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A B S T R A C T

Stem cell-laden hydrogel patches are promising candidates to treat chronic ulcers due to cells’ long-lasting and dynamic responses to wound microenvironment. 
However, their clinical translations are prohibited by the cryopreservation difficulty due to their weak mechanical strength and slow biotransport capability, and by 
the morphological mismatch between clinical ulcers and pre-fabricated patches. Here we report a stem cell-laden alginate-dopamine hydrogel patch that can be 
readily cryopreserved, processed, and scaled toward clinical usages. This cell-hydrogel patch not only maintains cell viability and structure integrity during cryo
preservation, but also can be directly utilized without centrifugation or incubation post cryopreservation. In addition, this tissue-adhesive hydrogel patch enables 
close wound contact and fast cellular response, and its scalable and flexible structure enables assembly for large or irregularly shaped ulcers. Therefore, it accelerates 
ulcer healing and reduces scar formation via continuous, versatile, self-adjusting paracrine of imbedded, cryopreserved stem cells. These findings highlight its po
tential for scalable clinical applications in chronic wound management and pave the way for broader adoption of ready-to-use regenerative therapies.

1. Introduction

Mesenchymal stem cell is a promising treatment for notorious dia
betic ulcers due to its long-lasting ability of immunomodulation, 
angiogenesis regulation, and wound re-epithelialization [1,2]. Its clin
ical translation is severely challenged by low cell implantation efficiency 
and survival rate in the diabetic ulcers because of cell leakage, migra
tion, and the complex and hostile inflammatory microenvironment in 
the lesion [3–5]. To improve cell retention and survival rate, biocom
patible hydrogels laden with stem cells is an effective strategy [6–8]. The 
hydrogel carrier can not only maintain cell activity and function, evade 
the host’s immune rejection, but also prevent stem cells from migrating 
and leaking into the lesion [9,10]. In addition, cell-laden hydrogels 
should be cryopreserved in vitro to bridge the spatiotemporal gap be
tween the preparation and application destinations for clinical appli
cations [11].

However, the cryopreservation of cell-laden hydrogels is challenged 
by the dilemma of its weak mechanical strength and slow heat and mass 
transfers, especially for macroscale ones. Cryopreservation via 

traditional slow-freezing requires cells to dehydrate and deform to 
minimize intracellular ice formation (IIF) and utilizes penetrating 
cryoprotectant (pCPA, e.g. 10 % dimethyl sulfoxide (DMSO)). However, 
while DMSO is effective in protecting cells during freezing, it can impair 
cellular activity, induce phenotypic changes in stem cells, and cause 
severe adverse effects (e.g., nausea, vomiting, and even cardiac arrest) in 
patients [12–14].Large constructs impede heat and mass transfers in 
cryopreservation, exacerbating thermal stress to cause structure crack 
and demanding trained practitioners and specialized personnel and 
equipment (such as centrifuges, safety cabinets, and incubators) to 
remove CPAs before usage [15]. Cryopreservation via vitrification 
without ice crystal formation has been achieved to preserve stem cells, 
but it is only applicable to microcapsules as it requires fast cool
ing/warming and high CPA concentrations [16–18]. As a result, the 
current preservation approach for macroscale cell-sheets or cell-laden 
constructs is hypothermic storage around 4 ◦C without phase transi
tion, but the storage period is short (usually <1 week) due to high 
temperatures [19–21].

On the other hand, 1,2-propanediol (PROH), has been recently 
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identified as a safe alternative or supplement to DMSO due to its reduced 
cytotoxicity (i.e., it can be used as a food additive) [22]. By reducing the 
required concentration of DMSO, PROH minimizes the associated 
toxicity and osmotic damage. Moreover, PROH also protects cells from 
the rigors of osmotic pressure, leading to enhanced cell preservation 
[23]. In addition, non-penetrating CPAs (nCPAs, e.g. trehalose) with 
minimum cytotoxicity can improve cryopreservation as they 
pre-dehydrate cells before freezing, stabilize cytoplasmic membranes, 
and regulate nucleation and propagation of ice crystals [24,25]. 
Therefore, a cryopreservation method for macroscale cell-laden con
structs should be developed by comprehensively considering CPA 
cytotoxicity, CPA removal, and structural integrity.

In addition, clinical diabetic ulcers usually have unpredictable size 
and shape, challenging the pre-design and pre-fabrication of wound 
dressings [26]. Traditional dressings are laden with particular 
biochemical molecules, which are required to cover the whole lesion to 
deliver specific protection and therapeutic effects [27]. The passive, 
autonomous release of therapeutic molecules from dressings is usually at 
an exponentially decreased rate, leading to frequent replacement of 
wound dressings and associated secondary injuries [28,29]. On the 
contrary, stem cell hydrogel can continually release regulatory cyto
kines as long as cell maintains viable, functional, and close contact to 
wound microenvironment [30,31]. Therefore, tissue adhesive patches 
could be assembled to treat large, irregular-shaped ulcers, and the 
paracrine secretion of imbedded stem cell even could treat uncovered 
regions of ulcers.

Here, we describe a cryopreservable and scalable macroscale 
adipose-derived stem cell (ADSC)-laden alginate-dopamine hydrogel 
patch (Alg-DA, diameter: 10 mm, thickness: 1 mm) patch toward clinical 
treatment of diabetic ulcers. The thin cell-laden patch can be cryo
preserved with a CPA cocktail of DMSO, PROH, and trehalose, main
taining patch structural integrity, cell viability, and functions. 
Importantly, cell-laden patches can be used immediately after thawing 
without the need for centrifugation or prolonged incubation, offering a 
practical “ready-to-use” solution for immediate clinical application. In 
addition, the stem cells within this tissue-adhesive patch keep close 
contact to the diabetic wound, and thus, accelerate diabetic wound 
healing and reduce scar formation by dynamically regulating inflam
mation, angiogenesis, re-epithelialization, and collagen deposition. 
Furthermore, the scalable and flexible design of this patch can be 
arrayed to treat large or irregularly shaped ulcers in clinical settings, 
thereby significantly simplifying clinical workflows and providing a 
practical and efficient therapeutic solution for diabetic wound care on 
demand.

2. Materials and methods

2.1. Synthesis of alginate-dopamine

Alginate-dopamine was synthesized by amidation reaction using N- 
(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC) 
and N-hydroxysuccinimide (NHS) [32]. Specifically, alginate (2 % w/v) 
was dissolved in 100 ml of MES buffer (100 mM, pH = 5.6). After stirring 
overnight at room temperature, 5 mM EDC and NHS were added to the 
alginate solution. After mixing for 30 min, 10 mM dopamine hydro
chloride was added to the above solution and stirred for 24 h at room 
temperature under N2 protection. Finally, the reaction mixture was 
dialyzed with deionized water (Molecular weight cut-off 6–8 kDa) for 
three days. The resulting product was then freeze-dried. The successful 
synthesis of alginate-dopamine was confirmed by UV–Vis spectroscopy 
(Lambda 35, PerkinElmer, USA) and 1H NMR spectroscopy (600 MHz, 
Burker, Switzerland).

2.2. Fabrication of ADSC-patch

The fabrication process of ADSC-patches is shown in Fig. S1A. PMMA 

was cut into 10 mm diameter discs by a laser engraving machine (Uni
versal VLS2.30, USA) and fixed on a Petri dish (Thermo Fisher, USA) to 
obtain a master mold. Then, the negative mold was obtained by repli
cating the master mold by PDMS. Specifically, PDMS (the ratio of sub
strate to curing agent is 10:1, Dow Corning) is poured on the master 
mold, vacuum degassed for 30 min, then cured at 60 ◦C overnight, and 
finally demolded. The obtained PDMS molds were autoclaved for the 
preparation of ADSC-patches. Next, SD rat ADSCs (P4-P6, Cyagen) were 
resuspended in 2 % (w/v) hydrogel precursor solution (Alg or Alg-DA 
dissolved in DMEM) and the resulting mixture was added dropwise 
into PDMS molds (87.5 μL/per hole), then the molds were covered 
uniformly with dialysis membrane, and finally an appropriate amount of 
100 mM CaCl2 solution was added dropwise on top of the dialysis 
membrane. After cross-linking at 37 ◦C for 10 min, the dialysis mem
brane was gently peeled off to obtain an appropriate amount of uniform 
cell-laden patch.

Furthermore, PDMS molds with the same diameter and different 
thicknesses (0.5, 0.75, and 1 mm) were used to prepare hydrogel patches 
of the corresponding thicknesses, respectively, to assess the impact of 
thickness on the integrity of hydrogel patches during demolding, cryo
preservation (using 10 % DMSO or a combination of 5 % DMSO and 5 % 
PROH), and thawing.

2.3. Characterization of ADSC-patch

The lap-shear test was used to evaluate adhesion strength. Specif
ically, alginate hydrogel (Alg) and alginate-dopamine hydrogel (Alg- 
DA) were applied to the adhesive area of two cleaned pig skin specimens 
(10 × 50 mm) and subjected to constant pressure to ensure full inter
facial contact. The bonded specimens were fixed in a tensile machine, 
and shear force was applied at a constant rate until complete interfacial 
failure occurred, at which point the maximum shear stress was recorded 
and adhesion strength was calculated. To evaluate the adhesion and 
flexibility of the hydrogel patch before and after cryopreservation, the 
hydrogel patch before (labeled with methylthioninium chloride) and 
after cryopreservation (labeled with rhodamine) was placed on the 
finger joint, and its adhesion was evaluated by observing the patch 
during finger flexion. In addition, a 10 mm diameter wound was created 
on the back of SD rats. The hydrogel patch, stained with rhodamine, was 
applied to the wound, and the adhesion of the patch to the wound was 
observed by gently rotating the rat to evaluate the patch’s stability. The 
ADSC-patch was weighed and placed in HBSS, then incubated in a 
constant temperature shaker (37 ◦C at 60 rpm), and samples were taken 
at fixed time points to observe the in vitro degradation of the patch. 
Finally, hydrogel patches before and after cryopreservation were stored 
at − 20 ◦C overnight and subsequently freeze-dried. After gold coating, 
cross-sections of the hydrogels were examined using field emission 
scanning electron microscopy (GeminiSEM, ZEISS, Germany) to assess 
their microstructure.

Long-term viability and biocompatibility of ADSCs in hydrogel 
patches were assessed using the LIVE/DEAD cell viability assay kit 
(Thermo Fisher, USA) following the manufacturer’s instructions. Briefly, 
cell-laden patches were incubated at 37 ◦C for more than 7 days, rinsed 
twice with HBSS (Hank’s Balanced Salt Solution), and then stained with 
HBSS containing 5 μM calcein AM and 5 μM ethidium homodimer 
(Invitrogen), respectively, to distinguish between live and dead cells. 
After incubation for 20 min at 37 ◦C in the dark, the live cells (green) and 
dead cells (red) were observed and quantified using fluorescence mi
croscopy to assess cell viability. Moreover, apoptosis was assessed in 
both normal culture conditions and in cell-laden hydrogel patches using 
the Tunel Apoptosis Kit (Roche, Switzerland) according to the manu
facturer’s instructions.

2.4. Cryopreservation protocol

Pre-add 0.5 M trehalose (Sigma) to the hydrogel precursor solution 
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to obtain ADSC-patch containing trehalose. The loading of trehalose can 
predehydrates the cells, thereby inhibiting the formation of intracellular 
ice during cryopreservation [24]. Subsequently, the ADSC-patches (with 
or without trehalose) are suspended in a frozen storage tube containing 
1 ml of pCPA solution (10 % DMSO, 5 % DMSO + 5 % PROH, 10 % 
PROH) and then left to stand at 4 ◦C for 30 min to ensure complete 
penetration of pCPA into the cells to achieve internal and external 
equilibrium. Next, the frozen storage tubes are placed in a Mr. Frosty™ 
Freezing Container pre-cooled at 4 ◦C and then transferred to − 80 ◦C for 
overnight. This freezing vessel will cool the ADSC-patch in a gradient of 
1 ◦C/min. Finally, freeze tubes are placed in LN2 for long-term storage.

After cryopreservation of the ADSC-patches for at least 1 week, they 
were removed from the LN2 and immediately rewarmed in a 37 ◦C water 
bath until completely thawed (no more than 2 min). The ADSC-patch 
was then removed from the frozen storage tube and placed in a 35 
mm Petri dish (Thermo Fisher) containing 5 mL of DMEM medium 
(Hyclone) and washed for various times (5-, 15- and 30-min) to remove 
as much toxic pCPA (especially DMSO) as possible. Finally, the ADSC- 
patches were used directly for subsequent experiments (Cryo ADSC- 
patch) or incubated at 37 ◦C for 24 h to recover (Optional) and then 
used for subsequent experiments (Cryo/rec ADSC-patch).

2.5. Characterization of cryopreserved ADSC-patches

An Anton Paar rheometer (MCR 302, Austria) was used to perform 
the rheological tests. Hydrogel patches (fresh and cryopreserved, where 
CPA was: 10 % DMSO or 5 % DMSO + 5 % PROH respectively) were 
placed between parallel plates with a diameter of 10 mm and a gap 
height of 1 mm. Angular frequencies were scanned from 0.1 to 10 rad/s 
at a strain of 0.5 %. Finally, the storage and loss moduli were calculated 
by averaging the moduli between frequencies of 0.25 and 2.5 rad/s. To 
determine the optimal cryopreservation conditions for the ADSC- 
patches, the viability of ADSCs under different CPA combinations and 
wash time conditions was determined by a LIVE/DEAD Cell Vitality 
Assay Kit.

High performance liquid chromatography (HPLC, UltiMate 3000, 
Thermo, USA) was used to measure the concentration of DMSO residues 
after 15-min of wash and 24-h incubation. Briefly, a C18 analytical 
column was selected as the separation column and maintained at 40 ◦C. 
The mobile phase was methanol: water = 20:80 with a flow rate of 0.8 
mL/min and an injection volume of 5 μL. First, standard concentrations 
(0.01 %, 0.025 %, 0.05 %, 0.25 %, 0.5 %) of DMSO solutions were 
prepared using HBSS as the solvent and the DMSO standard curve was 
measured. Next, the samples were analyzed using HPLC and the residual 
DMSO concentrations in the ADSC-patches were calculated.

To systematically evaluate the in vitro cytotoxic effects of residual 
DMSO, Raw264.7, NIH/3T3, and HUVECs. were inoculated into 96-well 
plates with different DMSO concentrations (consistent with residual 
levels of CPA#1 and CPA#2). After incubation at 37 ◦C for 24 h, cell 
viability was assessed using the CCK8 assay following the manufac
turer’s instructions.

2.6. Stemness and functional tests of ADSC

For immunostaining of CD44 (positive) and CD34 (negative) re
ceptors, ADSC-patches were placed on confocal dishes (Thermo Fisher), 
washed with HBSS and fixed with 4 % paraformaldehyde. The fixed 
samples were incubated in 1 % BSA at room temperature for 1h to block 
potential non-specific binding, and then incubated overnight at 4 ◦C 
with primary antibody for CD44 (Abcam) or CD34 (Abcam) according to 
the manufacturer’s instructions. Afterward, the samples were washed 3 
times with HBSS and incubated with diluted secondary antibody (1:50 
dilution) at room for temperature and protected from light. Finally, the 
samples were washed and the nuclei were stained with DAPI and visu
alized by confocal microscopy (Olympus, Japan). To assess the gene 
expression levels of ADSCs before and after cryopreservation, qRT-PCR 

analysis was used to quantify the expression of three stem cell pluripo
tency gene markers: KIf4, Nanog, and SOX-2. Released ADSCs were 
collected by lysing ADSC-patches with 70 mM trisodium citrate and 
washed twice with PBS. Total RNA was isolated using Trizol (Solarbio) 
and then reverse transcribed using the RevertAid First Strand cDNA 
Synthesis Kit (Thermo Fisher) according to the manufacturer’s in
structions. Next, qRT-PCR analysis was performed using a 7500 Fast 
real-time PCR system (AppliedBiosystems, Thermo). Relative gene 
expression was calculated using the 2− ΔΔCt method, and expression was 
normalized using 3-phosphoglyceraldehyde dehydrogenase as the 
housekeeping gene. The primer sequences are shown in Table S1 [33].

To assess metabolic changes before and after cryopreservation, 
cryopreserved and non-cryopreserved ADSC-patches were incubated in 
1 mL of medium for 24 h. The culture medium was collected, and 
glucose and lactate levels were quantified using a blood gas analyzer. 
Additionally, ATP content in ADSCs was measured using the CellTiter- 
Glo 3D Cell Viability Assay (Promega) according to the manufacturer’s 
instructions. Next, ADSC-patches cultured for 24 h before and after 
cryopreservation were collected. The hydrogel was lysed to release 
encapsulated cells, which were subsequently processed using the Cell 
Cycle Detection Kit (Elabscience) according to the manufacturer’s in
structions. Cell cycle changes were then analyzed by flow cytometry.

The effect of ADSC-patch on cell migration (HUVECs and NIH/3T3) 
capacity was measured using 24-well Transwell plates (Corning) with 8- 
μm pore-size filters. Briefly, HUVECs or NIH/3T3 was inoculated into 
the upper chamber at a density of 2 × 104, and then the ADSC-patch was 
placed in the lower chamber. After incubation at 37 ◦C for 24 h, the cells 
were fixed with 4 % paraformaldehyde, the cells remaining on the upper 
surface of the filter membrane were gently removed with a cotton swab, 
and the migrated cells on the lower surface of the filter membrane were 
stained with 0.1 % crystal violet solution for 10 min. The migrated cells 
were photographed with a fluorescence microscope, and the cell 
migration data were analyzed using imageJ. For angiogenesis assays, 
thawed matrigel (Corning) was added to pre-cooled transwell plates and 
incubated at 37 ◦C for 30 min to cure. Then, HUVEC were seeded with 1 
× 105 cells per well into the lower chamber and hydrogel patches are 
added to the upper chamber. After co-incubation at 37 ◦C for 6 h, 
endothelial tube formation was observed using inverted fluorescence 
microscopy and quantified by ImageJ.

Expression of M1 and M2 macrophage marker genes (including 
iNOS2, Arg-1, IL-6, IL-10, IL-1β, and TNF-α, with β-actin used as a 
housekeeping gene) was assessed by qRT-PCR analysis. Briefly, 
Raw264.7 cells (5 × 104/per well) were inoculated in the lower chamber 
of Transwell plates. After overnight incubation, the cells were stimu
lated with LPS (1 μg/mL) for 24 h to induce polarization of M1 pheno
type macrophages. Then, hydrogel patches were added to the upper 
chamber and after co-incubation at 37 ◦C for 24 h, collected RAW264.7 
cells, extracted total RNA by Trizol, and analyzed macrophage mRNA 
expression levels by qRT-PCR. The primer sequences are listed in 
Table S2 [34].

2.7. Establishment of a diabetic wound model

All experimental procedures involving animals were approved by 
Xi’an Jiaotong University, School of Life Science and Technology (Xi’an, 
China). As previously reported [35], male SD rats weighing approxi
mately 180–220 g were used to induce a type 1 diabetes model. Rats 
were fasted overnight followed by a single intraperitoneal injection of 
70 mg/kg of streptozotocin (STZ). 2 weeks later, blood glucose was 
measured and rats with sustained blood glucose levels above 16.7 mM 
accompanied by weight loss and polyuria were considered to have 
diabetes. Subsequently, two full-thickness wounds were constructed on 
the back of the rats. Briefly, rats were anesthetized with 2 % sodium 
pentobarbital, their dorsal hair was shaved, and two full-thickness 
wounds (diameter:10 mm) on the dorsal skin were created for rats 
using a biopsy punch.
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2.8. In vivo bioluminescence imaging

Lentiviral vectors (Cyagen) containing luciferase+ (Luc)/green 
fluorescent protein+ (GFP) were transfected into ADSCs for in vivo 
bioluminescence imaging. Specifically, ADSC were inoculated onto six- 
well plates (Thermo Fisher), transfected with lentivirus (MOI = number 
of lentivirus/number of cells = 30) for 8 h after reaching 30–50 % 
confluency, and then screened by replacing the lentiviral medium with 
medium containing puromycin. After 48–72h, expression of green 
fluorescent protein was observed under inverted fluorescence micro
scopy, indicating successful transfection. Next, diabetic rats with open 
wounds were treated with Luc+/GFP+ ADSCs, and were randomly 
divided into three groups: ADSC, Fresh ADSC-hydrogel patch and 
cryopreserved ADSC-hydrogel patches (Cryo ADSC-patch), and then 
fluorescein was injected at the wound site and imaged using an in vivo 
imaging system on days 0, 3, 5 and 7 (Vieworks, Smart-LF, Korean).

2.9. Treatment of diabetic ulcers

Diabetic rats with uniform ulcers were randomly divided into six 
groups: untreated controls (control, covered with 3M Tegaderm™ only), 
treated with hydrogel (Alg-DA) or ADSCs (ADSC) alone, and treated 
with hydrogel patches before and after cryopreservation (ADSC-patch, 
Cryo ADSC-patch, Cryo/rec ADSC-patch) (n = 18). The wounds were 
treated with different conditions and then fixed with Tegaderm and 
gauze cover. Notably, in the control group, Tegaderm™ alone was 
applied without additional treatment, serving as a positive control, as it 
is commonly used in clinical and preclinical studies to facilitate wound 
healing. To monitor wound closure, digital images of the wounds were 
acquired on days 0, 3, 7, 9, 12, and 14, and the wound size was deter
mined using ImageJ.

To further evaluate the therapeutic efficacy of the Cryo-ADSC patch 
in diabetic ulcers, rats were randomly assigned to two groups, with 
wounds covered by either the Cryo-ADSC patch or the commercial 
Algisite™ dressing. Digital images of the wounds were taken on days 0, 
3, 7, 9, 12, and 14, and wound size was quantified using ImageJ. 
Additionally, H&E staining was conducted to evaluate wound healing 
quality.

2.10. Histological analysis and protein analysis

Traumatic tissues from rats were collected on days 3, 7 and 14 for 
histological and protein analysis, respectively. For protein analysis, a 
double antibody sandwich enzyme-linked immunosorbent assay (ELISA, 
Elabscience) was used to analyze wound cytokine levels. Briefly, after 
removing residual blood or impurities from the wound, pre-cooled PBS 
(1:9 weight-to-volume ratio) was added, thoroughly homogenized on ice 
using a tissue homogenizer, centrifuged, and the supernatant collected. 
Then, the expression levels of VEGF, TNF-α, IL-6, IL-10 and TGF-β1 at 
the wound were analyzed by ELISA kits according to the manufacturer’s 
instructions. The homogenized wound tissues were processed for protein 
quantification using the BCA kit, followed by Western blot (WB) analysis 
to detect VEGF and TNF-α (Thermo) expression in wound tissues 
through electrophoresis, membrane transfer, blocking, primary anti
body incubation, and HRP-conjugated secondary antibody detection. 
Finally, the cytokine levels in the wounds were calculated according to 
the cytokine standard curve.

For histological analysis, trauma tissue was fixed in 4 % para
formaldehyde, embedded in paraffin, and sectioned. H&E and Masson 
staining were performed according to the manufacturer’s instructions to 
assess wound-specific healing and collagen deposition. Immunohisto
chemical staining (IHC) for Col3, CD68, CD163, and CD31 (Abcam) was 
performed at the wound site to assess the wound healing mechanism. 
Briefly, after deparaffinization, quenching of endogenous peroxidase 
activity, antigen retrieval, and blocking, the sections were incubated 
with primary antibodies overnight at 4 ◦C and then incubated with the 

corresponding secondary antibodies for 2 h at room temperature. Cell 
nuclei were stained with DAPI. Quantitative analysis of the staining 
results was performed using ImageJ.

2.11. Construction and treatment of large-scale diabetic wounds

To test the applicability of hydrogel patches for large irregular ulcers, 
a 2 × 3 cm oversized full-length wound model was constructed in the 
central dorsal region of diabetic rats. The Rats were randomly divided 
into three groups: control, Alg-DA and Cryo ADSC-patch (n = 3). Among 
them, 8 hydrogel patches were covered on the wound on the day of 
surgery, and then the appropriate number of hydrogel patches were 
placed according to the actual size of the wound as it closed. Finally, the 
wound healing rate and scar area were calculated by Image J software. 
In addition, wound tissue was collected at 35 days and further assessed 
for wound healing by H&E staining. In addition, Masson’s staining and 
immunohistochemical staining for CD68, CD163, collagen type I (Col 1) 
(Proteintech) and collagen type III (Col 3) (Affinity) were performed on 
wound tissues to evaluate wound healing quality.

2.12. Statistical analysis

All analytical determinations were performed at least in triplicate (n 
≥ 3). Results were expressed as mean ± standard deviation (SD). One- 
way analysis of variance (ANOVA) and two-tailed Student’s t-test were 
used to determine statistical significance. The values of * (p < 0.05), ** 
(p < 0.01), and *** (p < 0.001) were considered statistically significant.

3. Results

3.1. Fabrication of thin ADSC-patch

ADSC-laden alginate hydrogel patches (ADSC-patch) were prepared 
in PDMS molds fabricated using PMMA (Fig. S1A). Cell-laden hydrogel 
precursor solution without serum was injected into PDMS molds, 
covered by a semi-permeable dialysis membrane, and crosslinked (10- 
min) into hydrogel via the diffusion of Ca2+ from overhead CaCl2 solu
tion. A 10-min diffusion crosslinking obtains hydrogel patches with high 
mechanical strength without causing substantial cell injuries/death. 
Notably, the PDMS mold can be reused and the overall time of one 
production cycle is less than 15 min, which enables the economical 
mass-production of patches. To maintain close contact to and prevent 
displacement in wound bed, tissue adhesiveness of hydrogel patches is 
strongly required. Inspired by the strong adhesion of marine mussels in 
humid environments [36], dopamine (DA), which increases hydrogel 
adhesion and cell affinity [37,38], is grafted onto the alginate through 
carbodiimide coupling (EDC/NHS) as evidenced by ultraviolet–visible 
light absorption and 1H nuclear magnetic resonance (1H NMR) (Fig. 1A 
and S1B). Next, Lap-shear adhesion tests using porcine skin as a model 
substrate demonstrated that dopamine modification significantly 
improved the tissue adhesion capacity of the hydrogel patch (Fig. S1C), 
which is crucial for maintaining stable contact between the 
dopamine-alginate hydrogel patch (Alg-DA) and the wound site. More
over, Alg-DA not only retained the pancake shape of the mold, but also 
adhered closely to the skin without shrinking or shifting before and after 
cryopreservation (closely attaching to curving digital joints as seen in 
Fig. 1B), providing tissue adhesion, flexibility and compliance. In 
addition, the rat model further demonstrated the adhesion of the 
hydrogel patch to the wound (Fig. S1D).

Notably, the “egg carton” structure of Alg-DA hydrogel [39], 
cross-linked by Ca2+, not only effectively stabilized the encapsulated 
ADSCs, preventing cell loss, but also ensured high biocompatibility, 
which avoided apoptosis and maintained consistently high cell viability 
for over 7 days (Fig. 1C, D and S1E, F). In addition, the ADSC-patch 
remains structurally stable in vitro over an extended period (only 6.14 
± 1.30 % degraded in 21 days) (Fig. S1G), effectively preventing cell 
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Fig. 1. Fabrication, cryopreservation and structure maintenance of ADSC-patch. (A) UV–vis spectrum of synthesized Alg-DA. (B) Adhesion of ADSC-patch to 
outstretched finger and digital joint. Methylthioninium chloride labeled ADSC-patch before cryopreservation, rhodamine labeled ADSC-patch after cryopreservation. 
(C) ADSCs viability in Alg-DA hydrogel patches on Day 7. ADSC-patch and Cryo ADSC-patch refers to fresh ADSC-patch and cryopreserved ADSC-patch, respectively. 
(D) Tunel staining of ADSCs in normal culture and ADSC-patches to characterize apoptosis. (E) SEM images of ADSC-patches before and after cryopreservation. 
Comparisons of cryopreservation pathways between this study and other conventional approaches in (F) phase diagram, (G) thermal time course, and (H) cytotoxic 
(penetrating CPA, pCPA) time course. ld and ud represent CPA loading and unloading steps before and after cryopreservation, respectively. Arrows indicate the 
direction of the preservation process. The axes are not drawn to scale. The rates of temperature and osmolality change are represented by the slopes of the curves. 
Long-term storage is denoted by ‘//’. (I) Storage modulus of various hydrogel patches before and after cryopreservation. (J) Statistics on structural integrity of 0.5 
mm, 0.75 mm and 1 mm thick hydrogel patches after fabrication. (K) Statistics on structural integrity of 0.5 mm, 0.75 mm and 1 mm thick hydrogel patches after 
cryopreservation in − 86 ◦C and in LN2 (− 196 ◦C). (L) Representative images of 0.5 mm, 0.75 mm and 1 mm thick hydrogel patches after cryopreservation in LN2 
(− 196 ◦C). 10 DMSO and 5D+5P represent cryopreservation with 10 % DMSO and 5 % DMSO+5 % PROH, respectively. The dashed line represents the broken ADSC- 
patch, while the solid line represents the intact ADSC-patch Independent repeat experiment n ≥ 3. *: p < 0.05, **: p < 0.01, and ***: p < 0.001.
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leakage while maintaining robust cell support. Moreover, the porous 
microstructures of Alg-DA hydrogel patches remain largely unaltered 
following cryopreservation, as evidenced by scanning electron micro
scopy (SEM), with porosity remaining consistent before and after cryo
preservation (Fig. 1E and S1H, I).

3.2. Cryopreservation of macroscale ADSC-patch

Macroscale ADSC-patches are cryopreserved following 
A→D→H→I→J→★→T →X →Z in Fig. 1F-H by developing a hybrid CPA 
that combines pCPA (DMSO, PROH) and nCPA (trehalose) (Fig. 1). Post 
cryopreservation, ADSC-patches are transferred to DMEM for one-step 
washing to remove pCPA (Fig. 1H), and to a 37 ◦C incubator for cell 
recovery (optional). Pre-dehydration with trehalose reduces intracel
lular ice formation (IIF) during cryopreservation, thereby preventing 
cell damage [24]. Thus, trehalose would predehydrate cell prior cryo
preservation, reducing osmotic shock and freezing concentration in 
conventional slow-freezing (H→I→J VS. F→G→K in Fig. 1F and H). Thin 
patches enable high warming rate to reduce ice recrystallization and 
cellular damages during thawing (T→X VS. S→Y in Fig. 1G). Compared 
to vitrification, this study relieves the stringent requirements of high 
CPA concentration (Point D VS. E in Fig. 1F–H) and ultrafast cool
ing/warming rates (J→★ VS. E→II and T→X VS. R→W in Fig. 1G). In 
addition, it reduces cytotoxic pCPA concentration (Point D VS. C VS. E in 
Fig. 1H) and enables one-step removal post cryopreservation (X→Z VS. 
Y→Z VS. W→Z in Fig. 1H). Compared to hypothermic storage, cryo
preservation in − 86 ◦C mechanical freezers or − 196 ◦C liquid nitrogen 
of ADSC-hydrogel patches enables them to be stored for much longer 
time (★→T VS. III→U in Fig. 1G).

Sheet structures are facultative for biotransports in hydrogel gela
tion, cryopreservation, and wound treatments, because they facilitate 
heat and mass transfer in cryopreservation and allow close cell contact 
and rapid bioreactivity. Notably, a balance between hydrogel patch 
thickness and its preservation must be carefully considered. Thinner 
patches enhance the efficiency of heat and mass transfer, which is 
particularly advantageous during cryopreservation, whereas thicker 
patches may hinder the rate of cooling and warming, leading to potential 
thermal stress and ice formation. However, thinner patches are sus
ceptible to fracture even fragmentation during mold stripping, trans
portation, and cryopreservation due to weak mechanical strength. The 
storage modulus of various hydrogels are measured by rheology 
(Fig. 1I), and the slight decrease in Alg-DA hydrogels is due to the 
possible interference of dopamine with the self-organization and inter
chain conformation of calcium present [38]. Notably, the low loss 
modulus (Fig. S1J) (relative to the storage modulus) indicates the pre
dominantly elastic nature of the hydrogel, which is crucial for main
taining structural integrity during cryopreservation and ensuring stable 
adherence to the wound site. To obtain thinnest patches with intact 
structure, 0.5 mm-, 0.75 mm-, and 1 mm-thick patches are fabricated 
with 84.17 %, 93.75, and 100 % intact structure rate (ISR), respectively 
(Fig. 1J). Furthermore, the ISRs of patches with varying thicknesses 
were observed after cryopreservation with 10 % DMSO or 5 % DMSO 
+5 % PROH at − 86 ◦C (short-term storage) and at − 196 ◦C in LN2 
(long-term storage). The 1 mm-thick patches consistently exhibited 
higher ISRs, whereas thinner patches, particularly those stored in LN2, 
showed lower ISRs (<45 %) (Fig. 1K and L). This can be attributed to the 
fact that thinner patches, due to their more fragile structure, are more 
susceptible to thermal stresses and physical shocks induced by temper
ature changes, often leading to fragmentation. Therefore, patch integrity 
is primarily influenced by thickness rather than by the composition of 
the CPA. 1 mm-thick Alg-DA patch is chosen to balance structural 
integrity and biotransport capability. Overall, the 1 mm thickness op
timizes the robustness and clinical utility of cryopreservation. Its me
chanical compliance prevents secondary damage, while rapid nutrient 
diffusion supports ADSC survival, which is essential for chronic wound 
therapies requiring prolonged biological activity.

The ultimate goal of cryopreservation is to preserve and extend the 
life and function of biologically active materials [11]. So, CPA cocktails 
of 10 % DMSO, 5 % DMSO+5 % PROH (5D + 5P) and 10 % PROH are 
trialed with 70.64 ± 4.09 %, 68.99 ± 2.92 %, and 59.18 ± 4.36 % cell 
viability, respectively (Fig. 2A and B), indicating DMSO and DMSO +
PROH are better than PROH alone given the same total pCPA concen
tration. In contrast, the survival rate of ADSC-patch directly cryo
preserved was only 14.94 ± 2.82 %. Notably, the survival rate of 
non-permeable trehalose alone was 33.51 ± 6.51 %, suggesting that 
prehydration alone was insufficient to completely mitigate cryoinjury in 
the absence of pCPA for ADSC-patches (Fig. 2A and B). However, cell 
viability significantly improved when trehalose was combined with a 
pCPA solution (Fig. 2A and B). Therefore, an optimal CPA cocktail can 
be reached (0.5M trehalose+5 % DMSO+5 % PROH, CPA #2) since it 
has much higher cell viability (90.90 ± 5.18 %) than 0.5M trehalose +
10 % DMSO combination (CPA #1, 77.25 ± 2.92 %).

At the user end, ease and flexible operation is critical for its wide
spread application. Cytotoxic pCPA (particularly DMSO) in patches need 
to be removed before implantation, which usually requires multistep 
washing, centrifugation, and incubation. Next, the elution time for a 
single use was optimized to ensure the safe and effective application of 
the cell-laden patch (Fig. 2C). After 5-, 15-, or 30-min wash, CPA #2 
results in significantly higher cell viability than CPA #1 (Fig. 2D and 
S2A). In addition, 37 ◦C incubation of washed patches improves cell 
viability as dormant cells and sub-lethal cryoinjuries could gradually 
recover during incubation [40], especially CPA #2 washed for 15 min 
with a cell viability of 91.75 % (Fig. 2D and S2B). Moreover, 15-min 
wash is preferential regardless of wash temperatures (4 ◦C or 37 ◦C) 
(Fig. S3A). Extended incubation for 72 h confirmed that CPA #2 
consistently outperformed CPA #1, as residual DMSO from CPA #1 
adversely affected cell viability (Fig. 2E and S3B). Moreover, CPA#2 can 
also be used directly for cryopreservation of ADSCs, with cell viability 
up to 92.49 ± 2.09 % for ADSC without centrifugation (Fig. S3C and D).

Residual DMSO in ADSC-patches after 15-min wash and 24-h incu
bation are measured by HPLC (Fig. S4), Which are 0.08 ± 0.01 % and 
0.016 ± 0.003 % for CPA #2, and 1.59 ± 0.25 % and 0.10 ± 0.01 % for 
CPA#1 (Fig. 2F). Thus a 15-min wash of CPA #2 achieves an equilib
rium between ADSC-patches and wash solution (equilibrium concen
tration ~0.086 %), but not for CPA #1 (equilibrium concentration 
~0.17 %). Since 0.1 % is generally regarded as the DMSO toxicity 
threshold [41], a 15-min wash of CPA #2 is sufficient to reduce DMSO to 
nontoxic level, and an extended 30-min wash would increase cell injury 
by exposure to cytotoxic level of DMSO (Fig. 2D). This further confirms 
the significant downregulation of cell viability in ADSC-patch cryo
preserved with CPA #1 after 72 h culture (Fig. 2E). Furthermore, we 
have included additional in vitro cytotoxicity analyses using Raw264.7, 
NIH/3T3, and HUVECs. A residual DMSO concentration of 1.5 % (from 
CPA #1 eluted for 15 min) led to a significant reduction in cell viability 
(Fig. S3E–G); whereas a residual concentration of 0.1 % did not affect 
cell viability, further confirming the DMSO safety threshold (<0.1 %). 
This finding suggests that exceeding this threshold leads to decreased 
cell viability. Prolonged exposure to residual DMSO (>0.1 %) has been 
reported to induce apoptosis and epigenetic modifications, potentially 
compromising in vivo applications [41,42]. Therefore, cryopreservation 
with CPA #2 and a 15-min one-step wash is selected.

3.3. Stemness and functional evaluation of cryopreserved ADSC-patch

While stem cell survival is essential, preserving their stemness and 
functional integrity is equally critical for clinical efficacy. We next 
assessed whether key stem cell functions were maintained alongside 
high survival rates before and after cryopreservation. The immunoflu
orescence staining of ADSC surface markers CD44 (positive) and CD34 
(negative) confirms unaltered cell phenotype (Fig. 3A). Moreover, the 
stemness of ADSCs in the hydrogel patches before and after cryopres
ervation are examined by quantitative real-time polymerase chain 
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reaction (qRT-PCR), and no significant differences were observed in the 
expression of three typical stem cell genes (KIf4, Nanog, and SOX-2) 
(Fig. 3B). These results suggest that Alg-DA fixation and cryopreserva
tion maintain both cell viability and phenotype of ADSC. Next, the 
impact of cryopreservation on ADSC metabolic activity and cell cycle 
progression was evaluated. ADSC-patch remained unchanged before and 
after cryopreservation following 24 h of culture (Fig. S5A–C), suggesting 
that cryopreservation preserved the metabolic homeostasis of ADSC- 
patches. Furthermore, cell cycle analysis revealed a comparable distri
bution of ADSCs before and after cryopreservation (Fig. S5D and E), 
confirming that the ADSC-patch retained its functional stability and 
proliferative capacity.

Beyond maintaining stemness and cell phenotype, the functional 
capacity of the ADSC-laden patch before and after cryopreservation in 
promoting key regenerative processes was also evaluated. Specifically, 
the interaction between ADSC patches and fibroblasts (NIH/3T3), 
vascular endothelial cells (HUVECs) and macrophages (RAW264.7) was 
investigated by an in vitro cell co-culture system. First, transwell 
migration assays demonstrated that all three ADSC patch groups 
significantly promoted NIH/3T3 and HUVECs migration (Fig. 3C and D). 
In addition, ADSC-patches had higher vascularization ability as the they 
generated more capillary-like tubules with longer and tighter connec
tions in Matrigel (Fig. 3E and F). The macrophage polarization ability of 
ADSC-patches was also tested in vitro. qRT-PCR results showed that 

Fig. 2. Cell recovery and CPA removal post cryopreservation. (A) Live/dead stained fluorescent images of ADSC-patches cryopreserved with various CPA. CPA 
#1 and CPA #2 refer to 10 %DMSO +0.5M trehalose and 5 %DMSO +5 %PROH +0.5M trehalose, respectively. (B) Cell viability of ADSC-patches cryopreserved with 
various CPA. (C) Schematic representation of the elution of cryopreserved ADSC-patch after thawing. (D) Cell viability of cryopreserved ADSC-patches after 5-, 15- 
and 30-min wash and after 24-h recovery culture. (E) Cell viability after 15-min wash and culture of different periods (0h, 24h, 72h). (F) Residual concentration of 
DMSO in ADSC-hydrogel patches after 15-min wash and 24-h recovery culture. The dashed lines represent the equilibrium concentrations of hydrogel patches post 
wash (0.17 % and 0.086 % for CPA #1 and CPA #2, respectively). Independent repeat experiment n ≥ 3. *: p < 0.05, **: p < 0.01, and ***: p < 0.001.
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Fig. 3. Stemness and functional evaluation of cryopreserved ADSC-patch. (A) Immunostaining of positive CD44 (+) and negative CD34 (− ) ADSCs surface 
markers. (B) Relative expressions of stem cell genes determined by qRT-PCR. (C) Representative images and (D) quantitative analysis of NIH/3T3 and HUVECs 
migration cocultured with ADSC-patches. (E) Angiogenesis assay of HUVECs cocultured with ADSC-patches. (F) Quantitative analysis of node number. The relative 
mRNA levels of (G) Arg-1, (H) IL-10, (I) iNOS2, (J) IL-6, (K) IL-1β and (L) TNF-α of macrophages cocultured with ADSC-patches. ADSC-patch, Cryo ADSC-patch and 
Cryo/rec ADSC-patch refers to fresh ADSC-patch, cryopreserved ADSC-patch, and cryopreserved ADSC-patch with 24-h recovery, respectively. Independent repeat 
experiment n ≥ 3. *: p < 0.05, **: p < 0.01, and ***: p < 0.001.
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ADSC-patches significantly increased the expression of M2 phenotype 
macrophage marker genes Arg-1 and IL-10, while the inflammatory 
response genes of M1 macrophages, including iNOS, IL-6, IL-1β and 
TNF-α, showed remarkably decreased expression (Fig. 3G–L). This result 
confirms that the ADSC-patches, fresh or cryopreserved, can promote 
the conversion of M1 macrophages to M2 macrophages.

3.4. ADSC-patches heal diabetic ulcers

To test cell viability and retention of ADSC-patches before and after 
cryopreservation in ulcers, ADSC are transfected with Luciferase+/ 
Green fluorescent protein+ (GFP) and in vivo bioluminescence imaging. 
The results indicate ADSC-patches (fresh and cryopreserved) have much 
longer bioluminescence (up to 7 days) than free suspended ADSCs, 
whose bioluminescence decreases significantly at the first 3rd hour and 

Fig. 4. Treatment of diabetic ulcers by cryopreserved ADSC-patch. (A) In vivo bioluminescence imaging, and (B) quantitative analysis of the Luc+/GFP+ ADSCs 
delivered by ADSC suspension, fresh and cryopreserved ADSC-patches. n = 4. (C) Photographs of diabetic ulcers healing of 6 groups: 1) untreated (Control); 2) 
hydrogel alone (Alg-DA); 3) ADSCs alone (ADSCs); 4) fresh ADSC-patch (ADSC-patch); 5) cryopreserved ADSC-patch (Cryo ADSC-patch); 6) cryopreserved ADSC- 
patch with 24-h recovery (Cryo/rec ADSC-patch). n = 18. (D) Quantitative analysis of wound size normalized to Day 0. (E) Quantitative analysis of scar area on 
Day 14. (F) Representative H&E stained images of diabetic ulcers on Day 14. Blue dotted line represents the unclosed area of the ulcer. Solid and open arrows 
respectively point to granulation and re-epithelialization in regenerated tissues. Independent repeat experiment n ≥ 3. *: p < 0.05, **: p < 0.01, and ***: p < 0.001.
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becomes unobservable on Day 5 (Fig. 4A and B). These results prove that 
hydrogel patches can improve cell viability and retention in the diabetic 
ulcers and thus, provide long-term healing potential.

The therapeutic potential of the ADSC-patch was evaluated through 
diabetic ulcers in streptozotocin-induced rats. ADSC-patches (ADSC- 
patch, Cryo ADSC-patch and Cryo/rec ADSC-patch) only require 9 days 
to bring the diabetic ulcer to near complete healing, which is signifi
cantly faster than the untreated Control, Alg-DA hydrogel and ADSC 
suspension groups (Fig. 4C and D). The areas of healing scars are also 
much smaller than other groups on Day 14 (the ulcers in the untreated 
Control group still did not heal on Day 14) (Fig. 4C–E). Although the 
epidermis was not completely formed in all groups on Day 7, the three 
groups of ADSC-patches had higher levels of re-epithelialization and 
granulation (Fig. S6A). On Day 14, all groups except the Control group 
showed completely regenerated epidermis, and the three groups of 
ADSC-patches have the best recovery of granulation tissue and even 
presented skin appendages (Fig. 4F). Notably, the Cryo-ADSC patch 
demonstrates significant potential to accelerate wound healing and 
enhance healing quality compared to commercial Algisite™ dressings 
(Fig. S6B–D).

Notably, although 24-h recovery incubation in vitro enhances im
mediate cell viability (Fig. 2D), cryopreserved ADSC-patches have the 
same healing capacities with or without recovery, indicating ADSC in 
Alg-DA can recovery automatically during treatment due to the negli
gible DMSO residual (Fig. 2F). These results demonstrate that cryo
preserved ADSC-patches can be directly utilized to treat diabetic ulcers 
post a simple 15-min wash without overnight recovery incubation.

3.5. Mechanistic analyses of ADSC-patch for diabetic ulcer healing

The mechanism of ADSC-patch promotion of ulcer healing was 
investigated on molecular (signal proteins) and histological levels. On a 
histological level, the masson staining showed that three ADSC-patch 
groups showed denser collagen deposition with more regular and 
orderly arrangement on both Day 7 and Day 14 (Fig. 5A and B). 
Particularly, they have the highest type III collagen (Col 3) concentra
tion at the early phase but the lowest at the late phase (Fig. S7A and B), 
because immature Col 3 initially covers the wound to prevent damage, 
but excessive Col3 at late phase will lead to scar formation [43]. 
Notably, active angiogenesis was observed in the three ADSC patch 
groups by CD31 staining on day 7, whereas by day 14, the control group 
exhibited the most neovascularization. This could be attributed to the 
treatment with the ADSC patches prompting accelerated early angio
genesis to supply oxygen and nutrients, which subsequently degraded 
during wound remodeling as fewer vessels were needed (Fig. 5C and D). 
Moreover, the infiltration and polarization of macrophages at the wound 
site were studied by immunohistochemical staining, with all macro
phages being marked by CD68 and M2 macrophages by CD163. The 
wounds showed higher macrophage infiltration post all treatments on 
Day 3 (Fig. 5E and F). Especially, the three ADSC-patch groups had more 
CD163 positive cells and their CD163/CD68 ratios were significantly 
higher than other groups, indicating that the ADSC- patches accelerate 
the transition from pro-inflammatory M1 to anti-inflammatory M2 
macrophages (Fig. 5F). Notably, the CD163/CD68 ratios of the three 
ADSC-patch groups on Day 7 were similar to those on Day 3, but the 
CD68-positive cells decreased, which suggests the mitigation of diabetic 
inflammation (Fig. 5G and H).

On the level of signal proteins, ADSC-patches reduce the expression 
of pro-inflammatory factors (IL-6 and TNF-α) in the wounds, and pro
mote the anti-inflammatory factor (IL-10) (Fig. 5I), proving a transition 
from pro-inflammatory to anti-inflammatory, tissue sparing microenvi
ronment. VEGF-A, a key regulator of angiogenesis, stimulates vascular 
endothelial cells to proliferate, migrate, and form new blood vessels 
[44]. However, its overexpression typically leads to abnormal angio
genesis. In contrast, the ADSC patch can dynamically regulate VEGF-A 
expression at the wound site. Specifically, it significantly upregulated 

VEGF-A expression on day 7, but not on day 14 (Fig. 5I), which was 
consistent with the trend of CD31 expression (Fig. 5C and D). Further
more, TGF-β1 in wound healing can promote the proliferation of dermal 
and epidermal cells and the production of ECM via inducing polarization 
of M2 macrophages, but its overproduction in the late stage may cause 
scar formation [45,46]. In consistent with accelerated wound healing 
and reduced scar area by ADSC-patches (Fig. 4C–E), TGF-β1 in 
ADSC-patch treated wounds has the highest level on Day 3 and lowest on 
Day 14 (Fig. 5I). Notably, WB analysis of VEGF and TNF-α exhibited 
trends consistent with ELISA findings on Day 14 (Fig. S7C), further 
corroborating the immunomodulatory and angiogenic effects mediated 
by the ADSC patch.

Collectively, these in vivo and in vitro mechanistic studies indicated 
that the ADSC-patches, fresh or cryopreserved, can accelerate wound 
repair and reduce scar formation by regulating inflammation, angio
genesis, collagen deposition, re-epithelialization and granulation in a 
concerted fashion. Specifically, in the early stage of diabetic ulcer 
healing, ADSC-patches reduced inflammation by promoting the con
version of M1 macrophages to M2 macrophages, downregulating pro- 
inflammatory IL-1β, IL-6 and TNF-α, and upregulating anti- 
inflammatory IL-10, VEGF, and TGF-β1. Meanwhile, the patches accel
erate wound closure by enhancing angiogenesis, collagen deposition, 
and fibroblast migration and proliferation. In the late stage, they sup
press scar formation by reducing macrophage infiltration, blood vessel 
formation, type III collagen deposition, and enhancing re- 
epithelialization and granulation at the ulcer. In addition, the ulcers 
were all shielded by commercial 3M Tegaderm dressing (a polyurethane 
film allows the transport of water vapor and oxygen but is impermeable 
to water and bacteria), which promotes ulcer healing and is widely used 
as positive controls [47,48]. Thus, the combination of exterior poly
urethane films to prevent infection and interior ADSC-patches to regu
late tissue regeneration is an effective approach in ulcer treatment.

3.6. ADSC-patches to treat large, shape-mismatched diabetic ulcers

Clinical diabetic ulcers vary extensively in size and shape, which 
often mismatch with pre-designed and pre-fabricated wound patches. To 
test the applicability of this ADSC-patches to heal large, shape- 
mismatched ulcers, we established a 2 × 3 cm full-thickness ulcer 
model on the dorsum of STZ-rats and covered it by arraying 8 pieces of 
cryopreserved ADSC-patches (Fig. 6A). The tissue-adhesiveness 
endowed by dopamine modification can prevent patches from sliding 
or displacement in the large wound bed. Compared to the untreated or 
hydrogel groups, ADSC-patches heal faster with smaller scar area 
(Fig. 6B–E and S8). For instance, the Cryo ADSC-patch groups show 
almost complete wound healing on Day 21, but Control and Alg-DA 
groups do not close their ulcers until Day 35 with significantly higher 
scar widths (wound edge and middle) (Fig. 6D and E). Notably, 
remarkable pus appears in the wound bed of Control and Alg-DA groups 
on Day 5, indicating much stronger inflammation than Cryo ADSC-patch 
groups. The Cryo ADSC-patch demonstrated an elevated CD163/CD68 
ratio (Fig. 6F and G), suggesting a macrophage phenotypic shift toward 
the regeneration-promoting M2 type, which plays a crucial role in 
effective tissue repair. Additionally, collagen organization was 
improved in the Cryo ADSC-patch-treated group compared with the 
control group (Fig. 6H and I), and the Col 1/Col 3 ratio was significantly 
lower (Fig. 6J and K), suggesting reduced fibrotic scarring and enhanced 
regenerative healing potential. Therefore, the ADSC-patches produce 
minimum scar area with smallest granulation gaps and most mature 
tissues of healthy skin.

4. Discussion

The thin cell-laden patch reported here was fabricated through 
simple, reusable PDMS molds with short turnover time (<15 min). In 
addition, the fabrication only uses simple materials and equipment, 
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Fig. 5. Mechanistic studies of ADSC-patch for healing diabetic ulcers. (A) Representative images of Masson’s staining at ulcers on Day 7 and Day 14. (B) 
Quantitative analysis of collagen deposition. (C) Representative images and (D) quantitative analysis of CD31 (brown) immunochemical (IHC) staining at ulcers on 
Day 7 and Day 14. (E) Representative images of CD68 and CD163 (brown) IHC staining at ulcers on Day 3. (F) Quantitative analysis of normalized CD68 and CD163/ 
CD68 ratio on Day 3. (G) Representative images of CD68 and CD163 (brown) IHC staining at ulcers on Day 7. (H) Quantitative analysis of normalized CD68 and 
CD163/CD68 ratio on Day 7. (I) Levels of IL-6, TNF-α, IL-10, VEGF-A and TGF-β1 in wound tissue during healing process measured by ELISA. Independent repeat 
experiment n ≥ 3. *: p < 0.05, **: p < 0.01, and ***: p < 0.001.
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allowing economic mass-production. Moreover, the thin, pancake shape 
of the patch offers multiple advantages: (1) minimizing material con
sumptions in manufacturing, preventing structure heterogeneity during 
gelation, and reducing waste generation post usage, (2) enabling energy- 
efficient packaging, cryopreservation, and transportation in-stack 
manner, (3) enabling close cell contact and fast cellular response to 
ever changing ulcer microenvironments, (4) facilitating fast CPA loading 
and unloading with reduced wash time at the user end. The low-cost, 
environmentally friendly, and user-friendly characteristics render this 
cell-laden patch well-suited for broad clinical adoption.

Cryopreservation of macroscale cell-laden patches is a major hurdle 
in the supply chain for its widespread distribution. The large size of cell- 
laden constructs not only causes heterogeneities of temperature and CPA 
distributions within constructs during cooling and warming procedures 
of cryopreservation, but also impedes the removal of cryoprotective 
agents such as DMSO and serum. High level of serum and DMSO 

residuals would cause severe conditions such as fever and hypersensi
tivity in patients [13,49,50], while extended wash to remove cytotoxic 
cryoprotectants induces irreversible cell damages (Fig. 2E). By 
combining the strategies of pCPA, nCPA, and thin-pancaked shape of 
cell-patches, the residual DMSO in macroscale patches was reduced to a 
noncytotoxic level with a short, simple 15-min wash. In addition, the 
production, cryopreservation, and wash medium for cell-laden patches 
are DMEM-based solutions without serum. This not only ensures the 
consistency and reproducibility of fabrication and application due to the 
fully defined and characterized solution components, but also reduces 
the immune responses from the transplant host.

Scalabilities in production, storage, and clinic utilization are critical 
factors to the success of cell-biomaterial constructs. The cell-laden patch 
reported here can be efficiently fabricated and cryopreserved in a high- 
throughput, batch production format, offering a practical, ready-to-use 
solution tailored to clinical needs. Its scalable and flexible design 

Fig. 6. Large, shape-mismatched ulcer treated by assembling cryopreserved ADSC-patch. (A) Schematic diagram of the experimental duration of ADSC-patch 
for the treatment of 2 × 3 cm square-shaped diabetic ulcer in STZ-rat. (B) Photograph and (C) corresponding wound size of large ulcers treated with control and Cryo 
ADSC-patch on different days. (D) Representative H&E stained images of ulcers on Day 35. Solid and open arrows respectively point to granulation and re- 
epithelialization in closed wounds. (E) Quantitative analysis of scar width (edge and middle) on Day 35. (F) Representative images of CD68 and CD163 (brown) 
IHC staining on Day 35. (G) Quantitative analysis of CD163/CD68 ratio. (H) Representative images of Masson’s staining at ulcers on Day 35. (I) Quantitative analysis 
of collagen deposition. (E) Representative images of Col 1 and Col 3 (brown) IHC staining on Day 35. (F) Quantitative analysis of Col 1/Col 3 ratio. n = 3. *: p < 0.05, 
**: p < 0.01.
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enables straightforward assembly to accommodate variable sizes and 
shapes of diabetic ulcers. Importantly, the patch preserves stem cell 
viability, functionality, and retention rates during in vitro storage and in 
vivo transplantation. With its simplified preparation process, requiring 
only a simple 15-min wash with no specialized equipment or personnel 
needed, this patch substantially streamlines preclinical and clinical 
workflows.

The thin ADSC-patch is well-suited for application on irregularly 
shaped wounds (Fig. 6A), allowing for easy stacking and providing 
personalized treatment options tailored to individual patient needs. The 
ADSC-patch dynamically responds to the changing inflammatory 
microenvironment of diabetic ulcers, promoting wound healing through 
long-term, multifaceted self-regulation of paracrine secretion, macro
phage polarization, and angiogenesis. In the early healing stage, ADSC- 
patch convert pro-inflammatory M1 to anti-inflammatory M2 macro
phages, downregulate pro-inflammatory IL-1β, IL-6 and TNF-α, and 
upregulate anti-inflammatory IL-10, VEGF-A, and TGF-β1. In the late 
stage, ADSC-patch suppress inflammatory response by inhibiting 
macrophage infiltration, and thus, reducing blood vessel formation, 
Col3 deposition, and scar formation (Fig. 5). The dynamics of these 
phenotypic results suggest that ADSC patches may coordinate the 
healing process through stage-specific signaling pathways: (1) NF-κB 
inhibition and STAT3 activation polarize macrophages to an M2 
phenotype [51,52], thereby attenuating inflammation; (2) 
PI3K/Akt-driven secretion of vascular endothelial growth factor tran
siently enhances angiogenesis [53]; and (3) TGF-β/SMAD dynamics 
balance early ECM synthesis with late-stage fibrosis inhibition [52]. 
Therefore, this stem cell-laden patch provides a safe, effective, conve
nient method to clinically treat ulcers.

Overall, the ADSC-patch addresses a critical unmet need in diabetic 
ulcer therapies. For example, whereas current bioengineered skin sub
stitutes (e.g., Dermagraft®) rely on costly neonatal foreskin fibroblasts 
and lengthy production cycles, and exosome-based hydrogels suffer 
from batch-to-batch variability and static therapeutic profiles, the 
ADSC-patch integrates three major innovations: (1) a cost-effective, 
scalable production process that enables widespread clinical adoption, 
(2) an optimized cryopreservation protocol that ensures greater than 90 
% cell survival after thawing while maintaining low DMSO residues, and 
(3) dynamic bioactivity driven by living ADSCs, which continuously 
modulate inflammation, angiogenesis, and ECM remodeling through 
stage-specific paracrine signaling. Furthermore, the modular, ready-to- 
use design of the ADSC-patch improves its clinical applicability. Un
like traditional cell therapies that require on-demand preparation and 
immediate application, the cryopreserved ADSC-patch maintains sta
bility at − 80 ◦C for long-term storage and preserves its therapeutic ef
ficacy following rapid thawing. Additionally, its tissue-adhesive 
hydrogel matrix ensures secure wound coverage without the need for 
external fixation, while its scalable batch fabrication streamlines 
manufacturing while reducing complexity and cost, making it an 
economically viable solution for both high-resource and resource- 
limited healthcare settings. Finally, the principles demonstrated in this 
study-integrating scalable fabrication, optimized cryopreservation, and 
streamlined clinical workflows-offer a robust framework for the devel
opment of other cell-biomaterial constructs to tackle diverse medical 
conditions such as ischemic injuries, endocrine disorders, and autoim
mune diseases.

5. Conclusions

This study provides a cryopreservable, scalable, ready-to-use ADSC- 
loaded alginate-dopamine hydrogel patch with significant clinical 
applicability. Through optimization of the cryopreservation strategy 
using a cocktail of DMSO, PROH, and trehalose, combined with a thin, 
flexible patch design, we ensured high cell viability and minimal re
sidual toxicity post-thaw. This approach eliminates the need for complex 
preparation steps, facilitating direct use after cryopreservation without 

the need for centrifugation or incubation. The tissue-adhesive patch 
maintains close contact with diabetic wounds, promoting rapid cellular 
responses and dynamic paracrine signaling that modulate inflammation, 
angiogenesis, and wound healing. In conclusion, we present a cost- 
effective, ready-to-use solution for cell therapy with scalable clinical 
potential and promising broader applications in regenerative medicine.
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