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Mesenchymal stromal cell transplantation therapy has been widely studied in regenerative medicine for the
treatment of various diseases. We previously developed a mitochondria-targeted drug delivery system, termed
the MITO-Porter, which enables large-scale production of coenzyme Q,, (CoQ,,)-encapsulated carriers. This
study aimed to generate mitochondrial-activated amnion-derived mesenchymal stromal cells (AMSCs) by deliv-
ering CoQ,, to mitochondria using the MITO-Porter system, with the potential to improve AMSC transplan-
tation outcomes. We treated AMSCs with CoQ,,-encapsulated MITO-Porter and evaluated cellular uptake,
co-localization with mitochondria, changes in mitochondrial respiratory capacity, and antioxidant capacity.
CoQ,,-encapsulated MITO-Porter was internalized by AMSCs and co-localized with mitochondria. Treatment
of AMSCs with CoQ,,-encapsulated MITO-Porter significantly increased the mitochondrial oxygen consump-
tion rate and decreased superoxide levels. Mitochondrial delivery of CoQ,, successfully enhanced the mitochon-
drial respiratory capacity and antioxidant ability of AMSCs. These mitochondrial-activated AMSCs, newly
generated using the MITO-Porter system, represent a promising cell source for improving MSC-based trans-

plantation therapy.
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INTRODUCTION

Mesenchymal stromal cells (MSCs) are multipotent cells
with the ability to differentiate into various cell lineages,
including bone, cartilage, fat tissue, tendons, and muscles.!»
They can be isolated from diverse tissues such as bone mar-
row, adipose tissue, and amnion.!- 4% MSCs also possess anti-
inflammatory properties through their interaction with immune
cells mediated by cytokine release.®” MSC-based transplanta-
tion therapy has been widely studied in regenerative medicine
for the treatment of various diseases.®® Beyond their differ-
entiation and immunomodulatory properties, emerging evi-
dence suggests that mitochondrial function critically influenc-
es the therapeutic efficacy of MSCs through mechanisms such
as intercellular mitochondrial transfer and enhanced mitochon-
drial quality control in injured tissues (e.g., enhancing ATP
production, regulating oxidative stress, and improving cellu-
lar bioenergetics).!?

We previously developed a drug delivery system targeting
mitochondria, named MITO-Porter, which facilitates the trans-
port of various molecules to the mitochondria through mem-
brane fusion.!-'» Furthermore, we successfully established a
method for the large-scale production of MITO-Porter encap-
sulating Coenzyme Q,, (CoQ,,), a key component of the mito-
chondrial electron transport chain that also possesses antioxi-
dant properties, utilizing a microfluidic device, herein referred
to as MP-(CoQ,,).'>'9 This development enabled the sufficient
supply of MITO-Porter as a drug for potential clinical appli-
cations. By treating cardiosphere-derived cells (CDCs) with
MITO-Porter encapsulating mitochondrial functional mole-
cules, including resveratrol or CoQ),,, we successfully generat-
ed mitochondrial-activated human CDCs, hereafter referred to
as MITO cells, and we demonstrated the preventative and ther-
apeutic efficacy of MITO cell transplantation in a myocardial
ischemia-reperfusion model using mice and rats, through both
intramyocardial injection and intravenous administration.!”-!*)
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Furthermore, in our previous study, we successfully activat-
ed the mitochondrial function of human bone marrow-derived
mesenchymal stromal cells by using MP-(CoQ,,), which has
the potential to enhance MSC transplantation therapy.2?

Recently, the amnion, which is conventionally discarded as
medical waste after delivery, has been recognized as a valuable
source of MSCs.2!-22) [n animal studies, the transplantation of
amnion-derived mesenchymal stromal cells (AMSCs) has been
reported to be effective in various diseases, including graft-
versus-host disease,? myocarditis,?¥ glomerulonephritis,?
pancreatitis,?? Duchenne muscular dystrophy,?® and spinal
cord injury.?” Furthermore, clinical trials evaluating the effica-
cy of AMSC transplantation for Duchenne muscular dystrophy
and acute spinal cord injury are currently in progress.

The current study aimed to develop mitochondrial-activat-
ed AMSCs by utilizing the MITO-Porter system in AMSCs,
which is under development for clinical applications, with the
potential to improve the overall outcomes of AMSC transplan-
tation. We treated AMSCs with MP-(CoQ),,) and assessed cel-
lular uptake, mitochondrial delivery, changes in mitochondrial
respiratory capacity, and antioxidant capacity.

MATERIALS AND METHODS

Preparation of Human AMSCs Human fetal membranes
were collected under sterile conditions from women undergo-
ing cesarean section after obtaining informed consent. Isola-
tion and expansion of human AMSCs were performed as pre-
viously described.26-28.29 After culture, the cells were harvested
and cryopreserved in liquid nitrogen until use. Human AMSCs
were obtained at passage 2 and cultured in AMSC medium
provided by Kaneka Corporation. The medium was replaced
two or three times per week, and AMSCs from passages 5 to
8 were used in the experiments. AMSCs were maintained at
37°C in a humidified atmosphere containing 5% CO.,.

Preparation of MITO-Porter Encapsulated with CoQ,,
We prepared MP-(CoQ),,) using a microfluidic device system,
as previously reported.'® The particle properties of MP-(CoQ,,)
were evaluated using a Zetasizer Nano ZS (Malvern Instru-
ments, Worcestershire, U.K.). The lipid content of the MP-
(CoQ,,) was estimated by measuring the fluorescence intensi-
ties of 1,1'-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine
perchlorate (Dil)-labeled liposomes with a Varioskan LUX
multimode microplate reader (Thermo Fisher Scientific Life
Sciences, Waltham, MA, USA). The CoQ,, content in the MP-
(CoQ,,) was assessed by high-performance liquid chromatog-
raphy (HPLC) using an Arc™ HPLC system (Waters Corpora-
tion, Milford, MA, USA), as previously reported.'?

Intracellular Dynamics of MP-(CoQ,,) in AMSCs Cel-
lular uptake of MP-(CoQ),,) was evaluated by measuring the
fluorescence intensity of Dil-labeled MP-(CoQ),,) internalized
by AMSCs using flow cytometry. AMSCs were treated with
MP-(CoQ,,) for 1, 3, 6, 12, or 24 h, and the extent of cellular
uptake was evaluated at each time point.

Confocal laser scanning microscopy (CLSM) was employed
to analyze the intracellular localization of Dil-labeled MP-
(CoQ,,) (shown in green pseudocolor) and mitochondria
labeled with MitoTracker Deep Red (shown in red pseudoc-
olor) in AMSCs. AMSCs were treated with MP-(CoQ,,) for
24 h, and its intracellular localization was observed.

Evaluation of Mitochondrial Respiration and Antiox-
idant Capacity of AMSCs upon MP-(CoQ,,) Treatment
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The mitochondrial oxygen consumption rate (OCR) was eval-
uated using the Seahorse XFp Analyzer (Agilent Technologies,
Santa Clara, CA, USA), an extracellular flux analyzer. Basal
respiration, maximal respiration, and ATP-linked respiration
were calculated through the sequential administration of oli-
gomycin, a Complex V inhibitor; carbonyl cyanide p-trifluo-
romethoxyphenylhydrazone (FCCP), a mitochondrial oxida-
tive phosphorylation uncoupler that enhances mitochondrial
respiratory capacity; and a combination of rotenone, a Com-
plex I inhibitor, with antimycin A, a Complex III inhibitor.

The antioxidant capacity was assessed using the mtSOX
Deep Red reagent (Dojindo Laboratories, Kumamoto, Japan),
which detects mitochondrial superoxide. Fluorescence intensi-
ty of mtSOX Deep Red was measured using a Varioskan LUX
multimode microplate reader (Thermo Fisher Scientific Life
Sciences, Waltham, MA, USA). Antimycin A was adminis-
tered at a final concentration of 10 uM to induce mitochondri-
al superoxide production.

Cytotoxicity Evaluation of MP-(CoQ,,) by WST-1 Assay
The cytotoxicity of MP-(CoQ,,) in AMSCs was evaluated by
measuring cell viability using Cell Proliferation Reagent WST-1
(Takara Bio Inc., Shiga, Japan) and Varioskan LUX multimode
microplate reader (Thermo Fisher Scientific Life Sciences,
Waltham, MA, USA). Cell viability was calculated as follows:
Cell viability (%) = V¢/V, x 100, where Vg and V|, represent
the absorbance values of the treated samples and untreated
cells, respectively.

Additional methodological details and materials are sum-
marized in the Supplementary Materials.

Statistical Analysis Data are presented as the mean +
standard error of the mean (SEM) for the specified number
of experiments. The number of independent experiments (n)
is indicated in each figure legend. Differences between two
groups were analyzed using Student’s #-test, while differences
among multiple groups were analyzed using one-way ANOVA
followed by Student-Newman-Keuls (SNK) test or Dun-
nett’s multiple comparisons test, as appropriate. The level
of significance was set at p < 0.05. Statistical analyses were
performed in Prism 10 software (GraphPad Software Inc.,
Boston, MA, USA).

RESULTS

Preparation of MITO-Porter Encapsulated with CoQ,,
To enhance the mitochondrial respiratory capacity of AMSCs,
we formulated the MITO-Porter encapsulating CoQ,, using a
microfluidic device system. The average particle size, poly-
dispersity index (PDI), which reflects the distribution of par-
ticle sizes, and (-potential of MP-(CoQ,,) were 47 + 2.9 nm,
0.193 £ 0.009, and 19 £ 1.5 mV, respectively, as presented in
Table 1. The MP-(CoQ,,) exhibited a positive surface charge
as a result of surface modification with Stearylated octaargi-
nine (STR-RS). The nanoscale size and positive surface charge
of MP-(CoQ,,) were considered favorable for cellular uptake
by AMSCs.

The recovery rates of lipid and CoQ,, in MP-(CoQ,,) were
79 £ 2.8% and 72 £+ 1.4%, respectively, as shown in Table 1.
The drug-to-lipid ratio (w/w) of MP-(CoQ),,) was 0.17 & 0.006.
These values were consistent with those reported in our previ-
ous studies 1520,

Cellular Uptake of MP-(CoQ,,) Evaluated by Flow
Cytometry The uptake of MP-(CoQ,,) by AMSCs was eval-
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Table 1. Particle Properties of Coenzyme Q,,-Encapsulated MITO-Porter [MP-(CoQ),,)]

Initial amount of Size PDI {-potential Lipid CoQio Drug:.llpld
CoQ for preparation recovery rate  recovery rate ratio
(mM) (nm) (mV) (o) (o) (w:w)
MP-(CoQ10) 0.7 47+29 0.193 +0.009 19+£1.5 79+£2.8 72+14 0.17 £ 0.006

MITO-Porter encapsulating Coenzyme Q,, [MP-(CoQ,,)] was constructed using ethanol suspension containing 4.2 mM lipids (DOPE:SM:DMG-
PEG2000:STR-R8 [9:2:0.33:1.1, molar ratio]) and ethanol suspension containing 0.7 mM CoQ,,. Average particle size, polydispersity index (PDI),
{-potential, lipid and CoQ,, recovery rates, and drug: lipid ratio (w:w) represent the physicochemical properties of MP-(CoQ),,). Data are expressed as
mean = SEM (n = 6). DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; SM, sphingomyelin; DMG-PEG2000, 1,2-dimyristoyl-sn-glycerol-methoxy

polyethylene glycol 2000; STR-RS, stearylated octaarginine.

uated using flow cytometry. The fluorescence intensity, reflect-
ing the uptake of MP-(CoQ,,) by AMSCs, was measured after
exposing the cells to MP-(CoQ),,) labeled with the fluorescent
lipid marker Dil for 1, 3, 6, 12, or 24 h, at a final lipid concen-
tration of 20 uM (Fig. 1).

The intracellular uptake of MP-(CoQ),,) increased over time
(Fig. 1a). A significant increase in the uptake of MP-(CoQ,,)
was observed at 6 h or longer compared to the non-treat-
ment group (Fig. 1b). These results suggest that MP-(CoQ,,)
was internalized by AMSCs, with its uptake influenced by the
duration of MP-(CoQ,,) exposure.

Intracellular Observation of MP-(CoQ,,) Evaluat-
ed by CLSM The intracellular localization and dynamics
of Dil-labeled MP-(CoQ,,) were evaluated by detecting fluo-
rescence shown in green pseudocolor using CLSM. AMSCs,
with the mitochondria labeled by fluorescence shown in red
pseudocolor using MitoTracker Deep Red, were treated with
MP-(CoQ),,) for 24 h at a final lipid concentration of 20 uM
(Fig. 2).

The cellular uptake of MP-(CoQ,,) was observed through
the appearance of green dots in AMSCs, demonstrating that
MP-(CoQ,,) was internalized by the cells. Additionally, co-
localization between red-fluorescent mitochondria and green-
fluorescent MP-(CoQ,,) was observed, as evidenced by the
presence of yellow signals.

Evaluation of Mitochondrial Respiration of AMSCs
Following MP-(CoQ, ) treatment The mitochondrial res-
piratory capacity of AMSCs was evaluated through extracel-
lular flux analysis by measuring the mitochondrial OCR. The
OCR was measured in the non-treatment group, AMSCs treat-
ed with ethanol suspension containing CoQ,, (naked CoQ),,
group) for 24 h at a final CoQ,, concentration of 3 uM, and
AMSC:s treated with MP-(CoQ,,) for 24 h at a final lipid con-
centration of 20 pM, with a final CoQ,, concentration of 3 +
0.1 uM (Fig. 3a).

The treatment with naked CoQ,, did not result in any sig-
nificant changes in either basal or maximal respiration
(Fig. 3b, 3c). In contrast, the treatment with MP-(CoQ),,) led
to a significant increase in both basal and maximal respiration
(Fig. 3b, 3c). Furthermore, ATP-linked respiration was sig-
nificantly increased in the MP-(CoQ),,) group compared with
both the non-treatment and naked CoQ,, groups (Fig. 3d).
These results indicated that MP-(CoQ),,) increased mitochon-
drial respiratory parameters, including ATP-linked respiration,
in AMSCs.

Evaluation of Antioxidant Capacity of AMSCs Following
MP-(CoQ,,) Treatment The antioxidant capacity was
assessed by detecting the levels of mitochondrial superoxide
using the mtSOX Deep Red reagent (Dojindo Laboratories,
Kumamoto, Japan). Fluorescence intensity of mtSOX Deep

Red was measured in the non-treatment group and in AMSCs
treated with MP-(CoQ,,) (final lipid concentration of approx-
imately 20 uM), for 24 h (Fig. 4). Mitochondrial superoxide
production was induced by administering Antimycin A at a
final concentration of 10 pM.

Under conditions without Antimycin A, the treatment with
MP-(CoQ,,) showed a tendency for decreased fluorescence
intensity compared to the non-treatment group, although the
difference was not statistically significant. Under conditions
with Antimycin A, an increase in fluorescence intensity was
observed in both the non-treatment group and MP-(CoQ,,)-
treated groups. However, the increase in fluorescence intensi-
ty was smaller in the MP-(CoQ,,)-treated group compared to
the non-treatment group, resulting in a significant decrease in
fluorescence intensity in the MP-(CoQ,,) group relative to the
non-treatment group. These results indicated that treatment
with MP-(CoQ),,) suppressed mitochondrial superoxide gener-
ation in AMSCs, particularly under stressed conditions.

Evaluation of Cytotoxicity of MP-(CoQ,,) in AMSCs by
WST-1 Assay The cytotoxicity of MP-(CoQ,,) in AMSCs
was evaluated by measuring cell viability employing WST-1
reagent. The viability of AMSCs treated with MP-(CoQ),,) for
24 h was compared with that of the non-treatment group.

Treatment with MP-(CoQ,,) at final lipid concentration of
10 and 20 pM did not significantly affect cell viability com-
pared with the non-treatment group. In contrast, cell viabili-
ty was significantly decreased at final lipid concentration of 40
uM or higher (Fig. 5). These results suggest that the final lipid
concentration used in the present study (20 uM) did not exert
detectable cytotoxic effects on AMSCs.

DISCUSSION

In this study, MSCs isolated from the amnion were treat-
ed with CoQ,,-encapsulated MITO-Porter, which increased
their OCR. Furthermore, the treatment with MP-(CoQ),,) led to
a reduction in mitochondrial superoxide levels. These results
suggest that treating AMSCs with MP-(CoQ),,) enhanced mito-
chondrial function and antioxidant capacity.

We previously reported that the treatment of CDCs with
MP-(CoQ,,) resulted in an increase in OCR, with the maxi-
mal respiration being approximately two-fold higher com-
pared to the non-treatment group.'? In contrast, in the current
study, while treatment with MP-(CoQ,,) resulted in a signif-
icant increase in the maximal respiration, the increase was
approximately 1.2-fold higher compared to the non-treat-
ment group. Similarly, in rapidly expanding clones (RECs) of
human bone marrow-derived MSCs, treatment with CoQ,,-
encapsulated MITO-Porter resulted in a significant increase
in maximal respiration; however, the extent of the increase
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Fig. 1. Cellular Uptake of MP-(CoQ),,) Assessed by Flow Cytometry

(a) Histogram showing fluorescence intensities of 1,1’-dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate (Dil) taken up by AMSCs after treatment with Dil-labeled
MP-(CoQ),,) at a final lipid concentration of 20 uM for 1, 3, 6, 12, and 24 h. (b) Cellular internalization expressed as mean fluorescence intensities. Data expressed as mean £ SEM

(n = 3). Significant differences (*p<0.05, ***p<0.001) were calculated by an unpaired t-test.

was smaller compared to that observed in CDCs.!?-20 MSCs
are known to express high levels of glycolytic enzymes, while
the expression of enzymes involved in oxidative phosphoryl-
ation in mitochondria is relatively low, suggesting a depend-
ence on glycolysis.3® In fact, it has been reported that oxi-
dative metabolism accounts for more than 90% of the total
energy in cardiomyocytes,?-» while ATP production via oxi-
dative phosphorylation accounted for 78% of the total energy

production in AMSCs (Fig. S1), and 56% of total energy pro-
duction in RECs.29 Therefore, in MSCs, there may have been
a limit to the increase in OCR induced by MP-(CoQ),,). Impor-
tantly, even within the metabolic constraints of MSCs, mito-
chondria-targeted delivery of CoQ,, achieved a relative acti-
vation of mitochondrial respiration, highlighting the utility of
this approach as a platform for functional tuning rather than
metabolic reprogramming.
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Fig. 2. Intracellular Observation of MP-(CoQ,,) by Confocal Laser Scanning Microscopy

Co-localization between mitochondria (red fluorescence) (a, f) and MITO-Porter (green fluorescence) (b, g) was visualized, as indicated by yellow signals in the merged images
(c, d, e, h, i, j). Scale bars, 50 um.
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Fig. 3. Evaluation of Mitochondrial Respiratory Function of AMSCs Following Treatment with MP-(CoQ),,) by Extracellular Flux Analysis

(a) OCR was evaluated following treatment with phosphate-buffered saline (non-treatment group), ethanol suspension containing CoQ,, (naked CoQ,, group) for 24 h at a final
CoQ),, concentration of 3 uM, and AMSCs treated with MP-(CoQ,,) for 24 h at a final lipid concentration of 20 pM, with a final CoQ,, concentration of 3 + 0.1 uM. (b) Relative
basal respiration, (c) Relative maximal respiration, and (d) Relative ATP-linked respiration were normalized to the values of the non-treatment group. Data are expressed as mean
+ SEM (non-treatment, n = 25; naked CoQ,,, n = 8; MP-(CoQ,,), n = 17). Significant difference (*p<0.05, **p<0.01) was calculated by one-way ANOVA followed by Student-
Newman-Keuls test.
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Fig. 4. Evaluation of Antioxidant Capacity of AMSCs Following MP-
(CoQ,,) Treatment

Antioxidant capacity was evaluated by detecting mitochondrial superoxide levels
using the mtSOX Deep Red reagent. Mitochondrial superoxide production was induced
by administering Antimycin A at a final concentration of 10 uM. Under conditions with
Antimycin A, a significant decrease in fluorescence intensity was observed in the MP-
(CoQ,,) group compared to the non-treatment group. Each dot represents an individual
sample. The horizontal line represents the mean (non-treatment without antimycin A,
n=7; MP-(CoQ,,) without antimycin A, n = 8; non-treatment with antimycin A, n =9;
MP-(CoQ,,) with antimycin A, n = 8). Significant difference (*p<0.05) was calculated
by an unpaired t-test.

CoQ,, functions as a key component of the mitochondrial
electron transport chain and plays a crucial role in ATP pro-
duction.3» Consequently, it is found in higher concentra-
tions in metabolically active tissues, such as heart and skel-
etal muscles.?* 3% Furthermore, CoQ,, exhibits antioxidant
properties, and its reduced form is capable of neutralizing free
radicals.3+ 36 Consistent with these roles, treatment with MP-
(CoQ,,) significantly increased ATP-linked respiration in
AMSCs, indicating an enhancement of mitochondrial respi-
ration coupled to ATP synthesis. In fact, in the present study,
the delivery of CoQ,, to the mitochondria of AMSCs led to
an increase in OCR and a reduction in superoxide levels, sug-
gesting that the delivered CoQ,, exerted its effect. An increase
in OCR does not necessarily lead to higher ROS generation,
because mitochondrial ROS largely arises from electron leak
under conditions of upstream over-reduction.?” Mitochondri-
al delivery of CoQ),, may improve electron transfer from com-
plexes I/II to complex III by restoring the CoQ,, pool, there-
by increasing respiratory flux while reducing electron leak and
superoxide production, particularly under stress conditions. In
the context of transplantation of AMSCs, if the transplanta-
tion site is an aerobic environment such as heart or muscles,
pre-supplementing with CoQ,, may facilitate adaptation to the
environment, potentially promoting cell survival. In future
studies, we will evaluate the efficacy of AMSCs with modified
mitochondrial function in animal models.

This study has several limitations. First, although cellu-
lar uptake of the MP-(CoQ,,) was confirmed by flow cytome-
try and CLSM, mitochondrial delivery of CoQ,,, itself was not
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Fig. 5. Evaluation of the Cytotoxicity of MP-(CoQ,,) in AMSCs by WST-1
Assay

AMSCs were treated with MP-(CoQ,,) for 24 h at final lipid concentrations of 10,
20, 40, or 80 uM. Cell viability was evaluated using a WST-1 assay and expressed
relative to the non-treatment group (0 uM). Data are presented as the mean = SEM
(n = 3). Statistical significance was determined by one-way ANOVA followed by Dun-
nett’s multiple comparisons test (*p < 0.05, **p < 0.01 vs. non-treatment group).

directly quantified. Therefore, the relationship between CoQ,,
delivery efficiency and the observed functional improvements
remains to be clarified. Second, although ATP-linked res-
piration was significantly increased following MP-(CoQ,,)
treatment, intracellular ATP levels were not directly quanti-
fied. Therefore, whether the enhanced mitochondrial respi-
ration translates into increased ATP production requires fur-
ther investigation through direct ATP quantification in future
studies. Third, an Empty MITO-Porter (MITO-Porter with-
out CoQ),, encapsulation) control was not included in the eval-
uation of mitochondrial respiration. Therefore, the effects of
MITO-Porter itself on mitochondrial function in AMSCs could
not be assessed, and the possibility that the observed chang-
es were partially influenced by the carrier itself cannot be
completely excluded. Future studies should include an Emp-
ty MITO-Porter control to distinguish the effects of the carri-
er from those of mitochondria targeted CoQ,, delivery. Fourth,
although MP-(CoQ,,) significantly reduced mitochondrial
superoxide levels under antimycin A-induced oxidative stress,
a naked CoQ),, control was not included in this experiment.
Therefore, the relative contribution of mitochondrial-targeted
delivery versus CoQ),, itself to the observed antioxidant effect
could not be directly evaluated. Finally, the present study was
performed using healthy AMSCs and did not investigate the
effects of MP-(CoQ,,) in MSCs with impaired mitochondrial
function, such as senescent or oxidative stress-exposed MSCs.
In addition, this study focused on mitochondrial activation
and did not investigate whether these changes translate into
enhanced therapeutic functions, such as immunomodulatory
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capacity, paracrine activity, migration, or tissue repair. There-
fore, further studies using disease-relevant or mitochondria-
impaired MSC models, together with functional and in vivo
evaluations, are warranted to determine the therapeutic poten-
tial of mitochondrial-activated AMSCs.

In conclusion, the mitochondrial delivery of CoQ,, suc-
cessfully enhanced the mitochondrial respiratory capacity and
antioxidant ability of AMSCs. These mitochondrial-activated
AMSCs, newly generated by utilizing the MITO-Porter sys-
tem, may represent a promising material for improving MSC-
based cell transplantation therapy.
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