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Clinically intractable infertility and recurrent miscarriage due to irreversible endometrial damage need to
be treated with biomaterial- and cell-based therapies. Some previous studies have reported on the effi-
cacy of a collagen scaffold and/or bone marrow-derived mesenchymal stem cells. However, the functional
differentiation of grafted cells was uncertain, and the time required for regeneration was long in these
studies.
Here, we show the synergistic regenerative effects of hyaluronic acid (HA) hydrogel with in vitro decid-

ualized endometrial stromal cells (EMSCs) in a murine uterine infertility (synechiae) model. Decidualized
EMSCs (dEMSCs) were encapsulated with HA hydrogel, combined with three different doses of fibrino-
gen/thrombin (5, 50, and 500 mIU/mL). The HA/fibrin gel showed biocompatibility when mixed with
dEMSCs. The addition of thrombin enhanced gel formation (5 and 50 mIU/mL) and engraftment and
enabled the effective release of adhesion molecules.
Within two weeks, which is a short duration, treatment with hydrogel decreased the fibrous tissue and

increased the thickness of the endometrium. The regenerated endometrium demonstrated functional
recovery, as evidenced by the expression and secretion of molecules essential for embryonic implanta-
tion, such as Desmin, CD44, PECAM, and IGF-1. Transferred embryos successfully implanted and the nor-
mal development of implanted embryos (n = 37) were evaluated by co-localization of distinct markers of
the three germ layers (Sox2, Nestin, Brachyury, AFP, and HNF4a). Live birth of offspring was achieved in
the regenerated endometrium by HA hydrogel.
Therefore, HA hydrogel-mixed dEMSCs can be an innovative treatment strategy with rapid recovery of

endometrial damage and may also have therapeutic potential in intractable infertility or recurrent mis-
carriage.

Statement of Significance

Decidualized EMSCs (dEMSCs) encapsulated with HA hydrogel combined with fibrinogen/thrombin
(50 mIU/mL) showed injectability and biocompatibility when mixed with dEMSCs.
Hydrogel-encapsulated dEMSCs can be a useful treatment for damaged endometrium in short duration,

with successful implantation and normal development in a murine model.
� 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Irreversible endometrial damage possibly causes infertility or
uterine symptoms such as Asherman’s syndrome [1–3]. Of partic-
ular importance are uterine factors involved in infertility or recur-
rent miscarriage, as recovery from these conditions is difficult
owing to irreversible endometrial damage [4]. Therefore, new
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therapeutic strategies such as cell- and/or biomaterial-based treat-
ments are required.

The endometrium provides an optimal milieu that is critical for
embryo implantation through the secretion of cytokines and
growth factors [5]. This specialized tissue regularly undergoes
morphological and functional changes, following a temporal cycle
under the control of sex hormones such as estrogen (E2) and pro-
gesterone (P4) [6,7]. To maintain these specialized cycles, the endo-
metrium possesses highly proliferative somatic cells: the
endometrial stromal cells (EMSCs).

EMSCs differentiate into decidual cells during early secretory
and early pregnancy phases [8]. Optimized decidualization is crit-
ical for successful embryonic implantation and trophoblastic
growth in most mammals including humans, nonhuman primates,
and rodents [9]. When decidualization does not occur correctly,
embryos cannot attach for implantation, and they do not develop
further in in vivo. During decidualization, the expression of specific
genes such as those for prolactin (PRL) [10] and insulin-like growth
factor (IGF) [11] is induced. In addition, EMSCs undergo morpho-
logical changes from a spindle to a polygonal shape. To be utilized
for the treatment of irreversible endometrial damage, donor EMSCs
can be decidualized in vitro through a combined treatment with
the ovarian steroid hormones P4 and E2 [12]. The endometrium
expresses cluster of differentiation (CD) molecules, which act as
either receptors or ligands in the endometrium. In the uterus,
CD44 is involved in the adhesion process during embryonic
implantation and is locally expressed on the endometrial epithe-
lium [13]. Owing to its limited expression during the implantation
period, CD44 is thought to play a role in the initial trophoblast–en-
dometrial interaction [14].

The nonsulfated glycosaminoglycan hyaluronic acid (HA) is a
linear polysaccharide composed of repeating b-1,4-D-glucuronic
acid-b-1,3-N-acetyl-D-glucosamine disaccharide units, and its
derivatives have recently been recognized as efficacious biomateri-
als that can be used in many fields of tissue engineering and regen-
erative medicine [15].

In the uterus, HA plays a role during trophoblast invasion into
the maternal endometrium [16]. It has been used as a replacement
for albumin in embryo cultures in vitro [17]. Therefore, we consid-
ered HA to could be an appropriate molecule for endometrial
regeneration therapeutics owing to the existence of HA receptor
in the endometrium. Fibrin is a biomatrix that is formed when fib-
rinogen (F) is mixed with thrombin (T). It is plausible that compos-
ite hydrogels made from a combination of fibrin and HA may be
able to support successful embryonic implantation, considering
their compatibility with the intrauterine environment.

Previous studies have mainly used bone marrow-derived mes-
enchymal stem cells (BM-MSCs) [18,19] or EMSCs [20] as cell
sources for uterine regeneration therapies. However, collagen
sheets combined with rat BM-MSCs required three months for
endometrial regeneration [21]. Similarly, BM-MSCs showed regen-
erative ability in mice but required three estrus cycles for regener-
ation [22]. In rats, human embryonic stem cell-derived
endometrium-like cells also showed regenerative potential during
a functional recovery period of three months [23]. Although some
studies have reported the efficacy of BM-MSCs [22] and/or collagen
scaffolds [21] in rodent endometrial injury models, the time
required for regeneration is long and the degree of functional dif-
ferentiation of the grafted cells is uncertain. To date, little is known
about whether in vitro processed endometrial cells encapsulated in
composite matrix scaffolds are effective as a therapeutic option
when administered into the cavity of damaged endometria.

In this study, we aimed to construct endometrium-tailored
HA/fibrin composite hydrogels and investigate their regenerative
effects in combination with in vitro decidualized EMSCs (dEMSCs)
in a murine uterine synechiae model.
2. Materials and methods

2.1. Ethics

Eight-week-old male and female C57BL/6 mice were main-
tained in the animal facility of Seoul National University Hospital.
Five mice were housed per cage in a room with a 12-hour light/-
dark cycle and unlimited access to food and water. All of the ani-
mal experimental procedures were approved by the Seoul
National University Hospital Institutional Animal Care and Use
Committee [IACUC, No.16-0005-S1A0(4)].
2.2. Preparation of endometrial stromal cells and in vitro
decidualization

2.2.1. Isolation of donor endometrial stromal cells (EMSCs)
Uterine horns of 8-week-old female mice were incised longitu-

dinally to expose the uterine cavity and were cut into small pieces.
After washing with HBSS (Invitrogen, Waltham, MA, USA), uterine
tissues were incubated with HBSS containing 1 mg/mL collagenase
type I (Invitrogen) and 50 IU/mL penicillin-streptomycin (P/S,
Invitrogen) for 1 h at 37 �C. Tissues were minced and then passed
through a 70-mm cell strainer (BD Biosciences, San Jose, CA, USA).
Cells were re-suspended in Dulbecco’s modified Eagle’s medium/
F12 (DMEM/F12, Invitrogen), containing 10% fetal bovine serum
(FBS, HyClone, Logan, Utah, USA) and 50 IU/mL P/S. After an initial
culture of 30 min, the medium was changed to remove residual
epithelial cells and further cultured in fresh medium.
2.2.2. In vitro decidualization of EMSCs
EMSCs were seeded at a density of 1 � 105 cells/well and cul-

tured until they reached 80% density. Decidualization was induced
by adding 0.1 nM E2 (Sigma-Aldrich, St. Louis, MO, USA) and
100 nM of P4 (Sigma-Aldrich) in phenol red-free DMEM/F12 (Invit-
rogen) supplemented with 10% FBS and 50 IU/mL P/S and culturing
cells for an additional 10 days. The spindle-shaped EMSCs trans-
formed into large rounded cells, which resembled in vivo decidua.
Culture supernatants were collected and stored at �20 �C until
they were assayed for prolactin (PRL) concentration.
2.2.3. Flow cytometry analysis
Cells were detached using 0.25% trypsin-EDTA (Invitrogen) and

sequentially blocked, centrifuged, rinsed, and resuspended in PBS
at a concentration of 105 cells/mL. Resuspended cells were incu-
bated with 5 lL of fluorescein isothiocyanate-labeled antimouse-
CD44, -CD49f, and -CD73 antibodies (BD Pharmingen, San Jose,
CA, USA) in the dark at 24 �C for 30 min. After washing twice with
PBS, cells were analyzed using a flow cytometer (BD FACS CaliburTM,
BD Biosciences).
2.2.4. Measurement of prolactin (PRL) concentration
Culture supernatants were collected and stored at �20 �C until

assayed. The concentration of PRL in collected supernatants was
measured using an immunoassay kit (Abcam, Cambridge, UK)
according to the manufacturer’s protocol. Briefly, supernatants
were added to a 96-well plate and incubated with antibody mix-
ture. After incubation, the wells were washed to remove unbound
material, and 3,30,5,50-tetramethylbenzidine (TMB) substrate was
added. The reaction was then stopped, and absorbance was mea-
sured at 450 nm using a UniCel Dxl Access system (Beckman Coul-
ter, Indianapolis, IN, USA).
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2.3. Preparation of injectable hydrogel composite

2.3.1. Preparation of injectable HA/fibrin hydrogel
Select-HATM 150 K (mol. wt 125–175 kDa) was purchased from

Sigma-Aldrich, and gelation was performed according to the man-
ufacturer’s protocol. The HA powder was solubilized to 1% (w/v)
concentration in the supplied solvent. The HA solution was then
placed in a flask and cooled to 5 �C in a water bath with stirring.
F and each concentration of T (5, 50, and 500 mIU/mL) [24] were
separately prepared in a single syringe and were connected to a
joining piece. Then, F and HA were then mixed with T to prepare
an injectable HA/fibrin hydrogel.

2.3.2. Rheological measurement of HA/fibrin hydrogel
Viscosity was assessed using a cone-and-plate digital viscome-

ter (LVT Wells-Brookfield, Brookfield Engineering Laboratories,
Stoughton, MA, USA). All measurements were performed at 37 �C
in 0.5 mL of test fluid. The experimental conditions for the detec-
tion of gel formation were as follows: temperature 37 �C, shear
strain 0.05%, shear stress 1 Pa, and oscillation frequency 1 Hz.
The electronic system detected and stored the storage modulus
(G’ in Pa) and the loss modulus (G” in Pa) at a frequency of 1 Hz.
The pressure of the upper plate on the gel was set to 1 Pa and auto-
matically controlled during the gelation process.

2.3.3. Encapsulation of dEMSCs using HA/fibrin hydrogel
In vitro decidualized EMSCs (dEMSCs) were harvested using

0.25% trypsin-EDTA (Invitrogen), washed twice with PBS (Invitro-
gen), and centrifuged. Washed cells were mixed with HA by gentle
pipetting, and F and each concentration of T (5, 50, 500 mIU/mL)
were added sequentially, immediately before intrauterine
injection.

2.3.4. Scanning electron microscopy (SEM) analysis
Samples were fixed with 2.5% glutaraldehyde (Sigma-Aldrich)

and subsequently fixed with 2% aqueous osmium tetroxide
(Sigma-Aldrich) and serially dehydrated. Samples were then chem-
ically dried using hexamethyldisilazane (HMDS). Images were cap-
tured using a scanning electron microscope (SEM; S-3700N,
Hitachi, Tokyo, Japan).

2.3.5. Cell proliferation assay
The viability of dEMSCs was determined using a tetrazolium

salt, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-dis-ulfophenyl)-2
H tetrazolium, monosodium salt (WST-1) assay kit (Roche Diag-
nostics, Indianapolis, IN, USA). Briefly, cells were seeded at a den-
sity of 1 � 104 cells/well on 96-well plates and incubated in a 5%
CO2 atmosphere at 37 �C for 48 h. The medium was removed,
and samples were washed three times with PBS. The WST-1
reagent was then reconstituted to 10% with media and was added
to the plate, which was incubated for 2 h at 37 �C in the dark. The
absorbance of the supernatant from each well was measured at
480 nm with a UV–visible spectrophotometer (VersaMax, Molecu-
lar Devices, Sunnyvale, CA, USA). Each experiment was performed
in triplicate.

2.4. Establishment of murine model with endometrial damage

Eight-week-old C57BL/6 female mice were used to induce
endometrial damage. A mixture of 8 mL of Zoletil (Virbac, Hamilton,
New Zealand) and 2 mL of Rompun (Bayer, Leverkusen, Germany)
was used for anesthesia. After administration of Zoletil/Rumpun
by intraperitoneal injection, 50% ethanol was infused through the
uterine cervix using a 24-gauge IV catheter (BD Biosciences), and
the endometrial cavity was irrigated with saline 5 min later. After
one week, a vertical incision was made on the abdominal wall, and
uteri were collected. The degree of damage was evaluated depend-
ing on morphological observation of hematoxylin and eosin (H&E)-
stained tissue sections.

2.5. Regeneration of endometrium using HA/fibrin hydrogel with
dEMSCs

2.5.1. In utero tracking using CM-DiI
Decidualized EMSCs were prelabeled with CM-DiI (C7000, Invit-

rogen) for postinjection tracking in utero. Uterine horns containing
CM-DiI-labeled dEMSCs encapsulated with hydrogels were excised
at day 14, embedded in OCT (Scigen, Gardena, CA, USA), and frozen
at �30 �C for 10 min. Finally, the frozen tissues were serially sec-
tioned at a thickness of 6 lm using a cryostat (Leica), and fluores-
cence images were captured using an EVOS-FL fluorescence
microscope.

2.5.2. Injection of HA/fibrin hydrogel with dEMSCs into uterine cavity
Mice were assigned to each of four treatment groups, namely,

HA, HA + F + T5, HA + F + T50, and HA + F + T500 (Table 3). Hydro-
gels with dEMSCs were injected 7 days after the induction of uter-
ine damage. Cells (1 � 107), in combination with hydrogel
scaffolds, were injected as a bolus of 100 lL through the uterine
horn after a small dorsal incision was made.

2.5.3. Embryo transfer and evaluation of embryonic implantation
Functional recovery of engrafted uteri was evaluated by the

occurrence of pregnancy after embryo transfer (ET). Donor
embryos to be transferred were retrieved from pregnant uteri
(E3.0) by saline irrigation through the syringes. Under isoflurane
anesthesia, five embryos in 20 mL of M2 medium (Sigma-Aldrich)
were loaded onto a capillary tube (BD Biosciences) and transferred
to each uterine horn of untreated or engrafted recipient mice. On
posttransfer days 5 and 8, uteri were removed and stained with
10% Evans blue solution (Sigma-Aldrich), and the number of
implanted sites was counted. Implantation efficiency was calcu-
lated as the ratio of the number of implanted embryos to the total
number transferred (Table 4).

2.6. Histological analyses

All samples used for histological analyses were surgically col-
lected, fixed with 10% formalin for more than 12 h, dehydrated in
ethanol, and embedded in paraffin. Horizontal sections were pre-
pared at 5-mm intervals and stained by either H&E or Masson Tri-
chrome staining method as given in previous reports [25].

2.7. Immunofluorescence analysis

To assess cell compatibility, cells were fixed with 4%
paraformaldehyde (PFA) for 15 min at room temperature and then
rinsed with PBS. Samples were labeled with the primary antibody
rabbit antimouse desmin (1:100, Santa Cruz Biotechnology, Dallas,
Texas, USA) at 4 �C overnight. Samples were then rinsed three
times in PBST for �15 min each. The secondary antibody Alexa Flu-
orTM 488-conjugated donkey antirabbit (Molecular Probes, Wal-
tham, MA, USA), was added, and the samples were incubated for
1 h at room temperature. Samples were then rinsed three times
with PBST and incubated briefly with 10 mg/mL 40,6-diamidino-2-
phenylindole, dihydrochloride (DAPI, Sigma-Aldrich). Fluorescence
images were captured using an EVOS-FL fluorescence microscope
(Thermo Fisher Scientific, Waltham, MA, USA).

For immunohistochemistry analysis, tissue sections were
labeled with the following primary antibodies, rabbit antimouse-
CD44 (1:100, Santa Cruz Biotechnology), rabbit antimouse Ki67
(1:100, Santa Cruz Biotechnology), goat antimouse platelet



Table 3
Number of animals used.
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endothelial cell adhesion molecule (PECAM) (1:200, Santa Cruz
Biotechnology), and rabbit antimouse insulin-like growth factor
(IGF)-1 (1:200, Santa Cruz Biotechnology). Samples were treated
with the secondary antibodies antirabbit horse radish peroxidase
(HRP, DAKO, Glostrup, Denmark) or anti-goat HRP (1:100, DAKO)
for 2 h at room temperature and then washed three times with
TBST (TBS with 0.05% Tween 20). The substrate, DAB, was then
added, and slides were incubated at room temperature for 5 min.
Finally, 10 mg/mL DAPI was added, and images were observed
under a microscope (Leica, Nussloch, Germany).

2.8. Quantitative real-time reverse transcription PCR (qRT-PCR)

Specific primers used for qRT-PCR are listed in Table 1. Total
RNA was isolated using TRIzol� reagent (Invitrogen). Complemen-
tary DNA was synthesized from 1 lg of purified total RNA using
AccuPower RT PreMix (Bioneer, Daejeon, Korea), according to the
manufacturer’s instruction. PCR analysis was performed in a Rotor-
Gene Q instrument (Qiagen, Valencia, CA, USA) using a QuantiTect
SYBR green PCR kit (Qiagen) at the uniplex setting. The amplifica-
tion program included an initial denaturation at 95 �C for 10 min,
followed by 30 cycles of denaturation at 95 �C for 15 s, annealing
at 58 �C for 20 s, and extension at 72 �C for 30 s. All reactions were
performed in triplicate, and relative gene expression was normal-
ized to GAPDH expression (see Table 2).

2.9. Immunostaining of implanted embryos

Embryo-implanted uterus samples were fixed with 10% forma-
lin for 12 h and then rinsed with PBS. Samples were sequentially
processed with water, 70% ethanol (EtOH), 80% EtOH, 90% EtOH,
and 100% EtOH for 30 min each at room temperature. Samples
were then processed in xylene (Sigma-Aldrich) for 30 min at room
temperature, soaked with melted Paraplast (Sigma-Aldrich), and
solidified as a paraffin block for sectioning. Solidified paraffin
blocks were cut at a thickness of 5 mm using a microtome (Leica)
and then transferred to microscope slides. Slides were dried over-
night and stored at room temperature until ready for use.

To prepare samples for immunostaining, slides were placed in
an oven at 56 �C for 10 min to melt the paraffin, and slides were
then deparaffinized in xylene for 5 min. The slides were then incu-
bated in 100% alcohol thrice for 3 min each and transferred to 95%
EtOH for 3 min. Finally, slides were rinsed with PBS twice for 5 min
each. After rinsing with PBS, samples were permeabilized in PBST
Table 2
Primers used for qRT-PCR.

Abbreviation Gene Se

Fo

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 50

Cdh1 Cadherin-1 50

Esr Estrogen receptor 50

FN Fibronectin 50

IGF-1 Insulin-like growth factor 1 50

LIF Leukemia inhibitory factor 50

VEGF Vascular endothelial growth factor 50

Table 1
Gelation time of HA/fibrin hydrogels with different thrombin concentrations.

Hydrogel group (n = 5) HA + F + T5 HA + F + T50 HA + F + T500

HA 1% 1% 1%
T 5 mIU/mL 50 mIU/mL 500 mIU/mL
Gelation time (S) 22 ± 5 12 ± 5 5 ± 3

HA: hyaluronic acid, F: fibrinogen, T: thrombin.
for 30 min at room temperature and blocked in blocking buffer,
which consisted of PBS containing 3% bovine serum albumin
(BSA, Sigma-Aldrich) and 0.3% Triton X-100 (Sigma-Aldrich). The
primary antibodies mouse antimouse Sox2 (Abcam), rabbit anti-
mouse Brachyury (Abcam), mouse antimouse Nestin (Abcam), goat
antimouse AFP (Santa Cruz Biotechnology), mouse antimouse Bra-
chyury (Santa Cruz Biotechnology), and rabbit antimouse HNF4a
(Santa Cruz Biotechnology) were diluted 1:100 in blocking buffer.
Samples were incubated with primary antibodies overnight at
4 �C. They were then rinsed three times in PBST for �15 min each.
The secondary antibodies Alexa FluorTM 488-conjugated donkey
antirabbit, Alexa FluorTM 586 donkey antimouse, Alexa FluorTM

594-conjugated donkey antimouse, and Alexa FluorTM 594-
conjugated donkey antirabbit (Molecular Probes, Waltham, MA,
USA) were diluted 1:200 in blocking buffer. Samples were incu-
bated in secondary antibodies for 1 h at room temperature, rinsed
three times with PBST, and then incubated briefly with 10 mg/mL
DAPI reagent. Fluorescence images were captured using a confocal
microscope (Leica).

2.10. Statistical analysis

All values are presented as mean ± standard deviation (SD).
Data were analyzed by ANOVA, followed by Bonferroni’s test for
multiple comparisons using the SPSS program (SPSS 12.0; SPSS,
Inc., Chicago, IL, USA). A P value <0.05 was considered statistically
significant.
3. Results

A schematic representation of the staged experimental proce-
dures is shown in the graphical abstract, and the number of ani-
mals used in these experiments is given in Table 3.

3.1. Preparation of EMSCs and in vitro decidualization

For the analysis of properties of isolated endometrial stromal
cells, we performed immuno-phenotyping of EMSCs from imma-
ture and parous mice. EMSCs isolated from uteri were found to
quences

rward Reverse

-GTGTTCCTACCCCCAATGTG-30 50-ATAGGGCCTCTCTTGCTCAG-30

-TGAAGATAGAGGCCGCCAAT-30 50-CCAAGAACATGGGAGGCTCAT-30

-CAGTAACAAGGGCATGGAAC-30 50-GTACATGTCCCACTTCTGAC-30

-CGAGGTGACAGAGACCACAA-30 50-CTGGAGTCAAGCCAGACACA-30

-ACCGAGGGGCTTTTACTTCA-30 50-TGGCTCACCTTTCCTTCTCC-30

-AACTGGCACAGCTCAATGG-30 50-AGGCGCACATAGCTTTTCC-30

-GCACAAGGACGGCTTGAAGAT-30 50-CCCACGACAGAAGAGCAGA-30

a b Total

EMSC donor 10 10
Embryo donor 54 54
Treated post-treatment analyses 2 32 42

post-implantation analyses 8
Nontreated post-treatment analyses 2 8 12

post-implantation analyses 2
Normal control 4 4
Total 82 40 122

EMSC: endometrial stromal cell, a: histology and PCR, b: implantation rate analysis.
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express CD44, CD49f, and CD73. The CD44-positive population was
the most prevalent population in parous EMSCs (64.7% vs. 50.7%),
while populations positive for CD49f (87.3% vs. 53.5%) and CD73
(24.8% vs. 18.1%) were the most prevalent population in immature
EMSCs (Fig. 1A). These experiments were performed in triplicate,
and the pattern of expression was similar among replicate
experiments.

The morphology of decidualized parous EMSCs changed to a
polygonal shape, which is the typical morphology of decidual cells,
whereas the immature EMSCs did not effectively undergo morpho-
logical changes (Fig. 1B). The concentration of prolactin, as a mar-
ker of decidualization, released into the culture medium was also
higher in parous EMSCs than in immature EMSCs (P < 0.01, Fig. 1C).

3.2. Characterization of injectable HA/fibrin hydrogel with dEMSCs

3.2.1. Preparation of injectable HA/fibrin hydrogel with dEMSCs
An injectable hydrogel was constructed by combining 1% HA/F

with various concentrations of T. The addition of F and T to HA
facilitated the formation of networks, and gelation time was noted
(Table 1). HA/fibrin injectable gels prepared with 50 and 500 IU/mL
T showed networks with more biocompatible pores than HA + F
+ T5 gels and those containing HA-only (Fig. 2A). The stiffness of
injectable HA/fibrin gels was measured by multiple rheometry.
The addition of 50 mIU/mL T led to the formation of gels with
higher stiffness than HA-only and HA + F + T5 gels. Thrombin at a
10-fold higher concentration (T500) also resulted in gel formation
with the highest stiffness; however, these gels were less practical
to use as scaffolds owing to their mechanical strength. Gel viscosi-
ties were in the range of 1.0 � 102 to 2.5 � 103 Pa∙s, and viscosity
generally increased with T concentration (Fig. 2B). The average
Pa∙s value of each group was 0.4, 3.16 � 102, 1.37 � 103, and
1.43 � 103, respectively.

3.2.2. Characterization HA/fibrin hydrogel with dEMSCs
The biocompatibility of HA/fibrin-dEMSCs was evaluated by

SEM. The cross-linked cells in the hydrogels maintained their mor-
phology and were well integrated. SEM analysis revealed that col-
lagen fibers were visible in the extracellular space. The formation
of a connective network within HA/fibrin-dEMSCs was facilitated
after incubation. After 4 h, small aggregated cell clusters were
observed, and after 24 h, larger cell aggregates that were well inte-
grated into the HA/fibrin scaffold were observed (Fig. 2C).

Distribution of dEMSCs within each hydrogel was evaluated,
and the distribution pattern of HA/fibrin-dEMSCs within hydrogels
varied depending on the concentration of thrombin, i.e., as the con-
centration of thrombin increased, the connectivity between cells
significantly increased (Fig. 2D).

Hydrogel compatibility was confirmed by the expression of
Desmin, a muscle fiber protein found in the uterus. The positively
stained region showed a dense fiber structure. This fiber network
was enhanced by the addition of 50 and 500 IU/mL T, whereas
HA and HA + F + T5 gels formed a less dense fiber network
(Fig. 2E). Such interconnected porous architecture in the HA/fibrin
gel could provide a passageway for media, nutrients, and oxygen,
which would support the survival and proliferation of the injected
dEMSCs. When the viability of cells mixed with the hydrogels was
assessed, active proliferation was observed; however, the propor-
tion of proliferative cells, measured by WST-1 assays, was not sig-
nificantly different among the hydrogels with different T
concentrations (Fig. 2F).

The expression of cadherin-1 and fibronectin, which are the
main adhesion and ECM molecules in the endometrium, was sig-
nificantly upregulated in the HA + F + T gel group (P < 0.01,
Fig. 2G). These results suggest that the addition of T to HA/fibrin
hydrogels increases their adhesive properties by increasing the
expression of cell adhesion- and ECM-related genes. The mainte-
nance of decidual characteristics in HA/fibrin hydrogels was evalu-
ated by assessing the expression of decidua-specific genes. IGF-I
and ER expression was higher in HA/fibrin hydrogels than in those
containing only HA (P < 0.01, Fig. 2H).

Holistically, these results indicated that the addition of 50 mIU/
mL T resulted in the most effective environment for the construc-
tion of injectable cell-containing hydrogels that maintained the
features of dEMSCs and showed enhanced biocompatibility.

3.3. Establishment of a murine model of endometrial damage

Induction of endometrial damage in mice was achieved by vagi-
nal injection of ethanol. After 14 days, damage in the endometrium
was evaluated by histological analysis. Damaged uteri demon-
strated endometrial layers that were significantly thinner or indis-
tinguishable from the myometrium. The thickness of the
remaining endometrium was measured, and its average in the
damaged model was in the range of 30–80 mm (Fig. 3A, left panel).

3.4. Endometrial regeneration in mouse models using HA/fibrin
hydrogels with dEMSCs

3.4.1. Histological evaluation of endometrial regeneration after
engraftment

Two weeks following the engraftment of the HA/fibrin hydro-
gels with dEMSCs, the engrafted uteri showed regeneration of
the endometrial layer, displaying the presence of well-distributed
cells and more apparent neovascularization (Fig. 3A). Furthermore,
the stromal part of the tissue showed a well-organized structure,
with epithelia and secretory glands. The thickness of the endome-
trial layers in the uteri treated with HA/fibrin hydrogels was signif-
icantly higher than that of the group treated with HA only
(P < 0.01), with the HA + F + T50 hydrogel group showing the most
effective endometrial regeneration (Fig. 3A right panel).

For the analysis of fibrous tissue, collagen content was evalu-
ated. The image clearly showed that the HA + F + T50 hydrogel
group with higher fibrous tissue (blue) contents demonstrated a
larger amount of viable tissue (red) and a smaller amount of
fibrous tissue (blue) than the nontreated group and HA-only or
HA + F + T50 groups (Fig. 3B).

3.4.2. Analyses of endometrial regeneration after engraftment of
HA/fibrin hydrogels

The proliferation of dEMSCs after engraftment was confirmed
by assessing the expression of Ki67 in uteri isolated 14 days after
engraftment. A higher proportion of Ki67-positive cells were
observed in engrafted animals. Cells double-positive for Ki67 and
CM-DiI were considered engrafted cells. The migration of engrafted
cells was traced using the live cell dye CM-DiI. Positively stained
regions were distributed in the uterine cavity, and the signal was
increased in the HA + F + T50 group. In addition, CM-DiI-positive
regions co-localized with Desmin-positive cells (Fig. 3C). Taken
together, these data indicated that the injected cells were success-
fully engrafted in the damaged endometrium.

The expression of CD44, the main HA receptor that regulates
cell–cell interactions, was also significantly increased in the HA/-
fibrin groups. The expression of PECAM and IGF-1, which are
neovascularization- and decidua-specific genes, also significantly
increased in the hydrogel-engrafted groups compared with those
in the HA-only group. The majority of the PECAM signal localized
near the generated glands and was also higher in hydrogel-
engrafted groups (P < 0.01, Fig. 3D).

To analyze the effects of hydrogel on endometrial regeneration,
VEGF and LIF expression was assessed. Significantly higher expres-
sion of these genes was observed in HA/fibrin hydrogel-treated



Fig. 1. Immuno-phenotyping and in vitro decidualization of EMSCs. Initial characterization of EMSCs was performed using a single cell-antibody reaction, and the transition
to decidua was induced. The degree of decidualization was evaluated by measuring the secretion of prolactin (PRL). A. Immune phenotypes of isolated EMSCs were analyzed
by FACS. The experiments of CD expression were conducted in triplicate batches, and the results were found similar among the experiments. B. EMSCs from immature and
parous mice were treated with estrogen and progesterone, and decidualization was effectively achieved in the parous group. C. Decidualization was confirmed by measuring
the secretion of prolactin into the medium. *CTL: control, EMSCs: endometrial stromal cells.

144 Y.Y. Kim et al. / Acta Biomaterialia 89 (2019) 139–151



Fig. 2. Characterization of injectable HA hydrogel. Scanning electron microscopy and rheometry were performed to analyze the physical properties of the injectable HA
hydrogels.Decidual featuresof the cellsweremaintained, evenaftermixingwithhydrogel. A. Structural analysis of theHA/fibrincomplex, constructedby theadditionofdifferent
concentrations of thrombin, by scanning electronmicroscopy (SEM). B. Physical properties were analyzed bymultiple rheometricmeasurements. *F: fibrinogen, HA: hyaluronic
acid, T: thrombin. C. Time course of dEMSC integration into HA/fibrin hydrogels analyzed by scanning electronmicroscopy and confirmation of encapsulation. D. Cross-sectional
SEM images of dEMSCs embedded hydrogel for the evaluation of distribution and encapsulation of dEMSCswithin hydrogel. E. Effective harboring of cells in HA/fibrin hydrogels
was demonstrated by Desmin immunostaining. *DAPI: 40 ,6-diamidino-2-phenylindole. F. Survival of cells in HA/fibrin hydrogels (WST-1) was measured by absorbance. G-H.
Expression of cell adhesion- and ECM-related genes (G) and of decidua-specific genes (H) was confirmed in HA/fibrin hydrogels encapsulating dEMSCs (qRT-PCR).
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groups than in the HA-only group, with the H + F + T50 group
showing the highest levels (P < 0.01, Fig. 3E).

Taken together, these results indicated that engraftment of HA/-
fibrin hydrogels regenerated damaged uteri by accelerating cell–
cell adhesion between the remaining cell layer and the injected
dEMSCs.
3

Fig. 3. Regeneration of endometrium in engrafted synechiae model. Regeneration of the e
the increase in endometrial thickness and portion of fibrous tissue after treatment. The en
expression of endometrium- specific markers was evaluated at the mRNA level. A. Histo
endometria. The HA + F + T50 group was most effective at inducing endometrial regenera
indication of scar) in each group. The HA + F + T50 group demonstrated lower contents of
that cells were engrafted (brown) and had proliferative activity. Engrafted cells were pre-
endometrium. D. Immunohistochemistry of neovascularization-related and decidua-sp
thrombin, E. Expression of VEGF and LIF in HA/fibrin hydrogels (qRT-PCR). *LIF: leukemia
references to colour in this figure legend, the reader is referred to the web version of th
3.5. Functional recovery after HA/fibrin hydrogel treatment

3.5.1. Implantation of embryos onto the regenerated endometrium
Blastocyst-stage embryos (E3.0) were transferred to the regen-

erated endometrium, and their implantation was confirmed by
staining with Evans blue, an azo dye with a very high affinity for
ndometrium in a murine model of endometrial damage was evaluated by measuring
graftment of injected cells was confirmed by co-expression of specific markers. The
logical analyses of endometrial thickness and the number of glands in regenerated
tion. B. Masson trichrome (MT) staining for the measurement of fibrous tissue (blue,
fibrous tissue than non-treated and HA + F + T5 groups. C. Ki67-positivity indicated
labeled with CM-DiI, and co-localization with Desmin indicated regeneration of the
ecific markers, CD44, PECAM, and IGF-1. *F: fibrinogen, HA: hyaluronic acid, T:
inhibitory factor, VEGF: vascular endothelial growth factor. (For interpretation of the
is article.)
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serum albumin. Examination of the uterine horns when embryos
were at day 7.5 and day 10.5 showed that the implantation rate
of the HA + F + T50 hydrogel group was significantly higher than
the rate observed in the nontreated and HA-only groups
(Fig. 4A). The implantation rate after donor embryo transfer in
treated animals was higher in the HA/fibrin groups than in the
HA-only group (Table 4).

Transverse sections of the uteri were prepared to evaluate
postimplantation embryonic development. At 3 days after implan-
tation, ectoplacental cone (epc) development was observed on the
inner side of the uterine cavity (Fig. 4B, left panel). In addition, the
expression of stage-specific embryonic antigen (SSEA)-1, an impor-
tant factor in cell adhesion and migration, was evaluated. SSEA-1-
positive cells were distributed over the entire transverse section
(Fig. 4B, right panel).

3.5.2. Expression of three embryonic germ layer markers
The development of the three germ layers in implanted

embryos was confirmed at E7.5 by measuring the expression of
the specific markers sox2 (ectoderm), Brachyury (mesoderm),
and hepatocyte nuclear factor 4 alpha (HNF4a, endoderm) and at
E8.5 by measuring the expression of the specific markers Nestin
(ectoderm), Brachyury, and alpha-fetoprotein (aFP, endoderm,
Fig. 4C). Morphological analysis of developing embryos from the
engrafted groups at E13.5 and of neonates showed normal devel-
opment as compared to nondamaged controls (Fig. 4D).

Taken together, these results indicated that the embryos
implanted on the regenerated endometrium developed normally,
Fig. 4. Functionality of endometrium treated with injectable HA/fibrin hydrogels. The fun
of transferred embryos. Implantation and normal early gastrulation were confirmed, and
E7.5 and E10.5, showed that the HA/fibrin hydrogel group showed a significantly higher
uterus containing the implanted embryo. The formation of ectoplacental cone with em
markers, Sox2/Brachyury/HNF4a, at E7.5 (upper panel) and Nestin/Brachyury/aFP at E8
hydrogel-treated group showed normal development comparable to that of nondama
hematoxylin and eosin, T: thrombin.
with no significant differences compared to those of the nondam-
aged control group.
4. Discussion

The endometrium, the inner layer of the uterus, is the main
location for embryo attachment, adhesion to the receptive epithe-
lium, and trophoblast invasion [26]. Endometrial damage, caused
by physical wounds or infection, leads to infertility due to nonat-
tachment or miscarriage.

To the best of our knowledge, this is the first report confirming
the therapeutic efficacy of injectable HA/fibrin hydrogels contain-
ing dEMSCs for the repair of uterine synechiae in a murine model.
Our data showed significant regenerative effects of the in vitro pro-
cessed isotopic cells encapsulated in composite scaffold materials.
Attempt at pregnancy was possible as early as 2 weeks after treat-
ment, and the successful in vivo embryonic implantation and
development in the regenerated recipient model was confirmed
at 7 days after ET.

Previous studies demonstrating similar therapeutic effects
have several limitations. They used only heterotopic cells, such
as BM-MSCs with [21] or without collagen [22], and human
embryonic stem cell (hESC)-derived endometrium-like cells [23].
Furthermore, cell production required up to 5 weeks, and the
time required before the first pregnancy attempt was as long as
90 days after treatment. Only one group used a commercially
available collagen membrane, but its insertion was possible only
ction of the regenerative endometriumwas evaluated by analyzing the implantation
the birth of offspring was also evaluated. A. Evans blue staining of uterine horns, at
implantation rate than nontreated control and HA-only groups. B. Cross-section of
bryo-specific SSEA-1 expression was observed. C. Expression of three germ layer
.5 (lower panel), in developing embryos. D. E13.5 embryos and neonates from the
ged control animals. *E: embryonic day, F: fibrinogen, HA: hyaluronic acid, H&E:



Table 4
Embryo implantation rate in hydrogel-treated murine synechiae model.

Treatment Number of animals Number of transferred embryos (a) Number of implanted embryos (b) Percent of embryo implantation (b/a)

Nontreated 8 80 0 0%
HA 8 80 5 6.3%
HA + F + T 5 8 80 29 36.3%
HA + F + T 50 8 80 37 46.3%

HA: hyaluronic acid, F: fibrinogen, T: thrombin.
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through invasive major abdominal and uterine surgical
procedures.

Comparatively, in our study, bioprocessed isotopic cells were
chosen for the treatment of damaged uteri, and efficient regenera-
tive therapeutic effects, accompanied by shorter recovery times,
were achieved. Endometrial cells were used after in vitro decidual-
ization and were engrafted through a small dorsal incision [27],
which is significantly less invasive and simpler than previously
reported procedures.
The decidua comprises specialized endometrial cells, which
prepare the uterus for embryonic implantation. It is well known
that these cells control trophoblast invasion and protect the pla-
cental semi-allograft against maternal immune responses [28].
Assuming that the BM-MSCs and hESC-derived EMSC-like cells that
were used in the previous studies were not sufficiently specialized,
we sought to use cells that were physiologically compatible with
the intrauterine environment, i.e., decidua or decidualized cells.
However, the primary culture of decidual cells isolated from
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pregnant animals is impractical, as optimal culture conditions have
not yet been established. Therefore, using in vitro decidualized
EMSCs was considered the most feasible option for generating
therapeutic cell–biomaterial constructs.

The cells used in our study were selected based on immunophe-
notyping and the efficiency of the in vitro decidualization process.
Cells from parous animals showed superior decidualization effi-
ciency compared to cells from immature animals. The CD expres-
sion profile of these cells was maintained after in vitro
decidualization. CD44 expression is related to integrin and plays
an important role in the process of embryonic implantation.
CD44 is also the major surface receptor for HA and is implicated
in cell–matrix adhesion and cell migration progresses [29–31].

HA is a well-characterized biomaterial that has been previously
used for cell delivery, and it can induce linage-specific cell differen-
tiation. However, despite many advantages, HA cannot mediate
cell attachment owing to its low viscosity. Fibrin has indepen-
dently been used as an injectable biomaterial in tissue engineering
applications [32] owing to its capacity to support cell growth,
migration, and proliferation and stem cell differentiation [33,34].
However, fibrin hydrogels have poor mechanical properties
[35,36], and they are typically used in combination with other bio-
molecules such as HA because this leads to enhanced cell growth
and engraftment [37].

In an effort to regenerate the endometrium, HA has been used
in various damaged models [38–42]. A correlation has been estab-
lished between the HA level and endometrial receptivity toward
preimplanting embryos. This result parallels the high concentra-
tion of HA observed in the remodeling tissue [43]. In normal female
physiology, HA is increasingly deposited during the embryonic
implantation, which, however, declines afterwards [44]. Further-
more, HA-positive endometrium has been shown to be related to
placental vascularization [45].

Among different hydrogels, HA with endometrial stromal cells
seems to be the most suitable for the regeneration of endome-
trium, as HA interacts with ECMs and contributes to the matrix
molecules. Previous studies [46] suggest that the HA receptors
exist during every estrous cycle, while their contents may vary
from cycle to cycle. HA is degraded by hyaluronidase, which is
highly expressed in the peritoneum and endometrium [39].

In this study, we constructed HA/fibrin hydrogels using concen-
trations of T optimized to accelerate cross-linking and facilitate the
delivery of efficiently conditioned cells. As this conditioning may
affect treatment efficiency [47], we examined the effects of differ-
ent T concentrations on stiffness to construct the most suitable
HA/fibrin hydrogels. The degree of stiffness was sufficient, such
that the cells could be integrated and easily engrafted onto the
damaged surface of the endometrium.

The stiffness of other female reproductive organs such as the
cervix and vagina is much higher owing to their thickness and solid
structure. The stiffness of uterine tissues has often been assessed
when examining uterine fibroids. However, uterine fibroid tissue
possesses larger amounts of altered and disordered collagen, and
thus, reducing the stiffness of uterine tissue is considered as an
alternative therapeutic option for fibroid treatments [48]. By con-
trast, the endometrium is very thin and soft and is involved in
the regular release of menstrual blood and the invasion of
embryos. Our data provide insights into the requisite stiffness for
the treatment of endometrial lesions. Mixing the cells with hydro-
gel prevents the loss of cells injected into the uterine horns. It is
important that injected cells be retained within uterus for the
engraftment of dEMSCs to damaged endometrium. Therefore, the
limiting mobility of cross-linkage with porosity may be important
for the regeneration of the endometrium.

This is among the first reports, to the best of our knowledge,
describing the ideal stiffness of HA/fibrin hydrogels encapsulating
dEMSCs. The HA + F + T50 hydrogel was the most efficient of those
tested in our study, suggesting that it held the cells more effi-
ciently. Moreover, we have demonstrated the differences in phys-
ical stiffness and pore architecture of various HA/fibrin hydrogels,
which are important properties affecting their ability to transport
important molecules and other nutrients [49].

In our study, the embryo implantation rate in hydrogel-treated
group was significant. We assumed that the production of LIF
would increase after efficient endometrial regeneration. The
importance of LIF during embryonic implantation has been
reported in a previous study [50], and its expression in mice always
precedes blastocyst implantation. It can be inferred from our
results that LIF, secreted after hydrogel-cell treatment, played a
supportive role in the observed therapeutic effects.

In this investigation, the therapeutic efficiency of the treatment
was assessed by measuring embryonic implantation rate, i.e., the
number of implantation sites divided by the number of embryos
transferred. In contrast, previous reports utilized only natural mat-
ing; therefore, such quantitative implantation data were not
reported. We transferred a defined number of embryos per animal,
and our data showed that the embryonic implantation rate of
injectable hydrogel-treated animals was comparable to the rate
seen in the nondamaged control group (Table 4).

Cautious interpretation of our results is necessary on some
points. First, our data showed that the most effective T concentra-
tion was 50 mIU/mL rather than 500 mIU/mL. A higher T concen-
tration may have superior networking properties; however,
gelation time and decree of viscosity should also be considered
when deciding the most efficient concentration of T. Second,
although we used the same strain of mice, i.e., isogenic rather than
allogenic, the characteristic semi-allogenic immunogenicity of the
maternal–fetal interaction should be taken into consideration.
Third, when applying this treatment strategy to humans, the
injectable hydrogels should be further optimized for a single uterus
supporting a singleton pregnancy, which differs from murine dou-
ble uteri supporting multiple pregnancies.

5. Conclusions

Our study confirmed the therapeutic efficacy of HA/fibrin
hydrogels containing dEMSCs for the repair of significantly dam-
aged endometria in a murine model. Engrafted cells were well inte-
grated, and the expression of decidua-related, cell adhesion
molecules was confirmed. Embryonic implantation data showed
that the treatment modality of using injectable hydrogel is efficient
for the regeneration of damaged endometrium. This innovative
strategy of using in vitro processed isotopic cells encapsulated in
injectable composite hydrogels can not only shorten recovery time
but also achieve significant treatment outcomes.
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