and EGF. KGF promotes
the development and multiplication of epithelial cells and is found in
a variety of stromal cell sources [50,58,59]. On the other hand, FGF
supports angiogenesis and collagen accumulation, thereby facilitat-
ing the proliferation of fibroblasts and skin cells [60]. The TGF-B
family orchestrates cellular migration, differentiation, and prolifera-
tion. Its role encompasses the attraction of inflammatory cells,
facilitation of collagen production in fibroblasts, and transformation
of monocytes into macrophages, all crucial for initiating inflamma-
tory responses and tissue remodeling [61].Fibroblasts possess the
capability to produce epidermal growth factor (EGF), influencing
neighboring keratinocytes in a paracrine manner. This interaction
enhances the migration and proliferation of keratinocytes, vital
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Fig. 2. Preparation and characterization of MDMN. (A) The fabrication process of MN. (B) Optical picture of MN. (C, D) SEM images of MNs. (E) (i) H&E staining of full-
thickness mouse skin. (ii) Fluorescent images of MNs encapsulating KCs (red) and FBs (green) labeled with fluorescent cell membrane probes. (iii) Confocal microscopy
images of MNs encapsulating KCs (red) and FBs (green) labeled with fluorescent cell membrane probes. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

processes in the re-epithelialization phase [62-64]. Comparing the
MDMN group with individual KCs and FBs, the cooperative interac-
tion between KCs and FBs significantly upregulated the paracrine
secretion of various cytokines. Notably, IL-1oc (8.19 + 0.69
vs 7.07 + 0.73 and 7.42 * 0.89 pg/mL), IL-1B (18.08 + 0.58 vs15.17
+ 1.12 and 16.05 + 0.39 ng/L), TNF-o (50.09 + 7.02 vs 49.64 + 4.84
and 40.23 + 1.14 ng/ml), KGF (61.57 + 0.95 vs 49.01 + 2.42 and
55.17 + 2.87 ng/ml), FGF (192.05 + 15.46 vs 155.55 + 13.29 and
167.92 + 15.97 ng/L), TGF-a (347.62 + 46.32 vs 297.55 + 12.38
and 312.20 + 21.12 ng/L), TGF-B (110.93 + 10.63 vs 67.00 * 6.91
and 82.81 + 9.51 pg/mL), and EGF (59.69 = 3.39 vs 44.01 %
2.71 and 34.56 + 2.67 pg/mL) (Fig. 4G-N). Overall, bilayer cells exhib-
ited a superior effect in promoting migration, and this was attributed
to the active factors secreted by KCs and FBs [65-68]. It was found
that FBs could positively regulate KCs and further enhance their
function, resulting in synergistic effects [67]. The expression of genes
involved in cell migration was examine by quantitative PCR (qPCR).
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Among the many Rho GTPases that have been studied and are
involved in migration and phagocytosis are cytokinesis control pro-
tein 42 (CDC42) and Rho (RhoA, RhoB, and RhoC). Rho binding to
GTP initiates ROCK through activation of the Rho/ROCK signalling
pathway, which activates F-actin polymerisation to control cell pro-
trusion and regulates retraction and modulates microtubule dynam-
ics by controlling actinomyosin contractility through Rho kinase
(downstream of the GTPase RhoA). In addition, activation of the
Rho/ROCK signaling pathway induces MLCP and MLC phosphoryla-
tion, which further regulates the level of Capzb expression and mod-
ulates cell migration capacity [69-75]. Therefore, we tested the
expression levels of Rhoa, CDC42, and Capzb mRNA to verify whether
MDMN can improve cell migration. As shown in Fig. 4D-F, Capzb
(1.34 folds), CDC42 (1.6 folds), and Rhoa (2.68 folds) mRNA expres-
sion were increased in the MDMN group compared to the control
group. These results indicate that MDMN promote wound healing
by regulating genes involved in cell migration.
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The antibacterial ability of MDMN

As the wound heals, the infection can last longer and
become life-threatening. These infections should not be
ignored. The antimicrobial properties of the MN patch are also
important in protecting the wound bed from infection. The
antimicrobial activity of the MDMN patch against Escherichia
coli and Staphylococcus aureus was demonstrated using the col-
ony forming unit (CFU) method. Significantly fewer bacterial
colonies were observed in the MDMN group compared to the
control group (Fig. 5A). The antibacterial index was calculated
according to the number of colonies, and the antibacterial
index of MDMN against E. coli and S. aureus was almost 100 %
(Fig. 5B and C), indicating its excellent antibacterial ability.
The antimicrobial effect of MDMN is based on the presence of
CS, which has positively charged functional groups that inter-
act electrostatically with the bacterial membrane, leading to
bacterial death. E. coli carries more negative charges and its cell
membrane surface allows more cationic chitosan binding,
resulting in greater sensitivity to chitosan [76]. In contrast,
the absence of the teichoic acid biosynthesis pathway in S. aur-
eus results in less negatively charged cell membranes and
therefore less sensitivity to chitosan than E. coli [77]. Therefore,
to achieve a similar antimicrobial effect, we decided to use a
3 % concentration of chitosan support. In conclusion, the excel-
lent antimicrobial properties of MDMN patches demonstrate
their potential to protect wounds and effectively prevent
wound infection.

- —

Fig. 3. MDMN biocompatibility and needle spacing. (A) Representative images of KCs and FBs cultured on plates and GelMA hydrogels on days 1, 3, and 5 (10x
magnification). (B) SEM images of FBs proliferating in MN needle tips with different needle densities. (C) SEM images of directional migration of FBs in MN with different
needle densities; scale bar = 400 um. (D) Quantification of cell proliferation. (E) Quantification of cell migration. (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001).
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MDMN in vivo wound healing assessment

To further evaluate the role of MDMN in vivo, we applied it to
full thickness wounds on the back of normal and diabetic mice
(Fig. S5). Photographs were taken at day 0 as well as on days 7
and 14 after treatment to assess the effect of microneedling and
commercial growth factors in different groups for normal wounds
(Fig. S6A). At day 14, the wound areas of KC MN, FB MN, MDMN
and GF were almost healed, whereas the wounds of the control
group, native MN, were still unhealed (Fig. S6B). When the per-
centage of the wound area was quantified using Image ]
(Fig. S6C), the MDMN group and the GF group showed a significant
improvement in minimising the wound area. Meanwhile, there
was no significant difference in wound area change in the MDMN
group compared to the GF group, highlighting the potential of
MDMN to promote healing. H&E staining was used to observe
the formation of granulation tissue and to measure the degree of
tissue epithelialisation in order to assess the epithelialisation pro-
cess (Fig. S6E). The results showed that the epithelial tissues were
completely formed in the MDMN and GF groups after 14 days of
treatment. In contrast, there was still incomplete healing in the
other groups. Masson trichrome staining was used to assess colla-
gen deposition and alignment in the tissue (Fig. S6F). The MDMN
group (48.97 % + 1.83 %) and the GF group (49.04 % + 2.16 %) pos-
sessed optimal collagen deposition and directional alignment
(Fig. S6D). In conclusion, MDMN had similar effects to commercial
products in promoting wound healing, tissue regeneration, and
functional integrity. Therefore, we will focus on the differences in
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Fig. 4. Effect of MDMN on cell migration. (A) Representative optical image showing cell migration towards the wound gap; scale bar = 400 um. (B) Percentage of the
recovered area in a scratch assay. (C) CCK8 assay for cell viability on days 1, 3, and 5. (D) Semi-quantitative expression of Capzb mRNA. (E) Semi-quantitative expression of
CDC42 mRNA. (F) Semi-quantitative expression of Rhoa mRNA. Levels of (G) IL-1a, (H) IL-1B, (I) TNF-a, (J) KGF, (K) FGF, (L) TGF-o, (M) TGF-B, (N) EGF, and (O) LPS in the

supernatant of 24-h incubation. (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001).

healing promoting effects of MDMN and other microneedles in dia-
betic wounds.

Photographs were taken at 0, 8, and 18 days post treatment,
respectively, to analyse the effect of the different groups in treating
diabetic wounds (Fig. 6A). The schematic images showed that the
wound area of the MDMN group was significantly smaller than
that of the other groups after 18 days of treatment (Fig. 6B). On
day 8, the wound area in the MDMN group (40.68 % + 0.52 %)
decreased compared to the control (45.85 % + 0.20 %), native MN
(45.04 % + 0.55 %), KC MN (47.26 % + 0.65 %) and FB MN groups
(59.05 % + 0.28 %). The MDMN group showed significant progress
in the healing process, with only 0.96 % + 0.58 % of the wound area
remaining after 18 days. On the other hand, the control, native MN,
KC MN, and FB MN groups had significantly larger unhealed areas,
with 4.61 % + 0.32 %, 7.66 % + 0.46 %, 16.24 % + 0.37 %, and 6.17 %
+ 0.25 % respectively (Fig. 6C). These results indicated that MDMN
effectively promoted wound healing. HE staining revealed that the
wound healing rates of the FB MN and MDMN groups were higher
than those of the control, native MN groups and KC MN groups.
During wound healing, FBs are more responsive to wound-
soluble mediators, mainly manifested by the granulation tissue
formation and upregulation of inflammatory factors [78]. There-
fore, the healing effect of the FB MN and MDMN groups was excel-
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lent. Surprisingly, the MDMN group had thicker granulation tissue
and more neocapillaries as well as a flatter new epidermis com-
pared to the FB MN group, suggesting that the MDMN group had
both FB-upregulated granulation tissue formation and rapid re-
epithelialisation of KCs. This promotes tissue regeneration and
healing through the synergistic effects of both (Fig. 6D).

MDMN promoted angiogenesis and collagen deposition in diabetic
wounds

Next we look dermal regeneration. FBs promoted collagen
regeneration. However, excessive collagen proliferation often leads
to disordered collagen arrangement and fibrosis, which eventually
leads to scar healing. Masson staining was used to determine col-
lagen deposition and arrangement during healing. In addition,
cytokines secreted by FB can promote cell proliferation and angio-
genesis. Therefore, the expression levels of proteins related to cell
proliferation and angiogenesis were examined.

In the MDMN group, collagen deposition is increased and the
neoepidermal structure is ordered, according to Masson staining
(Fig. 7A). Compared with the control (35.81 % + 3.79 %), native
MN (36.78 % + 2.81 %), KC MN (38.81 % + 3.68 %), and FB MN groups
(40.94 % + 5.59 %), the collagen deposition was significantly
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Fig. 5. Evaluation of the antimicrobial potential of MDMN patches. (A) Colony counts at 6 h, 12 h, and 24 h after treatment; scale bar = 3 cm. (B) Statistical analysis of the
inhibition rate of Escherichia coli between the control group and the MDMN group. (C) Statistical analysis of the inhibition rate of Staphylococcus aureus between the control
group and the MDMN group. (n = 3, *** p < 0.001).
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Fig. 6. Efficacy of MDMN in promoting full-thickness wound healing. (A) Representative images of skin regeneration. Postoperative treatments were assigned to mouse
wounds in the following groups: control, KC MN, FB MN, and MDMN. Representative images of the wound area were captured on days 0, 8, and 18, and mice were sacrificed
for section staining after the pictures were taken on days 8 and 18. The annular silicone patch used had an inner diameter of 10 mm. (B) Pattern diagram of skin regeneration.
(C) Quantification of wound closure area, *** p < 0.001. (D) HE staining of each group on days 8 and 18. Scale bar = 500 pum.

enhanced in the MDMN group (48.25 % + 3.945 %) (Fig. 7C). In addi- angiogenesis using immunofluorescence staining. In the MDMN
tion to collagen deposition, cell proliferation and angiogenesis are group, PCNA + cells were widely distributed in the nascent tissue,
important indicators of tissue layer remodelling. We then exam- indicating that a large number of cells had proliferated in the nas-
ined the levels of proteins associated with cell proliferation and cent tissue, and CD31 staining indicated the formation of new
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Fig. 7. Wound healing assessment in MDMN. (A) Masson staining on days 8 and 18 of each group; scale bar = 500 um. (B) Representative fluorescent staining of CD31, PCNA,
and DAPI at the wound edge of each group; scale bar = 200 pm. (C) Collagen deposition was quantified in each group. (D) Quantitative analysis of CD31 protein expression in
each group. (E) Quantitative analysis of PCNA protein expression in each group. (* p < 0.05, **p < 0.01).

microvessels (Fig. 7B). Quantitative analysis showed that the rela-
tive expression levels of PCNA+ (13.63 % + 1.31 %) and CD31 (3.1
1 % £ 0.32 %) were significantly upregulated in the MDMN group
compared with the control group, PCNA+ (6.77 % + 0.67 %) and
CD31 (2.19 % £ 0.41 %) (Fig. 7D and E). These results suggest that
the multi-centre healing mode of MDMN promotes cell prolifera-
tion and migration through the synergistic action of longitudinal
double layer cells.

MDMN'’s biological actions in fostering healing

Keratinocytes, located in the epidermis, undergo continual pro-
liferation, replacing mature cells and renewing tissue while forming
a protective barrier [79]. The process of lifelong self-renewal is
essential for maintaining the normal structure of tissues and ensur-
ing stability within the intracellular environment [80]. Therefore,
understanding the mechanisms responsible for the proliferation
and migration of keratinocytes is crucial for promoting the compre-
hensive repair of both functional and structural skin wounds
[81,82]. Following an injury, fibroblasts undergo rapid proliferation,
producing significant amounts of collagen fibers and matrix con-
stituents, thereby filling the wound bed with newly formed granu-
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lation tissue and capillaries. In the later stages of the injury,
fibroblasts release a substantial quantity of collagenase, which
plays a crucial role in tissue repair and remodeling [83-85]. In the
early stages of wound formation, an inflammatory zone, primarily
comprising neutrophilic cells, emerges at the boundary between
healthy and necrotic tissue located at the wound base. This area
acts as a protective barrier against external microorganisms and
produces enzymes that degrade the necrotic tissue, segregating it
from the surrounding tissue and aiding its removal. Neutrophils
secrete various substances that not only recruit macrophages to
the wound area to engage in the inflammatory reaction but also
facilitate the shift from M1 to M2 macrophage subtypes, initiating
the repair and proliferation process [86]. M1 macrophages are
inflammatory cells with cytotoxic and pro-inflammatory traits,
heightening local inflammatory reactions. Conversely, M2 macro-
phages, referred to as pro-repair macrophages, possess anti-
inflammatory and pro-proliferative qualities [87]. Activation of
M2-type macrophages enhances the wound’s secretion of pro-
angiogenic factors like VEGF, thereby facilitating the wound healing
process and promoting the regeneration of blood vessels within the
wound site [88]. Vascular endothelial cells actively participate in
angiogenesis by engaging in processes like proliferation, migration,
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and budding, thereby contributing significantly to wound healing.
Angiogenesis, the formation of blood vessels, is a crucial component
of granulation tissue formation. These newly formed blood vessels
play a pivotal role in supplying the wound site with oxygen, essen-
tial nutrients, and bioactive substances, all of which are instrumen-
tal in driving and supporting the wound healing process [89].
Meanwhile, endothelial cells play a critical role in guiding the
migration of inflammatory cells from blood vessels to the site of
damaged skin tissues through a process known as chemotaxis.
Upon arrival at the damaged area, these inflammatory cells release
inflammatory factors and extracellular matrix components, foster-
ing the proliferation of basal cells [90,91].

All things considered, cytokines play a major role in controlling
a number of physiological processes and metabolic activities fol-
lowing injury. The current study highlighted numerous cytokines
and growth factors that initiate the wound-healing cascade,
emphasizing their interactions with cells that exhibit migratory,
hyperproliferative, inflammatory, neovascularizing, and tissue
regenerative properties. The multicentre regenerative microneedle
(MDMN) exhibited notably higher levels of factor release com-
pared to single-cell microneedles (KC MN and FB MN). This obser-
vation aligns with increased healing-related cell migration and
proliferation, underscoring the efficacy of bilayer cells over mono-
layer cells in stimulating these functions. The study affirms the
therapeutic potential of MDMN through intercellular synergy, pro-
moting the secretion of various growth factors and fostering M2
macrophage polarization, which may enhance the healing process
of non-cancerous wounds.

Conclusion

In this study, we propose a novel multi-centric regeneration
model that can simultaneously regenerate and fuse to form a com-
plete full-thickness skin and significantly reduce wound healing time
compared to the traditional centripetal healing mode. The bilayer
design, which mimics the hierarchical structure of the skin, provides
robust support for cell growth, movement and combined action of
different cells. This study validates the therapeutic effectiveness of
a multicenter regenerative microneedle model involving FB and KC
cells. The introduced MDMN stimulates the secretion of various
growth factors such as TGF-a, TGF-B, and FGF, which exhibit syner-
gistic effects between cells. These growth factors, acting in a para-
crine manner, hold promise in modulating macrophages within the
wound area, facilitating a shift toward the M2 phenotype and ulti-
mately improving wound healing. In vitro testing validated that by
adjusting of the density of regeneration centres, MDMN was able
to achieve the ideal distribution distance for cell migration. Bilayer
microneedles synergistically utilise epidermal and dermal cells to
fully regenerate functional skin. The therapeutic effecacy of MDMN
was measured by full-thickness skin removal in a diabetic mouse
model. MDMN improved the rate of wound closure, re-
epithelialisation, and collagen alignment, and increased cell prolifer-
ation and angiogenesis, resulting in the formation of functional skin.

This innovative regenerative technique has demonstrated effi-
cacy and a wide range of potential applications. However, the
microneedle model employed in this study didn’t encompass other
crucial cell types essential in tissue restoration. Therefore, our
future research will explore the interactions of this model with
other cell types and its potential applicability across the spectrum
of wound healing responses.
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