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ABSTRACT

Limb ischemia is a refractory disease characterized by persistent inflammation, insufficient angiogenesis, and
tissue necrosis. Although mesenchymal stem cells (MSCs) have shown potential for treating limb ischemia, their
therapeutic effects are limited by low engraftment rates. Therefore, developing an optimal MSC delivery system
that enhances cell viability is imperative. Selenium, known for its cytoprotective properties in various cell types,
offers a potential strategy to enhance therapeutic effect of MSCs. In this study, we evaluated the cytoprotective
effects of selenium on MSCs, and developed an injectable thermosensitive selenium-containing hydrogel based
on PLGA-PEG-PLGA triblock copolymer, as a cell carrier to improve MSC viability after engraftment. The
biocompatibility, biodegradability, and cytoprotective capabilities of selenium-containing hydrogels were
assessed. Furthermore, the therapeutic potential of MSCs encapsulated within a thermosensitive selenium-
containing hydrogel in limb ischemia was evaluated using cellular and animal experiments. Selenium protects
MSCs from oxidative damage by upregulating GPX4 through a transcriptional mechanism. The injectable ther-
mosensitive selenium-containing hydrogel exhibited favorable biocompatibility, biodegradability, and antioxi-
dant properties. It can be easily injected into the target area in liquid form at room temperature and undergoes
gelation at body temperature, thereby preventing the diffusion of selenium and promoting the cytoprotection of
MSCs. Furthermore, MSCs encapsulated within the selenium-containing hydrogel effectively inhibited macro-
phage M1 polarization while promoting macrophage M2 polarization, thus accelerating angiogenesis and
restoring blood perfusion in ischemic limbs. This study demonstrated the potential of an injectable thermo-
sensitive selenium-containing hydrogel as a promising method for MSC delivery. By addressing the challenge of
low retention rate, which is a major obstacle in MSC application, this strategy effectively improves limb
ischemia.

1. Introduction

including medication to reduce cardiovascular risk, endovascular or
surgical treatment to revascularize occluded vessels, and local care to

Limb ischemia is a severe condition of peripheral arterial disease that promote healing, complete cure of limb ischemia remains elusive, with
affects more than 20 million patients worldwide [1]. This condition is limb loss rates as high as 25 % [2]. The inflammatory environment
characterized by ischemic pain, ulceration, or gangrene, and ultimately resulting from ischemia induces macrophage M1 polarization, which
limb amputation and mortality. Despite current therapeutic strategies, inhibits angiogenesis and tissue repair, making limb ischemia an
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intractable problem [3].

Mesenchymal stem cells (MSCs) hold promise as a biological therapy
for limb ischemia because of their ability to secrete bioactive and
immunomodulatory factors that can reduce M1 polarization and pro-
mote M2 polarization [4]. Over 1000 registered clinical trials have
explored the use of MSCs (www.clinicaltrials.gov). However, compared
to in vitro culture, MSCs engrafted at ischemic sites face an inclement
microenvironment, including hypoxia and oxidative stress [5]. Hence,
reactive oxygen species (ROS) and lipid peroxidation accumulate, which
disrupts redox equilibrium and triggers diverse forms of cell death sig-
nals, eventually leading to a reduction in the MSC engraftment rate [6,
7]. Improving MSC survival in injured tissues represents a prospective
approach for enhancing the therapeutic effect of cell-based therapies for
limb ischemia.

As an essential trace element, selenium (Se) is crucial for the
biosynthesis of selenoproteins, including members of the glutathione
peroxidase (GPX) family. These selenoproteins serve as antioxidant en-
zymes, exhibit potent anti-inflammatory and radical-scavenging prop-
erties by reducing HyO; or lipid peroxides, and play a central role in
maintaining cellular homeostasis [8]. Sodium selenite (NaySeOs) is used
to protect neurons and lymphocytes from ferroptosis [9,10]. Given the
cytoprotective effects of Se, it is conceivable that it could act as a pro-
tective agent to enhance MSC engraftment efficiency. However, when Se
is co-injected with MSCs into the body, it becomes diluted owing to local
diffusion, limiting its protective effect. Therefore, the development of a
new delivery system that extends the residence time of Se is crucial issue
to be solved.

Poly (lactic-co-glycolic acid) (PLGA)-poly (ethylene glycol) (PEG)-
PLGA is a Food and Drug Administration-approved polymer with
excellent biocompatibility, biodegradability, and biosafety. It has been
extensively employed for drug encapsulation in a wide range of clinical
trials because of its beneficial properties [11]. In this study, we incor-
porated Se into a PLGA-PEG-PLGA hydrogel to obtain an injectable
thermosensitive Se-containing hydrogel as a carrier for MSC. The
Se-containing hydrogel remains in solution at room temperature (25 °C),
and subsequently turns to gel with a 3D porous network structure after in
vivo injection (37 °C), which is favorable for ion retention and cell
growth. Se trapped within the 3D structure formed homogeneous solid
hydrogel electrolytes that were not diluted in the interstitial fluid, thus
maintaining an effective local concentration in the long term and
exerting antioxidant and pro-survival properties.

Herein, we report that Se supplementation upregulates the expres-
sion of selenoproteins, particularly GPX4, in MSCs. Moreover, we
demonstrated that the injectable thermosensitive Se-containing PLGA-
PEG-PLGA hydrogel was a favorable carrier for MSCs, prolonging the
contact time between Se and MSCs at the sites of injury. This approach
represents a feasible strategy for improving the therapeutic efficacy of
MSCs in the treatment of limb ischemia.

2. Methods

Additional materials and methods are provided in supplemental
materials.

2.1. Mesenchymal stem cell isolation

MSCs were isolated from human umbilical cord. A fresh umbilical
cord was washed with PBS on a clean laminar flow bench. The umbilical
cord adventitia and umbilical vessels were removed to obtain Wharton’s
jelly. The Wharton’s jelly was cut into small pieces and cultured in
a-MEM medium (Gibco, NY, USA) containing 10 % FBS (Gibco) at 37 °C
in 5 % CO,. Cell adherence and growth were observed, and the culture
medium was changed every 3-4 d. All participants provided informed
consent before participation. All protocols were approved by the Ethics
Committee of Qilu Hospital of Shandong University (Jinan, China).
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2.2. Cell viability

Cell viability was measured using the Cell Counting Kit-8 (CCK-8)
(Solarbio, Beijing, China) according to the manufacturer’s instructions.
In brief, 1 x 10* cells were incubated with 10 pL. CCK-8 reagent for 30
min, and optical density (OD) values at 450 nm were measured.

A calcein/PI assay kit (Beyotime, Shanghai, China) was used to
simultaneously stain viable and dead cells. Calcein AM/PI assay solution
was prepared according to the manufacturer’s protocol. The cells were
washed twice with PBS and incubated with Calcein AM/PI assay solu-
tion at 37 °C for 15 min. Fluorescence was detected using an ECLIPSE Ni
fluorescence microscope (Nikon). Cell counting was performed using the
ImageJ software.

2.3. Antioxidant capacity assay

The antioxidant capacity was measured using a total antioxidant
capacity assay kit according to the ABTS method (Beyotime). The cells
(1 x 10% were ultrasonically lysed and centrifuged at 10000 g for 10
min to obtain the supernatant. 20 pL supernatant was incubated with
200 pL ABTS reagent for 15 min. The antioxidant capacity was evaluated
by measuring the OD at 414 nm.

2.4. Extraction of RNA and qRT-PCR

Total RNA was extracted using the TRIzol reagent (Takara, Shiga,
Japan). Reverse transcription was performed using the PrimeScript RT
Reagent Kit (Takara), and qRT-PCR was performed using SYBR Green
PCR Master Mix (Takara) according to the manufacturer’s instructions.
B-actin was used for mRNA standardization. The primer sequences are
listed in Table S1.

2.5. Transient transfection

The following small interfering RNAs (siRNAs) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA): siGPX4 (10848), siSP1
(116546), siGTF2I (289315), siSRF (115344), siMYB (107687), and
siNRF1 (107597). Lipofectamine 3000 (Invitrogen) was used for tran-
sient siRNA transfection. Briefly, the cells were seeded in 6-well plates.
When the cell confluency reached 70 %, siRNA-lipid complexes were
prepared according to the manufacturer’s instructions and added to the
cells. After 48 h of transfection, siRNA transfection efficiency was
evaluated by qRT-PCR and western blotting, and the cells were used for
further experiments.

2.6. Extraction, characterization, and protein concentration measurement
of exosomes

Exosomes were isolated by differential centrifugation. The exosome-
free culture medium was used 48 h before exosome isolation. The cell
culture medium was centrifuged at 10000xg for 30 min at 4 °C to
remove cell fragments, and then the supernatant was centrifuged at
100000xg for 70 min at 4 °C to obtain exosomes. The supernatant was
discarded, and exosomes were resuspended with PBS and stored at
—80 °C. The morphology of the exosomes was observed using a trans-
mission electron microscope (Hitachi, Tokyo, Japan), and the particle
size was determined using Nanosight NS300 (Malvern Instruments Ltd.,
Malvern, UK). An equal volume of RIPA reagent (Beyotime) was added
to the exosomes and the protein concentration was measured using a
BCA protein assay kit (Beyotime).

2.7. Lipid peroxidation and ROS assay
Cells were dyed with 5 pM BODIPY 581/591 C11 (Thermo Fisher) for

20 min and washed twice in PBS. Lipid reactive oxygen species (ROS)
levels were measured by flow cytometry.
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The cells were ultrasonically lysed and centrifuged at 10000xg for
10 min to collect the supernatant. An MDA assay kit (Beyotime) was
used to detect malondialdehyde (MDA) concentration by measuring the
OD values at 532 nm according to the manufacturer’s instructions.

Intracellular reactive oxygen species (ROS) were measured using a
reactive oxygen species assay kit (Beyotime). In brief, cells were incu-
bated with 10 pM fluorescent probe DCFH-DA for 30 min at 4 °C, and
washed twice in PBS. Fluorescence distribution was observed using a
fluorescence microscope (Nikon). The fluorescence intensity was
quantified using ImageJ software.

2.8. Immunofluorescence staining

Cells were fixed in 4 % paraformaldehyde at room temperature for
10 min and permeabilized in 0.25 % Triton X-100 for 10 min, then
blocked using 1 % BSA for 30 min and incubated overnight at 4 °C with
the GPX4 antibody (Servicebio, Wuhan, China) after 1:500 dilution. The
cells were washed twice with PBS and incubated with secondary anti-
body for 1 h at room temperature. DAPI was used to stain the nuclei. An
ECLIPSE Ni fluorescence microscope (Nikon, Tokyo, Japan) was used for
visualization. The fluorescence intensity was quantified using ImageJ
software.

2.9. Preparation of hydrogels

The PLGA-PEG-PLGA triblock copolymer (1600-1500-1600,
cat.15376-372) was purchased from Daigang Biomaterials (Jinan,
China) and dissolved in PBS overnight to obtain the PLGA-PEG-PLGA
precursor solution. Sodium selenite (cat.10102-18-8) was purchased
from Sigma-Aldrich (St. Louis, MO, USA) and added to the PLGA-PEG-
PLGA solution by vortexing, followed by 2 h of incubation at room
temperature to obtain a Se-containing PLGA-PEG-PLGA solution.

2.10. Cell lines and animals

MH-S cells (a murine alveolar macrophage cell line) and L929 cells (a
murine fibroblast cell line) were purchased from Servicebio and cultured
in the 1640 medium (Gibco) containing 10 % FBS (Gibco) under stan-
dard condition (37 °C and 5 % CO3). The C57BL/6 mice were purchased
from Huafu Kang (Beijing, China). All animal experiments were per-
formed in accordance with current ethical guidelines and approved by
the Animal Ethics Committee of Qilu Hospital of Shandong University
(Jinan, China).

2.11. Characterization of Se-containing PLGA-PEG-PLGA hydrogel

Gelation temperature: The gelation temperature was determined
using a tube inversion test. We heated 1 mL sample in a glass tube from
20 to 60 °C at the rate of 0.5 °C/min. The glass tube was inverted every
minute, and the gelation temperature was defined when the gel did not
flow down under gravity.

Gelation time: The gelation time was determined using a tube
inversion test. 1 mL sample in a glass tube at room temperature was
placed in a water bath at 37 °C, and the glass tube was inverted every 5 s.
The gelation time was defined when the gel did not flow down under
gravity.

Syringeability: The sample was injected through a 25-gauge needle
to test the syringeability.

Rheological analysis: Rheological behavior was determined using a
rheometer (TA Instruments, New Castle, USA) and heated from 20 °C to
60 °C at a rate of 0.5 °C/min.

Morphological observation: The sample was transferred to a scan-
ning electron microscope (Helios G4 UC, Thermo Fisher) using a cryo-
transfer system (PP3010T, Quorum, Knutsford, UK) at —180 °C to
observe the surface morphology.

Se release analysis: One gram of Se-containing hydrogel was added
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to 10 mL PBS (PH 7.4) and incubated for different periods (4, 8, 12, 16,
20, and 24 h). PBS was collected at different time points and centrifuged
at 1000xg for 5 min. The Se concentration was analyzed using induc-
tively coupled plasma mass spectrometry (iCAP Q, Thermo Fisher). The
Se release rate was calculated by dividing the Se content in the PBS by
the total Se content in the hydrogel.

2.12. Cytotoxicity test

in vitro biocompatibility of the hydrogels was evaluated using the
CCK-8 assay. L929 cells (STCC20025G, Servicebio) were cultured with
or without hydrogels in MEM for 3 days. The culture medium was then
replaced with fresh MEM, and the CCK-8 reagent was added. After in-
cubation for 30 min, the optical density (OD) was measured at 450 nm
using a microplate reader (Multiskan SkyHigh, Thermo Fisher).

2.13. Hemolysis test

Fresh mouse whole blood was centrifuged at 500xg for 10 min to
obtain red blood cells, and then red blood cells were diluted to 5 % in
normal saline. 300 pL red blood cells were mixed with 700 pL hydrogel
and incubated at 37 °C for 1 h. The samples were centrifuged at 500xg
for 10 min. The OD value of the supernatant at 540 nm was measured
using a microplate reader (Thermo Fisher Scientific). The hemolysis
ratio was calculated by dividing the OD value of the experimental group
by the OD value of the positive control (double-distilled water).

2.14. Invitro and in vivo degradation test

1 mL 20 wt% PLGA-PEG-PLGA solution was seeded in a 24 well-plate
at 37 °C for gel formation. After gelation, the hydrogel was placed in a
cell culture dish and incubated with 10 mL PH 7.4 PBS with collagenase
IV (1 pg/mL) at 37 °C for 21 days. At each set time point, the PBS was
removed, and the hydrogel was lyophilized and weighed. The degra-
dation ratio was calculated by dividing the weight of the lyophilized
hydrogel by that of the PLGA-PEG-PLGA triblock copolymer used to
prepare the hydrogel.

For in vivo degradation test, 200 pL 20 wt% hydrogel was subcuta-
neously injected into the inguinal region of the mouse. At each time
point, the mice were sacrificed for observation and histological
examination.

2.15. In vivo tracking of MSCs encapsulated in the hydrogel

MSCs were dyed with 1 pM CM-Dil dye (Invitrogen) for 30 min,
washed using PBS, and centrifuged at 300xg for 5 min. CM-Dil dyed
MSCs were encapsulated in the hydrogel and subcutaneously injected
into the inguinal region of the mice. MSCs were detected using a Maestro
in vivo imaging system (CRi, Woburn, MA, USA).

2.16. Limb ischemia mouse model

A mouse model of limb ischemia was established as previously
described [12]. Briefly, femoral artery ligation and transection were
performed to induce limb ischemia, and the contralateral limb was used
as a control. All animal experiments were performed in accordance with
current ethical guidelines and approved by the Animal Ethics Committee
of Qilu Hospital of Shandong University.

2.17. Assessment of limb function

The Tarlov scoring system was used to assess limb function, as pre-
viously reported [13]. Tarlov functional scores were defined as follows:
0, no movement; 1, barely observable movement, no weight bearing; 2,
frequent and vigorous movement, no weight bearing; 3, supporting
weight, may take one or two steps; 4, walking with mild deficit; 5, slow
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walking; and 6, normal walking.

2.18. Histology

Muscle tissue fixed in 4 % formalin and embedded in paraffin. 4-pm
sections were cut and stained with hematoxylin and eosin (H&E).
Masson staining was performed ‘using a Masson Staining Kit (Solarbio)
according to the manufacturer’s instructions.

For immunofluorescence staining, after deparaffinization, antigen
retrieval, and blocking, sections were incubated overnight at 4 °C with
the following antibodies: CD31 (Servicebio), CD163 (Servicebio), and
iNOS (Servicebio) at 1:500 dilution and incubated with the secondary
antibody for 1 h at room temperature. An ECLIPSE Ni fluorescence mi-
croscope (Nikon) was used for visualization.
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2.19. ELISA

100 pL cell culture supernatants were added into the ELISA plates
(Abcam, Cambridge, UK) pre-coated with PEG2, TGF-B, IDO, TSG6,
TNF-a, IL-1pB, and IL-6 antibodies and incubated for 2 h at room tem-
perature. After washing, biotin-labeled detection antibody was added
and incubated for 1 h at 37 °C. Avidin-horseradish peroxidase was used
for color development. The OD values at 450 nm were measured using a
microplate reader (Thermo Fisher Scientific).

2.20. Statistical analysis

Data were presented as mean + standard deviation. Normality was
tested using the Shapiro-Wilk test. Data between two groups were
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Fig. 1. Se supplementation prevents MSC from oxidative damage.

(A-C) Dose-dependent effect of Se supplementation on viability (A), antioxidant capacity (B), and ROS production (C) of MSCs exposed to H,O5 for 24 h (n = 3). (D)
Heat map showed that GPX4 was among the most significant DEGs between non-treated controls and Se-treated cells. (E) Protective concentration of Se (2 mM)
elevated selenoprotein (especially GPX4) mRNA levels in MSCs exposed to Hy0, (500 pM) for 24 h (n = 3). (F) Immunofluorescence staining showed that protein
level of GPX4 was augmented by 2 mM Se in MSCs exposed to H,0, (500 pM) for 24 h (n = 3). (G-I) MSCs were treated with Erastin (10 pM) in presence or absence of
Se (2 mM) for 24 h. Se increased cell viability measured by a CCK-8 kit (F), and suppressed Erastin-induced lipid ROS dyed using BODIPY C11 (G) and lipid per-
oxidation measured by an MDA assay kit (H) (n = 3). (J) Live(green)/Dead (red) assay showed that GPX4 silencing by siRNA counteracted protection of Se (2 mM)
and enhanced cell death (n = 3). (K) Total antioxidant capacity was assayed with an ABTS method, and GPX4 silencing abrogated antioxidation effect of Se (2 mM)
(n = 3). *p<0.05, ** p < 0.01, *** p < 0.001, ns = no significance. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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analyzed using the Student’s t-test, and data among three or more
groups were analyzed using one-way ANOVA. All data were analyzed
and visualized using GraphPad Prism 9 (San Diego, CA, USA). p < 0.05
was considered to be statistically significant.

3. Results
3.1. Selenium protects MSCs from oxidative damage

Se is essential for the biosynthesis of antioxidative selenoproteins
and plays a crucial role in scavenging ROS and maintaining redox
equilibrium [14]. Accordingly, we isolated MSCs from the human um-
bilical cord (Fig. S1) and investigated whether Se supplementation
protected MSCs from oxidative damage (Fig. 1 A).

Our analysis revealed that HyO5 induced cell death within the con-
centration range of 100-1000 pM, while Se supplementation conferred a
dose-dependent protective effect on MSCs within the concentration
range of 0-2 pM (Fig. 1 A). Since Se treatment at concentrations higher
than 2 pM exhibited cytotoxicity, we chose 2 uM as the concentration of
Se for subsequent experiments. Notably, supplementation with 2 pM Se
significantly rescued the decrease in antioxidant ability and reduced
ROS production induced by H0, (Fig. 1 B, C). RNA-seq data
(GSE148673) were analyzed and GPX4 was found to be among the most
significantly differentially expressed genes (DEGs) between non-treated
controls and Se-treated cells (Fig. 1 D, Fig. S2 A). Antioxidant activity,
transcription coregulatory activity, and transcription coactivator activ-
ity were enriched in the DEGs (Fig. S2 B-D). Next, the mRNA levels of
some major antioxidases were measured. The results showed that Se
increased the expression of Se-containing antioxidases, especially GPX4,
rather than Se-free antioxidases, indicating that GPX4 may be the main
executor of antioxidation following Se treatment (Fig. 1 E). Se
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consistently induced a robust increase in GPX4 protein levels (Fig. 1 F).
Erastin is a ferroptosis inducer that induces cell death through antioxi-
dant depletion and GPX4 degradation [15]. We found that Se also
reduced erastin-induced mortality and ferroptosis biomarkers, such as
lipid ROS and MDA, in MSCs (Fig. 1G-I).

To further confirm the pivotal role of Se-induced GPX4 expression in
cytoprotection, we knocked down GPX4 using a specific small inter-
fering RNA (siRNA), and evaluated the knockdown efficiency using qRT-
PCR and western blotting (Fig. S3). GPX4 knockdown abrogated the
protective effect of Se supplementation against HyO»-induced cell death
and decreased antioxidant ability (Fig. 1 J, K).

Collectively, these results demonstrate that Se could serve as a novel
protective agent with powerful antioxidant effects, providing a new
possibility for enhancing MSC viability.

3.2. Selenium protects MSCs against oxidative damage through regulating
GPX4 transcription

To further investigate the involvement of Se in the transcription of
GPX4, we treated MSCs under oxidative pressure with Se followed by
treatment with the transcription inhibitor Actinomycin D (Act D). The
results showed that Se increased GPX4 expression in mRNA level, but
this upregulation was abrogated by Act D (Fig. 2 A), suggesting that Se
exerts a protective effect against oxidative damage by regulating GPX4
transcription.

We then collected transcription factors (TFs) potentially regulated by
Se, according to previously published studies (Table S2) [10,16,17]. To
identify the TFs regulated by Se that can modulate the transcription of
GPX4, we screened the hTF target database (http://bioinfo.life.hust.edu.
cn/hTFtarget) (Table S3) [18] and performed Venn diagram analysis,
which identified five TFs (SP1, GTF2L, SRF, MYB, and NRF1) (Fig. 2 B).
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Fig. 2. Effects of Se supplementation on GPX4 transcription.

(A) Transcription inhibitor Act D (2 mg/mL) abrogated Se-induced increasing GPX4 mRNA level in MSCs (n = 3). (B) 56 TFs were potentially regulated by Se
referring to published studies, and 210 TFs were predicted to modulate GPX4 transcription using hTFtarget. Intersection between the two TF subsets contained 5 TFs,
which were supposed to be potential TFs for Se to regulate GPX4 transcription. Venn diagram was drawn using Universiteit Gent (https://bioinformatics.psb.ugent.
be/webtools/Venn/). (C) The 5 TFs were knocked down respectively in MSCs, which were exposed to H,O5 (500 pM) with the presence of Se (2 uM) for 24 h. GPX4
mRNA level was measured by qRT-PCR. SP1 knock-down decreased mRNA level of GPX4 (n = 3). (D) ChIP-qPCR analysis of SP1 direct binding to the promoter
region of GPX4 (n = 3).(E, F) SP1 was knocked down in MSCs, which is followed by exposure to H,O, (500 pM) with the presence of Se (2 pM) for 24 h. GPX4 protein
level was measured by immunofluorescent staining (E), and cell viability was measured by a CCK-8 kit (F). SP1 knock-down decreased the protein level of GPX4 and
abrogated protection effect of Se (n = 3).* p < 0.05, ** p < 0.01, *** p < 0.001, ns = no significance.
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These five TFs were knocked down using siRNAs, and the knockdown
efficiencies were evaluated using qRT-PCR and western blotting
(Fig. S3). The results revealed that Se-induced GPX4 transcription was
only inhibited by SP1 knockdown (Fig. 2 C). Chromatin immunopre-
cipitation (ChIP)- qPCR confirmed that SP1 could bind to the promoter
region of GPX4 (Fig. 2 D). Moreover, SP1 knockdown reduced the pro-
tein levels of GPX4 and abolished the cytoprotective effects of Se sup-
plementation (Fig. 2 E, F). Thus, we demonstrated that Se induces GPX4
expression to protect MSCs from oxidative damage by modulating
transcription factor SP1.

3.3. Preparation and characterization of Se-containing PLGA-PEG-PLGA
hydrogel

To the best of our knowledge, no Se-containing hydrogel is currently
used for MSC delivery in limb ischemia treatment. In the present study,
we developed a novel Se-containing hydrogel as an MSC carrier. The
PLGA-PEG-PLGA hydrogel is a suitable biomaterial with a porous
network structure that allows the encapsulation of Se within limiting
pores, thereby retarding rapid diffusion. In this study, we prepared
PLGA-PEG-PLGA hydrogel (hereinafter referred to as Gel) and Se (2 pM)-
containing PLGA-PEG-PLGA hydrogel (hereinafter referred to as Se/Gel)
with mass fractions of 15 wt%, 20 wt%, and 25 wt%. The solution-gel
transition temperature windows of the Gel and Se/Gel were measured
(Fig. 3 A). When temperature increased from 20 °C to 60 °C, the Gel and
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Se/Gel existed in three states: solution, gel, and suspension. The addition
of Se (2 pM) did not significantly affect the gelation property of Gel. Gel
and Se/Gel with a mass fraction of 20 wt%, which exhibited a solution-
gel transition temperature of approximately 33 °C, were chosen for
further experiments due to their convenience for MSCs incorporation at
room temperature and gelation upon injection into the body, making
them suitable for clinical application.

Syringeability of 20 wt% Gel and Se/Gel at room temperature (25 °C)
was high (Fig. 3 B), and their gelation time at body temperature (37 °C)
was 66.00 + 5.56 s and 67.33 + 5.69 s respectively (Fig. 3 C). After
gelation, the Gel and Se/Gel adhered to the tissue and deformed to
comply with the muscle contraction without breaking or peeling off,
indicating that these hydrogels had flexible mechanical properties to fit
muscle movements (Fig. 3 D). Both Gel and Se/Gel transitioned from an
aqueous solution to a gel as the temperature increased from room
temperature (25 °C) to body temperature (37 °C), suggesting that sup-
plementation of Se did not significantly affect gelation properties (Fig. 3
E). The rheological properties of the Gel and Se/Gel were analyzed using
a rheometer (Fig. 3 F). The observation that the storage modulus (G')
was higher than the loss modulus (G’) indicated transformation of the
solution into a hydrogel. The surface morphologies of the Gel and Se/Gel
exhibited 3D porous network structures (Fig. 3 G). Se release rate within
24 h of Se/Gel remained at 27.67 % + 2.52 %, indicating that Se/Gel
had a good in situ retention property of Se (Fig. 3 H).
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(A) Phase diagram showed the triphase transformation of the Gel and Se/Gel (15, 20, and 25 wt%). (B) Representative images showed syringeability of the Gel and
Se/Gel (20 wt%). (C) Gelation time at 37 °C of the Gel and Se/Gel (20 wt%). (D) Mechanical property of the Gel and Se/Gel (20 wt%). (E) Representative pictures and
schematic diagrams showed gross morphology of thermosensitive solution-gel transition of the Gel and Se/Gel (20 wt%). (F) Rheological behavior of the Gel and Se/
Gel (20 wt%). (G) Representative TEM images showed micromorphology of the Gel and Se/Gel (20 wt%). (H) Se release curve from the Gel and Se/Gel in PBS of pH

7.4 within 24 h.
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3.4. In vitro and in vivo biocompatibility of Se-containing hydrogel

To evaluate the cytotoxicity of the novel Se/Gel, L929 cells were
cultured in 96-well plates, and the cell viability was measured with or
without Se/Gel seeded on the surface (Fig. 4 A). The results showed that
the addition of Se/Gel did not exert a significant effect on the prolifer-
ative activity (Fig. 4 B). in vitro hemolysis test was conducted to further
evaluate the biocompatibility of the Se/Gel. Hemolysis ratios of the Gel
and Se/Gel were all below 5 % compared to the positive control (double
distilled water) (Fig. 4 C, D). Furthermore, in vitro and in vivo degrada-
tion tests were conducted to evaluate the use of Se/Gel as a local implant
material (Fig. 4E-G). in vitro degradation ratios of the Gel and Se/Gel did
not differ significantly, and reached 82.33 + 3.05 % and 81.67 + 6.80 %
respectively after 21 days (Fig. 4 E). The in vivo degradation test showed
that Gel and Se/Gel gradually degraded over time during the 21-day
observation period (Fig. 4 G). Histological examinations were con-
ducted to evaluate the inflammatory response induced by the hydrogels
(Fig. 4 H, I), and there was no significant difference in the number of
infiltrated inflammatory cells at the hydrogel injection site between the
Gel and the Se/Gel. The results revealed noticeable inflammatory cell
infiltration in the surrounding subcutaneous tissues at 7 and 14 days
after injection of the Gel and Se/Gel. However, the inflammatory
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response was markedly attenuated on the 21st day, as the hydrogels
degraded. Together, these results demonstrate the good tissue compat-
ibility of the Se/Gel.

3.5. Se-containing hydrogel enhances survival and improves
immunoregulatory capability of MSCs under oxidative pressure

Fig. S4MSCs were encapsulated in a PLGA-PEG-PLGA hydrogel (to
obtain Gel/MSC) or Se-containing PLGA-PEG-PLGA hydrogel (to obtain
Se/Gel/MSC) at a density of 1 x 10° cells/mL, as shown in Fig. 5 A. We
found that the viability of Se/Gel/MSC under oxidative pressure induced
by H203 or Erastin reached 72.01 + 6.03 % and 78.33 + 7.57 %,
respectively, compared to 35.67 + 9.79 % and 47.33 + 11.06 % for Gel/
MSC (Fig. 5 B), indicating that Se/Gel exerted a potent cytoprotective
effect against oxidative damage.

Exosomes derived from Gel/MSC or Se/Gel/MSC were extracted and
characterized (Fig. 5 C), and the concentration of exosomal proteins was
measured to evaluate the paracrine activities of MSCs (Fig. 5 D). In the
Gel/MSC group, the concentration of exosomal proteins decreased by
nearly three-quarters under oxidative pressure, whereas Se/Gel encap-
sulation significantly improved the paracrine activity of MSCs by more
than 3 folds compared to gel encapsulation (Fig. 5 D). Furthermore, the
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(A) Schematic illustration of in vitro biocompatibility test. (B) MSC viability measured by CCK-8 assay after incubation with or without hydrogels seeded on the
surface for 3 days (n = 3). (C, D) Photographs (C) and statistical data (D) of hemolytic effects of the hydrogels (n = 3). (E) Degradation ratios of the hydrogels in pH
7.4 PBS with collagenase IV (1 pg/mL) at 37 °C (n = 3). (F) Schematic illustration of in vivo biocompatibility test. (G) Gross observation of the hydrogels after
subcutaneously injection at different time points (n = 3). (H) Histological examination of tissues at the hydrogel injection site (n = 3). The asterisk indicates in-
flammatory cell infiltration. (I) Quantitative data of infiltrated inflammatory cells per high-power field at the hydrogel injection site.*** p < 0.001, ns = no

significance.
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(A) Schematic illustration of MSCs encapsulated in the Gel and Se/Gel. (B) Viability of MSCs encapsulated in the Gel or Se/Gel under oxidative pressure induced by
H505 (500 pM) or Erastin (10 pM) for 24 h (n = 3). (C) Exosomes of MSCs encapsulated in the Gel or Se/Gel were isolated by ultracentrifugation method after

exposure to HyO, or Erastin for 48 h. The morphology of exosomes was observed

using transmission electron microscope (TEM), and the size of exosomes was

measured using nanoparticle tracking analysis (NTA). (D) Exosomal protein concentration was determined by the BCA method (n = 3). (E-H) Immunomodulatory
factors including PEG2 (E), TGF-p (F), IDO (G), and TSG6 (H) in culture supernatant of MSCs encapsulated in the Gel or Se/Gel were measured using an ELISA assay
after exposure to HyO or Erastin for 48 h (n = 3). (I) CM-Dil dyed MSCs were encapsulated in the Gel or Se/Gel, and tracked using a Maestro in vivo imaging system
24 h after subcutaneous injection (n = 6).* p < 0.05, ** p < 0.01, *** p < 0.001, ns = no significance.

immunomodulatory factors secreted by MSCs were measured. The re-
sults showed that both H,O5 or Erastin exposure dramatically decreased
the secretion of immunomodulatory factors by Gel/MSC, but additional
Se counteracted this inhibitory effect (Fig. S5E-H). Finally, in vivo
tracking of MSCs encapsulated in the hydrogels showed that the Se/Gel
increased cell residence at the site of injection compared with the Gel
(Fig. 5 I). These observations suggest that the Se/Gel possesses the
pivotal advantages of pro-survival and improved immunoregulatory
capabilities of MSCs.

3.6. MSCs delivered by Se/gel improved blood perfusion in limb ischemia
mouse model

Intravenous supplementation with selenium did not protect the
MSCs or directly improve limb ischemia (Fig. S4). Thus, the Se-
containing hydrogel was created to enhance the curative effect of
MSCs. To evaluate the in vivo therapeutic potential, a mouse model of
limb ischemia was established, and MSCs encapsulated in the Se/Gel
were subcutaneously injected into the injured site (Fig. 6 A). Blood
perfusion was monitored during the 21-day observation period (Fig. 6
B). Laser speckle imaging showed that blood flow signals in the injured
limb were barely detectable immediately after femoral artery transec-
tion. On the 7th day and 21st day, blood perfusion in the ischemic limb
exhibited significant restoration following treatment with Se/Gel/MSC

compared with both Gel/MSC and Se/Gel (Fig. 6 C, D). Correspondingly,
Se/Gel/MSC administration significantly improved limb function (Fig. 6
E). Histological examination revealed focal necrosis and obvious in-
flammatory cell infiltration in the muscle tissues treated with Gel/MSC
or Se/Gel. In contrast, less necrosis and inflammatory cell infiltration
were observed when the mice were treated with Se/Gel/MSC (Fig. 6 F).
Masson staining was used to distinguish between the collagen and
muscle tissues. The results showed abundant collagen formation in the
muscle samples of the Se/Gel group, with a reduction in collagen for-
mation after Gel/MSC treatment, and a further significant reduction
after Se/Gel/MSC treatment (Fig. 6 G). CD31 immunofluorescence
staining demonstrated that Se/Gel/MSC treatment led to the greatest
increase in capillary density compared with the other two groups (Fig. 6
H). Correspondingly, in vitro scratch assay revealed that the Se/Gel/MSC
promoted the proliferation and migration of human umbilical vein
endothelial cells (Fig. S5). These findings indicate that MSCs delivered
by the Se/Gel effectively attenuated tissue damage induced by ischemia
and increased the formation of capillaries, thereby promoting the
restoration of limb ischemia.

3.7. MSCs encapsulated in Se/Gel inhibited M1 macrophage polarization
and promoted M2 macrophage polarization

We next investigated the potential immunoregulatory activity of
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(A) Schematic illustration of limb ischemia mouse model establishment and hydrogel-encapsulated MSC therapy. (B) Schematic timeline diagram of animal ex-
periments. (C) Representative laser speckle images of limb perfusion in limb ischemia mice model treated with Se/Gel/MSC or Gel/MSC. Se/Gel injection without
MSC was used as the control group (n = 6). (D) Quantitative data of blood perfusion measured by the laser speckle imager. (E) Limb function assessed using Tarlov
score system. 6 represents normal limb function, and 0 represents limb non-function. (F)Representative H&E staining images of muscle tissues on the 21st day (n =
6). (G) Representative Masson staining images of muscle tissues on the 21st day (n = 6). (H) Representative CD31 immunofluorescence staining images of muscle
tissues on the 21st day and quantitative data (n = 6).* p < 0.05, ** p < 0.01, *** p < 0.001, ns = no significance.

MSCs encapsulated in the Se/Gel. Macrophages exhibit high plasticity
and tend to polarize into the proinflammatory M1 type when exposed to
inflammatory stimuli. M1 macrophages secrete pro-inflammatory cy-
tokines that aggravate inflammatory responses and induce tissue dam-
age, whereas M2 macrophages exert anti-inflammatory effects that
promote angiogenesis and tissue regeneration. Immunofluorescence
staining revealed a decrease in iNOS + M1 macrophages and an increase
in CD163+ M2 macrophages after Se/Gel/MSC or Gel/MSC treatment
compared to the Se/Gel group, with the Se/Gel/MSC group showing the
most significant therapeutic effect (Fig. 7 A).

To further verify immunomodulatory activity of the Se/Gel/MSC, a
transwell system was used to coculture of hydrogel-encapsulated MSCs
with macrophages under LPS and IFN-y stimuli (Fig. 7 B). Pro-
inflammatory cytokines, including TNF-a, IL-1p, and IL-6 secreted by
macrophages were reduced by Gel/MSC, and further reduced by Se/Gel/
MSC (Fig. 7C-E). Immunofluorescence staining showed that M1

polarization was inhibited and M2 polarization was enhanced in the Se/
Gel/MSC group compared to the Se/Gel and Gel/MSC groups, indicating
that MSCs encapsulated in the Se/Gel possessed more potent immuno-
regulatory activity (Fig. 7F and G).

4. Discussion

Improving cell survival rate after engraftment has long been a
challenge in the application of MSCs. To address this issue in the context
of limb ischemia, we present the first study to apply an injectable
thermosensitive Se-containing hydrogel as a cell carrier to improve the
MSC retention rate. This biocompatible Se-containing hydrogel provides
a beneficial niche for MSC survival and immunoregulatory factor
secretion, ultimately improving blood perfusion in ischemic limbs.

Selenium is widely recognized as an indispensable trace element
with excellent antioxidant properties and protective effects in various
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Fig. 7. Immunomodulatory effect of MSCs encapsulated in Se/Gel.

(A) Representative immunofluorescence staining images and quantitative analysis of iNOS + M1 macrophages (red) and CD163+ M2 macrophages (green) of muscle
tissues in limb ischemia mouse (n = 6). (B) Schematic illustration of coculture transwell system of macrophages with MSCs encapsulated in hydrogels. (C-E)
Macrophages and MSCs encapsulated in hydrogels were cocultured for 96 h under inflammatory condition induced by LPS and IFN-y stimuli. Pro-inflammatory
cytokines including TNF-a(C), IL-18 (D), and IL-6 (E) in culture supernatant were measured using an ELISA method (n = 3). (F, G) Representative immunofluo-
rescence staining images and quantitative analysis of iNOS + M1 macrophages (red) (F) and CD163+ M2 macrophages (green) (G) after 96 h coculture (n = 3). (H)
Schematic illustration of immunomodulatory effect of MSCs encapsulated in the Se/Gel on limb ischemia.* p < 0.05, ** p < 0.01, *** p < 0.001, ns = no significance.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cell types, including hepatocytes, neurons, immune cells, and kidney susceptibilities to selenium.

tubular cells [19]. Based on these properties, we hypothesized that Se At protective concentrations, selenium is co-translationally incor-
could serve as a protective agent against MSCs. However, the dual porated into the selenoprotein structure in the form of selenocysteine,
character of selenium presents a challenge, as it is an essential micro- and the consequences of selenium supplementation depend on the
element at low doses but becomes extremely toxic at high doses [8]. To expression levels of selenoproteins [21]. It has been reported that the
determine the optimal Se concentration that provides cytoprotective expression of certain selenoproteins, such as GPX4, is a priority in cases
effects with minimal toxicity, we first examined the effect of different Se of selenium insufficiency [8]. Consistent with previous research, our
concentrations on MSCs under oxidative stress. Our results demon- study demonstrated that GPX4 was the most significantly increased
strated that selenium exerts considerable antioxidative effects on MSCs selenoprotein in response to selenium. Notably, Se supplementation
at the concentration of 2 pM, while higher concentrations >5 pM exhibit enhanced the transcriptional activity of GPX4. However, the mechanism
cytotoxicity, with clear toxicity observed at 10 pM. These findings by which Se, an integral part of GPX4, affects transcription remains to be
concur with previous studies which showed that 5 pM selenium induced investigated. To clarify the implications of our findings, we analyzed the
apoptosis in cervical cancer cells, 7 pM selenium was implicated in cell relationship between transcription factors potentially modulated by
death of malignant glioma cells, and 20 pM selenium led to apoptosis in selenium and GPX4 transcription. Further ChIP-qPCR confirmed that
leukemia cells [20], although different cells showed virous SP1 binds directly to the promoter region of GPX4 and promotes
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transcription in response to Se supplementation. And it is possible that
SP1 is able to perceive Se concentration and sequentially activate GPX4
transcription to exert protection against oxidative stress [10]. We found
that selenium promoted GPX4 expression by modulating the transcrip-
tion factor SP1, representing a novel mechanism by which selenium
exerts cytoprotective effects on MSCs under oxidative stress.

Several studies have reported that Se enhances the proliferation,
paracrine activity, multipotency, cytoprotective ability, and immuno-
modulatory ability of MSCs [22-26]. However, when selenium is
injected in vivo along with MSCs, it is diluted in the interstitial fluid,
potentially reducing its efficacy. Maintaining selenium at an optimal
local concentration remains a challenge.

To address this challenge, a wide range of hydrogels have been used
for the delivery of therapeutic agents, including chitosan hydrogels,
sodium alginate hydrogels, gelatin/methacrylic anhydrides, and hyal-
uronic acid-based hydrogels [27,28]. The PEG-PLGA-PEG triblock
copolymer has been approved by the FDA as a biodegradable, non-toxic,
and safe biomaterial and has attracted extensive interest in drug delivery
research [29]. Compared with other hydrogels, the PLGA hydrogel has
several advantages, such as its ability to exist as a solution below the
gelation temperature, enabling the incorporation of drugs or cells, and
its transformation into a gel with controlled release properties above the
gelation temperature. Additionally, the porous structure of the
PEG-PLGA-PEG hydrogel provides a favorable niche for cell adhesion
and substance exchange.

In this study, physically entrapped selenium was slowly released by
diffusion, thus maintaining a considerable local drug concentration
around the MSCs. Our study demonstrated that over 70 % of selenium
remained trapped within the porous hydrogel after 24 h of incubation in
the PBS. We found that the Se-containing PLGA-PEG-PLGA hydrogel had
superior cytoprotective efficacy against MSCs compared to the Se-free
hydrogel. In addition to enhancing survival, our study also demon-
strated that the Se-containing hydrogel modulated the cell behavior of
MSCs, including their paracrine activity, proangiogenic ability, and
immunoregulatory capacity. In vitro results showed that the Se-
containing hydrogel increased exosome production and cytokine
secretion, through which MSCs exerted therapeutic effects [30].
Through intercellular communication, MSCs interact with neighboring
vascular endothelial cells, activate angiogenic signaling pathways,
interact with macrophages, and induce M2 polarization to promote
tissue repair [31,32]. In summary, these properties provide favorable
conditions for perfusion restoration, making the application of MSCs
encapsulated in Se-containing hydrogels an attractive strategy for the
treatment of limb ischemia.

Furthermore, this injectable in situ forming hydrogel offers the
advantage of a minimally invasive injury-targeted cell implantation
system with enhanced efficacy and reduced side effects. Intravenous
injection of MSCs often results in the majority becoming trapped in lung
capillaries, with only a small fraction passing through the lung barrier
and migrating to injured organs [33]. This thermosensitive injectable
hydrogel makes injury-targeted cell delivery feasible. In this system,
MSCs are physically encapsulated in an aqueous Se-containing PLGA--
PEG-PLGA solution at room temperature and subsequently injected into
a specific injured site to form a stable cell scaffold. This approach
enabled a higher MSC concentration than local or intravenous in-
jections, partially addressing the low retention rate of MSCs in vivo.

However, it is important to acknowledge the dual effects of Se sup-
plementation. Excess Se can induce DNA damage, oxidative stress, and
neurotoxicity in a dose-dependent manner [34]. The beneficial and toxic
effects of selenium depend on its dosage and chemical form. The narrow
safety range between beneficial and toxic concentrations of selenium
increases the risk of excess selenium and relevant side effects during
practical application. Diverse chemical forms of selenium, including
inorganic compounds, organic compounds, nanoparticles, and
selenium-rich natural substances, are currently being investigated [35].
Notably, selenium nanoparticles have been found to be less toxic than
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inorganic and organic selenium [36]. Therefore, further research pos-
sibilities for this study include the development of a new type of
Se-containing hydrogel using Se in different chemical forms to improve
safety and reduce the occurrence of side effects.

5. Conclusion

In conclusion, this study provides the first evidence that a Se-
containing PLGA-PEG-PLGA hydrogel provides a favorable niche for
the survival and immunoregulatory activities of MSCS, ultimately
improving the therapeutic efficiency of MSCs in limb ischemia. This
injectable thermosensitive Se-containing hydrogel holds great promise
as an MSC carrier for the treatment of limb ischemia.
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