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ARTICLE INFO ABSTRACT

Keywords: Long-term exposure to ultraviolet radiation compromises skin structural integrity and results in disruption of
Microcarriers normal physiological functions. Stem cells have gained attention in anti-photoaging, while controlling the tissue
Mechanical regulation mechanical microenvironment of cell delivery sites is crucial for regulating cell fate and achieving optimal
;ii:ocgeeli therapeutic performances. Here, we introduce a mechanically regulated human recombinant collagen (RHC)

microcarrier generated through microfluidics, which is capable of modulating stem cell differentiation to treat
photoaged skin. By controlling the cross-linking parameters, the mechanical properties of microcarriers could
precisely tuned to optimize the stem cell differentiation. The microcarriers are surface functionalized with
fibronectin (Fn)-platelet derived growth factor-BB (PDGF-BB) to facilitate adipose derived mesenchymal stem
cells (Ad-MSCs) loading. In in vivo experiments, subcutaneous injection of stem cell loaded RHC microcarriers
significantly reduced skin wrinkles after ultraviolet-injury, effectively promoted collagen synthesis, and
increased vascular density. These encouraging results indicate that the present mechanically regulated micro-
carriers have great potential to deliver stem cells and regulate their differentiation for anti-photoaging
treatments.

Photoaging therapy

1. Introduction revitalizing aged skin through anti-inflammatory and antioxidant fac-

tors [19-22]. However, these therapies currently face significant chal-

Skin aging is an inherent physiological phenomenon, characterized
by increased fragility, lower tissue integrity, and a decline in repair
ability [1-4]. External factors, especially ultraviolet radiation, can
further accelerate skin aging [5-9]. Traditional anti-aging methods,
such as the use of cosmetological care products, medicines, or dermal
fillers, are developed to improve skin elasticity and reduce wrinkles
[10-16]. However, these methods involve foreign substances that may
carry risks of toxicity and tend to offer only temporary anti-aging ben-
efits [17,18]. Recent strides in stem cell therapy have shown promise for

lenges. For example, intravenously injected stem cells often show low
survival rates, and their unpredictable differentiation in the body can
lead to inconsistent treatment results [23,24]. In addition, temporary
application via a single dose injection cannot achieve long-term anti--
aging effects [25,26]. Therefore, there is a critical demand for enhancing
the survival, integrity, and functional longevity of stem cells in skin
rejuvenation treatments.

In this study, we introduce a mechanically regulated human re-
combinant collagen microcarrier fabricated with microfluidics, which
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can modulate stem cell differentiation and treat photoaged skin (Fig. 1).
Microfluidic technology can be used for the fabrication of various types
of microcarriers [27-31]. In particular, the microcarriers constructed
from protein components, such as human recombinant collagen, are also
suitable for cell culture [32-35]. However, existing microcarriers still
face the tradeoff between tunable mechanical properties and structural
stability, making it difficult for regulating differentiation in
adipose-derived mesenchymal stem cells (Ad-MSCs) [36]. The elastic
modulus of extracellular matrix is a crucial mechanical cue for training
stem cells. Numerous in vitro studies have demonstrated that substrates
replicating the stiffness of specific tissues can effectively direct stem cells
toward differentiation into corresponding tissue types [37,38]. There-
fore, it can be conceived that tunable mechanical properties are essential
for microcarriers to provide appropriate mechanical microenvironments
for delivered stem cells, thus enabling effective stem cell-based anti--
photoaging therapies.

To realize this, droplet microfluidic technology was employed to
fabricate recombinant human protein microcarriers with uniform size.
By adjusting the substitution degree of methacrylic anhydride as well as
ultraviolet exposure duration, the mechanical properties of microfluidic
generated RHC microcarriers were precisely modulated. In addition, the
“Ultrasoft” RHC microcarriers were coated with fibronectin (Fn) and
further integrated with the exogenous factor platelet-derived growth
factor-BB (PDGF-BB), which provided a favorable substrate for cell
growth. Ad-MSCs were successfully loaded onto the microcarriers.
Moreover, the Ad-MSC loaded RHC microcarriers showed their ability to
resist the apoptosis and Reactive Oxygen Species (ROS) generation of
photoaging Human Immortalized Epidermal Cells (HaCaT) cells in vitro.
The animal experiments revealed that the present Ad-MSC microcarriers
significantly mitigated UV-induced skin wrinkles, stimulated collagen
production, and increased vascular density. We believe that the me-
chanically regulated stem cell microcarriers can pioneer a novel
approach in anti-photoaging therapies.
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1.1. Experimental section

In a typical experiment, type III collagen was obtained from geneti-
cally engineered yeast expressing the RHC protein gene, as illustrated in
Fig. 2a. This collagen has a triple helical structure and exhibits excellent
cell adhesion ability and biological activity. Then, we explored the
generation of RHC hydrogels with tunable mechanical properties
through chemical crosslinking under varying parameters. Briefly,
methacrylated RHC (RHCMA) was synthesized by reaction with meth-
acrylic anhydride (MA) following previously reported protocols. The
RHCMA exhibited new peaks of methacryloylated grafts and was able to
form a stable hydrogel after ultraviolet irradiation (Fig. 2b-c). After-
wards, we studied the correlation between the mechanical properties of
photo-crosslinked RHCMA hydrogel and the experimental parameters.
We found that RHCMA hydrogels with different mechanical properties
can be obtained by tuning the degree of MA substitution (Fig. 2d) and
curing time (Fig. S1 and Table S1). With that, we named four types of
RHCMA hydrogels based on their modulus, including Ultrasoft (1.3
kPa), Soft 6.7 (kPa), Stiff (9.3 kPa), and Ultrastiff (21.4 kPa). Further-
more, we seeded Ad-MSCs onto hydrogels with different modulus to test
the adipogenic differentiation. After seven days of induction with adi-
pogenic differentiation induction medium, the Oil Red O staining results
indicated that softer RHC hydrogels tended to promote the adipogenic
differentiation of Ad-MSCs more effectively (Fig. 2e-f).

A microfluidic device used for microcarrier generation was prepared
with two capillary tubes of the same outer diameter (Fig. S2a). The inner
tube was drawn using a pipette puller, and the end of the tube was
polished to a specific diameter using sandpaper. The tubes were inte-
grated onto a glass slide and were coaxially aligned with the help of a
square glass tube and adhesives. By injecting the RHCMA solution and
silicone oil as the inner and outer phase, respectively, droplets were
generated at the outlet of the inner tube due to shear force and inter-
facial tension (Fig. 2g). The diameter of the microcarrier could be flex-
ibly adjusted by varying the fluid flow rates (Figs. S2b—c). We used
Ultrasoft group to characterize the generated microcarriers. The
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Fig. 1. Schematic illustration of a) the construction of the mechanically tunable microcarriers and the cell seeding process, and b) the treatment for photoaging mice

using the stem cell loaded microcarriers.
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Fig. 2. a) Schematic image of the production process for RHC protein, synthesis of RHCMA, and the construction of RHCMA hydrogel via photo-polymerization. b)
TH NMR results of RHC and RHCMA. c) Images of RHCMA hydrogels before and after ultraviolet irradiation. d) RHCMA with different degree of MA substitution
(DAS) (n = 3). e) Oil Red O staining of mesenchymal stem cells co-cultured on hydrogels of different moduli. f) Relative oil red O area. g) The droplet generation
process captured by a high-speed camera. h) Dispersed RHC microcarriers and a magnified image showing a single microcarrier. i) Particle size distribution of

microcarriers (n = 100). The scale bar is 10 mm in c¢), 200 pm in e), 100 pm in h).

microcarriers exhibited good monodispersity and a uniform size distri-
bution (Fig. 2h—i). These results indicated that the RHCMA was suitable
for microfluidic generation of microcarriers.

To further modify the microcarrier surface with cell-recruitment
factors, it is necessary to perform functionalization on the micro-
carriers. Since the adsorption of fibronectin (Fn) does not affect the
modulus of the hydrogel, and it contains collagen/gelatin binding sites,
we employed two different ligand densities of fibronectin to modify the
microcarriers (Fig. 3a). Fluorescence images demonstrated strong
binding of fibronectin to the RHC in the microcarriers (Fig. 3b), and the
fluorescence intensity increased with an increase in fibronectin density.
At two given fibronectin densities, there was no significant difference in
the degree of fibronectin modification between RHC microcarriers with
different moduli (Fig. 3c). The entire rheology sweep curve of hydrogels
with different mechanical properties was presented in Fig. 3d, con-
firming that the storage modulus of the hydrogel does not change
significantly after combination (Fig. 3e). Thus, based on the results of
adipogenic differentiation and Fn modification, we chose Ultrasoft
microcarriers for subsequent experiments.

To further enhance the cells recruitment ability of microcarriers in
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situ, we loaded platelet-derived growth factor-BB (PDGF-BB) at the
microcarriers’ surface, which has been demonstrated to initiate endog-
enous stem cell recruitment (Fig. 4a). The encapsulation efficiency of the
modified microcarriers was higher compared with that of none modified
microcarriers (Fig. S3a). Additionally, the modified microcarriers
showed excellent sustained release capability, with less pronounced
burst release compared to the unmodified microcarriers (Fig. S3b),
indicating that Fn enhanced the combination of microcarriers and
PDGEF-BB. The release of PDGF-BB was as accompanied by the degra-
dation of the microcarriers (Fig. S4). Moreover, the Ad-MSCs recruit-
ment tests showed that the presence of PDGF-BB can further promote
cell recruitment (Fig. 4b). To further assess the cell proliferation capa-
bilities of the microcarriers, CCK8 assay was conducted and revealed
that the number of cells on the surface of microcarriers containing
PDGF-BB was significantly larger than unmodified group (Fig. S5).
Additionally, to evaluate the cell enrichment capacity of the micro-
carriers, an in vitro MCF-10A cell scratch model was established using a
Transwell insert. At different recording time points, microcarriers
loaded with PDGF-BB significantly promoted cell migration (Fig. 4c—d
and S6).
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Fig. 3. a) Schematic of Fn protein grafting on the RHC microcarrier surface. b) Fluorescent images of microcarriers with different mechanical properties immersed in
2 mg/mL (white, panels i-iv) and 10 mg/mL (yellow, panels i-iv) Fn solutions for 24 h. i-iv represents the Ultrasoft, Soft, Stiff, Ultrastiff group, respectively. c)
Relative fluorescence intensity in each group (n = 3). d) The time sweep curve of the storage modulus of different group hydrogels after binding with Fn protein. e)

Modulus statistics for different groups of hydrogels (n = 3).

Although ultraviolet B (UVB)-induced apoptosis plays a role in
maintaining skin health by removing mutated cells, prolonged UVB
exposure inevitably causes adverse effects such as DNA damage, cellular
aging, and can even lead to skin cell carcinogenesis. In photoaging
HaCaT model, we found that the leaching medium of Ad-MSCs-loaded
microcarriers (constructed by loading Ad-MSCs onto the microcarriers
and co-culturing for 24 h) led to a reduction of death cell proportion
(Figs. S7a-b). Additionally, following UVB irradiation, HaCaT cells
produce ROS, which plays a crucial role in light-induced cell damage.
We found that the intervention of Ad-MSCs-loaded microcarrier leach-
ing media resulted in a significant decrease in ROS levels (Figs. S7c—d),
suggesting that Ad-MSCs may secrete antioxidant enzymes or molecule
factors,. Additionally, the aging marker SA-f-gal levels and DNA damage
indicators y-H2Ax were also significantly reduced (Figs. S7e-h). Sub-
sequent flow cytometric analysis revealed that the experiment group
treated by Ad-MSCs-loaded microcarrier leaching media exhibited a
reduced proportion of apoptosis (Fig. S8). These results demonstrated
that the leaching medium of Ad-MSCs-loaded microcarriers revealed a
protective effect on epithelial cells against the harmful effects of UV
radiation.

Ultraviolet radiation can alter specific areas of skin tissue, leading to
redness, decreased skin elasticity, and the formation of wrinkles. To
further investigate the anti-aging effect of the stem cell-loaded micro-
carriers in vivo, we established a photoaging nude mice model using
ultraviolet irradiation and photosensitizer (8-MOP) (Fig. 5a). The skin
on the back of normal mice was smooth and flawless, with few wrinkles.
After UV irradiation for eight weeks, the skin became dry and peeling,
and the amount of elastin in mouse skin significantly decreased (Fig. S9).
The topical application of Ultrasoft RHC microcarriers (without Ad-
MSCs loading) and bare Ad-MSCs alleviated skin damage caused by
UV exposure. Specifically, the formation of wrinkles in the treatment
group of nude mice decreased, the severity of skin surface flakes and
lesions decreased, and the corresponding number of collagen fibers
increased in all treatment groups (Fig. 5b-5d).

It is worth noting that the photo-aged mice treated with Ad-MSCs-
loaded microcarriers showed the least number of wrinkles (Fig. 5i),
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which may be attributed to the fact that the stem cells loaded in the
microcarriers can persist longer in the body to maintain therapeutic
effects (Fig. 5f-g). The persistent survival of Ad-MSCs in vivo is primarily
due to the biocompatibility of the microcarriers. The levels of intercel-
lular adhesion molecule-1 (ICAM-1) were markedly decreased in the
MSC and microcarrier treatment groups. This reduction could be
attributed to the paracrine effects of Ad-MSCs, which helps to alleviate
local inflammation. Additionally, Ad-MSCs mitigated cellular oxidative
stress by suppressing the overexpression of matrix metalloproteinases,
including matrix metallopeptidase 1 (MMP1) and MMP3. This inhibition
subsequently enhanced the mRNA levels of collagen type I compared to
the UV group (Fig. 5e and h). Moreover, improvements were also
observed in dermal tissue thickness and type I collagen density in all
treatment groups (Fig. 5j—k).

To further evaluate the in vivo therapeutic effects of the stem cell-
loaded microcarriers, immunofluorescence detection was conducted.
The formation of wrinkles and skin lesions in skin aging is associated
with inflammation, and we found that high degrees of inflammatory
factors like TNF-a, IL-6 were expressed on the UV modeling group nude
mice compared to normal mice (Fig. 6a-b). MSCs release anti-
inflammatory factors through paracrine signaling, thereby reducing
local inflammatory responses. Mice treated with microcarriers or bare
Ad-MSCs showed reduced expression of inflammatory factors, and that
treated with Ad-MSCs-loaded microcarriers exhibited the lowest
expression levels of inflammatory factors, suggesting the role of the
microcarrier in sustaining Ad-MSCs functions (Fig. 6d-e). The photo-
aged skin model group exhibited a significantly decreased dermal blood
vessel density, which may be caused by the damage of the dermal
extracellular matrix. Ad-MSCs can directly promote angiogenesis
through the paracrine release of various pro-angiogenic growth factor
like vascular endothelial growth factor (VEGF) and PDGF. Both RHC
microcarrier and the topical application of Ad-MSCs group showed
improved vascular numbers density (Fig. 6¢ and f). Importantly, the Ad-
MSCs-loaded microcarrier treatment group exhibited the highest num-
ber of blood vessels, which might be attribute to the prolonged cell
survival in vivo. These results suggest that RHC microcarriers loaded
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Fig. 4. a) Schematic of the process of capturing PDGF-BB factor on the surface of microcarriers with Fn protein. b) Calcein-AM staining showing live cells at the
microcarrier surface: i) Control group without PDGF-BB, ii) microcarriers with PDGF-BB. ¢) Schematic diagram of the scratch experiment. d) Different time point

images of cell migration. The scale bar is 200 pm in b) and d).

with Ad-MSCs have anti-inflammatory and pro-angiogenic effects.

Biocompatibility is a critical determinant of the therapy success, as it
directly influences the host response. We further assessed the in vivo
safety and compatibility of Ad-MSC-loaded RHC microcarriers. H&E
staining revealed that RHC microcarriers loaded with Ad-MSCs did not
induce obvious alterations in tissue architecture or cellular morphology
in healthy mice, indicating minimal adverse effects on host tissues.
Furthermore, liver function (ALT and AST) and kidney function (CREA
and UA) markers were similar with those observed in the PBS control
group (Fig. S10), supporting the systemic safety of the material. Fluo-
rescence imaging via in vivo animal imaging demonstrated a gradual
decrease in signal intensity, with only faint signals detected at day 21
(Fig. S11), indicating progressive degradation of the material. These
results revealed that the Ad-MSC-loaded RHC microcarriers exhibit
excellent biocompatibility positioning them as promising candidates for
further clinical exploration.

2. Conclusion

In this study, we proposed a mechanically tunable RHC microcarrier
via microfluidics for skin photoaging therapy. The mechanical proper-
ties of microfluidic generated RHC microcarriers was modulated by
adjusting the degree of MA substitution and UV exposure time. RHC
hydrogels with lower mechanical strength were found to better promote
stem cell adipogenic differentiation. Additionally, Ad-MSCs were loaded
on “Ultrasoft” RHC microcarriers after functionalization of Fn and
PDGF-BB. In vitro experiments demonstrated that RHC microcarriers
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loaded with Ad-MSCs exhibited the ability to resist apoptosis and ROS
production in photoaged HaCaT cells. In an in vivo photoaging model,
RHC microcarriers loaded with Ad-MSCs significantly reduced UV-
induced skin wrinkles, stimulated collagen production, and increased
vascular density. These findings suggest that mechanically tunable
microcarriers offer a novel approach in stem cell delivery as well as anti-
aging therapy.

3. Methods

Materials: Recombinant human collagen (type III) was purchased
from Shanxi Jinbo Bio-Pharmaceutical CO., Ltd (China), the TNBS
(2,4,6-Trinitrobenzenesulfonic acid), MA were obtained from Sigma
(America), fibronectin was obtained from QiYue Biotech (China) and
PDGF-BB was purchased from HuaYaSiChuang Co., Ltd. (China) Primary
adipose-derived mesenchymal stem cells were obtained from the Affil-
iated Hospital of Nanjing University. Transwell plates were purchased
from Corning Inc., (America) and all PBS buffer solutions and ultrapure
water used were self-prepared in the laboratory.

RHCMA generation: By varying the dosage of methacrylate anhydride
(MA), different degrees of substitution of RHCMA were generated.
Briefly, 10 g of RHC was dissolved in 100 mL of 0.1 M NaHCOs. MA was
then added dropwise to the RHC solution, with a dosage of 200 pL for
low substitution RHCMA and 1 mL for high substitution RHCMA. The pH
was adjusted to 9 every 10 min to promote the substitution reaction. The
reaction continues for 3 h, after which the solution was filtered and
further dialyzed for seven days to remove unreacted MA and other by-
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mice from different groups (n = 3). k) The percentage of the relative fluorescence intensity of Type I collagen density in different treatments (n = 3). The scale bar is

15 mm in b), 1 mm in Enlarged images, and 100 pm in d-e).

products.

Determination of amino substitution degree: TNBS (2,4,6-trini-
trobenzenesulfonic acid) method was employed for determination of the
amino substitution of RHCMA. Equal amounts (50 mg) of RHCMA as
well as RHC were dissolved in 0.1 M NaHCOs. The prepared 0.1 % TNBS
solution was mixed with the sample solution in equal volumes (0.5 mL)
and incubated for 2 h. The reaction was stopped by further adding 0.25
mL hydrochloric acid (1 M) and 0.5 mL 10 % SDS, followed by
measuring absorbance at 335 nm. The amino substitution degree (Das)
of RHCMA was calculated based on the changes in the number of amino
groups of RHC (Ag) and RHCMA (Agy):

Das = (Ar-Arm)/Ar x 100 %

453

Ad-MSCs adipogenic differentiation and staining: To induce adipo-
genesis of Ad-MSCs on hydrogels with different mechanical strengths,
Ad-MSCs were co-cultured within differentiation induction medium for
three days. In brief, following instructions of the OriCell Adipogenic
Differentiation Induction Kit from OriCell® (HUXMD-90031), Ad-MSCs
were seeded onto the surface of the hydrogels (2 x 10* cells/cm?). When
cell density reached to 80 %, the complete culture medium was carefully
removed from the wells, and adipogenic induction medium A was added
(2 mL). After 72 h of induction, medium A was removed and 2 mL of
medium B was added. Adipogenic differentiation was terminated after
one day post-induction. For observation, 2 mL of 4 % paraformaldehyde
solution were added to each well. After fixation, Oil Red O staining
working solution was added into each group and stained for 30 min
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Fig. 6. a) Immunofluorescence staining showing TNF-a-positive area. b) Immunofluorescence images depicting IL-6-positive area. ¢) Double staining of CD31/aSMA-
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(25 °0).

Microcarrier generation: A single emulsion microfluidic chip was
constructed using glass capillaries. In brief, capillaries were pulled
through a capillary puller, and the ends were polished to a specific
diameter using a piece of sandpaper. Subsequently, one capillary was
inserted into another, and the capillaries were aligned coaxially. The
internal phase, pre-gel solution of RHCMA, was introduced into the in-
jection tube, while the external phase, mineral oil, was introduced into
the collection tube. Droplets were generated at the outlet of the injection
tube and microcarriers were generated by further crosslinking under UV
light. The microcarriers were then washed with ether and deionized
water for further use.

Mechanical and rheological tests: Flattened bulk hydrogels were pre-
pared with varying photopolymerization times and initiator concentra-
tions (Table S1) and were subjected to compression testing. For
degradation the microcarriers were immersed in PBS to evaluate their
degradability and placed in a shaking incubator (80 rpm, 37 °C). At
designated times, the total weight of the microcarriers was tested and
compared to their initial weight. The modulus of each sample was ob-
tained by defining the slope within the linear region. The same flattened
bulk hydrogels were prepared with a gap of 1 mm. The storage modulus
(G)) of the hydrogel was measured by oscillation time sweep test; the
frequency was set to 1Hz, and the strain was set to 1 %.

Fibronectin coating characterization: The various microcarriers
generated as described above were immersed in alcohol for half an hour
and subsequently placed in a laminar flow hood for 24 h for sterilization.
The microcarriers were then soaked in a fibronectin solution and shaken
on a shaker for 1 h at 37 °C. To characterize whether fibronectin was
coated on the microcarriers, the microcarriers were fixed with glutar-
aldehyde. Subsequently, immunofluorescence staining was performed
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on the microcarriers, with a secondary antibody labeled with FITC
applied and incubated for 1 h. The microcarriers were then observed and
photographed using a fluorescence microscope.

Loading of PDGF-BB: PDGF-BB was loaded onto the microcarriers
using an immersion method. In brief, approximately 500 ng/mL of
PDGF-BB was co-incubated with the microcarriers for 24 h in a refrig-
erator. For the drug release experiment, microcarriers loading PDGF-BB
were incubated in a PBS solution at 37 °C in a constant-temperature
shaking incubator (100 rpm), a certain amount of release solution was
moved out and replaced by PBS, the release amount was detected via
ELISA kit (Sigma).

Microcarrier biocompatibility and recruitment capability: Co-culture
experiments were conducted by seeding Ad-MSCs (10° cells) and
microcarriers (10 mg) on low adhesion culture plate (PVA-coated). After
24 h of incubation, the Calcein AM staining was introduced, and sub-
sequent observation of cell growth was conducted utilizing a fluorescent
microscope.

The biocompatibility test was validated using a Transwell plate.
Microcarriers (5 mg) were put on the upper of Transwell plate, while Ad-
MSCs (1.5 x 10* mL’l) were cultured within the lower chambers in 24-
well plate. CCK-8 assays were performed on cells within the lower well
plate at various time points to assess their proliferative activity. On
different time points the lower chambers were filled with 10 % CCK-8
solution. The OD value was measured after incubation at 37 °C for an
hour.

For cell recruitment test, microcarriers (5 mg) were put on the upper
of Transwell plate, and the MCF-10A cells (Wuhan Shangen Biotech-
nology) were cultured within the lower well plate. When the cell
confluence reaches 80 %, serum-free culture medium was used to avoid
the effect of proliferation. A yellow pipette tip was selected for creating



X. Lin et al.

scratches across the MCF-10A cells (Wuhan Shangen Biotechnology).
Cell migration was observed at 0, 12, 24 h points and the images were
recorded.

In vitro photoaging: HaCaTs cells (Wuhan Shangen Biotechnology)
were cultured in normal medium. While the cell confluence reached
around 60 %, they were further cultured for one day using serum-free
medium. The experimental group underwent ultraviolet irradiation
(SH2B type UVB lamp) treatment, and the cells were covered with me-
dium to prevent direct exposure. The control group did not undergo
ultraviolet treatment. For microcarriers groups, approximately 10 mg of
modified microcarriers were co-cultured with 10° Ad-MSCs cells for 24
h, and then the Ad-MSCs-loaded microcarrier leaching media was added
into the ultraviolet treated group, the HaCaTs cells were cultured for
additional 24 h. For senescence-associated f-galactosidase and y-H2Ax
immunofluorescence staining, the cultured cells were washed three
times and then fixed in 4 % FPA for 15 min. The cells were then treated
using freshly prepared B-galactosidase staining kits and y-H2Ax immu-
nofluorescence staining kits (Beyotime, Shanghai, China), respectively.
The percentage of positive cells was further measured by ImageJ
software.

Cellular ROS generation and apoptosis: To determine the intracellular
ROS levels, different groups of photoaging model were added with
suitable amount of DCFH-DA. Incubation was carried out at incubator
for 20 min at 37 °C. After incubation, the cells were washed with serum-
free cell culture medium and then recorded using a fluorescence mi-
croscope. For the apoptosis experiment, after fixing the cells, Apoptosis
staining agents (Beyotime) were added, gently mixed, and wrapped in
tinfoil at room temperature. Subsequently, the samples were then
analyzed using a flow cytometer.

Animal experiment: Animal experiments were approved by University
of Chinese Academy of Sciences of Wenzhou Institute (WIU-
CAS24010902). In photoaging model experiment, the dorsal skin of
nude mice (6-8 weeks old) was exposed to UVB (Philips; emission
spectrum 311 nm) positioned 15 cm above and MOP-8 (0.1 mg/ml)
every other day for eight weeks. If blistering, rupture, and erosion
occurred during irradiation, the exposure was stopped and the skin on
the back was disinfected with povidone-iodine twice daily. This regimen
continued until symptoms disappeared, after which regular irradiation
resumed. For treatment, the nude mice were divided into five different
groups: no UVB exposure group (Control), UVB exposure group (Model),
RHC microcarrier treatment group (Group A), bare Ad-MSCs treatment
group (Group B), and Ad-MSCs-loaded RHC microcarrier treatment
group (Group C). The subcutaneous injection of the treatment group was
administered at five different locations on the entire dorsal skin. For
statistical analysis, three randomly selected areas of the dorsal skin from
each group of mice were chosen. After 28 days of treatment, the nude
mice were euthanized by carbon dioxide, and the dorsal skin was fixed
in a polyformaldehyde solution. After paraffin embedding and
sectioning, immunohistochemical staining was performed using Mas-
son’s trichrome kit from servicebio (China), and immunofluorescent
staining was performed using antibodies against type I collagen, elastin
elastic fibers, IL-6, TNF-a, CD31 and a-SMA from servicebio (China).

In vivo live imaging: Nude mice were divided as a MSC group and a
Microcarrier group. Mice in the MSC group were treated only by Ad-
MSCs and those in the Microcarrier group were injected with Ad-
MSCs-loaded microcarriers. All cells were labeled with DiR. Then, a
bioluminescence system (Caliper IVIS Lumina XR, America) was used for
luminescence imaging. For the microcarrier degradation experiment,
Ultrasoft microcarriers labeled with CY5.5 were injected subcutaneously
into nude mice. The bioluminescence system was used for luminescence
imaging. The signal intensity at the first time point was set as the
control.

Real-time fluorescence quantitative PCR: Skin tissue around the back of
the nude mice (50 mg) was collected and Trizol (1 mg) was added to
acquire RNA. Further reverse transcription operations were then per-
formed using the selected PrimeScript reverse transcription kit. The
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SYBR Green I fluorescent dye method was employed for PCR detection of
cDNA, with primer designs detailed in Table S2.

Statistical Analysis: All paired data for comparisons were subjected to
independent Student’s t-tests to perform a rigorous analysis of statistical
significance. Each experimental group underwent at least three repeti-
tions to ensure robustness and reliability of the results. The criterion for
significance was p < 0.05.
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