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The recurrence rate for severe intrauterine adhesions is as high as 60%, and there is still lack of effective pre-
vention and treatment. Inspired by the nature of uterus, we have developed a bilayer scaffold (ECM-SPS) with
biomimetic heterogeneous features and extracellular matrix (ECM) microenvironment of the uterus. As proved
by subtotal uterine reconstruction experiments, the mechanical and antiadhesion properties of the bilayer
scaffold could meet the requirement for uterine repair. With the modification with tissue-specific cell-
derived ECM, the ECM-SPS had the ECM microenvironment signatures of both the endometrium and myome-
trium and exhibited the property of inducing stem cell-directed differentiation. Furthermore, the ECM-SPS has
recruited more endogenous stem cells to promote endometrial regeneration at the initial stage of repair, which
was accompanied by more smooth muscle regeneration and a higher pregnancy rate. The reconstructed uterus
could also sustain normal pregnancy and live birth. The ECM-SPS may thereby provide a potential treatment for

women with severe intrauterine adhesions.

INTRODUCTION

With the increasing rate of uterus-related surgeries, intrauterine ad-
hesions (IUAs) have also shown an uprising incidence and posed
severe negative impacts on women's reproductivity and mental
health. Currently, the standard treatment for IUA is transcervical
resection of adhesion with adjuvant postoperative treatments such
as intrauterine devices, uterine cavity balloons, estrogen, etc.
However, the transcervical resection of adhesion is often accompa-
nied by postoperative complications such as bleeding, perforation,
and infection, and the recurrence rate of severe IUA is as high as
60% (1-3). Biomaterials such as sodium hyaluronate hydrogel and
amniotic membrane are used to treat [UA because of their good bi-
ocompatibility but limited effectiveness in the treatment of severe
IUA (4). There are still many problems, such as easy peeling, unsup-
portive, poor barrier effect, and poor tissue-induced regeneration
(5). More effective methods of preventing and treating severe [UA
are still to be developed.

Severe IUA is often accompanied by damage to the myome-
trium, resulting in reduced mechanical strength and collapse of
the uterine wall, direct contact between the trauma surfaces to
form adhesions, and an increased risk of uterine rupture in preg-
nancy (6, 7). The myometrium not only plays an important role
in the maintenance of uterine morphology and delivery but also
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provides a rich blood supply to the endometrium. Damage to the
smooth muscle may lead to local ischemia and hypoxia in the en-
dometrium, seriously affecting the outcome of IUA treatment (7).
Therefore, it is important to provide proper mechanical support,
establish an antiadhesion barrier, and promote regeneration of
uterine smooth muscle in the treatment of severe IUA.

Biomimicking scaffolds with two distinct regions resembling
stratified anatomical architecture may provide potential strategies
for the repair of uterine with full-thickness defect. Small intestinal
submucosa (SIS) is a bioderived material. In our preliminary
studies, it was found that SIS was effective in promoting epithelial
regeneration in the bladder, digestive tract, and skin (8-10). In ad-
dition, SIS is a potential antiadhesive barrier due to its heteroge-
neous surface structure, with a seamless structure on one side and
a rough structure with interlocking fibers on the other (11). Hence,
SIS was chosen as the endometrium of the tissue-engineered
uterus (SPS).

In our previous study, polyurethane/SIS (PU/SIS), a hybrid com-
posite with good compatibility and adjustable mechanical proper-
ties, was prepared (12, 13). It was suitable for the repair of soft
tissues with supportive and/or contractile properties such as
bladder, esophagus, uterus, urethra, etc. On this basis, we have se-
lected the PU/SIS composite with similar elastic modulus to the
uterus as the myometrium of the SPS, which has excellent mechan-
ical support properties and improved operational feasibility as an
antiadhesion barrier for the treatment of IUA.

Loss of endometrial stem cells and substantial change in the
tissue microenvironment are considered to be the main cause for
pathological uterine regeneration (14). Analogous to the “seed
and soil” theory, the function of endometrial stem cells is thought
to be limited largely by the microenvironment of the repair site (15).
Harnessing the endogenous stem cells and constructing a favorable
microenvironment are thereby expected to achieve functional
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uterine regeneration (14, 15). As an important component of the
tissue microenvironment, extracellular matrix (ECM) contains in-
trinsic biochemical and mechanical cues that can regulate cellular
phenotype and function in response to various physiological and
pathological stimuli (16), particularly induction of chemotaxis of
lineage-directed progenitor cells (17-19). In this study, we have
modified the tissue-specific ECM on the surface of the SPS scaffold
to build a bionic microenvironment for the induction of uterus
functional regeneration. ECM usually comes from animal tissues
or cells. Although the composition of the tissue-derived ECM is
more similar to that of natural tissue, it usually faces greater risks
of immune rejection and biosafety, as well as greater batch differ-
ences in practical applications (20). Because of the artificial
control of the cell source, the culture conditions, and the prepara-
tion process, the cell-derived ECM is more stable and uniform,
easier to process, and weakly immunogenic (18, 21, 22). However,
current research on cell-derived ECM has mainly focused on mes-
enchymal stem cell (MSC)—derived ECM in vitro rather than the
effect of tissue-specific cell-derived ECM material on regeneration
in vivo (22-25). Whether tissue-specific cell-derived ECM can
mimic the natural tissue ECM microenvironment and achieve func-
tional regeneration has remained unclear. Here, the endometrial ep-
ithelial cells (ECs) and smooth muscle cells (SMCs) were selected as
the functional cells to create a tissue-specific ECM on the surface of
the SPS scaffold to verify the effect of ECM derived from functional
cells on tissue functional regeneration.

In this study, we have developed a bilayer scaffold (ECM-SPS)
with biomimetic heterogeneous features and ECM microenviron-
ment. The bilayer structure has two distinct regions, which may
meet the multiple needs for severe IUA repair, including antiadhe-
sion barrier, mechanical support, and simultaneous regeneration of
epithelium and smooth muscle. In addition, the tissue-specific cell-
derived ECM on the scaffold surface also provided a mimetic tissue
ECM microenvironment that may modulate host response, recruit
endogenous stem cells, and induce stem cell-directed differentia-
tion. The ECM-SPS thereby has a great potential for the treatment
and prevention of severe [UA.

RESULTS

Preparation of bilayered SPS scaffold by biomimicking the
uterine structure

The SIS and PU/SIS composites were prepared with a previously
described method, and the PU/SIS composites with excellent me-
chanical strength was screened (12, 13). The thicknesses of the
SIS and PU/SIS layers were approximately 100 and 300 um, which
have matched with that of the endometrium and myometrium of rat
uterus, respectively (Fig. 1A). Subsequently, the SIS and PU/SIS
were stuck with PU emulsion to obtain an integrated bilayer scaffold
that was denoted as SPS. The top surface of the SPS was dense and
smooth, indicating that it can be used as a physical barrier to
prevent adhesion, while the bottom surface was porous. The adhe-
sive strength of the PU emulsions with various concentrations was
assessed through a 180° peel test (Fig. 1B and fig. S1). When the PU
emulsion concentration has reached 9%, a strong interface has
formed between the two layers (fig. S1). Therefore, the 9% PU
was used to prepare the SPS bilayer scaffold for the subsequent
experiments.
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Tissue-specific ECM modification of the bilayered

SPS scaffold

As an important component of the microenvironment, the ECM
can regulate various biological processes. In this study, we have sim-
ulated the uterine microenvironment by modifying the ECM of ECs
and SMCs on the surface of SIS and PU/SIS, respectively. The ECM-
modified SIS and PU/SIS were denoted as ECMgc-SIS and
ECMgmc-PU/SIS, respectively. Then, the ECMgc-SIS and
ECMgpnc-PU/SIS were stuck with PU emulsion to obtain the
ECM-SPS scaffold.

As shown in Fig. 2A, the ECs derived from the proliferation stage
and the SMCs were inoculated onto the SIS and PU/SIS for 7 and 14
days, respectively, and had grown well and completely covered the
scaffold surface (Fig. 2B and figs. S2 and S3). Thereafter, the decel-
lularization was carried out by repeated freeze-thawing and Triton
X-100 treatment. After decellularization, most of the cell compo-
nents are removed (Fig. 2C). The residual DNA contents in the
ECME-SIS and ECMgyc-PU/SIS were 22.68 + 5.71 and 28.55 +
2.76 ng/mg, respectively, both of which were below the internation-
ally recognized criterion (50 ng/mg) (Fig. 2, D and E). Furthermore,
the surface morphology, hydrophilicity, and elastic modulus of the
scaffold have also changed considerably. It can be seen that the ECM
derived from the ECs and SMCs have covered the surface of the SIS
and PU/SIS, respectively (Fig. 2B and fig. S4A). Compared with the
PU/SIS, the hydrophilicity of the ECMgpc-PU/SIS has greatly im-
proved (Fig. 2F). The elastic modulus of the ECMEgc-SIS was lower
than that of SIS, while that of the ECMgyc-PU/SIS was higher than
the PU/SIS (Fig. 2G and fig. S4B).

To further assess the efficiency of the decellularization protocol,
we also examined the major matrisome proteins and cytokines of
the ECM. After ECM modification, the content of total protein
and collagen increased significantly, while the content of glycosami-
noglycan (GAGs) was comparable between the two groups (Fig.
2H). The expression of epithelial growth factor (EGF), heparin-
binding growth factor (HGF), transforming growth factor—{
(TGF-p), and platelet-derived growth factor-BB (PDGF-BB) have
all become significantly higher in the ECMgc-SIS compared with
the SIS. By contrast, only the EGF and HGF were increased in
ECMgpc-PU/SIS, and the levels of TGF-p and PDGF-BB did not
change significantly (Fig. 2I). The high contents of matrisome pro-
teins and cytokines suggested that the scaffold has successfully been
modified by the ECM and had high biological activity.

Proteomic analysis of the ECM signature of ECMgc-SIS and
ECMgpnc-PU/SIS

To better characterize the ECM signature of the ECMgc-SIS and
ECMgnc-PU/SIS, we carried out a four-dimensional (4D) label-
free proteomic analyses (Fig. 3A). The data shown in Fig. 3 were
the results for ECMgc-SIS and ECMgy;c-PU/SIS (data S1 and S2),
which had excluded the SIS-derived proteins.

In total, 2761 and 1520 proteins have been identified for the
ECMEgc-SIS and ECMgyc-PU/SIS, respectively, including 1055 in
common (Fig. 3B). An ECM-specific categorization database, Ma-
trisomeDB 2.0, was used to analyze the ECM matrisome protein
and ECM-associated proteins. The matrisome signatures of the
ECMgc-SIS and ECMgyc-PU/SIS differ considerably (fig. S5A)
but were similar to those of endometrium and myometrium, respec-
tively (Fig. 3, C and D, and fig. S5) (26-30). For example, ECMgc-
SIS contained proteins related to endometrial function, such as
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Fig. 1. Preparation of the bilayered SPS composites biomimicking the uterine structure. (A) Scanning electron microscope (SEM) images of the top [(Aa) scale bar,
200 um)] cross-sectional [(Ab) scale bar, 100 pm], and bottom [(Ac) scale bar, 200 um] micromorphology of the SPS composites. Inside the white frame is the macroscopic
morphology of the SPS. (B) Schematic of the 180° peel test (Ba). The force-extension curves of the bilayered SPS composites (Bb).

collagen-3 (COL3), COL5, and lumican (LUM), while a large
number of proteins related to myometrial function were detected
in ECMgy;c-PU/SIS, such as COL1, COLS6, fibronectin (FN), and
fibrinolin-1 (FBN1) (Fig. 3E). A recent study suggested that COL3
could bind with TGF-P in a dose-dependent manner to attenuate
TGEF-p signaling, showing a significant inhibitory effect on tissue
fibrosis (31). This suggested that the high abundance of COL3 in
ECME-SIS might provide a better tissue microenvironment for en-
dometrial repair and inhibit endometrial fibrosis. Second, the high
abundance of key proteins of TGF-f signaling pathway such as
CREB binding protein (CREBBP), latent TGF-p-binding protein
1 (LTBP1), and cartilage oligomeric matrix protein (COMP) were
detected in ECMgy;-PU/SIS, which contribute to smooth muscle
regeneration and differentiation (Fig. 3E). Subsequently, we con-
ducted enrichment analysis on differentially expressed proteins.
The results of gene ontology enrichment analysis showed that
these differential proteins were enriched in terms such as cell adhe-
sion, proliferation, migration, stem cell differentiation, wound
healing, etc. (Fig. 3F). In Gene Set Enrichment Analysis, we also
found that the Mesenchymal-epithelial transition (MET) signaling
pathway related to epithelial regeneration and differentiation was
significantly up-regulated in ECMg-SIS, while the TGF-f signaling
pathway related to smooth muscle regeneration and differentiation
was significantly up-regulated in ECMgy;c-PU/SIS (Fig. 3G). These
results suggested that epithelial and SMC-derived ECM has great
potential advantages in inducing epithelial and smooth muscle
regeneration.

Behaviors of the MSCs as regulated by ECM-SPS in vitro

MSCs persist in the endometrium to maintain the cyclical regener-
ation of the uterus (14, 32), especially the leucine-rich G protein—
coupled receptor 5 (Lgr5)—positive MSCs that are responsible for
the development, maintenance, and regeneration of multiple ECs
and the development of uterine glands (33). Loss or impairment
of the MSCs may lead to scar regeneration and serious impairment
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of uterine function. How to recruit and induce MSCs to differenti-
ate into functional cells is the key to inhibit the occurrence and de-
velopment of ITUA (34). In this study, the proteomic analyses
revealed that the ECM proteins of ECMgc-SIS and ECMgyc-PU/
SIS have participated in a variety of biological processes, including
cell adhesion, proliferation, migration, differentiation, and wound
healing, and show a potential role in inducing stem cell differenti-
ation. Therefore, we have assessed the effect of ECMg-SIS and
ECMgpc-PU/SIS on the biological behaviors of the Lgr5-positive
MSCs (fig. S6, A and B) to explore their roles and mechanism in
inducing uterine functional regeneration.

Both ECME-SIS and ECMgyc-PU/SIS have exhibited good cy-
tocompatibility. After 3 days culture of MSCs on ECMg-SIS and
ECMgpc-PU/SIS, the MSCs maintained excellent viability. Fewer
dead cells (red) could be observed, and the live/dead ratio was not
significant (fig. S6C). Furthermore, the cytoskeleton staining
showed that the MSCs exhibited spindle-like shape and arranged
in a tendency on the ECMgyc-PU/SIS, while the MSCs were
flatted and irregular on the PU/SIS (fig. S6, D and E). We found
that more MSCs have attached to the surface of the ECMgy;-PU/
SIS, with a rate higher than that of the PU/SIS (Fig. 4, A and B). We
speculated that this may be attributed to the increase in cell adhe-
sion sites on the surface of the PU/SIS after ECM modification. Fur-
thermore, the cell-derived ECM provides a naturally occurring
substrate for cell viability and growth. The ECMgc-SIS and
ECMgpc-PU/SIS exhibited higher cell proliferation rate than SIS
and PU/SIS, respectively (Fig. 4C).

To investigate the differentiation of the MSCs in specific ECM-
modified scaffolds, we cultured the MSCs on the SIS, ECMg-SIS,
PU/SIS, and ECMgyc-PU/SIS, respectively. After 3 and 7 days of
culture, the gene relative expression of ECs-specific markers, E-
Cadherin and CK18, in the ECMgc-SIS was significantly higher
compared with the SIS (Fig. 4D). Similarly, a significant number
of E-Cadherin and CKI18-positive cells were found on the
ECMEgc-SIS but not the SIS (Fig. 4E). As for ECMgyc-PU/SIS,
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Fig. 2. Preparation and evaluation of the ECM-modified scaffold. (A) The procedures for the preparation of the ECMgc-SIS and ECMgyc-PU/SIS scaffolds. (B) The
morphology and microstructure of the scaffold before and after the decellularization by SEM. Scale bars, 40 um. Inside the white frame is the water contact angle.
(C) 4 ,6-diamidino-2-phenylindole (DAPI) staining of the scaffold before and after the decellularization. Scale bar, 50 um. The circles marked the nucleus. (D) The residual
DNA content of the ECMgc-SIS before and after the decellularization (n = 4 independent samples, **P < 0.01). (E) The residual DNA content of the ECMgy,c-PU/SIS before
and after the decellularization (n = 4 independent samples, **P < 0.01). (F) The water contact angle of the ECMg-SIS and ECMgyc-PU/SIS scaffolds (n = 3, **P < 0.01). ns,
not significant. (G) The elastic modulus of the ECMgc-SIS and ECMsyc-PU/SIS scaffolds as detected by an atomic force microscope. (H) Quantification of total proteins (n =
5 independent samples, **P < 0.01), collagen (n = 6 independent samples, *P < 0.05 and **P < 0.01), and GAGs (n = 6 independent samples, ns) in the ECMgc-SIS and
ECMsmc-PU/SIS scaffolds. (I) The content of EGF (n = 4 independent samples, **P < 0.01), HGF (n = 3 independent samples, **P < 0.01 and *P < 0.05), TGF-B (n =3
independent samples, *P < 0.05 and ns), and PDGF-BB (n = 4 independent samples, **P < 0.01 and ns) in the ECMc-SIS and ECMgyc-PU/SIS scaffolds as determined

by enzyme-linked immunosorbent assay (ELISA) analysis.

the gene relative expression of a-SMA was significantly higher than
that in the PU/SIS, but the gene relative expression of myosin, a
marker of smooth muscle maturation, did not differ between the
ECMgpc-PU/SIS and PU/SIS (Fig. 4F). Furthermore, immunoflu-
orescence results also showed that the expression of a—smooth
muscle actin (a-SMA) was higher in the ECMgyc-PU/SIS than
PU/SIS after 21 days of culture, while myosin was weakly expressed
in both groups (Fig. 4G). These demonstrated that both the ECMgc-
SIS and ECMgc-PU/SIS could promote the differentiation of the
MSCs into ECs and SMCs, but the ECMgy;c-PU/SIS has lacked the
cues for promoting smooth muscle maturation. The above results
have indicated that the cell-derived ECM can simulate the microen-
vironment of tissue ECM to induce the MSC lineage-directional
differentiation.

Zhao et al., Sci. Adv. 9, eadi6488 (2023) 15 November 2023

Performance of the SPS and ECM-SPS in vivo

Hemocompatibility is a critical indicator for the biocompatibility of
biomaterials. Before implantation, the hemocompatibility of the
SPS and ECM-SPS was assessed with a hemolysis assay, and the
results showed that neither has triggered a hemolysis reaction (fig.
S7). Subsequently, the SPS and ECM-SPS scaffolds were implanted
into the rats’ back muscles to explore their capability for cellulariza-
tion, vascularization, and immunoregulatory effect. As shown by
hematoxylin and eosin (H&E) and DAPI staining, a large number
of tissue cells have infiltrated into both scaffolds 4 weeks after the
surgery. However, it was evident that the ECM-SPS has integrated
better with the native tissues, while the SPS had a slight separation
from the surrounding tissue (Fig. 5, A and B). It is unclear whether
this gap was caused by external forces during tissue sectioning or
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Fig. 4. Behaviors of the MSCs as regulated by the ECMgc-SIS and ECMgy,c-PU/SIS in vitro. (A) The numbers of cells attached to the ECMgc-SIS (scale bar, 100 pm) and
ECMspmc-PU/SIS were determined by DAPI staining (scale bar, 50 um). The circles have marked the nuclei. (B) Quantification of cell number attached to the scaffold (n =6
independent samples, *P < 0.05 and **P < 0.01). (C) The proliferation curve of the MSCs cultured with extracts of the ECMgc-SIS and ECMsy-PU/SIS as evaluated by the
CCK-8 assay (n = 5 independent samples, **P < 0.01). (D) Relative mRNA expression of CK18 and E-Cadherin in the MSCs cultured with the SIS or ECMgc-SIS (n = 3
independent samples, **P < 0.01). (E) Immunofluorescence staining of CK18 (Ea) and E-Cadherin (Eb) in the MSCs cultured with the SIS or ECMgc-SIS. Scale bars, 50
pm. (F) Relative mRNA expression of a-SMA and myosin in the MSCs with the PU/SIS or ECMspyc-PU/SIS (n = 3 independent samples, **P < 0.01 and ns). (G) Immunofluor-
escence staining of a-SMA (Ga) and myosin (Gb) in the MSCs with the PU/SIS or ECMgyc-PU/SIS. Scale bars, 50 pum.

absence of tissue cell infiltration, but it has indicated that the surface
of the ECM-SPS was better for cell adhesion and that the cell-
derived ECMs have enhanced host response and integration in
comparison with synthetic materials, which is in keeping with the
results of cell adhesion assays in vitro. As a result, the number of
cells in the ECM-SPS was significantly greater than that in the
SPS (Fig. 5C).

In addition, as evidenced by immunostaining for CD31, there
was a higher vascular density in the ECM-SPS group. Notably, mod-
ification of SMC-derived ECM significantly enhanced the proan-
giogenic effect of the scaffold. As shown in Fig. 5, D and E, the
vascular density in the ECM-PU/SIS layer was significantly higher
than that in the PU/SIS layer. It suggested that the SMC-derived
ECM constructs a bionic microenvironment that is more conducive
to angiogenesis.

As a foreign body, the scaffold can often trigger an immune re-
sponse and local inflammatory cell infiltration following the im-
plantation. Previous studies have shown that the macrophages
play an important role in tissue regeneration and usually have two
phenotypes, i.e., CD86-positive M1 macrophages and CD206-pos-
itive M2 macrophages. As shown by CD86 and CD206 immunoflu-
orescence staining, there were more M1 macrophages in the SPS
group, whereas the numbers of M2 macrophages were similar
between the two groups (Fig. 5, F to I). The above results have
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suggested superior cellularization, vascularization, and immuno-
modulation capacity of the ECM-SPS to the SPS.

Evaluation of the uterine regeneration efficacy in vivo

To assess their potential for treating severe IUA, we treated rats un-
dergoing subtotal semicircular excision of uterine horns with the
SPS and ECM-SPS scaffolds. The surgical procedures are shown
in Fig. 6A. Rodent uterus has an inherent regenerative potential,
and small defects can self-heal without treatment. Therefore, the
small defects created in most instances may not be clinically mean-
ingful. To determine the critical size for the defect, we have created
uterine defects with sizes of 1.5 x 0.5, 1.0 x 0.5, and 0.5 x 0.5 cm and
observed their self-healing rates in the natural state (fig. S8). As
shown, when the defect length is 0.5 cm, the edges of all uteri
could heal by themselves. At a defect length of 1.0 cm, the
healing rate was 66.67%. The self-healed uteri were significantly
narrower, and their cavity size was significantly smaller than that
of normal uteri. When the defect was 1.5 cm in length, the
healing rate was only 16.67%. Therefore, a defect size of 1.5 x 0.5
cm was selected for subsequent experiments.

The animals were euthanized at 4, 8, and 12 weeks postoperative-
ly. As shown in fig. S9, there were no obvious adhesion and repro-
ductive tract abnormalities. The SPS and ECM-SPS scaffold
exhibited excellent mechanical properties and maintained a
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Fig. 5. In vivo cellularization, vascularization and immunogenic properties of the SPS and ECM-SPS 4 weeks after the surgery. (A) H&E and (B) DAPI staining of the
cross sections showing cell infiltration within the SPS and ECM-SPS. The arrowheads indicated the scaffolds, and the dotted lines marked the blank area between the SPS
and surrounding tissue. Scale bars, 200 um. (€) Quantification of cell numbers within the SPS and ECM-SPS (n = 4 independent samples, **P < 0.01 and ns). (D) CD31
immunofluorescent staining showing vascularization within the scaffolds. The SIS layer and ECMgc-SIS layer were marked with the dashed lines. Scale bars, 200 um. (E)
Quantification of capillaries number within the SPS and ECM-SPS (n = 4 independent samples, *P < 0.05, **P < 0.01, and ns; orange represents SIS group or ECMgc-SIS
group, and green represents PU/SIS group or ECMguc-PU/SIS group). (F) M1 macrophages as detected by CD86 immunofluorescence staining. Scale bars, 200 pm. (G)
Quantification of CD86 positive cell numbers within the SPS and ECM-SPS (n = 4 independent samples, **P < 0.01). (H) M2 macrophages as detected by CD206 immu-

nofluorescence staining. Scale bars, 200 pm. (I) Quantification of CD206-positive cell numbers within the SPS and ECM-SPS (n = 4 independent samples, ns).

normal uterine cavity without stenosis or adhesions, whereas
uterine cavity effusion and stenosis were observed in the excision-
only controls. It proved that the mechanical and antiadhesion prop-
erties of the SPS and ECM-SPS scaffold could meet the requirement
for uterus scaffold. Subsequently, only histological data for the SPS
and ECM-SPS groups are shown.

The repairing effect of the SPS and ECM-SPS was further eval-
uated by histological analysis. Tissue cross sections were subjected
to H&E and Masson's trichrome staining to show the endometrial
regeneration and remodeling at 4, 8, and 12 weeks postoperatively.
By H&E staining, bilayer structure of the SPS and ECM-SPS was
clearly shown in the nascent region at 4 and 8 weeks postoperatively.
As shown in Fig. 6B, most epithelium has regenerated along the SIS
or ECMgc-SIS (indicated by the pentastars), while more smooth

Zhao et al., Sci. Adv. 9, eadi6488 (2023) 15 November 2023

muscle has regenerated around with the PU/SIS or ECMgc-PU/
SIS (indicated by the trigons). This suggested that the bilayer scaf-
fold with two distinct regions could better fulfill the requirement for
endometrial epithelial and smooth muscle regeneration and attain
simultaneous regeneration of both the endometrium and
myometrium.

Endometrium affects the receptivity of the uterus. A thin endo-
metrium may hamper embryonic implantation (35). As the thick-
ness of the endometrium changes cyclically in response to the levels
of estrogen and progesterone, we have collected the samples in
estrus to evaluate the regeneration of the endometrium. At the
initial stage of repair, the endometrial regeneration in the ECM-
SPS group was significantly better than the SPS group. At 4 weeks
postoperatively, the ECM-SPS group showed significant
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Fig. 6. The endometrial effects of various interventions on the epithelium and gland regeneration. (A) Schematic drawing of the subtotal uterine excision (blue
dashed box) and scaffold (black dashed box) implantation procedures. (B) H&E staining of reconstructed uterine segments. Inserts are the corresponding gross views, and
the magnified regions are marked with red squares. The black arrows indicated the glands. The pentagram indicated the SIS or ECMgc-SIS. The triangle represented the
PU/SIS or ECMspc-PU/SIS. Scale bars, 200 um. (C) Immunostaining of EpCAM for endometrium regeneration in the reconstructed uterine segments. Scale bars, 200 um. (D)
Immunostaining of FoxA2 for endometrium glands in the reconstructed uterine segments. Scale bars, 200 um. (E) Statistical analysis of average endometrial thickness (n =
5 independent samples, *P < 0.05). (F) Statistical analysis of the percentage of glands (n = 5 independent samples, *P < 0.05, **P < 0.01, and ns). (G) Immunostaining of
Ki67 for cell proliferation 7 days after the implantation. Scale bars, 200 pm. The 3D surface plot has represented the distribution and fluorescence intensity of the Ki67-
positive cells. (H) Statistical analysis of the percentages of Ki67-positive cells (n = 3 independent samples, **P < 0.01). (I) Immunostaining of Lgr5 for endogenous MSCs
distribution 7 day after the implantation. Scale bars, 200 um. The dotted white lines indicate the top layer of SPS or ECM-SPS. The 3D surface plot represents the dis-
tribution and fluorescence intensity of Lgr5-positive cells. (J) Statistical analysis of the percentages of Lgr5-positive cells (n = 3 independent samples, **P < 0.01).

regeneration of ECs, whereas the SPS group only showed sporadic
regeneration of ECs, failing to form a continuous epithelial layer. At
8 weeks postoperatively, the regenerated endometrium at the
surgery site was covered by intact luminal epithelium in both
groups (Fig. 6, B and C). The histological results were also con-
firmed by immunohistochemical staining with epithelial cell adhe-
sion molecule (EpCAM) (Fig. 6C). At 4 weeks postoperatively, the
endometrium was significantly thicker in the ECM-SPS group com-
pared with the SPS group, and the endometrial thicknesses of the

Zhao et al., Sci. Adv. 9, eadi6488 (2023) 15 November 2023

SPS and ECM-SPS were similar to that of the normal control at 8
and 12 weeks after the surgery (Fig. 6E). In addition, the production
of uterine glands is essential for pregnancy. With the elapse of repair
time, the percentage of glands has increased gradually and became
significantly higher in the ECM-SPS at 8 and 12 weeks postopera-
tively (Fig. 6, D and F). The above results have suggested that the
ECM-SPS has promoted endometrial regeneration.

Through previous in vitro studies, we have demonstrated that the
ECM-SPS could regulate the behaviors of stem cells. Here, we found
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that ECs-derive ECM could promote endometrial cell proliferation
at the initial stage of repair (Fig. 6, G and H). In addition, a large
number of Lgr5-positive MSCs were involved in the uterine repair
(Fig. 6I). More Lgr5-positive MSCs were noted in the ECM-SPS
group (Fig. 6]). Notably, the Lgr5-positive MSCs have clustered
along the top layer of ECM-SPS (ECMgc-SIS, indicated by the
white dotted lines) but dispersed in the SPS group. It suggested
that the ECs-derived ECM could recruit endogenous stem cells to
promote epithelium regeneration at the initial stage.

As for endometrial remodeling, tissue cross sections were
stained with Masson’s trichrome to evaluate the endometrium fi-
brosis by the collagen content at 4, 8, and 12 weeks postoperatively
(Fig. 7, A and B). At 4 weeks after the surgery, the degree of fibrosis
was higher in both the SPS and ECM-SPS groups. However, with
the elapse of time, the deposited collagen content has gradually de-
creased. At 8 and 12 weeks after the surgery, collagen deposition in
the ECM-SPS group became significantly lower compared with the
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SPS group. The above results are consistent with previous proteomic
results in which ECM-SIS may inhibit fibrosis.

The smooth muscle regeneration was detected by immunofluo-
rescence staining of a-SMA and myosin (Fig. 7, C to F). At 4 weeks
postoperatively, a small amount of smooth muscle regeneration was
noted at the intersection of the regenerated area in the SPS and
ECM-SPS groups. The a-SMA- and myosin-positive area of the
ECM-SPS group was significantly larger compared with the SPS
group. At 8 weeks postoperatively, a thin smooth muscle bundle
has appeared in both groups, and the a-SMA—positive area in the
ECM-SPS group was significantly larger compared with the SPS
group. At 12 weeks postoperatively, a thin smooth muscle layer
has formed in both groups, although more myosin-positive
smooth muscles were noted in the ECM-SPS group. The above
results suggested that both SPS and ECM-SPS scaffolds could
induce smooth muscle regeneration, although the SMC-derived
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Fig. 7. The collagen remodeling and smooth muscle regeneration by various interventions. (A) Masson's trichrome staining of the reconstructed uterine segments.
Scale bars, 200 um. (B) Statistical analysis of collagen volume fraction on the Masson's trichrome—stained slides (n = 5 independent samples, *P < 0.05 and **P < 0.01). (C)
Immunostaining of a-SMA for myometrium regeneration in the reconstructed uterine segments. Scale bars, 200 pm. (D) Statistical analysis of a-SMA—positive area (n =5
independent samples, *P < 0.05, **P < 0.01, and ns). (E) Immunostaining of myosin for myometrium regeneration in the reconstructed uterine segments. Scale bars, 200
pum. (F) Statistical analysis of myosin positive area (n = 5 independent samples, *P < 0.05, **P < 0.01, and ns).
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ECM could further promote the regeneration in the early stage of
repair and maturation in the late stages of the repair in vivo.

Functional recovery of the reconstructed uterus

The ovary is an important component of the reproductive system.
In this study, the effect of the SPS and ECM-SPS on the ovarian
functions was evaluated by estrous cycles and follicle counts at all
levels. From 12 weeks postoperatively, we have monitored vaginal
smears for 14 days to test the estrous cycle of each group. As
shown in Fig. 8A, a continuous and complete estrous cycle was es-
tablished in both SPS and ECM-SPS groups, indicating that the sec-
retary function of the ovaries was unaffected. Thereafter, the ovaries
were sampled for histological staining, and the number of follicles
was counted. As shown, there was no significant difference in the
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number of follicles after the repair between the experimental and
control groups (Fig. 8B). These proved that both SPS and ECM-
SPS were safe and did not affect the function of the ovaries.

To investigate the in vivo function of the repaired uterine tissue,
we allowed female rats to mate with male rats 12 weeks after the
uterine reconstruction. The reproductive outcomes are depicted
in Fig. 8C and Table 1, which excludes cases where normal concep-
tion is not possible. As shown, the pregnant rate of the ECM-SPS
group was higher than the SPS group but lower than the normal
group. The average weight of embryos from the SPS and ECM-
SPS groups was comparable to that of the normal controls, suggest-
ing that the repaired uteri could sustain normal fetal development.
Histological analyses had confirmed normal uterine tissue structure
and placental development (Fig. 8D). These indicated that the
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Fig. 8. Fertility restoration of the reconstructed uterine. (A) Vaginal smears which may reflect the changes in postoperative estrous cycles. Scale bars, 200 um. (B)
Histological analysis of the ovarian morphology and statistical analysis of the follicle numbers (n = 6 independent samples). Scale bars, 1 mm. (C) General view of the rat
uterus containing embryos from the SPS (right, red arrow) and ECM-SPS (left, green arrow) groups (Ca). The arrows indicated scaffold (Cb). Images of the mother and
newborn rats [(Cc) and (Cd)]. (D) H&E staining of the cross sections of the embryos (left; scale bars, 2 mm) and pregnant bioengineered uterus (right; scale bars, 500pm).
The triangles represent myometrium, and rectangles represent decidualized endometrium.
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Table 1. Number of fetuses, pregnancy rate, and fetal weight in surgically treated rats 19 days after mating with male rats.

Normal control (n = 8) ECM-SPS (n = 8) SPS (n=9) P value
Pregnancy rate (%) 100% 75% 44.44%* 0.022t
Average litter per pregnancy (means * SD) 10.13 £ 0.99 538 +4.44 2.00 + 2.94* 0.0008%
Fetal weight (g) (means + SD) 4.50 + 0.26 453 +1.84 496 + 1.23 0.5854§

*P < 0.05. SPS group versus normal controls. tFisher’s exact test.

+ SD.

ECM-SPS has attained a better effect for the repair of full-thickness
uterine injury. The repaired uterus could sustain the tension during
normal pregnancy and support embryonic development to the full
term (Fig. 8C).

DISCUSSION

Developing a scaffold with structural properties and biological en-
vironment similar to those of natural tissue is crucial for the repair
of full-thickness defect. In this study, we have constructed a ECM-
SPS by simulating the structure and microenvironment of the
uterine tissue. The ECM-SPS scaffold had the ECM microenviron-
ment signatures of both the endometrium and myometrium and
promoted the adhesion, proliferation, and lineage-directional dif-
ferentiation of the MSCs, as well as the regeneration of endometri-
um and smooth muscle in subtotal uterine reconstruction.

In this study, the SIS and PU/SIS were selected as the biomimetic
endometrium and biomimetic myometrium to construct the
double-layer scaffold (SPS). As shown in Fig. 1, SPS has a dense
intimal layer, which can be used as a physical barrier against adhe-
sion, and has good supporting performance, which can maintain
the structure of uterine cavity and avoid the occurrence of IUA
(fig. S9). In addition, the PU/SIS emits autofluorescence at 405,
488, and 561 nm (fig. S10). To clearly display the position of the
PU/SIS or ECMgnc-PU/SIS in the regeneration area, a Cy5-
labeled fluorescent secondary antibody was used to distinguish
the cells from the scaffold. As shown in Fig. 6, the PU/SIS and
ECMsmc-PU/SIS have both been displayed with blue fluorescence.
Most endometrial epithelium has regenerated along the SIS or
ECMEgc-SIS (Fig. 6C), while more smooth muscle has regenerated
around with the PU/SIS or ECMgyc-PU/SIS (Fig. 7, C and E). This
result confirmed the rationality of the design of double-layer scaf-
fold and the selection of materials in this study.

The uterine tissue contains various types of cells including
MSCs, fibroblasts, immune cells, vascular endothelial cells, etc.
The selection of appropriate tissue cells is the key to the successful
construction of an ECM biomimetic scaffold. Previous studies have
mostly focused on the roles of MSC-derived ECM on the regener-
ation (34-37), and few have explored tissue-specific functional cell-
derived ECM. In this study, tissue functional cells have been used
for the construction of the ECM biomimetic microenvironment.
Different from common cell components, tissue functional cells
are important component of the tissue with a physiological role.
The proteins they secrete are specific to the tissue and more
similar to the ECM microenvironment of the natural tissue (34,
38-40). These cells also constitute an important component of
the stem cell niche that can regulate the fate of stem cells (41, 42).

Zhao et al., Sci. Adv. 9, eadi6488 (2023) 15 November 2023

#Kruskal-Wallis test.

§One-tailed one-way ANOVA test. Data are presented as means

Endometrial ECs are the main functional cells of the endometrium
that is involved with embryonic implantation (43-45). Therefore,
we have chosen the endometrial ECs and SMCs as the functional
cells to modify the bilayer SPS scaffold and proved that the tissue
functional cell-derived ECM has successfully constructed the
tissue-specific microenvironment and had similar properties of
the MSC lineage—directional induction with tissue-derived ECM
(Fig. 4, D to G).

The uterus has cyclic regenerative properties. In response to reg-
ulatory hormones, its tissue continues to undergo dynamic remod-
eling, along with significant changes in the phenotype of
endometrial cells. In the proliferative phase, these cells are in a
state of rapid proliferation, and the expression of proteins associated
with uterus regeneration, such as Ki67, CDC20B, CCNO, Wnt etc.,
is significantly higher than that in the secretary phase (46). During
the secretary phase, endometrial cells are affected by progesterone,
resulting in great changes in cell phenotypes including tight junc-
tions, polarity, etc., which are more conducive to embryonic im-
plantation (46). Therefore, in this study, the ECs from the
proliferative stage were selected to construct the scaffold for endo-
metrial regeneration. Analysis of our proteomic results showed that
ECMEgc-SIS carries significant characteristics of the endometrial
ECM microenvironment in the proliferative phase. It contained
abundance of Wnt signaling pathway proteins such as Wnt2,
Wnt5a/5b, etc. (fig. S5), which are highly expressed in the prolifer-
ative stage (46). On the other hand, dickkopf-related protein 1
(DKK1), a typical Wnt pathway inhibitor expressed in the secretary
phase (46), was not detected in the ECMgc-SIS (fig. S5).

The ECM modified on the scaffold surface significantly changed
the ECM microenvironment, surface morphology, and physical
properties of the scaffold surface. It can be seen that the hydrophi-
licity of the PU/SIS after the ECM modification was significantly
enhanced (Fig. 2F), resulting in a significant increase in cell adhe-
sion and better tissue integration (Figs. 4A and 5A). In addition, the
ECM modification has a great impact on the elastic modulus of the
scaffold. The elastic modulus of the ECMg-SIS was lower than that
of the SIS, while the ECMgy;c-PU/SIS was higher than that of the
PU/SIS (Fig. 2G and fig. S4B). Studies have shown that the MSCs
tend to differentiate into epithelium and maintain the characteris-
tics of epithelium on the soft matrix (47, 48), while increased hard-
ness of the matrix is more conducive to myogenic differentiation
(49), which was in keeping with our results (Fig. 4, D to G). This
suggested that the changes of the scaffold mechanical properties
induced by the ECM modification may be an important factor for
the induction of tissue-specific regeneration.

The composition of matrisome proteins is quite different for
each ECM tissue type, and the unique sets of dECM proteins
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represent vital tissue—specific proteins that are crucial for cell
growth and differentiation during tissue and organ remodeling
(19, 50, 51). The ECM produced by the ECs and SMCs also has a
relatively complex composition and displays unique matrisome sig-
nature (Fig. 3). The unique sets of dECM proteins in the ECMgc-SIS
and ECMg;c-PU/SIS may be critical for cell growth and differenti-
ation. In this study, both the ECMgc-SIS and ECMgyc-PU/SIS
showed great potential for cell adhesion and proliferation, in addi-
tion with substantial difference in their tissue-inducing properties
(Fig. 4). To explore the possible reasons for the difference in the
tissue-inducing properties of the ECMgc-SIS and ECMgyc-PU/
SIS, we have used the MatrisomeDB database to classify and
briefly analyze the identified proteins. Collagen types were similar
in the ECMgpc-PU/SIS and ECMEc-SIS, and the largest difference
was found with COL3 (fig. S5). As a fibrillar collagen, the COL3 is
highly expressed in the endometrium and involved in blood vessel
development, embryonic development, and neuron migration (52)
and holds a great significance for endometrial regeneration. A
recent study showed that COL3 can binds with TGF- in a dose-de-
pendent manner to attenuate TGF-f signaling, showing a signifi-
cant inhibitory effect on tissue fibrosis (3I). In this study, the
high expression of COL3 in the ECMEgc-SIS may account for the
lower level of fibrosis in the ECM-SPS during the repair of
uterine injury. In addition, among the factors secreted in the
ECMEc-SIS, members of Wnt family, Wnt2 and Wnt5a/5b, were
significantly higher compared with the ECMg)y,c-PU/SIS (fig. S5).
The Wnt pathway is critical for uterine development and can mod-
ulate the process of regeneration during the estrous cycle (53, 54).
The highly expressed Wnt family members in the ECMgc-SIS may
therefore play a constructive role in epithelium regeneration. Fur-
thermore, gene set enrichment analysis showed that the MET
signal pathway was significantly up-regulated in the ECMg-SIS,
which could promote the transformation of mesenchymal to epi-
thelium (Fig. 3H).

As the main component of ECM of the smooth muscle tissue,
COL1 has shown a great potential for inducing the differentiation
of placenta-derived multipotent cells into the SMCs (54). In this
study, our proteomic analysis also showed COL1A1 to be the
most abundant collagen in the ECMgyc-PU/SIS (fig. S5). In the
ECM glycoprotein subset, the expression of FN was most abundant
in the ECMg)y;c-PU/SIS, which was also significantly higher than
that in the ECMEgc-SIS (fig. S5). As a multifunctional adhesive gly-
coprotein, FN plays an important role in tissue repair by regulating
cell attachment and motility, as well as embryogenesis (55). A study
by Jain et al. (56) has found that FN can promote neointima forma-
tion in vivo by potentiating SMCs proliferation and migration
through activation of focal adhesion kinase/Src and Aktl/mamma-
lian target of rapamycin signaling. In another study by Klingberg et
al. (57), FN has immobilized latent LTBP1 and thereby stored TGE-
B in the ECM, which might have played an important role in the
induction of placenta-derived multipotent cell differentiation into
the SMCs by enhancing the TGF-p signal pathway. Furthermore,
gene set enrichment analysis exhibited that the TGF-{ signal
pathway, which is pivotal for smooth muscle differentiation, was
also up-regulated in the ECMgyc-PU/SIS (Fig. 31).

The role of the ECM is complex, and the above speculation based
on literature survey and analyses does not prove how the tissue-spe-
cific microenvironment we constructed has worked, nor is it clear
that ECM protein has played a major role. For the next step, we will
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conduct an in-depth analysis of the proteomic results to explore the
key ECM proteins that have endowed the tissue-inducing
properties.

In this study, a bilayer ECM-SPS scaffold has been constructed
by combining a bionic uterine structure with an ECM microenvi-
ronment to fulfill the multiple requirements for uterus repairing.
The design of multilayered bionic scaffold has provided a better
option for simultaneous regeneration of both the endometrium
and myometrium. The cell-derived ECM can mimic the tissue-spe-
cific ECM microenvironment, recruit induced endogenous stem
cells, and promote orderly tissue regeneration. Our approach has
therefore opened a new revenue for the prevention and treatment
of severe IUA and may provide a new strategy for the development
of inducible biomaterials for the repair and reconstruction of the
bladder, urethra, esophagus, airway and other multilayered tissues.

MATERIALS AND METHODS

Study design

Severe IUAs are often accompanied by the damage of myometrium
and may result in thinning of the uterus, reduction of mechanical
strength, and formation of adhesion between the wounds. It is im-
portant to provide appropriate mechanical support, create an anti-
adhesion barrier, and promote simultaneous regeneration of the
endometrium and smooth muscle to prevent severe IUA. Inspired
by the nature of uterus, we developed a bilayer scaffold (ECM-SPS)
with biomimetic heterogeneous features and ECM microenviron-
ment for IUA with myometrial damage, so as to fit the multiple
needs in uterus repairing. The SIS with a seamless structure was se-
lected as the bionic endometrium to provide an antiadhesive barrier
and a substrate for the adhesion and proliferation of ECs. The PU/
SIS composites with similar elastic modulus to the uterus were se-
lected as the bionic myometrium to provide appropriate mechanical
support. Further, tissue-specific cell-derived ECM was modified on
the SPS to biomimetic ECM environment for functional regenera-
tion of the uterus.

Preparation and characterization of the SPS and ECM-SPS
The SIS and PU/SIS were prepared with our previously described
methods (12, 13), which is described in detail in the Supplementary
Materials. The prepared SIS and the PU/SIS were respectively cut
into squares with a size of 20 x 20 mm and quadrangles with a
length of 20 mm and a thickness of 300 um. The PU emulsion
was used to stick the SIS onto the PU/SIS to prepare a SPS scaffold.
Uterine ECs, SMCs, and MSCs were purchased from iCell Bio-
science Inc., Shanghai, China. To prepare the ECM-modified scaf-
fold, the prepared cells were first cocultured with the scaffolds for
the secretion of ECM. The scaffolds were then decellularized.
Thereafter, the SIS and PU/SIS were immersed with phosphate-
buffered saline (PBS) for 12 hours. A total of 1 x 10° ECs were
seeded onto the SIS and cultured with epithelial culture medium
(EpiCM) for 7 days for the secretion of EC-specific ECM. A total
of 4 x 10° of SMCs were seeded onto the PU/SIS and cultured
with smooth muscle culture medium (SMCM) for 14 days for the
secretion of SMC-specific ECM. The above cells were evenly cul-
tured on both sides of the SIS or PU/SIS. Thereafter, the cell-scaffold
composites were frozen at —80°C for 40 min and thawed at 37°C for
40 min, following by washing three times in PBS. The freeze/thaw
(—80°C/37°C) cycle was repeated twice. Thereafter, the composites
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were treated with preheated 1% Triton X-100 at 37°C for 5 min and
washed three times with PBS. Thereafter, the derived ECMp-SIS
and ECMpy,515-PU/SIS were freeze-dried. The whole decellularized
process was performed gently and with care. The PU emulsion was
used to stick the ECMg-SIS onto the ECMpys15-PU/SIS to derive
an ECM-SPS scaffold.

Each batch of samples is analyzed by scanning electron micro-
scope (SEM) and total protein content. Samples meeting the follow-
ing criteria will be used for subsequent research: (i) SEM shows
obvious ECM attachment; (ii) the total protein content of
ECMg-SIS exceeds 1000 pg/cmz; and (iii) the total protein
content of ECMgyc-PU/SIS exceeds 500 pg/cmz.

In vitro adhesion tests

For the peeling adhesion test, the adhered samples with a width of
10 mm were prepared and tested by the standard 180° peel test (Fig.
1B). All tests were conducted with a constant peeling speed of 10
mm/min. The measured force has reached a plateau as the peeling
process entered the steady state. The adhesive sheer strength was
calculated with the following Eq. 1

Plateau Force

Width v

Peel strength =

Scanning electron microscope

An SEM was used to observe the morphology of the SPS and ECM-
SPS. The samples were freeze-dried for 24 hours and brittle-frac-
tured with liquid nitrogen to obtain its cross section. After
sprayed with gold, the samples were observed by SEM (EVO 10,
ZEISS) at an accelerating voltage of 15 kV.

Atomic force microscopy

An atomic force microscopy (AFM) was used to observe the mor-
phology and elastic modulus of the SPS and ECM-SPS. The surface
topology and elastic modulus maps of the scaffold were recorded on
SPM-9700HT and analyzed using the Nano 3D Mapping software.
All morphology images were recorded using a tapping mode in the
ambient atmosphere. The approximate resonance frequency of the
cantilever was 280 kHz, and the force constant was around 60 N/m.
The elastic modulus of scaffold was estimated with a 2.5-pm radius,
sphere-tipped AFM tip. The spring constant of the AFM tip was de-
termined at ~120 pN/nm. The samples were indented at low inden-
tation rate (0.5 Hz) with a trigger force of 5 nN.

Evaluation of the decellularization efficiency

To assess the effect of decellularization, the DNA content, total
ECM protein, collagen, and GAG were quantified. Each sample
was measured three times, and the average absorbance value was
calculated.

The residual DNA content was determined by DAPI (1 pg/ml;
P36931, Invitrogen) staining and quantified by a DNA assay.
Briefly, the samples were fixed with 4% formaldehyde for 10 min
at room temperature and washed three times in PBS. Thereafter,
they were immersed in a DAPI solution (1 pg/ml; P36931, Invitro-
gen) for 5 min at 37°C. After the washing, the samples were imaged
under a confocal microscope (Nikon AIRMP+, Nikon Instruments
Inc.). The DNA content was quantified by using a Quan PicoGreen
dsDNA Assay Kit (P7581, Invitrogen) by following the instructions
of the manufacturer.
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The samples were then crushed in liquid nitrogen with a freezer
mill (6700, SPEX SamplePrep). Approximately 10 mg of sample
powder was lysed in 150 pl of intensive radioimmunoprecipitation
assay buffer (P003B, Beyotime Biotechnology) overnight at 4°C, and
centrifuged at 12,000 rpm for 10 min. The supernatant was collected
for the determination of protein content with a bicinchoninic acid
(BCA) protein assay kit (P0012, Beyotime Biotechnology) by fol-
lowing the instructions from the manufacturer. The precipitation
was resuspended in a solution (100 ul) containing 8 M urea, 100
mM ammonium bicarbonate, and 10 mM dithiothreitol at pH 8.0
under agitation at 37°C for 2 hours. The supernatant was collected
for the determination of protein content using a BCA protein assay
kit. The collagen content was quantified with a hydroxyproline
assay kit (K555-100, BioVision) with a protocol provided by the
manufacturer. The concentration of each sample was determined
against a hydroxyproline standard. Sulfated GAG concentration
was measured by using a dimethylmethylene blue assay kit
(JM9048, Hepeng Biological) with a protocol provided by the
manufacturer.

The samples powder was incubated in 0.5% bovine serum
albumin/PBS solution for 24 hours at 37°C and centrifuged at
12,000 rpm for 10 min. The supernatant was collected for determin-
ing the concentrations of EGF, TGF-, PDGF-BB, and HGF with
EGF enzyme-linked immunosorbent assay (ELISA) kit (ELH-
VEGE-1, RayBiotech), TGF-p ELISA kit (ELH-TGFb1-1, RayBio-
tech), PDGF-BB ELISA kit (ELH-PDGFBB-1, RayBiotech), and
HGF ELISA kit (ELH-HGF-1, RayBiotech), respectively.

Hydrophilicity assay

The hydrophilicity was indicated by water contact angle. Approxi-
mately 10 pl of deionized water was dropped onto the surface of the
materials, and the static water contact angle was measured with a
contact angle goniometer (OCA 15/20, Future Digital Scien-
tific Corp.).

Proteomic analysis

The technical support of proteomic analysis was provided by Shang-
hai Applied Protein Technology Co. Ltd. dECM components iden-
tified by the mass spectrometry were also annotated with human
matrix MatrisomeDB (https://matrisomedb.org) to identify
matrix body proteins in each decellularized tissue type (44, 58).
Functional enrichment analysis was carried out using Metascape
(http://metascape.org) (59). Gene set enrichment analysis was per-
formed with Gene Set Enrichment Analysis software version
4.3.2 (60).

Cell adhesion, viability, and proliferation on scaffolds
in vitro
The MSCs were seeded onto the surface of the materials at a density
of 5 x 10* cells/cm®. After 6 hours of incubation, the cell-scaffold
samples were washed with PBS and stained with Cy5-phalloidine
(40762ES75, Yeasen Biotechnology) and DAPI for 10 min at 37°
C. After the washing, the samples were imaged under a confocal mi-
croscope (Nikon AIRMP+, Nikon), determining the location of the
cell by the cytoskeleton. Three samples were selected for each group,
and three random fields per sample were investigated by photomi-
crography at a magnification of x40.

The viability and proliferation of the MSCs on the SPS and
ECM-SPS were determined by live/dead staining and CCK8 assay,
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respectively. Briefly, the MSCs were seeded onto the surface of the
materials at a density of 1 x 10° cells/cm” for 3 days. The cell-scaf-
fold composites were washed three times with PBS and stained with
Calcein-AM and propidium iodide double stain kit (L3224, Invitro-
gen) for 20 min at 37°C in the darkness. The samples were then
imaged under a confocal microscope (Nikon AIRMP+, Nikon).
The extract solution was prepared by soaking the samples in a com-
plete medium (surface area:volume, 1:6) at 37°C for 24 hours.
Meanwhile, the MSCs were seeded onto a 96-well plate at a
density of 5 x 10° cells per well and cultured with Dulbecco’s mod-
ified Eagle’s medium (DMEM) medium containing 15% fetal
bovine serum. Thereafter, extract solution was replaced by cultured
cells for 7 days. The proliferation of the MSCs was tested on days 1,
3, 5, and 7 with a CCK8 kit (CK04, Dojindo) by following the man-
ufacturer’s protocol.

Cytoskeleton organization was visualized by fluorescence stain-
ing with rhodamine-phalloidin. The MSCs were seeded onto the
surface of the materials at a density of 5 x 10* cells/cm®. After 3
days of incubation, the cell-scaffold samples were fixed with 4%
formaldehyde for 10 min at room temperature and washed three
times in PBS. Thereafter, the samples were treated with 0.1%
Triton X-100 and incubated with rhodamine-phalloidin
(40762ES75, Yeasen Biotechnology) and DAPI. After the washing,
the cell morphology was visualized under a confocal laser micro-
scope (Nikon A1RMP+, Nikon Instruments Inc.).

Differentiation of the MSCs induced by the scaffolds

A total of 1 x 10° MSCs were seeded onto the ECMg-SIS and cul-
tured with EpiCM medium, with the MSCs cultured with the SIS as
the negative control. A total of 4 x 10° SMCs were seeded onto the
ECMgpic-PU/SIS and cultured with SMCM medium, with the
MSCs cultured with the PU/SIS as the negative control.

After 7 days of culture, the cell-scaffold composites were fixed in
4% (v/v) paraformaldehyde solution for 10 min, treated with 0.1%
Triton X-100 for 15 min, and incubated with 5% goat serum for 30
min at 37°C. They were then incubated with a specific anti—E-Cad-
herin (1:200; ab40772, Abcam), anti-CK18 (1:200; ab133263,
Abcam), anti—a-SMA (1:200; ab7817, Abcam), and anti-myosin
(1:100; ab182981, Abcam) overnight at 4°C. Subsequently, the
samples were treated with goat anti-mouse secondary antibody
(1:500; 115-605-003, Jackson ImmunoResearch) or goat anti-
rabbit secondary antibody (1:500; 111-605-003, Jackson ImmunoR-
esearch) at 37°C for 1 hour. The nuclei were counterstained with
DAPI (1 ug/ml; P36931, Invitrogen) for 5 min at room temperature.
Thereafter, the samples were imaged under a confocal microscope
(Nikon A1RMP+, Nikon Instruments Inc.,).

After 3 and 7 days of culture, the MSCs were isolated from cell
scaffolds and lysed in TRIzol reagent by following the manufactur-
er's protocol, followed by reverse transcription (RR047, Takara).
Quantitative polymerase chain reaction was carried out using
SYBR Green master mix (RR820, Takara) on a real-time thermocy-
cler (LC 96, Roche). All samples were analyzed in triplicate. Expres-
sion of the target genes was normalized with that of GAPDH gene.
The polymerase chain reaction primers were listed in table S1. The
relative expression folds were calculated with a 27**“ method.
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Characterization of cell infiltration, vascularization, and
immune response in vivo

The histocompatibility of the SPS and ECM-SPS in vivo was inves-
tigated through subcutaneous implantation experiments. Two sep-
arate skin incisions were made on the back of SD rats (n = 6).
Thereafter, the SPS and ECM-SPS were carefully implanted into
the subcutaneous pockets. The animals were euthanized 4 weeks
after the surgery. The implants and surrounding tissues were col-
lected and fixed with 4% paraformaldehyde solution for histological
evaluation. Sections was prepared and subjected to H&E and DAPI
staining to evaluate the cell infiltration. To assess vascularization,
serial sections were immunolabeled with CD31 (1:50; ab182981,
Abcam). To identify the phenotype of the macrophages, immuno-
fluorescence staining was carried out with CD86 (1:200; ab119857,
Abcam) and CD206 (1:500; ab64693, Abcam), which are markers
for M1-like and M2-like macrophages. Subsequently, the samples
were treated with goat anti-mouse secondary antibody (1:200,
115-605-003, Jackson ImmunoResearch) or goat anti-rabbit sec-
ondary antibody (1:200, 111-605-003, Jackson ImmunoResearch)
at 37°C for 1 hour. The nuclei were counterstained with DAPI for
5 min at room temperature.

Reconstruction of subtotal uterine

All animal experiments have been conducted to conform to the
guidelines of the Experimental Animals Management Committee
of Sichuan Province and approved by Sichuan University Animal
Care and Use Committee (no. 2019023A).

Mature female Sprague-Dawley (SD) rats weighing 250 to 300 g
each with consecutive estrus cycles were included in the experiment
and those in diestrus were used for the experiment. Ninety-six
uterine horns were randomly assigned into excision group, SPS
group, and ECM-SPS group. All rats were anesthetized with pento-
barbital sodium, and a low abdominal midline incision was made to
expose the uterine horns. As shown in Fig. 6A, a segment of 1.5 cm
in length and 1/2 of the total circumference was resected from the
horn of the uterus, with the side of mesometrium left intact. The
scaffolds (1.5 cm x 0.5 cm) were sutured to replace the excised
segment. The rats from the excision group were subjected to no
treatment. After surgery, all rats had received intramuscular injec-
tions of penicillin twice a day for 3 days.

Histological analysis

At4, 8, and 12 weeks after the surgery, the animals were euthanized.
The operative area of each uterine horn was prepared and subjected
to H&E and Masson's trichrome staining. The thickness of the
uterine endometrium was measured using Image] software.

For immunofluorescence staining, serial sections were immuno-
labeled with anti-EpCAM (1:200; ab221552, Abcam), Lgr5 (1:200;
ab219107, Abcam), Ki67 (1:200; ab15580, Abcam), anti-a-SMA
(1:200; ab7817, Abcam), anti-myosin (1:100; ab182981, Abcam),
and FoxA2 (1:200; ab108422, Abcam). Image]J software was used
for analyzing the images, including the percentage of positive
stained areas and glands. The percentage of glands was calculated
with the following Eq. 2

Gland number in regenerative region

The percentage of glands(%) x 100%

" Gland number in undamaged region of the same cornu uteri

@)
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Functional studies

The function of the reconstructed uterus was assessed by determin-
ing its receptiveness to the blastocysts implantation, support for the
embryos to the late stages of pregnancy, and its effect on the ovarian
function, including the morphology and estrous cycles. After 12
weeks postoperatively, the rats were allowed to mate, and fertiliza-
tion was confirmed by the presence of a vaginal plug (n = 10 uterine
horns per group). The animals were euthanized at mid-to-late ges-
tation and examined for the numbers of uterine horns and position
of the embryos. Rats with normal fertility were included in statistical
analysis. For ovarian function studies, vaginal smears were collected
daily from 8:00 to 10:00 a.m. to analyze the changes in the rat
estrous cycle. The morphology of the ovaries was observed by
H&E staining, and the number of follicles at each level was counted.

Statistical analysis

All results were presented as means + SD. Single comparison was
carried out with an independent sample ¢ test. Comparison of
three or more groups was carried out using one-way analysis of var-
iance (ANOVA). Nonparametric analogs were applied for ordinal
categorical variables. Fisher's exact test was performed to
compare pregnancy rates. n was considered the number of times
an experiment was independently performed. ns represents no sig-
nificance. P < 0.05 was considered to be statistically significant.

Supplementary Materials
This PDF file includes:
Supplementary Methods

Figs. S1 to S10

Table S1

Data S1 and S2
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