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Abstract

Chronic diabetic wounds remain a major clinical challenge
owing to impaired angiogenesis, persistent inflammation
and cellular dysfunction. In this study, we developed a bio-
adhesive composite hydrogel scaffold (gelatin methacry-
loyl/alginate methacrylate [GA]) fabricated using digital
light processing three-dimensional (3D) bioprinting, in
which human adipose-derived mesenchymal stem cells
(ADSCs) or their conditioned medium (CM) was incorpo-
rated to generate 3D skin constructs, and compared the
paracrine effects on skin regeneration. We characterized
the microstructures of GA-ADSC and GA-CM scaffolds; profiled CM proteins and systematically compared the effects of GA-
ADSCs and GA-CM on fibroblast proliferation, migration, angiogenesis and macrophage polarization in vitro. Their thera-
peutic efficacy was further evaluated in diabetic mouse wound models, including analyses of collagen deposition, angio-
genesis and fibrosis markers. Furthermore, proteomic analysis was performed to understand the underlying mechanisms.
In vitro, both GA-ADSCs and GA-CM promoted fibroblast proliferation, migration, angiogenesis and macrophage M2 polari-
zation. Moreover, they accelerated wound closure in diabetic mice by enhancing collagen deposition and neovasculariza-
tion (CD31) and suppressing a-smooth muscle actin and transforming growth factor-f1 expression. Notably, GA-ADSCs
showed prolonged cell viability and exhibited stronger immunomodulatory and antifibrotic effects than GA-CM. Proteomic
analysis revealed distinct mechanistic differences: GA-ADSCs markedly activated Toll-like receptor signaling, necroptosis
and extracellular matrix remodeling pathways, suggesting their key roles in immune regulation and metabolic reprogram-
ming. In contrast, GA-CM primarily activated the Hippo signaling pathway, consistent with its role in growth factor-
mediated tissue repair. Furthermore, we compared the differentially regulated proteins between ADSCs and CM in diabetic
wounds and showed that ADSCs significantly modulated RGL2, RSPH9 and CRTC3, which are associated with enhanced cel-
lular function and energy metabolism. These findings provide mechanistic insights into ADSC- and CM-mediated effects
and support the development of bioinspired stem cell-based therapeutic strategies for chronic diabetic wound repair.
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IntrOdUCtion ulcers, pathological scarring and lower limb amputations [1, 2].

Impaired angiogenesis, persistent inflammation and cellular
Chronic diabetic wounds (CDWs) are among the most common dysfunction underlie the poor healing outcomes of CDWs, and
complications of diabetes, frequently leading to refractory conventional treatments remain insufficient, highlighting the
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urgent need for advanced regenerative strategies [3, 4].
Recently, mesenchymal stem cell-based therapies have
emerged as a promising approach for skin tissue repair [5].
Human adipose-derived mesenchymal stem cells (ADSCs) are
particularly attractive because of their abundance, ease of har-
vesting, immunocompatibility and potent paracrine activity [6-
10]. However, their therapeutic efficacy is compromised by their
poor survival and short-term retention in hostile wound micro-
environment [11-13]. To overcome these limitations, cell-free
approaches such as conditioned medium (CM) enriched with
ADSC-derived secretomes have been explored as scalable and
storable alternatives [14, 15]. Both ADSCs and CM have been
reported to promote fibroblast proliferation, angiogenesis and
macrophage polarization [11, 16-21]. Nevertheless, whether CM
can fully substitute stem cell therapy in chronic wound repair
and how their underlying regenerative mechanisms differ re-
main unclear.

Hydrogels offer versatile platforms for the stabilization and
delivery of therapeutic cells or secretomes [22, 23]. Gelatin
methacryloyl (GelMA) and alginate methacrylate (AlgMA) are
particularly appealing because of their biocompatibility, tunable
mechanics and intrinsic bioactivities. GelMA supports cell adhe-
sion and differentiation, whereas AlgMA—widely used in wound
dressings—provides structural stability and suppresses inflam-
matory cytokines [24, 25]. Previous studies using alginate-cal-
cium ion crosslinking strategies have produced hydrogels with
complex compositions and limited controllability. To address
these limitations, GelMA and AlgMA can be combined (GelMA/
AlgMA [GA]) via photocrosslinking to form an interpenetrating
polymer network with enhanced integrity [26, 27]. Three-
dimensional (3D) bioprinting enables precise spatial control of
cells and materials, mimics native skin microarchitecture and
improves graft integration [28].

In this study, we developed a bioadhesive GA hydrogel scaf-
fold using digital light processing (DLP)-based 3D bioprinting for
the delivery of ADSCs or CM to treat diabetic wounds. We char-
acterized the microstructures of GA-ADSCs and GA-CM scaffolds;
profiled CM proteins and systematically compared the effects of
GA-ADSCs and GA-CM on fibroblast proliferation, migration, an-
giogenesis and macrophage polarization in vitro. Their therapeu-
tic efficacy was further evaluated in diabetic mouse wound
models, including analyses of collagen deposition, angiogenesis
(CD31) and fibrosis markers (a-smooth muscle actin [a-SMA]
and transforming growth factor-S1 [TGF-f1]). Live imaging was
used to track the survival and retention of ADSCs in vivo.
Importantly, proteomic analyses revealed distinct mechanisms:
ADSCs primarily activated Toll-like receptor (TLR) signaling asso-
ciated with immune regulation, resolution of chronic inflamma-
tion and antifibrotic remodeling, whereas CM predominantly
engaged in Hippo signaling, consistent with its role in growth
factor-driven cell proliferation and tissue repair. Differentially
regulated proteins such as RGL2, RSPH9 and CRTC3 were also
identified, indicating their roles in cellular function and energy
metabolism in refractory wound repair.

Collectively, this study provides new mechanistic insights into
cell-based vs. cell-free therapies and shows that GA hydrogel
scaffolds as multifunctional 3D-bioprinted platforms with strong
translational potential for the treatment of CDWs.

Materials and methods

Reagents and materials

Cell culture media, supplements, antibodies and hydrogel com-
ponents were purchased from the indicated suppliers. Key
reagents included DMEM/high glucose, a-MEM, FBS (Gibco),
GelMA and AlgMA (EFL-Gem), LAP photoinitiator, antibodies for
CD29, CD44, CD73, CD90, CD105, CD34, CD45, CD80, CD206 and
dyes including Calcein-AM, PI, DAPI, DiD and Crystal Violet.

Preparation of GelMA/AlgMA hydrogels

GelMA and AlgMA were dissolved in LAP photoinitiator solution, fil-
tered and stored at 4°C in the dark. Hydrogels were photopolymer-
ized under 365nm ultraviolet (UV) light, and their macroscopic
gelation and pore structures were characterized by scanning electron
microscopy (SEM). Fourier Transform Infrared (FTIR) spectroscopy
confirmed chemical structures. Swelling and enzymatic degradation
were evaluated in phosphate-buffered saline (PBS) at 37°C, and rhe-
ological properties were measured using a rotational rheometer.

Isolation and characterization of hADSCs

Human adipose tissue from donors (<40years) was digested
with collagenase, filtered and cultured in a-MEM supplemented
with 10% FBS. MSC identity was confirmed by flow cytometry
(CD29*, CD44", CD73", CD90*, CD105"; CD34~, CD457) and multi-
lineage differentiation assays (adipogenic and osteogenic).
Passage 3 hADSCs were encapsulated in GelMA/AlgMA hydrogels
(1x 10" cells/mL) and photopolymerized via DLP 3D printing.

Extraction of human ADSCs CM

ADSCs within passage 20 (P20) were seeded into 10cm culture
dishes and cultured until the cell confluence reached approxi-
mately 90%, at which point the cell number was about 15 x 10°.
The original complete medium was discarded, and the cells were
gently washed 2-3 times with sterile PBS to thoroughly remove
residual serum and metabolic debris. Subsequently, the medium
was replaced with serum-free basic medium, and the cells were
statically cultured in an incubator at 37°C with 5% CO, for 48 h.

After the culture period, the supernatant was collected under
sterile conditions. First, the supernatant was centrifuged at 300g
for 10 min to remove viable cells, then centrifuged at 2000g for
10 min to remove cell debris. The supernatant was collected and
filtered through a 0.22 um filter membrane for sterilization to
obtain the primary CM. Subsequently, a lyophilizer was used to
lyophilize and concentrate the CM, and finally, high-activity ly-
ophilized powder of ADSCs CM was obtained. The powder was
aliquoted and stored at —80°C for later use. For subsequent
experiments, it could be prepared into the corresponding con-
centration using PBS solution.

In vitro cytocompatibility and
functional assays

Human Dermal Fibroblasts (HDFs) were co-cultured with differ-
ent hydrogel formulations (control, GA, CM, ADSCs, GA-CM, GA-
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ADSCs) in transwell chambers. Cell viability, proliferation and
migration were assessed using live/dead staining, CCK-8 assay
and scratch assays. Endothelial tube formation was performed
on Matrigel-coated plates using HUVECs, and tube networks
were

quantified.

Hemolysis assay

Hydrogels were incubated with human erythrocytes to evaluate
hemolytic activity. PBS and deionized water served as negative
and positive controls. Absorbance at 545 nm was used to calcu-
late hemolysis rate.

In vivo diabetic wound model

ICR mice (male, 4-5-week-old) and BALB/c-nu mice (male, 4-5-
week-old) were procured from Hangzhou Qizhen Experimental
Animal Technology Co., Ltd. (Hangzhou, China). All animal
experiments were approved by the Animal Ethics Committee of
Zhejiang Provincial People’s Hospital and were conducted in ac-
cordance with the ARRIVE guidelines 2.0. Mice were maintained
under specific-pathogen-free (SPF) conditions (22+2°C, 50+
10% humidity, 12-h light/dark cycle) and acclimatized for
1week before experiments. All animals were genetically
unmodified and had no prior procedures.

To induce diabetes, mice were intraperitoneally injected with
STZ (50 mg/kg) for five consecutive days. For surgical proce-
dures, mice were anesthetized with isoflurane. Full-thickness
circular dorsal wounds (10 mm) were created and treated with
PBS, hADSCs, CM, GA, GA-ADSCs or GA-CM, with six mice per
group. Animals were excluded from this study if they died before
the conclusion of the experiment; however, no samples were ex-
cluded during the data analysis. Wound healing was docu-
mented on days 1, 3, 7, 10 and 14. All outcome assessments
were conducted by experimenters who were blinded to the
group assignments. Tissues were collected for histological, im-
munofluorescent and molecular analyses. At the end of the
experiments, mice were euthanized by intraperitoneal injection
of sodium pentobarbital (200 mg/kg). Following administration,
animals were carefully monitored until complete cessation of
respiration and heartbeat, with a secondary physical method
applied when necessary to confirm death.

Histological and immunohistochemical
analyses

On day 14 after wound creation, the dorsal full-thickness skin
wounds of mice were excised. Each wound was bisected longitu-
dinally: one half was fixed in 4% paraformaldehyde for histologi-
cal and immunofluorescence analyses, and the other half
was immediately stored at —80°C for subsequent proteo-
mic analysis.

For histological evaluation, fixed tissues were dehydrated
through graded ethanol, embedded in paraffin and cut into
4 um-thick sections. Sections were stained with hematoxylin
and eosin (H&E) to assess general tissue morphology and with
Masson’s trichrome to evaluate collagen deposition. For each

wound, at least three randomly selected sections were analyzed
in a blinded manner.

For immunofluorescence analysis, paraffin sections were
deparaffinized, rehydrated and subjected to antigen retrieval.
Sections were then blocked with 5% bovine serum albumin
and incubated overnight at 4°C with primary antibodies
targeting markers of angiogenesis (CD31), TGF-f1 and
macrophage polarization (CD80, CD206). After washing,
sections were incubated with appropriate fluorescently la-
beled secondary antibodies. Nuclei were counterstained with
DAPI, and sections were imaged using a fluorescence
microscope.

Western blot analysis

Total cellular proteins of HDFs were extracted with RIPA buffer
containing proteinase inhibitor cocktail for 30 min on ice. The
targeted protein was separated by denaturing sodium dodecyl
sulfate polyacrylamide gel electrophoresis (8-12%) and trans-
ferred onto a nitrocellulose membrane. The membrane was
blocked with 5% nonfat milk for 2h, which was followed by
overnight incubation at 4°C with the following primary antibod-
ies against B-actin, NF-xB and IL-6. Following incubation with
peroxidase-conjugated goat anti-rabbit/mouse IgG at 4°C for
2h, each protein was visualized using Western Lightning” Plus
ECL, detected using X-ray film and scanned. Each experiment
was conducted in triplicate.

Real time PCR

The mRNA expression of targeted genes in HDFs cells was
measured using a qPCR assay on an ABI QuantStudio™ 7 Flex
Real-Time PCR System (Applied Biosystems; Thermo Scientific,
USA). Total RNA was extracted with TRIzol reagent and quality
controlled by NanoDrop2000 spectrophotometer (Thermo
Scientific, USA). cDNA reverse transcription was performed by
using All-in-One cDNA Synthesis SuperMix. The PCR system was
20 uL, including 10 uL SYBR Green qPCR Master Mix (low ROX),
0.4 uL PCR forward primer, 0.4 ul PCR reverse primer, 1 uL tem-
plate cDNA and 8.2 uL ddH20, with the following reaction con-
ditions: initial denaturation at 95°C for 5min, 40cycles of
denaturation at 95°C for 3s and annealing and extension at
60°C for 30s. B-Actin was used as reference gene and the
2722¢T method was used to analyze the relative mRNA expres-
sions (Table 1). Each experiment was conducted in triplicate.

Data analysis

All experiments were performed in triplicate. Data are presented
as mean +SD. Statistical analyses were conducted using one-
way ANOVA with Tukey’s post hoc test. Predefined criteria were
applied for data point exclusion: outliers >3 standard deviations
from the group mean (Grubbs’ test, #=0.05) and incomplete or
invalid measurements (e.g. equipment malfunction) were re-
moved from the analysis. P-values were denoted as ns
(P>0.05), * (P<0.05), ** (P<0.01), *** (P<0.001) and
**** (P <0.0001).
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Table 1 Primer sequences used for qPCR analysis.

Gene Forward primer Reverse primer

GAPDH 5'-AGATCCCTCCAAAATCAAGTGG-3' 5'-GGCAGAGATGATGACCCTTTT-3'
YAP1 5'-TGTCCCAGATGAACGTCACAGC-3’ 5'-TGGTGGCTGTTTCACTGGAGCA-3/
CTGF 5'-CAGCATGGACGTTCGTCTG-3' 5'-AACCACGGTTTGGTCCTTGG-3'
TLR3 5'-TCAACTCAGAAGATTACCAGCCG-3' 5'-AGTTCAGTCAAATTCGTGCAGAA-3’
CXCL8 Beyotime: QH03705S

RGL2 Beyotime: QH21245S

CRTC3 5'-CCCATACACGCTGCTGATGAT-3’ 5'-GGAGGTTTCGTACCAGTAGTCA-3'
Results thereafter (Figure 1H). At 6h, the swelling ratio differed signifi-

Structural and physicochemical
properties of 3D-printed GA hydrogels

To construct hydrogel scaffolds with favorable cell-loading ca-
pacity and structural stability, a GA composite hydrogel was fab-
ricated using DLP 3D printing. In this context, this study
employed GelMA and AlgMA as raw materials, both of which con-
tain methacryloyl groups capable of photocrosslinking, enabling
rapid photopolymerization under UV light. Under UV irradiation
in the presence of a light-activated polymer, GelMA and AlgMA
underwent rapid photocrosslinking (Figure 1A, Supplementary
Figure S1). The fabrication workflow and printing of GA-CM and
GA-ADSCs are shown in Figure 1B and C, and complex patterns
were faithfully reproduced with a stable morphology. SEM
revealed distinct pore sizes in the single-component hydrogels,
with GelMA exhibiting the largest pores and AlgMA exhibiting the
smallest pores. The GA composite hydrogel displayed a homoge-
neous porous structure, which was preserved after loading with
CM or ADSCs (Figure 1F). Quantitative pore size analysis showed
that GelMA had the largest pore diameter (410.3+154.0 um),
whereas AIgMA had the smallest pore diameter (155.9+
25.08 um). GA, GA-CM and GA-ADSCs displayed no significant dif-
ferences (Figure 1E). Tukey’s multiple comparison analysis fur-
ther confirmed the absence of statistical differences between GA
and its two loading forms (GA-CM and GA-ADSCs), indicating
that the blending and loading processes did not significantly af-
fect the structural stability of the scaffolds.

After 3 days of culture, SEM observations revealed that cells in
the GA-ADSCs group adhered along the pores and formed inter-
laced arrangements, whereas no obvious cellular morphology
was observed on the surface of the GA-CM group (Figure 1D).
Figure 1G shows the effects of different initial cell densities
(1x10°-1x 10" cells/mL) on embedding efficiency within the
scaffolds, with cells observed along the inner surfaces and edges
of the hydrogel pores, suggesting that GA scaffolds possess ex-
cellent cell encapsulation and adhesion properties.

We further evaluated the swelling and degradation properties
of hydrogels with different GelMA/AlgMA composition ratios to as-
sess their water retention capacity and metabolic safety in vivo.
Six concentration gradient groups were designed in the experi-
ment, namely: 10% GelMA group, 10% AlgMA group, 7% GelMA/
3% AlgMA group, 5% GelMA/5% AlgMA group, 3% GelMA/7%
AlgMA group, to explore the influence of different component ra-
tios on the properties of hydrogels. Upon immersion of freeze-
dried hydrogels in PBS at 37°C, all the groups exhibited rapid
swelling within the first hour, followed by a slow increase

cantly among formulations: the 5% GelMA/5% AlgMA group
reached the highest value (884.2+84.76%), whereas the 10%
AlgMA group displayed the lowest value (676.7 +73.45%), indicat-
ing that GA composites promoted water uptake more efficiently
than AlgMA alone (Supplementary Figure S2). In degradation
assays using non-freeze-dried samples (Figure 1I-K), distinct
composition-dependent behaviors were observed. In PBS, the
10% GelMA group degraded rapidly and was nearly lost by day 24,
whereas 10% AlgMA maintained approximately 90-100% of its
weight with minimal change. The GA composites (7/3, 5/5 and 3/
7) exhibited moderate swelling (peaking at approximately 120-
170%), followed by a gradual decline; however, they retained
>100% of their initial weight at later stages. In the collagenase so-
lution, 10% GelMA was completely degraded within 4days,
whereas 10% AlgMA remained highly stable. The 7% GelMA/3%
AlgMA composite exhibited strong and sustained resistance to col-
lagenase, maintaining 120-140% of its mass for more than
2 weeks before gradually decreasing, indicating that AlgMA mark-
edly protected GelMA from enzymatic degradation. In the lyso-
zyme environment, 10% GelMA was almost completely degraded
within 7 days, whereas 10% AlgMA degraded slowly, retaining ap-
proximately 80-90% of its mass on day 24. The 7% GelMA/3%
AlgMA composite showed a gradual decrease over time, but its
structural integrity was preserved throughout the 24-day period.
Collectively, these results indicate that AlgMA alone exhibits lower
swelling capacity but higher enzymatic stability than GelMA and
that the incorporation of AlgMA into GelMA networks significantly
enhances long-term structural stability.

Rheological analysis under UV irradiation (365nm, 90W)
revealed rapid gelation across all formulations, with a sharp in-
crease in the storage modulus (G') after approximately 10s of
light exposure (Supplementary Figure S3). In all groups, G’
surpassed G” within 30-40s, indicating stable crosslinking and
tunable stiffness depending on the GelMA/AIgMA ratio. Higher
AlgMA fractions slightly increased the final modulus, suggesting
a reinforcing effect of ionic interactions. FTIR spectra further
confirmed successful hydrogel formation (Supplementary
Figure S4), showing characteristic peaks of ~-OH/N-H (~3430-
3440cm™), C-H (~2927-2928cm™'), amide I/l (1650-
1547 cm™) and C-0-C/C-0 (~1246-1030cm™!), indicating the
coexistence of hydrogen bonding, ionic coordination and cova-
lent methacrylate crosslinking. These results demonstrate that
the GA system integrates ionic and covalent crosslinking, con-
tributing to improved swelling-degradation balance, rapid pho-
tocuring and enhanced mechanical stability [29].

In conclusion, based on porosity, swelling, degradation and
mechanical evaluations, the optimal GelMA/AIgMA ratio was
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Figure 1 (A) Representative photographs of GelMA and AlgMA before and after mixing with LAP and their sol-gel transition under UV irradiation. (B)
Schematic diagram of GA bioink preparation and DLP 3D printing of porous patches. (C) Photographs of 3D-printed GA hydrogel patches show the
hospital emblem and grid structures. (D) SEM images of GA-CM and GA-ADSCs grid patches after 3 days of culture. (E) Quantitative analysis of the
pore diameters in GelMA, AlgMA, GA, GA-CM and GA-ADSCs. (F) SEM images of freeze-dried GelMA, AlgMA, GA, GA-CM and GA-ADSCs hydrogels. (G)
SEM images of GA hydrogels seeded with different initial cell densities after 3 days of culture show encapsulated cells adhering to the pore walls. (H)
Swelling ratios of freeze-dried hydrogels in PBS at 37°C. Degradation profiles of non-freeze-dried hydrogels in (1) PBS, (J) collagenase solution and (K)
lysozyme solution.
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determined to be 7:3. A slightly higher content of GelMA than
AlgMA can not only ensure the flexibility and mechanical stabil-
ity of the hydrogel, but also maintain the stability of the water
absorption and degradation rate of the hydrogel.

Characterization of ADSCs, paracrine
profiles of ADSC-CM and biocompatibility
of 3D-printed GA hydrogels

ADSCs were successfully isolated via collagenase digestion and
exhibited a typical fibroblast-like morphology under phase-
contrast microscopy (Supplementary Figure S5). At 80-90% con-
fluence, the cells were aligned in spiral clusters, indicating
strong proliferative capacity. Multilineage differentiation was
confirmed using Oil Red O and Alizarin Red S staining, which
demonstrated lipid droplet formation and calcified nodule de-
position after adipogenic and osteogenic induction, respectively
(Supplementary Figure S6). Flow cytometry further verified the
high expression of CD29, CD44, CD73, CD90 and CD105 and the
absence of the hematopoietic markers CD34 and CD45, consis-
tent with the International Society for Cell & Gene Therapy crite-
ria for mesenchymal stem cells (Supplementary Figure S7).

BCA concentration detection was performed on the CM pro-
duced by culturing ADSCs (approximately 15 x 10° cells) for 48 h
(i.e. CM group) and the medium without cell treatment (i.e. con-
trol group) (Supplementary Figure S8). The results showed that
the control group contained a protein content of 2.4470+
0.077 mg, while the CM group contained a protein content of
2.5098+0.116 mg, with a difference of approximately 0.0628 mg
between the two groups. After lyophilization and concentration of
the conditioned media of the control group and CM group, 1 mL
of PBS buffer was added to the powder for BCA concentration de-
tection. The detection results showed that the control group con-
tained a protein content of 2.1234 +0.076 mg, and the CM group
contained a protein content of 2.1857+0.088 mg, with a differ-
ence of approximately 0.0623 mg between the two groups.

The biocompatibility of GA hydrogels was systematically
assessed. Cell Counting Kit-8 assays revealed that GA-CM and
GA-ADSCs significantly enhanced human dermal fibroblast
(HDF) proliferation at 24h compared with the control, with
GA-ADSCs showing the strongest effect at 48h (Figure 2A).
Hemolysis assays confirmed excellent hemocompatibility, with
GelMA, AlgMA and GA hydrogels exhibiting negligible hemolytic
activity, similar to that of PBS (Figure 2B). The extremely low he-
molysis rate of GA hydrogels indicates that they do not cause
obvious damage to red blood cells, which is a key prerequisite
for their in vivo application and further confirms their good bio-
compatibility from the perspective of hemocompatibility. Live/
dead staining of ADSCs encapsulated in GA scaffolds at different
seeding densities (1 x 10°-1x 107 cells/mL) showed high viabil-
ity after 7 days, reaching 99.42 +0.20% in the 1 x 10" group and
remaining at 91.48+1.82% even at the lowest density
(Figure 2C, Supplementary Figure S9). Comparative live/dead
staining of HDFs co-cultured with different hydrogel groups
(control, GA, CM, ADSCs, GA-CM and GA-ADSCs) confirmed excel-
lent cytocompatibility, with quantified cell survival rates exceed-
ing 99.9% in all groups (Figure 2D, Supplementary Figure S10).

Cytokine profiling further revealed distinct paracrine signatures
between ADSC-CM and HDF-CM. ADSC-CM was enriched in vascular
endothelial growth factor (VEGF) A, a key pro-angiogenic factor,
whereas HDF-CM contained higher levels of pro-inflammatory

cytokines such as interleukin-6 (IL-6), interleukin-8 (IL-8),
granulocyte-macrophage colony-stimulating factor (GM-CSF) and
monocyte chemoattractant protein 1 (MCP-1). Interleukin-1 recep-
tor antagonist (IL-1Ra) was slightly elevated in HDF-CM (P < 0.05),
whereas interleukin-10 (IL-10), hepatocyte growth factor, epider-
mal growth factor (EGF) and platelet-derived growth factor-BB
(PDGF-BB) showed no significant differences (Figure 2E), indicating
that ADSC-CM exerts its regenerative potential by providing anti-
inflammatory and pro-angiogenic factors.

Taken together, these findings confirm the successful isola-
tion and characterization of ADSCs, demonstrate that ADSCs can
secrete and accumulate a certain amount of soluble proteins
during 48-h culture (as evidenced by BCA detection results
showing that the protein content of CM group is slightly higher
than that of the control group, and the relative difference
remains stable after lyophilization and concentration,
Supplementary Figure S8), highlight the paracrine advantages of
ADSC-CM and demonstrate that DLP 3D-printed GA hydrogels
provide a structurally stable and highly biocompatible microen-
vironment. The scaffolds not only supported fibroblast prolifera-
tion and ADSCs survival but also enhanced cellular activity when
combined with ADSCs or their CM, underscoring the advantages
of integrating 3D bioprinting with cell- and secretome-based
therapies for chronic wound repair.

In vitro effects of GA-ADSCs and GA-CM on
key skin-associated cells

To investigate the pro-migratory, proliferative, pro-angiogenic
and anti-inflammatory effects of GA-ADSCs and GA-CM, we sys-
tematically assessed their effects on cell migration, angiogene-
sis and macrophage polarization in vitro. To investigate the
functional effects of different hydrogel compositions, a
Transwell migration assay was performed using ADSCs.
Hydrogels with moderate-to-high GelMA content (5% GelMA/5%
AlgMA, 7% GelMA/3% AlgMA and 10% GelMA) showed markedly
enhanced cell migration compared with the control and 10%
AlgMA groups (P < 0.0001, Figure 3A and B). No significant differ-
ence was observed between 7% GelMA/3% AlgMA and 10%
GelMA, and both outperformed 3% GelMA/7% AlgMA. Confocal
3D imaging showed that ADSCs adhered well to the hydrogel
surface and spread fully, with more cells aggregated in the pores
of the hydrogel (Figure 3C). Based on the above results, this
study further confirms that the 7% GelMA/3% AlgMA ratio is
more suitable for subsequent experimental research.
Subsequently, angiogenic potential was assessed using a tube
formation assay with human umbilical vein endothelial cells
(Figure 3D). Compared with the control group, both CM and
ADSCs markedly enhanced vascular-like network formation,
with ADSCs exhibiting stronger pro-angiogenic activity than CM
(1514.00+105.30 nodes, 433.30+26.58 junctions, 88.33+8.02
meshes, P < 0.0001). Importantly, GA-CM and GA-ADSCs signifi-
cantly promoted angiogenesis through sustained release within
the 3D scaffolds, showing clear improvements over GA alone,
with GA-ADSCs outperforming GA-CM (Figure 3F-H; P<0.01).
Scratch assays further confirmed the pro-migratory effects of
GA-ADSCs and GA-CM. As shown in Figure 3E, within 24 h, the mi-
gration rates (the blank ratios of wound area) of CM and ADSCs
reached 76.50+8.18% and 70.85+1.65%, respectively, both
significantly higher than that of the control group (P < 0.0001).
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Figure 2 (A) Proliferation of HDFs cultured with different treatments, as determined using CCK-8 assay at 24 and 48 h. (B) Hemolysis ratio of

hydrogels compared with positive (dH,0) and negative (PBS) controls. (C) Live/dead staining of ADSCs seeded on GA scaffolds at different initial
densities. (D) Live/dead staining of HDFs in different treatment groups, including control, GA, CM, ADSCs, GA-CM and GA-ADSCs. (E) Cytokine profiling
of ADSCs-CM and HDFs-CM shows distinct paracrine features.
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Figure 3 (A) Transwell migration assay of human ADSCs in response to different GelMA/AlgMA hydrogel formulations. (B) Quantitative analysis of
stained areas shows enhanced migration in the 5% GelMA/5% AlgMA, 7% GelMA/3% AlgMA and 10% GelMA groups compared with the control group.
(C) 3D confocal imaging of ADSCs in GA hydrogel. ADSCs were stained with phalloidin and GA hydrogel with fluorescent dye. (D) Tube formation assay
shows vascular-like network formation in the control, GA, CM, ADSCs, GA-CM and GA-ADSCs groups. (E) Scratch wound assay of HDFs at 0, 6 and 24 h
under different treatments. Quantitative analysis of tube formation, including number of (F) nodes, (G) meshes and (H) junctions. (I) Quantitative

analysis of the fibroblast migration rate in scratch assay.

GA-CM and GA-ADSCs also promoted fibroblast migration, with
no statistically significant differences between the two groups
(Figure 31).

Finally, the immunomodulatory ability and anti-inflammatory
effect of the samples were evaluated using RAW 264.7 macro-
phages stimulated by lipopolysaccharide (LPS) combined with
interferon-gamma (IFN-y) (Figure 4A). LPS combined with IFN-y
alone induced M1 polarization of macrophages, while treatment

with ADSCs, GA-ADSCs, CM and GA-CM significantly promoted
the polarization of macrophages to the M2 phenotype.
Specifically, the immunofluorescence intensity of CD80 (a
marker of M1 phenotype) in RAW 264.7 cells was significantly re-
duced in the active ingredient groups (ADSCs, GA-ADSCs, CM,
GA-CM) compared with the model group (P < 0.0001), indicating
that both ADSCs and CM could inhibit the M1 polarization of
macrophages. There was no significant difference in the
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fluorescence intensity of CD80 among the ADSCs, GA-ADSCs, CM
and GA-CM (P> 0.05), suggesting that the presence of GA did
not affect the anti-inflammatory effect of the active ingre-
dients (Figure 4B).

In addition, Western blot (WB) analysis was performed on
RAW 264.7 cells using the same modeling method to detect the
expression levels of NF-xB and IL-6 (Figure 4C and D). The results
showed that, compared with the model group, the expression
levels of NF-xB and IL-6 in all the active component groups
(ADSCs, GA-ADSCs, CM, GA-CM) were significantly decreased
(P<0.05), further confirming the anti-inflammatory activity of
ADSCs and CM.

In summary, all groups containing active ingredients (ADSCs,
GA-ADSCs, CM, GA-CM) could exert effects in promoting cell mi-
gration, angiogenesis, anti-inflammation and immune regula-
tion. In the in vitro cell experiments, the groups containing CM
components (CM, GA-CM) showed slightly better effects than the
groups containing ADSCs components (ADSCs, GA-ADSCs). This
may be because CM can quickly release various effective compo-
nents (such as cytokines and vesicles), while the role of ADSCs
depends on the accumulation of time. In addition, the effect of
the GA-wrapped groups (GA-ADSCs, GA-CM) was slightly better
than that of the uncoated groups (ADSCs, CM), which may be re-
lated to the slow-release effect of GA, which can prolong the ac-
tion time of active ingredients. However, the in vitro cell
experiment has limitations in the action cycle and detection
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indicators, so further verification in animal experiments is
needed to confirm the long-term therapeutic effect and mecha-
nism of action of each group, so as to provide a more sufficient
experimental basis for clinical transformation.

In vivo effects of GA-ADSCs and GA-CM on
wound healing of mice

In vivo tracking of 1,1’-dioctadecyl-3,3,3',3'-tetramethylindodi-
carbocyanine perchlorate-labeled ADSCs revealed that GA-
ADSCs maintained strong fluorescence signals at the wound
sites up to day 21, whereas free ADSCs rapidly declined by day 7
(Figure 5A and B), indicating that GA hydrogels significantly pro-
longed retention of ADSCs cells. A diabetic mouse model was
successfully established via streptozotocin injection and was
validated via blood glucose monitoring and histological exami-
nation, followed by the creation of full-thickness dorsal wounds
(Figure 5C). H&E staining in Figure 5D showed that the heart,
liver, spleen, lung and kidney of diabetic mice all exhibited typi-
cal pathological changes of multi-organ damage in type 2 diabe-
tes, further confirming the successful establishment of the
model. After applying GA hydrogel to the wound and continuous
intervention for 14 days, H&E staining results showed that it did
not cause obvious pathological damage or malignant changes
in various organs, indicating that it has good in vivo
biocompatibility.
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Figure 4 (A) Immunofluorescence staining of RAW 264.7 cells for the M1 marker CD80 and M2 marker CD206. (B) Analysis of relative fluorescence
intensity of immunofluorescence, with the fluorescence intensity of model group set as 1 for control. (C) WB results of RAW 264.7 cells, including
indicators of NF-xB, IL-6 and internal reference §-actin. (D and E) Quantitative analysis of relative NF-xB and IL-6 protein expression by WB, with the

protein expression of model group set as for control.



10

Regenerative Biomaterials, 2026, Vol. 13, rbag095

A Day 0 Day 3 Day 7 Day 10 Day 14 Day 17 Day 21 B
Epi-fluorescence
E 25 6x101°
> -~ ADSCS
)73 13 o o
8] . < & GA-ADSCs
(%] 20 L=
[a] ; 3 L€
< £ § ax1014
' ) H
2 0 E =
35
\ 10 &2 2x10"
3 o # i
2 v E
< L : 0 T T T T
<] B [ h 0 5 10 15 20 25
: : . Time (days)
C «f U, «f Y,
e o
b Vg P RV
|
- - | J J
ICR mouse, male
STZ injection Blood glucose test Wound model Different treatment once every three days Sacrifice  Evaluation

Day 0
Liver

Day 3

E

w™ GA Model

ADSCs

GA-CM

GA-ADSCs

Spleen

Day 7 Day 10

Lung

F
©® Day 1 B Model mm GA =1 CM
Day.3 1 ADSCs mm GA-CM mm GA-ADSCs
Day 7
Day 10
@® Day 14
S
< 90
2
<
2
s 60
S
30
0
10 14
Time (d)

Figure 5 (A) In vivo tracking of DiD-labeled ADSCs show prolonged retention in the GA-ADSC group compared with ADSCs alone. (B) Quantitative
fluorescence intensity analysis of ADSCs in vivo. (C) Schematic diagram of the diabetic wound model establishment and treatment protocol. (D) H&E
of heart, liver, spleen, lung and kidney tissues in normal ICR mice, diabetic ICR mice and diabetic ICR mice following GA treatment. (E) Representative
wound images from different treatment groups on days 0, 3, 7, 10 and 14. (F) Quantitative analysis of wound closure rates over time.

As shown in Figure 5E-F, wound closure was the slowest in
the model and GA groups, with large unhealed areas still evident
by day 14. On day 10, wound areas remained at 48.54 +6.10% in
the model group and 47.25+13.05% in the GA group, with no
significant difference (P> 0.05). In contrast, the CM and ADSC

groups showed accelerated wound closure from day 7 and near-
complete healing by day 14. Notably, GA-CM and GA-ADSCs
exhibited the most pronounced therapeutic effects, with wound
areas reduced to 17.09 +2.36% and 14.07 + 0.54% on day 10, re-
spectively (P <0.001), and nearly complete closure by day 14.
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GA-ADSCs showed better wound healing with smaller residual
scars than GA-CM, thereby outperforming GA-CM. Collectively,
these results demonstrate that GA scaffolds markedly enhanced
ADSC retention and therapeutic efficacy, with GA-ADSCs achiev-
ing the most effective wound healing in the diabetic mouse
model.

Histopathological and
immunofluorescence analysis of wound
healing in diabetic mice with GA-ADSCs
and GA-CM treatment

Histological and immunofluorescence analyses were performed
to evaluate collagen remodeling, myofibroblast activation and
angiogenesis in diabetic wounds. On day 3, myeloperoxidase
(MPO) immunohistochemistry revealed sparse neutrophil infil-
tration in the model group, indicating delayed inflammation,
whereas CM, ADSCs, GA-CM and GA-ADSCs markedly increased
the number of MPO-positive cells, suggesting that these treat-
ments facilitated a rapid transition into the early inflammatory
immune phase (Figure 6A). Notably, the GA group also exhibited
massive inflammatory cell infiltration on the wound surface, in-
dicating that the presence of GA favors the accumulation of
early inflammation-related cells at the wound site, promotes
their functions and provides certain support for the regulation
of early inflammation during wound repair. By day 14, as shown
in Figure 6B and F, hematoxylin-eosin staining revealed wide
wound gaps in the model and GA groups, whereas CM and
ADSCs significantly reduced the gap widths (P < 0.01). Notably,
GA-CM and GA-ADSCs achieved the narrowest wound gaps and
nearly complete closure, with GA-ADSCs exhibiting the highest
healing efficacy. Masson’s trichrome staining (Figure 6C and G)
showed minimal and disorganized collagen deposition in the
model group (31.67+2.26%), while CM (52.52+0.51%) and
ADSCs (57.11+2.01%) significantly increased the collagen con-
tent (P <0.0001). GA-CM (59.52+0.51%) and GA-ADSCs (69.47 +
5.59%) exhibited the highest levels, with GA-ADSCs showing
densely packed, directionally aligned fibers, indicating collagen
regeneration superior to that of GA-CM (P < 0.01).

a-SMA immunohistochemistry (Figure 6B and F) was used to
assess myofibroblast activation on day 14, a key marker of fibro-
sis and scar formation. a-SMA staining demonstrated strongest
expression in the model group and reduced expression in CM
and ADSCs (P < 0.05). The GA-CM and GA-ADSC groups further
suppressed o-SMA expression, with the effect of GA-ADSC
being significantly lower than that of GA-CM (P<0.05).
Immunofluorescence staining (Figure 6E, | and J) further
assessed angiogenesis (CD31) and fibrosis-related factor expres-
sion (TGF-B1). The model and GA groups exhibited weak CD31
signals and high TGF-f1 expression levels, indicating insufficient
angiogenesis and fibrosis. CM and ADSCs enhanced CD31 ex-
pression and reduced TGF-81 expression, whereas GA-CM and
GA-ADSCs showed the strongest CD31 signals and the lowest
TGF-B1 expression. Importantly, TGF-81 levels were significantly
lower in GA-ADSCs than in GA-CM (P < 0.05). In summary, our
data suggest that both GA-CM and GA-ADSCs effectively promote
CDW healing, collagen deposition and neovascularization with
the support of GA scaffolds. GA-ADSCs exerted effects on

enhancing wound repair and collagen remodeling superior to
those of GA-CM, while more effectively suppressing fibrosis- and
scar-associated markers (a-SMA and TGF-£1).

Mechanistic proteomic analysis of
GA-ADSCs and GA-CM in chronic
diabetic wounds

Proteomic profiling revealed large-scale reprogramming in GA-
CM and GA-ADSCs compared with that in GA alone. Compared
with GA, both GA-CM and GA-ADSCs triggered extensive proteo-
mic reprogramming with distinct patterns. GA-CM altered the ex-
pression of 389 upregulated and 468 downregulated proteins,
whereas GA-ADSCs induced broad shifts in the expression of 361
upregulated and 552 downregulated proteins. Despite 23 shared
differentially expressed proteins (DEPs) identified under strin-
gent thresholds, heatmap and Venn analyses revealed clear di-
vergence: a set of commonly regulated proteins forming a
‘repair core’, complemented by treatment-specific regulatory
modules. Uniquely enriched GA-CM proteins were linked to gene
expression and biosynthesis, whereas GA-ADSCs exhibited broad
regulation, engaging in immune responses, metabolic remodel-
ing and extracellular matrix (ECM) dynamics. These findings sug-
gest that GA-CM and GA-ADSCs share a common ‘repair core’
while engaging in treatment-specific regulatory modules.

Gene ontology enrichment analysis revealed that GA-CM DEPs
were primarily enriched in rRNA/histone methyltransferase ac-
tivity (fold enrichment=29.29), VEGF- and neurotrophin-related
signaling, protein biosynthesis and VEGF-driven angiogenesis
and cell migration (Figure 7F). In contrast, GA-ADSCs were signif-
icantly enriched in immune stress responses (cortisol, Ral and
TLR related), lipid metabolism, signal remodeling (phosphatidyl-
choline floppase and inositol phosphate kinase activity), chro-
matin modification and DNA repair (Figure 7G). The Kyoto
Encyclopedia of Genes and Genomes pathway analysis con-
firmed these distinct patterns (Figure 7H). GA-CM was predomi-
nantly associated with the Hippo signaling pathway, which is a
critical regulator of cell proliferation, migration and angiogene-
sis, consistent with the growth factor-rich nature of CM.
Conversely, GA-ADSCs were prominently involved in multiple
pathways related to inflammation and immune regulation (TLR
signaling, necroptosis, T-cell receptor signaling and Hepatitis B)
as well as cellular metabolism and ECM remodeling (ABC trans-
porters, lysine degradation and steroid biosynthesis). TLR sig-
naling was the most significantly enriched, suggesting a central
role in modulating immune responses, inflammation and fibro-
sis. Furthermore, we summarized the DEPs (P < 0.05) involved in
the Hippo and TLR signaling pathways for the GA-CM vs GA and
GA-ADSCs vs. GA comparisons into Table 2.

To further verify the reliability of the proteomic and pathway
results, we performed gRT-PCR analysis (Figure 7J). Seven ex-
perimental groups were established: the control group con-
sisted of untreated HDFs, while the other groups were HDFs
induced by LPS and IFN-a with corresponding interventions. The
mRNA expression levels of key genes in the Hippo signaling
pathway (YAP, CTGF) and the TLR signaling pathway (TLR3,
CXCL8) were detected. The qRT-PCR results showed that the ex-
pression of YAP, CTGF, TLR3 and CXCL8 was significantly
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Figure 6 (A) MPO immunohistochemical staining of wound tissues on day 3. (B) Histological observation using H&E staining of wound edge closure
on day 14. (C) Masson’s trichrome staining shows collagen deposition on day 14. (D) a-SMA immunohistochemical staining shows myofibroblast
activation on day 14. (E) Immunofluorescence staining for CD31 and TGF-f1 on day 14. Quantitative analysis of (F) wound length, (G) relative
collagen content, (H) a-SMA |0D/area ratio, (1) CD31 expression ratio and (J) TGF-81 expression ratio (n > 3).

increased in the model group compared with the control group.
Compared with the model group, the expression of these genes
in the GA group was slightly changed without statistical signifi-
cance (P>0.05). CM and GA-CM significantly reduced the ex-
pression of YAP and CTGF (P < 0.01), and mildly downregulated
the expression of TLR3 and CXCL8. In contrast, GA-ADSCs and

ADSCs mildly reduced the expression of YAP and CTGF, and sig-
nificantly downregulated the expression of TLR3 and
CXCL8 (P < 0.01).

Collectively, these results demonstrate that GA-CM and
GA-ADSCs mediate skin wound repair through distinct but com-
plementary mechanisms. GA-CM mainly acts by regulating the
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Figure 7 Volcano plots show the upregulated and downregulated expression of proteins in (A) GA-CM vs. GA and (B) GA-ADSCs vs. GA. (C) Heatmap of

representative shared DEPs between groups. Venn diagrams of (D) upregulated and (E) downregulated protein expression in GA-CM vs. GA and GA-
ADSCs vs. GA. GO enrichment analysis of DEPs in (F) GA-CM vs. GA and (G) GA-ADSCs vs. GA. (H) KEGG pathway enrichment analysis. (1) Chord plot
showing the functional associations between DEPs and enriched KEGG pathways. The relative mRNA quantification results of (J) YAP, (K) CTGF, (L)

TLR4 and (M) CXCL8 genes by qRT-PCR.
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Table 2 List of representative DEPs enriched in Hippo and Toll-like receptor signaling pathways.

KEGG Groups Accession Protein name P-value

Hippo signaling pathway—multiple species GA CM-vs-GA P46938 YAP1 0.00638771
Hippo signaling pathway—multiple species GA CM-vs-GA Q8cov9 FRMD6 0.04621626
Hippo signaling pathway—multiple species GA CM-vs-GA E9PVD3 DCHS1 0.00072466
Hippo signaling pathway—multiple species GA ADSCs-vs-GA E9PVD3 DCHS1 0.00000057
TLR signaling pathway GA CM-vs-GA Q99K90 TAB2 0.00013946
TLR signaling pathway GA CM-vs-GA P70434 IRF7 0.00002434
TLR signaling pathway GA ADSCs-vs-GA Q9EPW9 TLR6 0.00000322
TLR signaling pathway GA ADSCs-vs-GA Q9JLFT TLR5 0.00000080
TLR signaling pathway GA ADSCs-vs-GA Q99MB1 TLR3 0.00013786
TLR signaling pathway GA ADSCs-vs-GA Q8BJQ4 TICAM2 0.00000619

Hippo signaling pathway, thereby suppressing YAP/CTGF-mediated
fibroblast activation and excessive ECM deposition, ultimately re-
ducing fibrosis and promoting balanced tissue remodeling. In con-
trast, GA-ADSCs primarily exert strong immunomodulatory effects
by suppressing the TLR signaling pathway, which helps resolve in-
flammation, maintain immune homeostasis and support sustained
tissue repair. These findings highlight the functional divergence be-
tween cell-free (GA-CM) and cell-based (GA-ADSCs) strategies, and
provide a mechanistic rationale for their combined application in
the treatment of CDWs.

Functional implications of DEPs in
GA-ADSCs and GA-CM

Based on the quantitative proteomics results, we performed
functional enrichment analyses of the DEPs in GA-ADSCs vs. GA,
GA-CM vs. GA and GA-ADSCs vs. GA-CM to explore their potential
roles in wound repair. As shown in Table 3 and Figure 8A, 14 rep-
resentative DEPs were identified. Among them, the expression
of GSTP2, PLEKHG3, RSPH9, TREM3 and PLAG1 was significantly
upregulated in GA-ADSCs vs. GA and GA-CM vs. GA, whereas the
expression of RGL2, AFTPH, COX19, TMEM70, CRLF2 and CRTC3
was consistently downregulated. Further comparison revealed
that GSTP2, PLEKHG3, CRLF2 and CRTC3 were expressed at
higher levels in GA-CM than in GA-ADSCs, whereas RSPH9,
TREM3, PLAG1, RGL2, AFTPH, COX19 and TMEMT70 were more
highly expressed in GA-ADSCs than in GA-CM.

To further verify the reliability of the proteomic results, we
performed a qRT-PCR assay to investigate the expression levels
of two key DEPs (CRTC3 and RGL2) under different treatment
conditions (Figure 8B and C). Specifically, the gRT-PCR results
showed that compared with the control group, the expression
level of CRTC3 in the model group was significantly decreased
(P < 0.001). In contrast to the model group, there was no signifi-
cant change in CRTC3 expression in the GA group (P> 0.05),
while the expression of CRTC3 was significantly increased in
both the CM group and GA-CM group (P < 0.05). For RGL2, its ex-
pression level in the model group was significantly higher than
that in the control group, and there was no significant change in
the GA group compared with the model group (P> 0.05).
However, the expression of RGL2 was significantly decreased in
both the ADSCs group and GA-ADSCs group (P < 0.01). These

Table 3 List of representative DEPs in GA-ADSCs vs. GA, GA-CM vs. GA
and GA-ADSCs vs. GA-CM.

Protein GA GA GA CM-vs-GA
name CM-vs-GA ADSCs-vs-GA ADSCs
GSTP2 Up Up Up
PLEKHG3 Up Up Up
CRTC3 Up Up Up
RSPH9 Up Up Down
TREM3 Up Up Down
PLAG1 Up Up Down
RGL2 Down Down Up
CRLF2 Down Down Up
AFTPH Down Down Down
COX19 Down Down Down
TMEMT70 Down Down Down

gRT-PCR results were highly consistent with the proteomic data,
confirming the authenticity of the differential expression of
CRTC3 and RGL2, and providing reliable genetic level evidence
for subsequent mechanism research.

Functional enrichment analysis revealed distinct mechanistic
roles of the representative DEPs (Figure 8D). CRTC3, which is in-
volved in the negative regulation of (-adrenergic receptor
signaling, modulates the 3-AR-cAMP/PKA axis to enhance angio-
genesis, fibroblast proliferation, collagen deposition and macro-
phage balance. RSPH9, which is associated with the axoneme
pathway, regulates primary cilia function and cellular respon-
siveness to external cues. PLAG1, which is enriched in GA-ADSCs,
contributes to centrosome organization and directed cell migra-
tion, whereas RGL2 downregulation is associated with reduced
inflammatory signaling, influenced keratinocyte/fibroblast mi-
gration and improved immune homeostasis during wound heal-
ing. Overall, GA-ADSCs and GA-CM modulate distinct protein
networks: GA-CM favors growth factor-driven pathways, whereas
GA-ADSCs exert stronger effects on immune regulation and met-
abolic reprogramming—particularly through cilia-associated
sensing (RSPH9) and metabolism-related signaling (CRTC3)—
than GA-CM. These differences highlight the unique contribution
of ADSCs to long-term skin tissue repair and provide new mech-
anistic insights into chronic wound therapy.
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Discussion

CDWs remain a major clinical challenge owing to the impaired
angiogenesis, dysregulated inflammation and reduced function-
ality of macrophages and fibroblasts under hyperglycemic con-
ditions [30, 31]. Conventional treatments are insufficient,
highlighting the urgent need for novel regenerative strategies
that integrate biomaterials with advanced biological therapies.

In recent years, bioactive peptides, ADSCs and their CM have
become promising interventions for skin wound repair, with dis-
tinct characteristics. Bioactive peptides exert precise regulation
by targeting specific signaling pathways and have better stabil-
ity due to simple structure, but show insufficient synergy and
limitations in clinical translation (e.g. short in vivo half-life). In
contrast, ADSCs and CM achieve multi-pathway regulation with
significant synergistic effects on wound repair processes, but
have weaker targeting specificity, unstable activity and chal-
lenges in transportation, storage and immune compatibility
[32-36].

In this study, we used a DLP-based 3D bioprinting approach
to construct GA hydrogel scaffolds for the delivery of ADSCs or
their cell-free CM and systematically compared the distinct
mechanisms underlying GA-ADSC and GA-CM efficacy in diabetic
wound healing. Centered on ‘structural bionics-functional adap-
tation’, the 3D-printed structure mimics natural skin microstruc-
ture, providing adhesion sites for repair cells and growth factors
[37]. Compared with traditional scaffolds, DLP printing enables
precise parameter control for a connected pore network (ensur-
ing material exchange and cell growth) and grid-like pores that

guide cell directional growth, reduce scars, and enhance tissue
mechanical strength [38].

GA scaffolds possess a double-crosslinked interpenetrating
polymer network, which can provide mechanical stability, con-
trolled release properties and a biomimetic ECM-like microenvi-
ronment, thereby supporting cell viability and maintaining
paracrine function. Clarifying the scientific relationship between
3D-printed GA scaffolds, ADSCs and CM, as well as their func-
tional division in wound therapy, is crucial for understanding
their therapeutic mechanisms. Verified by in vitro cell experi-
ments and in vivo animal studies, we clearly distinguished the
roles of each component: ADSCs and CM are the core key factors
for wound treatment, directly determining the repair outcome;
whereas 3D-printed GA scaffolds mainly act as a delivery vehicle
to provide auxiliary support and a functional platform for bioac-
tive components.

Specifically, the core value of DLP 3D bioprinting lies in con-
structing a biomimetic 3D scaffold structure that mimics the
natural skin ECM, providing a stable microenvironment for the
adhesion, colonization and proliferation of ADSCs. Confocal im-
aging results confirmed that ADSCs could stably attach to the
surface of GA hydrogels, and a larger number of ADSCs were ob-
served inside the scaffold pores with an interlaced growth pat-
tern, fully demonstrating that the 3D porous structure is
favorable for cell retention and growth. Meanwhile, GA hydro-
gels exhibit excellent drug-loading and sustained-release capa-
bilities. After loading ADSCs or CM, they enable the slow and
continuous release of bioactive factors, prolong the local action
duration and increase the local effective concentration of active
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components, effectively solving the bottleneck problems of low
colonization rate in direct ADSC transplantation and easy loss
of CM.

As the core of wound repair, ADSCs and CM undertake critical
bioactive regulatory functions. Among them, CM, as the main
component of cellular secretions, is rich in various growth fac-
tors and bioactive molecules related to wound repair, which can
directly regulate inflammation resolution, angiogenesis and epi-
thelialization in wounds. ADSCs further enhance the repair effect
through self-proliferation, differentiation and paracrine signal-
ing, and can form a dynamic crosstalk with the wound microen-
vironment, exerting long-term immunomodulatory and
antifibrotic effects.

Our findings showed that both GA-ADSC and GA-CM scaffolds
significantly accelerated wound closure, enhanced fibroblast
proliferation and migration, and promoted angiogenesis. In vivo
imaging confirmed that GA hydrogels significantly prolonged
retention of ADSCs cells, overcoming the limitations of rapid ap-
optosis and poor survival associated with direct cell transplanta-
tion. In the diabetic mouse model, both the GA-ADSC and GA-CM
scaffolds achieved near-complete wound closure by day 14, ac-
companied by robust collagen deposition and neovasculariza-
tion. Notably, GA-ADSCs exhibited stronger immunoregulatory
and antifibrotic effects than GA-CM, as evidenced by enhanced
M2 macrophage polarization, reduced a-SMA expression and
downregulation of TGF-81 expression, indicating that their ther-
apeutic activity is mediated through immune modulation and
cell-matrix interactions [39-41]. Although CM displayed rela-
tively weak antifibrotic effects, it was more effective than GA-
ADSC in promoting wound closure and angiogenesis, consistent
with its growth factor-rich secretome [42, 43].

The key novelty of this study lies in the comparative proteo-
mic and functional analyses of GA-ADSCs and GA-CM. GA-CM
was predominantly enriched in the Hippo signaling pathway
and VEGF-driven angiogenic processes, consistent with its
growth factor-mediated activity in stimulating endothelial acti-
vation, vascular sprouting and fibroblast migration. Recent stud-
ies have suggested that Hippo signaling via YAP/TAZ effectors
regulates multiple skin cell types involved in wound repair, in-
cluding fibroblasts, keratinocytes and endothelial cells, and
plays a pivotal role in diabetic wound healing and collagen
remodeling [44, 45]. In contrast, GA-ADSCs activate a broad set
of immune- and metabolism-related pathways, with TLR signal-
ing showing the most significant enrichment. TLR signaling in
CDWs has been implicated in the regulation of oxidative phos-
phorylation and energy metabolism in macrophages, thereby
influencing M1/M2 polarization, while also modulating skin fi-
brosis by controlling Col-1 and a-SMA expression to affect myofi-
broblast differentiation [46, 47]. Moreover, proteomic analysis
revealed GA-ADSC-specific regulation of proteins, such as RSPH9
(involved in ciliary signaling) and CRTC3 (linked to energy me-
tabolism and fibroblast proliferation) [44], further highlighting
that ADSCs contribute not only through paracrine secretion
but also via dynamic crosstalk with the wound microenviron-
ment to achieve sustained, multifaceted tissue repair and scar
suppression.

In summary, we demonstrated that DLP 3D-printed GA hydro-
gel scaffolds provide a robust and multifunctional platform to
enhance the therapeutic efficacy of both ADSCs and CM in

diabetic wound healing. In this context, CM accelerates wound
closure and angiogenesis through Hippo-mediated growth fac-
tor signaling, whereas ADSCs exert long-lasting antifibrotic and
regenerative benefits via TLR-driven immune regulation and
metabolic reprogramming. To further improve the research sys-
tem and clarify the application boundaries, the next phase of re-
search needs to focus on advancing multiple aspects of work:
first, it is necessary to verify the therapeutic boundaries in
higher animal immunodeficiency models, which is of great sig-
nificance for further clarifying the application scope and mecha-
nism of action of GA-ADSCs and GA-CM. In particular, regarding
the application boundaries of CM therapy, a key forward-looking
consideration is whether its therapeutic efficacy would be weak-
ened in models with severely compromised immunity. As CM
exerts its therapeutic effects mainly by regulating the local im-
mune microenvironment and secreting bioactive factors (such
as growth factors and cytokines), severe immune impairment
may disrupt the normal response of target cells to these bioac-
tive factors, or reduce the ability of the local microenvironment
to retain and utilize these factors, thereby potentially attenuat-
ing the therapeutic effect of CM. Therefore, future studies should
specifically verify the therapeutic effect of GA-CM in higher ani-
mal models with severe immune deficiency (e.g. nude mice with
severe T/B cell deficiency or models induced by immunosup-
pressive drugs), compare its efficacy with that in normal im-
mune models and explore the underlying mechanisms (such as
changes in the expression of key cytokines or signal pathway ac-
tivation), which will help to clearly define the applicable popula-
tion and scenario boundaries of CM therapy. Second, we should
focus on optimizing the hydrogel formula, systematically evalu-
ate its long-term safety and functionality and promote the clini-
cal transformation of these two dual strategies (ADSCs and CM).
Inspired by the cutting-edge research concepts of degradable
intelligent delivery systems and synergistic immunotherapy,
future studies can further construct intelligent responsive GA-
based hydrogel systems with on-demand drug release,
controlled degradation properties or photothermal antibacterial
capabilities, so as to achieve precise spatiotemporal regulation
during the process of diabetic wound repair [48-51]. At the clini-
cal application level, future research can utilize existing high-
sensitivity, amplification-free in situ detection technologies to
achieve real-time dynamic monitoring of key wound biomarkers
(such as VEGF and TGF-£1) [52, 53], which will further promote
the precise application of GA-ADSCs and GA-CM in wound repair.

Conclusion

In this study, we developed DLP-based 3D-printed GA hydrogel
scaffolds as multifunctional platforms for the delivery of ADSCs
or CM to treat CDWs. Both GA-ADSCs and GA-CM significantly ac-
celerated wound closure and promoted fibroblast proliferation,
migration and angiogenesis, while also reducing fibrosis.
Comparative proteomic and functional analyses revealed dis-
tinct but complementary mechanisms. GA-CM primarily acti-
vated Hippo signaling and growth factor-driven angiogenesis to
achieve rapid wound closure, whereas GA-ADSCs engaged in
TLR signaling and broad immune-metabolic pathways, confer-
ring sustained immunomodulation, antifibrotic remodeling and
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long-term tissue regeneration. Moreover, DEPs in GA-ADSCs and
GA-CM, such as PLEKHG3 and CRTC3, were identified as play
functional roles in CDWs. Collectively, this study provides mech-
anistic insights into the differences between cell-based and cell-
free therapies and establishes a scientific basis for advancing
stem cell-based strategies in the treatment of CDWs.
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