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Chronic wound healing

Many patients with diabetes are suffering with chronic wounds due to their slow and disorganized healing
process, which even lead to serious consequences such as amputation. Nowadays, extracellular vesicles derived
from mesenchymal stromal cells (MSC-EVs) offer a potential strategy for chronic wound healing, whereas the
rapid diffusion and degradation of MSC-EVs hampers the efficacy of wound repair. Herein, we proposed a novel
MOF-based hydrogel by cross-linking hyaluronic acid (HA) with UiO-66-NHjy (U6N). The HA-U6N hydrogel could
be prepared rapidly with stable character, while the EVs affinity property of U6N was maintained well. This
hydrogel allowed us enriching EVs conveniently and rapidly from cell supernatant. The U6N-based hyaluronic
acid hydrogel with enriched EVs (HA-U6N-EVs) could markedly accelerate diabetic wound healing efficacy in
rats attributing to the sustained release of EVs. Besides, we further showed the miRNAs in MSC-EVs involving in
wound healing remained high abundance over 10 days, also demonstrating the superb sustained EVs delivery of
HA-UG6N hydrogels.

removing intracellular components, and acting as biologically drug
carriers that regulate physiological and pathological processes [7,8].

1. Introduction

The process of wound healing is intricate and dynamic, relying on
the collaborative efforts of various cell types, such as keratinocytes, fi-
broblasts, and endothelial cells, which play crucial roles in epithelial
regeneration, collagen remodeling, and angiogenesis [1]. However,
chronic wounds, such as diabetic ulcers, often lead to more severe
consequences due to their slow and disorganized healing process [2]. To
address these challenges, researchers have extensively studied the po-
tential of mesenchymal stromal cells (MSCs) in promoting wound
healing [3,4]. Despite their therapeutic potential, MSCs-based therapy
has some limitations, including a limited source and immunogenicity
concerns [5,6]. Fortunately, there is a promising alternative in the form
of extracellular vesicles derived from mesenchymal stromal cells (MSC-
EVs). Extracellular vesicles are widely dispersed in body fluids, which
could perform biological functions such as transmitting information,
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These vesicles are products and by-products of MSC culture, possessing
similar biological effects to their parental cells [9]. Furthermore, MSC-
EVs contain an abundance of miRNAs, which promote better wound
healing performance by improving wound circulation, inducing angio-
genesis, modulating inflammatory stress states, and cell communication
[10-12]. Importantly, MSC-EVs are easier to obtain in large quantities
and have lower immunogenicity compared to MSCs [13]. However,
their rapid diffusion and short lifespan at injured sites necessitates the
selection of an appropriate carrier to maintain their biological activity
[14]. By harnessing the potential of MSC-EVs, researchers are exploring
new avenues for effective wound healing treatments, offering hope for
improved therapies in the management of chronic wounds like diabetic
ulcers [7,15].

In addition to traditional materials, metal-organic frameworks
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(MOFs) offer a unique class of organic-inorganic hybrid solids with
infinite uniform frame structures, constructed by metal clusters and
organic ligands [16,17]. The remarkable versatility of metal nodes and
ligands, along with the diversity of connection combinations, bestows
MOFs with an extensive range of structural variations, adjustability, and
diverse physical and chemical properties [18,19]. Among the various
MOFs reported, UiO-66-NH; (U6N) is commonly synthesized from ZrCly
and NH,-H,BDC. It has demonstrated superior water stability and an
affinity for phosphate groups, making it particularly attractive for
certain applications [20,21]. In our previous research, we have inves-
tigated the adsorption ability of U6N for extracellular vesicles (EVs). The
zirconium clusters in U6N efficiently and specifically adsorb EVs by
forming Zr-O-P coordination bonds with the phospholipids on the sur-
face of EVs [22]. However, it is important to note that there are some
challenges. To achieve EVs adsorption, the dried U6N crystals need to be
fully dispersed in the buffer, which involves additional steps like
centrifugation and resuspension, which may not be entirely favorable
for preserving the integrity of both U6N and EVs. Fortunately, by
combining primitive nanomaterials with appropriate dressings, we can
leverage the advantages of both components. This opens up the exciting
possibility of functionalizing MOFs into dressings for wound healing
applications. With this approach, there is significant potential and
promise for creating advanced wound dressings that can harness the
unique properties of MOFs and enhance the wound healing process.
Currently, wound dressing remains a conventional yet widely used
strategy for wound healing in clinical practice [11]. Biomedical hydro-
gels, in particular, hold great promise as biomaterials for delivering
drugs and cells to aid in wound healing due to their structural similarity
to the natural extracellular matrix [23,24]. To enhance the applicability
of metal-organic frameworks (MOFs) and make them more effective, a
feasible approach is to functionalize MOFs into gels with a porous
structure, particularly by cross-linking them with biomedical hydrogels
[25,26]. One excellent choice for hydrogel formation is hyaluronic acid
(HA), a linear anionic polysaccharide composed of D-glucuronic acid
and N-acetylglucosamine, known for its biocompatibility and positive
impact on wound healing [27,28]. Furthermore, the superior embedding
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ability of HA hydrogel makes it highly suitable for enriching and
releasing MSC-EVs directly onto the wound surface, which is beneficial
for wound healing [29]. However, the formation of HA hydrogels usu-
ally requires additional chemical modifications or cross-linking sub-
stances. Despite the potential advantages, there have been very few
reports on HA-MOF hydrogels, not even involving UiO-66 hydrogel
based on HA up to this point. Therefore, studying the formation and
application of HA-U6N hydrogel represents an innovative and promising
direction for future research.

In this study, we have utilized the unique properties of U6N crystals
to develop a novel porous hydrogel that not only serves as a linker in the
hydrogel but also acts as an adsorbent of EVs (Scheme 1). Specifically,
the amino side on the surface of U6N allows it to bond with the carboxyl
group in hyaluronic acid (HA), facilitating the convenient and rapid
formation of HA-U6N hydrogel through the EDC/NHS reaction.
Compared with the current HA hydrogel, our method avoided the
chemical modification of HA, and realized the one-step formation of the
gel at room temperature. Moreover, the EVs adsorption capability of
U6N was utilized well because of the porous structure of HA-U6N and
maintaining of zirconium clusters of U6N inside. By embedding U6N in
the hydrogel, we extended the lifespan of EVs, enhancing their stability
and continuous release over time, which is beneficial for wound healing.
This resulted in the creation of a novel MSC-EVs dressing called HA-
U6N-EVs. We investigated the EVs adsorption and release properties
of HA-U6N to demonstrate the superior continuous releasing perfor-
mance of the MSC-EVs dressing (HA-U6N-EVs). Furthermore, we eval-
uated the wound healing promotion capabilities of umbilical cord
derived mesenchymal stromal cells (UCMSCs) and decidua derived
mesenchymal stromal cells (DMSCs) by comparing their EVs to those
from other cells in terms of cell proliferation, migration, and angio-
genesis capacities in vitro. The results further emphasized the potential
of MSC-EVs in wound healing. To validate the full potential of the HA-
U6N-EVs composite hydrogel in an in vivo setting, we used diabetic
rats with wounds on their backs for the healing experiment. Different
treatment groups were set up, including rats treated with PBS, HA alone,
HA containing DMSC-EVs, HA containing UCMSC-EVs, HA-U6N
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Scheme 1. Illustration of MSC-EVs Sustained-Release Hydrogel Based on U6N (Denoted as HA-U6N-EVs) for accelerating chronic wound healing.
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hydrogel, HA-U6N-DMSC-EVs composite hydrogel, and HA-U6N-
UCMSC-EVs composite hydrogel. We harvested the skin tissues from
these rats to verify the effects of HA-U6N hydrogel enriched MSC-EVs on
wound healing promotion through histology and immunofluorescence
assays. Additionally, we investigated the sustained release of miRNAs in
MSC-EVs into the wounds, providing evidence of the continuous
releasing performance of HA-U6N-EVs composite hydrogels in vivo.
These findings offer promising insights into the potential therapeutic
applications of the innovative HA-U6N-EVs composite hydrogel for
wound healing.

2. Experimental section
2.1. Chemicals and materials

2-Aminoterephthalic acid (NH2-HyBDC) was purchased from
Shanghai Maclin Biochemical Co., Ltd. (Shanghai, China). Ethanol,
acetic acid, and Tween-20 were supplied by Nanjing Chemical Reagent
Co., Ltd. (China). Zirconium chloride (ZrCly), sodium hydroxide
(NaOH), sodium chloride (NaCl), Potassium chloride (KCl), N, N-dime-
thylformamide (DMF), disodium hydrogen phosphate (NasHPO4,4), and
potassium dihydrogen phosphate (KHyPO4) were supplied by Sino-
pharm Chemical.

Reagent Co., Ltd. (China). 1-(3-Dimethylaminopropyl)-3-ethyl-car-
bodiimide hydrochloride (EDC) was purchased from Thermo Scientific
(USA), and N-hydroxysuccinimide (NHS) was purchased from Sigma-
Aldrich Co. (Germany). Hyaluronic acid was supplied by Xiya Reagent
Co., Ltd. (China).

2.2. Synthesis of UiO-66-NH;

UiO-66-NH; was synthesized based on a typical solvothermal pro-
tocol modified slightly by changing the amount of acetic acid [13]. ZrCl4
(0.45 mmol) and 2-aminoterephthalic acid (0.45 mmol) were dissolved
in 30 ml of DMF, and then 72 mmol of acetic acid was added into the
solution. The solution was then transferred into a 50 ml teflon-lined
autoclave, followed by heating at 120 °C for 24 h. After cooling to
room temperature, the prepared product was washed three times with
DMF and then dispersed in methanol for 3 days to remove the residual
DMF molecules. Finally, the obtained product was washed with ethanol
and then dried thoroughly under vacuum at 90 °C.

2.3. Formation of HA-U6N

HA-U6N was formed by hyaluronic acid and UiO-66-NH,. Briefly,
200 mg of HA was fully dissolved in 8 ml of deionized water, while 100
mg of U6N was distributed in 2 ml of water at the same time. Next,
overdose of EDC and NHS was added into HA solution and U6N sus-
pension respectively. Then these two parts were added into a 6 cm dish,
followed with well stirring. After the hydrogel in the dish solidified
through self-crosslinking, the product was freeze-dried for 48 h.

2.4. Measurement and apparatus

The crystallinity of the obtained products was determined by X-ray
Diffraction (XRD, Thermo Fisher Scientific X’TRA). The morphology and
binding construction analyses were performed by Transmission Electron
Microscopy (TEM, Talos F200X). The Surface morphology and Energy
Dispersive Spectrometer (EDS) analyses were performed by Scanning
Electron Microscopy (SEM, Zeiss, Ultra Plus). Fourier Transform
Infrared Spectroscopy (FT-IR) analyses were performed by a Nicolet
iS10 FI-IR spectrometer. The X-ray Photoelectron Spectroscopy (XPS)
spectra before and after loading EVs were analyzed by Thermo escalab
250XI, and the calibration of all the binding energies was performed by
the C 1 s peak (284.8 eV). The quantification of EVs were performed by
Nanoparticle Tracking Analysis (NTA) using ZetaView (Particle Metrix,
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Germany).
2.5. Cell culture and supernatant acquisition

Human foreskin fibroblasts (HFF) were obtained from the de-
partments of andrology, Nanjing Drum Tower Hospital. Human umbil-
ical vein endothelial cell (HUVEC), human immortalized epidermal cells
(HaCat), decidua mesenchymal stromal cells (DMSC) and umbilical cord
mesenchymal stromal cells (UCMSC) were provided by clinical stem cell
center from Nanjing Drum Tower Hospital. All umbilical cord and
decidua samples were taken after informed and written consent, and the
study was approved by the Research Ethics Board of Nanjing Drum
Tower Hospital (permit number 2017-161-01). HaCat cells were
cultured in high-glucose DMEM medium contain with 10 % FBS and 1 %
penicillin-streptomycin (Corning Incorporated, USA), and incubated in a
cell culture chamber (Thermo Fisher Scientific) containing 5 % CO; at
37 °C. HFF, HUVEC, DMSC, and UCMSC were cultured in low-glucose
DMEM medium contain with 10 % FBS, 1 % penicillin-streptomycin,
and 0.05 % bFGF (T&L Biotechnology Co.,Ltd.), which were also incu-
bated in a cell culture chamber containing 5 % CO3 at 37 °C.

Supernatants of each cell type were acquired using the same pro-
cedure. Firstly, cells were cultured to approximately 80 % confluency.
The medium was then discarded and cells were washed by normal saline
gently. Next, each culture vial was added with 8 ml normal saline, and
incubated for 24 h. Finally, supernatant from vials was collected after
4000 x g centrifugation for 10 mins. Additionally, qEVoriginal / 35 nm
(SP5, IZON, New Zealand) was utilized to obtain purified EV in need.

2.6. EVs bioactivities investigation in vitro
1) Cell Proliferation Test

CCK-8 kit (Vazyme Biotech Co., Ltd, China) was utilized to evaluate
the cell proliferation promotion. The HFFs were seeded in a 96-well
plate at 6000 cells per well and kept in 200 pL of DMEM medium that
contained 10 % FBS, while the number of HUVECs and HaCats were
4000 per well, respectively. The cells were then treated with 50 pL of
various types of supernatants or elution products per well (HFF, HUVEC,
HaCat, DMSC, and UCMSC) for 48 h. Each group had triple parallels.
Cells treated with 50 pL of PBS (10 mM) as the control group. After-
wards, the medium was discarded and 100 pL of 10 % CCK-8 solution
with a culture medium was added to each well. Then, the plates were
incubated for 2 h at 37 °C. Finally, the optical density at 450 nm was
read using a microplate reader (Multiskan FC, Thermo Scientific), and
the results were then statistically analyzed and plotted.

Cells treated with PBS were utilized as negative control; cells treated
with HFF-EVs, HUVEC-EVs, HaCaT-EVs, DMSC-EVs, and UCMSC-EVs
were used as experimental groups. The cell proliferation percentage
were represented by the ratio of OD value between each group and
negative control.

2) Transwell Migration Analysis

The cells (2 x 10 cells per well) were suspended in 100 pL of DMEM
medium that contained 10 % FBS and then seeded on the upside of the
transwell insert (Corning Incorporated, USA). Next, each well was filled
with 1 ml of DMEM medium that contained 10 % FBS, and 200 pL of
various types of supernatants or elution products per well (HFF, HUVEC,
HaCat, DMSC, and UCMSC). Each group had triple parallels. Medium
mixed with 200 pL of PBS (10 mM) as the control group. After 48 h
incubation (5 % COs, 37 °C), the cells that did not migrate were removed
by using a cotton swab, and the cells that migrated to the downside of
Transwell insert were stained with crystal violet staining solution
(Beyotime, China) and imaged under a microscope (Carl Zeiss, Ober-
kochen, Germany).

Normal cell culture medium contained 20 % PBS was added into the
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well as control, while the medium contained 20 % cell supernatant of
HFF, HUVEC, HaCaT, DMSC, UCMSC, and 20 % elution products from
corresponding HA-U6N-EVs composite hydrogels as experimental
groups.

3) Microvessels Formation Analysis

50 pL of growth factor-reduced Matrigel (BD Biosciences, USA) was
added into each well of the 96-well plate and then place in a 37 °C
incubator for 1 h until solidification. Next, HUVECs (1.5 x 10* cells per
well) were seeded on the solidified Matrigel substrates and cultured in
200 pL of DMEM medium and then added with 50 pL of various types of
supernatants or elution products per well (HFF, HUVEC, HaCat, DMSC,
and UCMSC) or with PBS as control. After 24 h of incubation (5 % CO»,
37 °C), the cells were imaged using microscopy (Carl Zeiss, Oberkochen,
Germany).

Normal cell culture medium contained 20 % PBS for 24 h as negative
control, while the medium contained 1 % HA was represented as placebo
control group; medium contained 20 % cell supernatant of HFF, HUVEC,
HaCaT, DMSC, UCMSC, and 20 % elution products from corresponding
HA-U6N-EVs composite hydrogels as experimental groups.

2.7. EVs releasing investigation

Firstly, EVs obtained from supernatant were diluted to 10° particles/
mL. Meanwhile, HA-U6N was divided into appropriate size for testing.
Next, 1 ml of quantitative EVs and on piece of HA-U6N were added into
each tube. After 48 h, the supernatants were discarded, and 1 ml of PBS
with different concentration (0, 2.5, 5, 7.5, and 10 mM) was added in
order to elute EVs from the HA-U6N-EVs composite hydrogel. After-
wards, the elution products were collected after 24 h, while the new PBS
buffer was added for further eluting. After continuous collection, elution
products (24, 48, 72, 96, and 120 h) would be obtained from each group,
respectively. EVs in every tube would be qualitative by Western blotting,
and quantitative using ZetaView.

For western blotting analyses, 0.8 ml of each sample was freeze-dried
and then resuspended in 80 pL of PBS (10 mM), followed by boiling 5
mins after adding 20 pL of 5 x SDS loading buffer.

Afterwards, 20 pL of each sample was separated by SDS-PAGE, fol-
lowed by transferring to polyvinylidene difluoride (PVDF) membranes
(Merck Millipore, USA). Next, each PVDF membrane was blocked with
5 % BSA for 2 h, and then primary antibody (TSG-101, A5789, 1:2000,
ABclonal Technology Co.,Ltd, China) was utilized to incubate with PVDF
membranes at 4 °C overnight. Finally, the washed membranes were
incubated for 1 h with HRP-labeled Goat Anti-Rabbit IgG (A0208,
1:1000, Beyotime Biotech Inc, Shanghai, China) to allow the protein
being detected by ECL chemiluminescence (E412-01, Vazyme Biotech
Co.,Ltd, China).

For nanoparticle tracking analysis (NTA), each sample was diluted to
appropriate concentration, and followed by smoothly injecting into the
Zetaview. Each sample was detected for three times.

2.8. Wound healing evaluation in vivo

Female rats of 4-6 weeks were chosen in this study. Streptozotocin
(STZ, Sigma-Aldrich, USA) was used to induce diabetic model. In detail,
STZ was freshly dissolved in citric acid sodium citrate buffer (100 mM)
to configure a final concentration of 12 mg/mL solution. The rats which
had been fasted for 12 h were intraperitoneal injected STZ (60 mg/kg)
afterwards. The blood glucose of rats was monitored after 1 week, and
the rats with blood glucose higher than 16.67 mM were chosen for
subsequent experiments. Rats in blank group were inject with citric acid
sodium citrate buffer instead of STZ. After shaving the anaesthetized
rats, two full-thickness excisional skin wounds (10 x 10 mm in width
and length) were constructed on both sides of the spine, respectively.
The rats were randomly divided into groups and only treated one time as
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following: 1) NC group (diabetic rats treated with 200 pL of PBS each
wound); 2) HA group (diabetic rats treated with 200 pL of 2 % HA each
wound); 3) HA-DMSC-EVs group (diabetic rats treated with 200 pL of 2
% HA contained 10 '° DMSC-EVs each wound); 4) HA-UCMSC-EVs
group (diabetic rats treated with 200 pL of 2 % HA contained 1010
UCMSC-EVs each wound), 5) HA-U6N group (diabetic rats treated with
one piece of HA-U6N hydrogel each wound); 6) HA-U6N-DMSC-EVs
group (diabetic rats treated with one piece of HA-U6N-DMSC-EVs
composite hydrogel contained 101 DMSC-EVs each wound); 7) HA-
U6N-UCMSC-EVs group (diabetic rats treated with one piece of HA-
U6N-UCMSC-EVs composite hydrogel contained 10'° UCMSC-EVs
each wound). After the wound treatment, additional sponges soaking
with PBS (10 mM) were putted around the wounds to provide elution
environment at group 6 and 7, while one piece of 3 M thin dressing was
covered onto the each wound to prevent the detaching of hydrogel and
sponges. At days 0, 5, and 10 post-operations, the wounds were photo-
graphed and measured with vernier calipers. Finally, the rats were
sacrificed at day 5 and day 10, and wounds were cut out with carefully
preservation. The wound healing rate was calculated using following
formulation [30]:

Wound healing rate (%) = (length; x width; / lengthy x widthg) x 100 %; i =
5,10

The animal experiments were approved by the Research Ethics Board
of Nanjing Drum Tower Hospital, the Affiliated Hospital of Nanjing
University Medical School (approval no.2021AE02019).

2.9. Histology staining

After wound fixation by paraformaldehyde, the skin tissues were
embedded in paraffin for hematoxylin and eosin (H&E) and masson
staining.

1) H&E staining

The paraffin sections of skin tissue were firstly dewaxed by xylene for
3 times, and rehydrated by ethanol solutions with different concentra-
tions in sequence. Next, samples were stained by hematoxylin about 5
mins, followed by washing with hematoxylin differentiation solution for
5 s. Then the samples were soaked in weak alkali solution for several
mins until the nucleus in tissues turning blue. Afterwards, the samples
were stained by eosin for 1 min. The stained sections were dehydrated
and transparent again, followed by sealing at last.

2) Masson staining

The paraffin sections of skin tissue were dewaxed and rehydrated as
pretreatment correspondingly. Afterwards, tissues were handled ac-
cording to the protocol of masson staining kit (BA4079A, Baso, China).
In detail, samples were stained by weigert iron hematoxylin for 8 mins,
followed by washing with differentiation solution for several seconds.
Next, the samples were stained by ponceau acid fuchsin dye for 8 mins.
Afterwards, samples were incubated with phosphomolybdic acid for
5mins, and aniline blue dye for 4 mins successively. The stained tissues
were then washed by 1 % acetic acid for several times. At last, the
samples were dehydrated, transparent, and sealed in sequence.

2.10. Immunofluorescence

After dewaxing and rehydration of samples, the sections of paraffin
tissues were implemented for antigen retrieval in high temperature.
Next, samples were permeated with 0.5 % triton and then blocked with
PBS contained 5 % serum for 1 h at room temperature. Afterwards,
samples were incubated overnight with 0.2 % of corresponding antibody
at 4 °C. The samples were washed gently after removing the antibody,
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and then incubated for 2 h at room temperature with the working so-
lution which had mixed two fluorescent secondary antibodies together.
Finally, DAPI tablets (ab104139, Abcam) were dropped on the surfaces
of the samples, and the slices were sealed.

The primary antibodies were used as follows: Keratin-14 (ab7800,
Abcam), Keratin-5 (ab52635, Abcam), a-SMA (ab7817, Abcam), and
CD-31 (ab222783, Abcam).

The secondary antibodies were used as follows: Alexa Fluor 488 Goat
anti-Mouse IgG (A-11001, Invitrogen), Alexa Fluor 568 Goat anti-Rabbit
IgG (A-11011, Invitrogen).

2.11. miRNA abundance analyses

The abundance of miRNAs was evaluated in EVs samples and animal
skin samples respectively. Firstly, samples were lysed, and the total
RNAs were extracted using RNA-easy Isolation Reagent (R701, Vazyme
Biotech Co.,Ltd, China). Afterwards, the miRNA 1st Strand cDNA Syn-
thesis Kit (MR-201, Vazyme Biotech Co.,Ltd, China) was used to syn-
thetize cDNA library, accordingly to the manufacturer’s instructions. In
detail, each tube contained 2 pg of RNA, 10 pL of 2 x miRNA RT Mix, 2
pL of HiScript miRNA Enzyme Mix, then up to 20 pL with RNase-free
ddH»0O. The tubes were incubated for 1 h at 37 °C, followed by
enzyme inactivation at 85 °C for 5 min.

For qPCR quantification, each tube contained 2 pL of cDNA, 10 pL of
ChamQ Universal SYBR qPCR Master Mix (Q711-02, Vazyme Biotech
Co.,Ltd, China), 0.5 pL of corresponding forward and reverse primer
respectively, and up to 20 pL with 7 pL ddH0.

The abundance of miRNAs in skin samples was compared between
control and each experimental group as follow:

Relative Fold Change = 2°(ACtx — ACty).

ACt represented the value of Ctygsnrna minus Ctpigna in each group,
whereas the ACty represented the result in negative control group, and
ACty represented the result in each experimental group.

The specific primer for each microRNA, U6 snRNA, and GAPDH was
designed according to Table 1.

2.12. Statistical analysis

At least three replicates of each data were listed as the mean +
standard derivation (SD) of for each experiment. Then data were pre-
sented and analyzed by unpaired parametric test with Welch’s correc-
tion through the software GraphPad Prism (8.0.2, GraphPad Software,
USA), and p < 0.05 was considered statistically significant.

3. Result and discussion
3.1. Characterization of EVs adsorption properties by UGN

In order to investigate the adsorption ability of U6N crystals towards
EVs, we collected cell supernatant following the procedure described in

Table 1
Sequences of the primers utilized for qPCR.
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Fig. 1A, whereas the EVs characterizations indicated the similar
morphology and concentration after starvation with culture medium or
saline (Fig. S1). Utilizing quantitative detection by Nanoparticle
Tracking Analysis (NTA), we observed the EVs concentration in the
supernatant was significant decreased after U6N incubation, indicating
a superior adsorption ability of U6N towards EVs (Fig. 1B). Transmission
Electron Microscopy (TEM) results exhibited highly monodisperse
octahedral U6N crystals with a smooth surface, measuring approxi-
mately 200 nm in size (Fig. C1). Upon blending U6N with EVs, we
captured images of the binding configuration between U6N and EVs
(Fig. C2). To further explore the binding mechanism, X-ray Photoelec-
tron Spectroscopy (XPS) was employed, revealing that the binding en-
ergy of the Zr element decreased slightly because of the increasing
density of the external electron cloud of Zr atoms given by the lone-pair
electrons of P-O, coinciding with the appearance of a phosphorus
characteristic peak after the extraction of EVs (Fig. 1D and E). These
findings collectively demonstrated that U6N possesses the capability to
effectively and specifically adsorb EVs, attributed to the affinity of zir-
conium clusters towards phosphate groups on the surface of EVs.
Furthermore, the competitive binding of zirconium clusters between
phosphates group and phospholipid proposes the elution of EVs from
U6N by introducing PBS [20,21].

3.2. Preparation and characterization of HA-U6N

Recent interventions for chronic wound healing, such as diabetic
ulcer, have pay more attention on the development of therapies based on
extracellular components, biomaterials, and stromal cells as well as
tissue engineering products [31]. Therefore, we developed a porous
hydrogel by cross-linking U6N and HA, aiming to achieve efficient
enrichment and continuous release of EVs. The process involved acti-
vating the carboxyl group in HA using EDC, allowing the amidation
reaction to take place with the amino group on the surface of U6N.
Despite of the viscous fluid-like hydrogels, HA-U6N hydrogel was
formatted in solid hydrogel construction with stable structure because of
the cross-linking between carboxyl groups in hyaluronic acid and amino
groups on the surface of U6N crystals. Scanning Electron Microscopy
(SEM) results revealed that the surface of HA-U6N hydrogel exhibited a
slightly rough texture with numerous mesopores. Additionally, the inner
part of the hydrogel showed a fibrous structure, indicating effective
cross-linking between U6N and the hydrogel matrix (Fig. 2A). Corre-
spondingly, the high-resolution TEM images also investigated the cross-
linking state of U6N crystals inside of the hydrogel (Fig. S2). Further-
more, Energy Dispersive X-ray Spectroscopy (EDS) analysis confirmed
that U6N crystals were embedded within the HA-U6N hydrogel, espe-
cially in the inner part of the hydrogel (Table S1). The structural
integrity of HA-U6N was well-preserved even after further swelling and
freeze-drying (Fig. 2B). The HA and U6N mixture without cross-linking
would be dissolved in 1 day, whereas the HA-U6N hydrogel could retain
stable for a long time (Fig. S3). FT-IR analysis demonstrated the extreme
high characteristic peaks among 1647.9 cm™* and 1564.5 cm ™}, which

# Name Forward Primer Reverse primer

1 hsa-miR-21-5p TAGCTTATCAGACTGATGTTGA Universal reverse Q primer in miRNA 1st Strand cDNA Synthesis Kit
2 hsa-miR-22-3p TTCGACGGTCAACTTCTTGACA

3 hsa-miR-23a-3p TAGTGTAACGGTCCCTAAAGG

4 hsa-miR-27a-3p AAGTGTCACCGATTCAAGGCG

5 hsa-miR-125b-5p TCCCTGAGACCCTAACTTGTGA

6 hsa-miR-135b-5p TATGGCTTTTCATTCCTATGTGA

7 hsa-miR-146a-5p ACTCTTGACTTAAGGTACCCAA

8 hsa-miR-150-5p TCTCCCAACCCTTGTACCAGTG

9 has-miR-499a-3p AACATCACAGCAAGTCTGTGCT

10 U6 snRNA ACACGCAAATTCGTGAAG

11 GAPDH ACAACTTTGGCATTGTGGAAG GTTGAAGTCGCAGGAGACAA
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Fig. 1. Adsorption and characterization of U6N-EVs. (A) Schematic representation of EVs adsorption by U6N from cell supernatants. (B) EVs concentration in cell
supernatants before and after U6N adsorption. (C) Representative TEM images of U6N construction (C1) before and (C2) after EVs adsorption. (D, E) XPS analysis of

U6N before and after EVs adsorption: (D) Zr 3d and (E) P 2p.

were corresponding to the vc_o and dyy from primary amide. Moreover,
the characteristic peak of vc_o was shifted from 1624.7 cm ! to 1647.9
em™ !, while the characteristic peak of dyy was shifted from 1573.4 em?
to 1564.5 cm ™! after synthesis, respectively. The peak at 2723.7 cm™!
could be attributed to the enhancement of voy from carboxylic acids
through hydrogen bond after hydrogel formation. This result indicated
the formation of an amide bond between the amino group on U6N and
the carboxyl group in HA (Fig. 2C). Additionally, the characteristic
peaks of U6N were maintained in HA-U6N, indicating that the crystal-
linity and integrity of U6N were preserved within the hydrogel (Fig. 2D).
Moreover, thermogravimetric analysis of HA-U6N indicated the pos-
sessing thermodynamic characteristics of both HA and U6N. The weight
loss within 350 °C could be attributed to the decomposition of HA
organic structure, and the weight loss curve within 650 °C was slightly
delayed compared but similar with that of U6N (Fig. S4). Based on these
comprehensive characterizations of HA-U6N, it can be inferred that the
hydrogel inherited appropriate properties from U6N without structure
destruction. These suggesting its potential for EVs adsorption and
continuous release, which is crucial for the development of an effective
dressing for wound healing. As shown in Fig. S5, the abundant phos-
phorus indicated the EVs extraction ability of HA-U6N hydrogel,
relatively.

Therefore, the EVs condition was

releasing investigated

subsequently. Previous studies have demonstrated the nucleic acid
which is bond on the surface of U6N could be eluted by phosphate
through competitive combination [20]. Similarly, EVs binding in HA-
U6N would be eluted with the infiltration of phosphate inside the
hydrogel. This process is relatively slow, resulting in a continuous
release of EVs adsorbed in HA-U6N. As shown in Fig. 2E, the release of
EVs was depend on the concentration of PBS in the elution buffer. In
detail, few number of EVs were released into the supernatant without
PBS even after 120 h of soaking. By contrast, more EVs were detected in
the supernatant along with the increasing concentration of PBS. In
summary, it is completely feasible to utilize HA-U6N for EVs adsorption
and continuous releasing.

Notably, this innovative approach of using HA-U6N as a composite
hydrogel to efficiently enrich and release EVs holds great promise for
advanced wound healing therapies. The stable and porous nature of the
hydrogel, combined with the specific adsorption of EVs, allows for the
sustained and targeted delivery of therapeutic factors, making it an
attractive candidate for addressing the challenging issue of chronic
wound healing.

3.3. Cell viability promotion of EVs in vitro

Having established the superior EVs adsorption and continuous
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Fig. 2. Characterization of HA-U6N hydrogel and investigation of HA-U6N-EVs composite hydrogel for the continuous release of EVs. (A and B) SEM images of HA-
U6N (Al and A2) freeze-dried after preparation and (B1 and B2) freeze-dried after swelling. (C) FT-IR spectra, and (D) XRD patterns of HA, U6N, and HA-U6N
hydrogel. (E) Continuous releasing quantification of EVs from HA-U6N-EVs composite hydrogel by different concentration of PBS. Results were mean + SD (n = 3).

releasing ability of HA-U6N, we proceeded to investigate the feasibility
of the HA-U6N-EVs composite hydrogel in vitro. To do this, the effects of
cell viability were compared by adding the elution products from HA-
U6N-EVs with those from the original supernatant. Additionally, we
aimed to determine whether EVs derived from mesenchymal stromal
cells (MSCs) could play more significant roles in wound healing
compared to other cell types involved in the process, such as fibroblasts,
endothelial cells, and keratinocytes. We first evaluated the influences of
different types of supernatants on cell proliferation. After a 48-hour
incubation period, significant differences were observed in most
groups compared to the control group. Specifically, UCMSC-EVs
exhibited the highest promotion of fibroblast (HFF) proliferation, sur-
passing the effects of other groups. The promotion effects of EVs were
consistent with the results of unenriched groups even after the enrich-
ment of HA-U6N. On the other hand, DMSC-EVs and UCMSC-EVs
showed the best promotion of endothelial cell (HUVEC) proliferation
before and after enrichment by HA-U6N, respectively. As for keratino-
cytes (HaCat), DMSC-EVs proved to be the most effective in promoting

proliferation, regardless of enrichment or not (Fig. 3A). Cell migration is
another critical aspect of wound healing. Transwell results indicated
that EVs derived from DMSCs and UCMSCs promoted cell migration
better than other groups across all three cell types, with HaCat cells
exhibiting the most substantial improvement. The migration promotion
of EVs was further validated through quantification of each group
(Fig. 3B). Furthermore, we assessed vessel formation using the tube
formation assay. The results revealed that UCMSC-EVs demonstrated the
highest promoting ability for vessel formation in endothelial cells
(Fig. 3C). These findings collectively indicated the potent wound healing
properties of UCMSC-EVs and DMSC-EVs. MSC-EVs demonstrated sig-
nificant promotion of cell viabilities among fibroblasts, endothelial cells,
and keratinocytes when applied at the dose level in the cell supernatant.
Moreover, EVs eluted from the HA-U6N-EVs composite hydrogel ach-
ieved similar results compared to those from the cell supernatant. These
findings strongly revealed that the bioactivities of EVs from HA-U6N-
EVs were well retained and released at a controlled and gentle dose.
The enriching and releasing properties of porous hydrogel allowed for
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longer and smoother kinetics of EVs release, enabling a higher amount of
EVs to be applied throughout the entire treatment period compared to a
single EVs administration. Additionally, soluble factors such as FGF
could be detected in the cell supernatant of UCMSCs, which could be one
of the cell viability promotion factors. Nevertheless, the FGF concen-
tration didn’t decrease significantly after HA-U6N enrichment, while the
concentration in the elution product from HA-U6N-EVs composite
hydrogel was similar as that from size exclusion column (Fig. S6). These
findings revealed the specifically EVs adsorption and desorption ability
of HA-UG6N, together with the elimination of cytokines influences in the
subsequent experiments. In summary, this study showcased the prom-
ising potential of HA-U6N-EVs composite hydrogel as an effective and
efficient delivery system for MSC-EVs in wound healing applications.
The combination of HA-U6N with MSC-EVs offers a novel and innova-
tive approach to enhance the therapeutic effects of EVs and improve the
treatment of chronic wounds, bringing us one step closer to developing
advanced and effective wound healing therapies.

3.4. Wound healing efficacy of MSC-EVs released from HA-U6N-EVs
composite hydrogel

Afterwards, we proceeded to investigate whether HA-U6N-EVs could
promote the healing of diabetic full-thickness wounds or not. To do this,
we grouped and modeled SD rats according to the experimental design
shown in Fig. 4A. The rats exhibited significant weight loss after STZ
injection, along with excessive drinking and wurination, further

confirming the successful induction of diabetes. Blood glucose mea-
surements also confirmed the establishment of diabetes in the rats. After
anesthesia, full-thickness wounds were created on both sides of the rats’
back using surgical scissors, and wound treatments were administered
based on the seven assigned groups. The progress of wound healing was
monitored by measuring the wound area on day 5 and day 10 post-
treatment. Remarkably, rats treated with MSC-EVs exhibited a signifi-
cant acceleration of wound closure on day 5, while the wound healing
progress in the negative control group was unsatisfactory. The wound
healing results on day 10 showed similar findings to those observed on
day 5 (Fig. 4B). Furthermore, statistical analysis of wound healing rates
further confirmed the superior healing efficiency of MSC-EVs, especially
when continuously released after enrichment by HA-U6N, compared to
the other treatment groups (Fig. 4C). These results strongly suggest that
HA-U6N-EVs significantly enhance the healing of diabetic type I full-
thickness wounds. The continuous release of MSC-EVs facilitated by
HA-UG6N offers an accelerating therapeutic approach for the treatment of
chronic wounds, particularly in diabetic patients where wound healing
can be particularly challenging.

Subsequent histology analyses were performed to evaluate the
wound healing process at the tissue level (Fig. 5A). On day 5 post-
wounding, the wounds treated with PBS displayed a significant
amount of cytoplasm on the surface of the skin tissue, while inflam-
matory cells were infiltrating beneath the wound. The tissue surface still
showed signs of inflammation at day 10, with slow progress in fibrosis
and angiogenesis within the tissue. Wounds treated with HA or HA-U6N
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exhibited keratosis on the surface at day 5, but internal inflammation
was still evident. By day 10, the wound healing progress in these groups
appeared better than the negative control (NC) group, showing some
degree of epithelialization and extracellular matrix reorganization, but
inflammation persisted internally. In contrast, the wound healing
progress was much more promising in groups treated with HA-DMSC-
EVs or HA-UCMSC-EVs. MSC-EVs effectively promoted the wound
healing progress on the wound surface, with obvious wound contraction
and remodeling by day 10. Interestingly, wounds treated with HA-U6N-
EVs (both DMSC-EVs and UCMSC-EVs) displayed the highest levels of
epithelialization, fibroblast proliferation, and extracellular matrix
reorganization at day 5 compared to other groups. Moreover, their
wound remodeling was also superior to all other groups at day 10.
Overall, these histological findings suggest that HA-U6N-EVs, including
both DMSC-EVs and UCMSC-EVs, significantly enhance wound healing
progress at both early and later stages, making them promising candi-
dates for effective wound healing therapies. Wound healing scores
which were calculated according to Table S2 also reflected the superior
therapeutic performance of HA-U6N-EVs composite hydrogels (Fig. 5B).

Correspondingly, the expression levels of Keratin-14 and Keratin-5 in
the HA-U6N-EVs groups were higher than in other groups at day 10,
indicating improved epithelialization due to the continuous release of
EVs on the wound. Additionally, the expression level of a-SMA reflects
the degree of fibroblast recruitment, and the expression level of CD31 is
associated with angiogenesis during the wound healing process. As
shown in Fig. 5C and D, wounds treated with HA-U6N-UCMSC-EVs
showed the highest expression level of CD31 compared to other
groups, while exhibiting a relatively lower expression level of a-SMA
compared to the HA-U6N-DMSC-EVs group after 10 days. Meanwhile,
the expression levels of Keratin-14 and Keratin-5 in the HA-U6N-EVs
groups were higher than in other groups at day 10, indicating
improved epithelialization due to the continuous release of EVs on the

wound. Additionally, the expression level of a-SMA reflects the degree of
fibroblast recruitment, and the expression level of CD31 is associated
with angiogenesis during the wound healing process. After 10 days,
wounds treated with HA-U6N-UCMSC-EVs showed the highest expres-
sion level of CD31 compared to other groups, while exhibiting a rela-
tively lower expression level of a-SMA compared to the HA-U6N-DMSC-
EVs group. Thus, our in vivo results revealed the importance of contin-
uous release of MSC-EVs in wound healing, characterized by accelerated
skin re-epithelization, fibroblast recruitment, and neo-vascularization.
Furthermore, the delivery of MSC-EVs from hydrogels during wound
healing enhanced tissue regeneration. This was confirmed at two
different levels: through delivery from HA hydrogel and by the utiliza-
tion of HA-U6N hydrogel, which allowed for continuous release of EVs,
providing a promising approach for effective wound healing therapies.

Additionally, the number and polarization of macrophages in the
wounds could reflect the level of inflammation in the tissue after
treatment. The fluorescence of iNOS could represent the M1 macro-
phages with pro-inflammatory effects, while the fluorescence of CD206
could represent the M2 macrophages with anti-inflammatory effects. As
shown in Fig. S7, the fluorescence intensity of iNOS in HA group was
slightly higher than that in negative control group, whereas the numbers
of M1 macrophages in MSC-EVs treated groups decreased significantly.
Besides, the numbers of M2 macrophages increased significantly of all
experimental groups comparing with negative control group. The M1/
M2 ratio further indicated the inflammatory state, which all the exper-
imental groups showed significant improvement in inflammation levels
comparing with negative control group. Furthermore, both numbers of
M1 and M2 macrophages were relatively high in wounds only treated
with HA or HA-U6N, while the M1/M2 ratio was decreased significantly
after MSC-EVs treatment. Moreover, wounds treated with HA-UCMSC-
EVs, HA-U6N-DMSC-EVs, and HA-U6N-UCMSC-EVs after 5 days
showed less hydroxyl radical inhibiting levels than other groups, while
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the SOD enzyme activities in HA-U6N-EVs groups were lower than
others, correspondingly (Fig. S8). These findings demonstrated the
lower inflammation level and oxidative stress level after MSC-EVs
treatment, which also highlighted the EVs enrichment and sustained
releasing character of HA-U6N comparing with HA. Notably, HA or HA-
UGN themselves could hardly inhibit the inflammation and oxidative
stress on diabetic wounds, so that the functions and utilizations of the
active ingredients were the key of the hydrogel in accelerating chronic
wound healing. Finally, the organs including heart, liver, spleen, lung,
and kidney after HA-U6N-EVs treatment showed no obvious patholog-
ical changes, while the zirconium residual of each tissue sample was
relatively low even after the incubation of HA-U6N upon the wound
(Figs. S9 and S10). Zirconium is a non-toxic element and can be excreted
from urine. Therefore, the very low dose of zirconium diffused into
wounds from HA-U6N was relatively safe.

3.5. Distribution of miRNAs contained in MSC-EVs during wound healing

The functions of MSCs in accelerating wound healing are partially
mediated by EVs. The miRNAs contained in EVs can be delivered into
skin recipient cells, promoting downstream cascade signaling changes,
which are beneficial for wound healing. In this study, several miRNAs
were compared between the two types of MSC-EVs, both of which have
been considered to have positive effects on wound healing. Fig. 6A
showed that the abundance of miR-21-5p, miR-125b-5p, and miR-150-
5p in UCMSC-EVs was relatively higher compared to DMSC-EVs. On
the other hand, the abundance of miR-23a-3p and miR-146a-5p in
DMSC-EVs was higher than in UCMSC-EVs. These miRNAs have
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different roles in wound healing. For instance, miR-21 and miR-150 can
inhibit PTEN expression, leading to increased corneal epithelial wound
repair. MiR-125 can inhibit p53 protein expression, reducing hypoxia-
induced cell apoptosis. In contrast, miR-23 and miR-146 are mainly
involved in suppressing myofibroblast differentiation through TGF-f
inhibition. Additionally, several miRNAs common in MSC-EVs showed
relatively low abundance in both UCMSC-EVs and DMSC-EVs.

Next, the miRNAs with relatively high abundance in UCMSC-EVs and
DMSC-EVs were amplified using qPCR in the skin tissues to investigate
the onset time and concentration of MSC-EVs in the wounds. Three
miRNAs, including miR-21-5p, miR-125b-5p, and miR-150-5p, showed
significant differences between the groups. The distribution of miR-21
derived from HA-U6N-UCMSC-EVs was significantly higher than that
from HA-UCMSC-EVs at both day 5 and day 10 in the skin tissues. The
performance of DMSC-EVs was relatively inferior compared to UCMSC-
EVs. Additionally, the distribution of miR-21 at day 10 decreased rapidly
in both the HA-DMSC-EVs group and HA-UCMSC-EVs group compared
to the distribution at day 5, while there was no significant difference
among HA-U6N groups over time. Similarly, the distribution of miR-
125b in the HA-U6N-EVs composite hydrogel-treated groups was
significantly higher than that in the HA-EVs-treated groups, with
UCMSC-EVs treated groups showing better performance than DMSC-EVs
groups. Slight differently, the distribution of miR-150 after EVs-treated
was significantly higher than that in no EVs treated groups, but the
abundance differences between DMSC-EVs and UCMSC-EVs were not
significant (Fig. 6B-D). In contrast, miR-23a and miR-146a, which were
highly abundant in DMSC-EVs, showed no significant difference after
MSC-EVs treatment compared to the control groups (Fig. S11). Of note,
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figure legend, the reader is referred to the web version of this article.)

miR-21, miR-125b, and miR-150 are more relevant to proliferation
[32-34], whereas miR-23a and miR-146a are involved in differentiation
[35,36]. Proliferation is more critical than differentiation in view of the
different needs of various stages during wound healing, especially in the
recovery of chronic wounds. Therefore, miRNAs involved in prolifera-
tion showed better preservation in the skin tissues. Moreover, the dis-
tribution of miR-21, miR-125b, and miR-150 in wound tissues after
treatments was corresponded to the abundance of miRNAs in DMSC-EVs
and UCMSC-EVs mentioned above. Furthermore, UCMSC-EVs demon-
strated superior performance compared to DMSC-EVs for chronic wound
healing due to their more efficient inclusion of relevant miRNAs.

4. Conclusion

In summary, this study developed a novel MOFs hydrogel by cross-
linking HA and U6N. The HA-U6N hydrogel effectively enriched EVs
from cell supernatant and continuously released them through PBS
elution. The HA-U6N-EVs composite hydrogel demonstrated accelerated
wound healing due to the higher embedding of MSC-EVs and longer
release term compared to other treatments. Moreover, the investigation
of miRNAs contained in DMSC-EVs and UCMSC-EVs shed light on the
characteristics of MSC-EVs in the context of wound healing. These
findings highlight the potential of the HA-U6N-EVs composite hydrogel
as a promising strategy for chronic wound healing. Meanwhile, the
preparation of hydrogels into self-assembly or self-degradation modes,
such as utilizing the higher blood glucose concentration at the wound
site of diabetic ulcer, may be more in line with the needs of patients for
hydrogel dressings, and will also be an interesting research direction.
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