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Intrauterine adhesions (IUAs) refer to the repair disorder after endometrial injury and may lead to uterine
infertility, recurrent miscarriage, abnormal menstrual bleeding, and other obstetric complications. It is a pressing
public health issue among women of childbearing age. Presently, there are limited clinical treatments for I[UA, and
there is no sufficient evidence that these treatment modalities can effectively promote regeneration after severe
endometrial injury or improve pregnancy outcome. The inhibitory pathological micro-environment is the main
factor hindering the repair of endometrial damaged tissues. To address this, tissue engineering and regenerative

medicine have been achieving promising developments. Particularly, biomaterials have been used to load stem
cells or therapeutic factors or construct an in situ delivery system as a treatment strategy for endometrial injury
repair. This article comprehensively discusses the characteristics of various bio-scaffold materials and their
application as stem cell or therapeutic factor delivery systems constructed for uterine tissue regeneration.

1. Introduction

The human endometrium is a dynamically remodeling mucosa and
has a remarkable regenerative capacity, undergoing 400-500 monthly
cycles of morphological and functional changes during a woman's
reproductive life [1]. The cycling of the endometrium suggests that
endometrial stem cells are involved in the regeneration of a new func-
tional layer mainly in the stroma of the basalis layer. Congenital anom-
alies and acquired severe uterine damage, such as intrauterine adhesions
(IUAs) caused by curettage and infections or scar formation after un-
dergoing previous caesarean section and myomectomy, can affect the
uterine cavity and contractility and embryo implantation, ultimately
leading to uterus factor infertility, recurrent miscarriage, abnormal
menstrual bleeding, and other obstetrical complications [2]. Dilatation
and curettage (D&C), a primary risk factor for IUA, causes damage to the
basal layer of the endometrium, thereby leading to endometrial fibrosis,
in which fibrous tissues replace stromal tissues and is accompanied by a

decrease in or disappearance of glands. As a result, the uterine cavity
and/or the cervical canal become partially or completely obliterated [3].
According to reports, 36-53 million pregnancies worldwide are termi-
nated yearly, of which approximately 90% occur in the first trimester [4].
The incidence of IUA following early pregnancy loss is approximately
6.3% [5]. Therefore, IUA is a critical public health concern among pre-
menopausal women.

The central premise of its treatment strategy is to promote endome-
trial regeneration and functional recovery. Common treatments include
hysteroscopic lysis of adhesions, application of artificial hormone ther-
apy, and placement of intrauterine devices [6]. Currently, hysteroscopy
adhesiolysis is considered as the gold standard for IUA treatment. Despite
anumber of ancillary treatments applied after surgery, including physical
barriers and hormone therapy, the effect remains poor in severe cases [7,
8]. Moreover, severe IUA has a high recurrence rate of more than 62%,
with unfavorable prognosis despite a good initial therapeutic effect [9].
In general, the formation of severe fibrotic tissues and scar is irreversible
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[2]. Presently, stem cell therapy is the most attractive treatment of tissue
injury and fibrosis in response to damage. Because stem cells are undif-
ferentiated and can self-replicate, they provide benefits in both
morphological and functional aspects through the secretion of trophic
support, promotion of cell regeneration, and regulation of immune and
anti-inflammation factors [10,11]. Current research has found that stem
cell transplantation for endometrial repair has limitations in terms of
long-term safety and effectiveness [15]. Stem cells and cancer cells share
similar characteristics, including high proliferative capacity, the
self-renewal ability, and a high degree of plasticity. Bone
marrow-derived stem cells could also contribute to endometriosis and
may be relevant to the formation of endometrial carcinomas [14].

The latest progress in tissue engineering and regenerative medicine is
to use biomaterials mediated by bioactive molecules for in situ tissue
engineering, and implant bioactive scaffolds modified or eluted by
bioactive factors into tissue defect sites, so as to achieve intrauterine
repair the role of membrane damage [18]. Endometrial fibrosis is the
main pathological feature of IUA, where the normal hormonal responsive
endometrium is replaced by the excessive deposition of ECM, and the
endometrial cavity is obstructed with avascular and non-functional
fibrotic synechiae bundles [17]. Biological scaffold materials combined
with stem cell transplantation treatment strategies have shown good
prospects for the functional repair of the endometrium. According to
reports, IUA patients have been transplanted with bone marrow mesen-
chymal stem cells (BM-MSCs), endometrial mesenchymal stem cells
(eMSCs), and menstrual blood-derived stem cells (MenSCs) into the
uterine cavity through biological scaffolds, which can stimulate the
growth of the endometrium [12,13]. Many efforts have been attempted
to explore specific stem cell-based therapies [16].

This article summarizes the therapeutic strategies of bio-scaffold
materials loaded with stem cells, as well as the therapeutic factors
involved in repairing endometrial injury through in situ delivery. We
discuss the characteristics of each kind of biological scaffold material and
the advancements in delivery systems constructed for endometrial
regenerative medicine. We also introduce the latest developments on
biomaterials, i.e., modified or combined mode and loaded with stem cells
or therapeutic factor delivery system.

2. Challenges in endometrium regeneration

Human endometrium is composed of endometrial glands and endo-
metrial stroma. It is a regenerative tissue that undergoes more than 400
cycles of proliferation, differentiation, and shedding during the female
reproductive life. According to its histological features, the endometrium
is classified as consisting of columnar epithelia and stroma. The upper
epithelium contains luminal epithelial cells and glands, whereas the
stroma is composed of supporting mesenchymal cells, stromal fibroblasts,
the vasculature, and leukocytes. To understand the characteristics of the
endometrium based on its structure and function, it can also be classified
based on the functional layer and an inner basal layer [19]. The basalis of
the endometrium is a permanent layer, which generates a new functio-
nalis through intrinsic stem or progenitor cells every menstrual cycle to
prepare for blastocyst implantation [6]. In humans, the endometrial stem
cell niche is located in the endothelium of the spiral arterioles in the basal
layer, providing support to both the epithelial and stromal compartments
[20]. In addition, the endometrium has a remarkable capacity to regen-
erate the functional layer from its basalis during the reproductive period
and throughout the entire life-span if hormonal supplementation is
administered, due to the existence of endometrial stem cells [21].

IUA, also known as Asherman syndrome, is a consequence of trauma
to the endometrium. IUA can be implicated in uterine cavity surgeries,
such as artificial abortion, dilatation and curettage, post-abortion hem-
orrhage and curettage, manual placenta removal, polypectomy, myo-
mectomy, and conization of the cervix [9]. Infections represent another
established cause of IUA [22]. A recent study revealed that 40% of pa-
tients affected by IUAs present symptoms of chronic endometritis (CE)
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and a higher recurrence of adhesion. These findings indicate that chronic
inflammation may play a role in the development and recurrence of IUA
[23]. In addition, there are different factors that can cause the destruc-
tion of the endometrium through to its basal compartment, affecting the
local cellular niche [10]. The damaged endometrium then cannot be
properly repaired, leading to the formation of fibrotic synechiae across
the cavity, in which the glands are replaced by inactive cubocolumnar
endometrial epithelium unresponsive to hormonal stimulation. The
newly formed fibrotic tissue is usually avascular, although thin-walled
telangiectatic vessels can be observed, and the glands may be sparse
and inactive or cystically dilated, causing reduced blood perfusion and
atrophy. Deformation, stenosis, and fibrous scarring of the uterine cavity
also occur [24]. Studies, these result in clinical manifestations including
amenorrhea, dysmenorrhea, infertility, miscarriage, chronic pelvic pain,
and placenta accreta [25].

Currently, the pathogenesis of [IUA remains unclear; however, several
hypotheses exist, such as the fibrosis hyperplasia theory, neural reflex
theory, abnormal differentiation of stem cells, changes in the microen-
vironment of uterine cavity and fibrosis, abnormal signal pathway
regulation, and inflammatory response induced by adherent fibroblasts.
Among these, the fibrosis hyperplasia theory is the most widely studied
[26]. The transforming growth factor-f (TGF-p) has been identified as
highly involved in the pathogenesis of IUA by promoting endometrial
fibrosis via the canonical TGF-B/Smad signaling pathway. Furthermore,
the role of TGF-p in IUA has been speculated to be associated with ER-a,
CCN2, and MMP-9 [9]. The Hippo signaling pathway has been previously
demonstrated to participate in endometrial fibrosis in IUAs and
cross-talks with other signaling pathways, such as those of TGF-§ and
Wnt/p-catenin through a variety of mechanisms [27-29]. Impaired ho-
meostasis of the extracellular matrix (ECM) is also involved in the crea-
tion of adhesions [30]. More recently, impaired NF-«xB signaling has also
been implicated in IUA. Such signaling is a marker of aberrant inflam-
mation that can create a vicious fibrotic cycle [31]. Additionally, a recent
study has reported the upregulation of ANp63 in women suffering from
IUA, thus causing endometrial stem cell quiescence and leading to
adhesion formation [32]. These mechanism studies not only contribute
to understanding the pathogenesis of adhesion development but also
provide a basis for searching effective therapeutics for IUA treatment and
prevention. Hysteroscopy adhesiolysis is considered as the gold standard
for TUA treatment, other treatment methods studies include hormone
therapy with estrogen, stem cells, TGF-p inhibitor, G-CSF, and some
potential targets (miRNAs and KDR).

The main pathological feature of IUA belongs to endometrial fibrosis.
Targeting fibrosis is significant for the treatment and prevention of IUA,
which will be aided by studies on the specific mechanism of endometrial
fibrosis, to inhibit endometrial fibrosis while promoting endometrial
hyperplasia. Thus, improving treatment efficacy and reducing the
recurrence rate of IUA post-surgical repair of transcervical resection of
adhesion (TCRA) should also be the focus points for future studies. The
concept of regenerative medicine is considered the future for patients
with IUA. Evidences accumulated above support the notion that stem
cells or its paracrine mechanism acts as one of the main candidates of
new therapy, which provides a theoretical method for the development
of potential reagents for the treatment of IUA.

3. Hyaluronic acid in endometrial regenerative medicine

Among biopolymers, hyaluronic acid (HA) represents one of the most
used materials in the design of hydrogels for biomedical applications
owing to its biocompatibility, native biofunctionality, biodegradability,
non-immunogenicity, and versatility. HA is a natural linear poly-
saccharide comprising alternating units of p-glucuronic acid and N-
acetyl-d-glucosamine that are connected by f-1,3- and p-1,4-glycosidic
bonds. Furthermore, it is a non-sulfated glycosaminoglycan that is widely
found in the epithelial and connective tissues of vertebrates and is the
major component of the ECM. HA is synthesized by hyaluronan synthase
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at the plasma membrane and is then extruded to the ECM [33]. In the
ECM of most tissues, HA contributes to maintaining mechanical integrity,
homeostasis, viscoelasticity, and lubrication owing to its high molecular
weight and its humectant property [34]. Furthermore, it also plays an
important role in various intracellular functions. Particularly, due to its
binding to cell surface-specific receptors (such as CD44 or RHAMM), HA
can regulate cell adhesion, migration, proliferation, and differentiation
and consequently, processes such as inflammation, wound healing, tissue
development, morphogenesis, tumor progression, and metastasis.

For these reasons, hydrogels built from HA have been recently
developed and investigated for biomedical applications, including tissue
regeneration, tissue engineering, drug delivery, gene therapy, and di-
agnostics [33]. As an endogenous component of soft tissues, HA could not
only provide essential structural and mechanical support for the nearby
cells but also exhibit biological effects. HA could decrease the incidence
of adhesions by downregulating the inflammatory response and pro-
moting the vascularization process, thus emerging as one of the signifi-
cant gel-based physical barriers for the IUA treatment [35]. Treatment
with HA gel can reduce the incidence of IUA and increase pregnancy rates
following an intrauterine operation [36,37]. Meta-analysis of clinical
trials showed that HA gel could prevent IUAs, particularly those with
moderate severity and a lower adhesion score. However, for those with
severe IUAs, the usage of HA gel alone as a physical barrier was insuf-
ficient to prevent the reoccurrence of adhesion. Furthermore, HA gel
alone showed no significant effect on the postoperative pregnancy rate
[38,39]. In a randomized controlled trial, the application of HA gel
during hysteroscopy in patients with moderate to severe IUA had
improved the quality of the endometrium and uterine receptivity,
thereby enhancing the clinical pregnancy rate after IVF/CSI and FET
[40].

Meanwhile, pharmaceutical scientists have long been employing HA
gel as a therapeutic delivery carrier to slowly release cargoes at the
pathological site [41]. Therefore, highly biocompatible HA gel could act
as a physical barrier to suppress re-adhesion, while being potentially
loaded with multiple therapeutics to facilitate endometrium regenera-
tion, which is of significant importance for IUA prevention. In addition,
HA is widely used in the design of engineered hydrogels owing to its
biofunctionality and presence of numerous sites for modification with
reactive groups. There are numerous examples of modified HA macro-
mers that form either covalent or physical hydrogels via crosslinking
reactions, such as click chemistry or the supramolecular assemblies of
guest-host pairs. HA hydrogels range from relatively static matrices to
those that exhibit spatiotemporally dynamic properties through external
triggers, such as light. Such hydrogels are being explored for in vitro cell
culture, in vivo carriers for cells, and therapeutic delivery, including in an
environmentally responsive manner [42].

In addition to bioactive proteins, some studies have focused on
secreted extracellular vesicles from stem cells for uterus repair [12]. Liu
et al. [43] innovatively created a stem cell secretome modified-HA
hydrogel that increases the release of a number of regeneration-related
growth factors, such as epidermal growth factor (EGF), FGF, IGF-1, and
IGF binding protein (IGFBP). The crosslinked HA gel served as a carrier
and prolonged the in vivo retention time of the stem cell secretome, thus
leading to a thicker endometrium and more glands compared with gel
application alone. The nanoscale functionalization of endometrium
scaffolds mimics the natural environment, provides a steady release of
bioactive molecules, and transmits signals from extracellular vesicles
during uterus regeneration.

Furthermore, Kim et al. [44] fabricated decidualized endometrial
stromal cells (AEMSCs) that are encapsulated in HA hydrogel and applied
them in a murine uterine infertility model. Within a short duration of 2
weeks, hydrogel treatment decreased the number of fibrous tissues and
increased the thickness of the endometrium. Importantly, the regener-
ated endometrium demonstrated functional recovery as evidenced by the
expression and secretion of molecules essential for embryonic implan-
tation, such as Desmin, CD44, PECAM, and IGF-1. The successful
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Table 1
Biomaterials used as scaffold for endometrium regeneration.
Scaffold type Cells/ Model Reference
factors
HA hydrogel MSC-Sec Rat Liu et al., 2019 [43]
HA hydrogel dEMSCs Mouse Kim et al., 2019 [44]
Poloxamer hydrogel 17p- Rat Zhang et al., 2017 [51]
estradiol
Poloxamer hydrogel 17p- Rat Zhang et al., 2020 [54]
estradiol
Aloe/poloxamer 17p- Rat Yao et al., 2020 [55]
hydrogel estradiol
Poloxamer hydrogel KGF Rat Xu et al., 2017 [59]
Poloxamer hydrogel KGF Rat Xu et al., 2017 [60]
Poloxamer hydrogel Vitamin C Rat Yang et al., 2017 [62]
ECM / Rat Miyazaki et al., 2014 [71]
ECM / Rat Santoso et al., 2014 [72]
ECM / Rat Hellstrom et al., 2016
[73]
ECM / Pig Campo et al., 2017 [74]
ECM / Rat Daryabari et al., 2019
[75]
ECM / Rat Miki et al., 2011 [76]
ECM 17p- Human Chen et al., 2020 [84]
estradiol amnion
UBM / Rat Zhang et al., 2020 [77]
GP-PC-dUECM / Rat Yao et al., 2020 [78]
Collagen scaffolds BMSCs Rat Ding et al., 2014 [87]
Collagen scaffolds BMNCs Patient Zhao et al., 2017 [32]
Collagen scaffolds UCMSCs Patient Cao et al., 2018 [13]
Collagen scaffolds UCMSCs Rat Xu et al., 2017 [89]
Collagen scaffolds UCMSCs Rat Xin et al., 2019 [90]
Collagen scaffolds hESCs Rat Song et al., 2015 [91]
Collagen scaffolds En-PSCs Rat Li et al.,, 2019 [92]
Collagen scaffolds bFGF Rat Li et al., 2011 [96]
Collagen scaffolds VEGF Rat Lin et al., 2012 [97]
Collagen scaffolds bFGF Patient Jiang et al., 2019 [98]
PGS scaffolds BMSCs Rat Xiao et al., 2019 [100]
Chitosan-heparin SDF-1a Rat Wenbo et al., 2020 [103]
hydrogels
SF-BC membrane SDF-1a Rat Cai et al., 2019 [109]
GelMA-Na-alginate- bFGF Rat Cai et al., 2019 [113]

loaded porous scaffold

implantation of the transferred embryos was followed by normal devel-
opment and live birth of offspring after the dEMSC-loaded HA hydrogel
treatment. The selection of bioprocessed isotopic cells shortened the re-
covery time significantly when compared with bone marrow mesen-
chymal stem cells (BMSCs) or human embryonic stem cell
(hESC)-derived endometrium-like cells. In addition, HA is suitable for the
repair of endometrium where plenty of hyaluronidases could degrade
HA. Furthermore, the limiting mobility of the cross-linkage with porosity
allowed seeding cells to remain in the injured site and provided the ideal
scaffold stiffness for endometrium regeneration. Thus, HA is a promising
therapeutic material to treat [UAs (Table 1).

4. Poloxamers in endometrial regenerative medicine

Poloxamers or Pluronics are a class of water-soluble, non-ionic, triblock
copolymers formed by polar (polyethylene oxide) and non-polar (poly
propylene oxide) blocks, which confer amphiphilic and surface-active
properties to polymers. Poloxamers have been approved by the FDA and
are included in the United States and European Pharmacopoeia. Because
they are non-toxic and non-irritant, they can be used as solubilizer,
emulsifier, and stabilizer and can be administered through oral, parenteral,
topical routes. As wetting agents, they are useful in ointments, suppository
bases, and gels. Commonly used poloxamers include P188 (F-68 grade),
P237 (F-87 grade), P338 (F-108 grade), and P407 (F-127 grade) types,
which are freely soluble in water [45,46]. They can be considered smart
polymers owing to their stimuli-sensitive properties. These polymers
behave differently and can modify their structure as a function of pH,
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Fig. 1. Experimental scheme of the fabrication and testing of the E2@uECMNPs/AP hydrogel system that exhibited multitherapeutic effects and promoted endo-
metrial regeneration to prevent of intrauterine adhesion. Histological analysis and collagen deposition of the uterus from IUA rats receiving different treatments. A.
Representative H&E staining of the uterus on days 3 and 7 (40x and 100x). After 7 days of the drug intervention, H&E staining of uterus appeared well organized with
epithelial tissue and many glands in both E2@uECMNPs/AP and AP group. Meanwhile, there were few glands that appeared in the endometrium in the uterus from
commercially available E2 gels group, E2 alone group, and IUA group. B. Representative images of Masson stained-uterus on days 3 and 7 (200x). Masson staining
appeared a significant decrease in collagen deposition in the AP group on day 7. Compared with the AP group, less fibrosis was observed in the group of
E2@uECMNPs/AP, which suggested a trend toward significance. (Reproduced with permission of Ref. [55]).

temperature, and salt concentration [47]. This allows the preparation of Estrogen is used to promote the antifibrosis effect, prevent adhesion
thermosensitive hydrogels with different properties, e.g. critical gelation recurrence or post-operative adhesion, and induce endometrial repair
concentration and gelation time at physiological conditions [48]. More after TCRA [50]. We have previously reported a novel poloxamer 127
recently, such hydrogels have become especially attractive for tissue en- (HP) thermosensitive hydrogel loaded with estradiol (E2-HP hydrogel) to
gineering as matrices for repairing and regenerating a wide variety of achieve the localized delivery and sustained release of estradiol for IUA
tissues and organs [49]. This section introduces the recent advances in the medication [51]. Estradiol-loaded HP solution could transform into a gel
use of Poloxamers in repairing the endometrium (Table 1). at 37 °C and remain in the uterus at least 48 h, whereas the estradiol
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Ref. [60]. Copyright (YEAR) American Chemical Society. (Reproduced with permission of Ref. [60])
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solution was quickly cleared by the body within the first 2 h. Estradiol
was slowly released from the HP hydrogel for 72 h. The E2
sustained-release selectively reduced fibrotic tissue areas and stimulated
vascularization to provide more nutrients, oxygen, and hormones to the
injured tissues [52,53]. In this study, our group demonstrated that the
uterine injectable E2-HP hydrogel was effective in preventing mechani-
cal injury-induced IUAs in a rat model. Moreover, its therapeutic effect
was associated with the inhibition of ER stress-induced apoptosis and the
augmentation of the vascular endothelial growth factor (VEGF)-stimu-
lated angiogenesis. The E2-HP hydrogel on the recovery of IUA was
closely associated with the upregulation of kisspeptin through activating
the ERK1/2 and MAPKs p38 pathways [54].

Recently, we have designed a nanocomposite aloe/poloxamer
hydrogel for p-estradiol (E2) intrauterine delivery. We demonstrated that
it exerted multitherapeutic effects and promoted endometrial regenera-
tion. Briefly, nanoparticulate-decellularized uterus (uECMNPs) was pre-
pared to encapsulate E2 (E2@uECMNPs), which improved the solubility
and prolonged the cargo release. Then, E2@uECMNPs were further
embedded into the thermosensitive aloe-poloxamer hydrogel
(E2@uECMNPs/AP). Multiple components from the E2@uECMNPs/AP
system could collectively promote proliferation and inhibit the apoptosis
of endometrial stromal cells. E2@uECMNPs/AP significantly increased
morphological recovery and decreased the uterine fibrosis rate compared
with IUA rats in other groups. Additionally, the levels of Ki67, cytoker-
atin, and estrogen receptor p were all upregulated, along with the
decreased expression of TGF-p1 and TNF-a in the uterus of rats receiving
E2@uECMNPs/AP therapy. Taken together, the in situ administration of
E2@uECMNPs/AP hydrogel could effectively promote endometrial
regeneration and prevent re-adhesion (Fig. 1) [55].

With the versatile role of the hydrogel in drug delivery, it can also
encapsulate growth factors to develop regenerative medicine [56,57]. As
expected, many growth factors loaded in hydrogels provide benefits for
topical uterine regeneration, which is usually limited by quick inactiva-
tion and fast elimination after administration. Exogenous KGF applied to
mucosal injury significantly enhanced wound healing, but its use is often
hampered by a short biological half-life [58]. In our previous study [59]1,
we have developed a thermosensitive heparin-modified poloxamer
hydrogel to encapsulate the keratinocyte growth factor (KGF) for IUA
treatment. Heparin modification significantly increased KGF affinity and
prolonged the release duration of KGF to 7 days without losing its
bioactivity. IUA rats receiving the KGF-hydrogel showed better
morphological and functional recovery of the mechanically damaged
uterus when compared with those in the KGF solution group. In a
follow-up study, we added a naturally derived poly (amino acid) poly-
mer, e-polylysine (PLL), into the thermosensitive hydrogel system to load
KGF [60]. This addition significantly enhanced the bioadhesivity of the
hydrogel system as evidenced by the adhesion force rising to 3.18 N
(10-fold higher than that of the non-PLL hydrogel). The KGF-modified
hydrogel scaffold facilitated cell autophagy by inhibiting the mamma-
lian target of rapamycin (mTOR) signaling pathway and increasing CD31
expression levels, endothelial migration, and proliferation of endometrial
glandular and luminal epithelial cells (Fig. 2). Functional epithelial
repair was achieved due to the restoration of appropriate micro-milieu by
reducing inflammation and immune responses [61].

Therefore, the hydrogel system could be easily modified to possess
functional properties, including thermosensitivity and bioadhesivity, and
improve therapeutic outcomes. Hydrogel offers great promises to deliver
multiple therapeutics with totally different characteristics and increased
therapeutic concentration at the pathological site. Yang et al. reported
that BMSCs were encapsulated by the thermo-responsive gelation of
pluronic F-127 (PF-127) and vitamin C, which was added for membrane
stability [62]. In addition, vitamin C as a prominent antioxidant down-
regulated the secretion of tumor necrosis factor a (TNF-a) and interleukin
6 (IL-6), thus maintaining redox homeostasis and facilitating a
pro-regenerative tendency by increasing the IL-10 level [63,64].
Vitamin C further alleviated the cytotoxic effect of PF-127 and
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promoted cell survival and growth on rat BMSC encapsulation. The
BMSC/PF-127/vitamin C hydrogel recovered endometrial thickness and
decreased the fibrotic regions of the stromal tissues of the endometrium
[65].

5. Decellularized matrix in endometrial regenerative medicine

Decellularized extracellular matrix (dECM) is an isolated ECM of
tissues derive from its original inhabiting cells and has emerged as a
promising natural biomaterial for tissue engineering aiming to support,
replace, or regenerate damaged tissues. The dECM can be easily obtained
from tissues/organs of various species using adequate decellularization
methods and can mimic the structure and composition of the native ECM,
thereby providing a favorable cellular environment [66]. In natural tis-
sues, the ECM is a 3D structure that contains various extracellular mac-
romolecules, which are mainly proteins such as polysaccharides,
collagen, and proteoglycans [67-69]. The ECM provides physical support
for cell adhesion and significantly influences cell behaviors including
migration, proliferation, and differentiation. Decellularized scaffolds can
also be converted into ECM hydrogels or coatings. These injectable ECM
hydrogels undergo a non-toxic, collagen-based self-assembly process to
form a nanofibrous hydrogel when incubated at 37 °C or introduced in
vivo, thereby making them an interesting option for regenerative medi-
cine, especially for minimally invasive procedures [70].

Miyazaki et al. [71] fabricated a decellularized uterine matrix scaffold
from rat uterus via aortic perfusion with detergents. The scaffold pro-
vided not only mechanical support for the uterus but also vascular ar-
chitecture for blood perfusion. In addition, it induced recellularization,
uterus regeneration, and high pregnancy rate, similar to that of the un-
injured uterus. Santoso et al. [72] used different methods for decellula-
rization of the uterine matrix from rat uterus, including sodium dodecyl
sulfate (SDS) and high hydrostatic pressure (HHP), and found that the
latter had more preserved ECM and was more efficient in cell removal.
The HHP method also avoided collagen denaturation and reduction in
protein contents. Hellstrom et al. [73] created a uterine patch from rat
uterus using the perfusion method for scaffold decellularization and
found that the scaffold was biocompatible after recellularization in vivo.
In addition, Campo et al. [74] used decellularization and recellulariza-
tion techniques in the fabrication of a scaffold from porcine uterus and
achieved an excellent vascular network in the ECM after recellularization
by human side population stem cells. Similarly, Daryabari et al. [75]
reported a whole-organ perfusion decellularization method for the pro-
duction of a scaffold from ovine uterus and implanted its segments into
rats. The scaffold successfully retained the vascular structure after
decellularization and started recellularization in the endometrium and
myometrium after implantation, potentially due to homing of the
circulating and local stem cells. Moreover, the excellent biomechanical
properties guaranteed uterine regeneration in vivo for a long term. Miki
et al. [76] found that the orientation of smooth muscle cells and ECM was
a vital factor for correct tissue topology and functional uterine regener-
ation after studying a decellularized scaffold derived from rat uterus.
Zhang et al. [77] transplanted a urinary bladder matrix (UBM) into the
uterine horns in Sprague-Dawley rats and found thicker endometria,
increased numbers of glands, fewer fibrotic areas, and increased prolif-
eration of cells and blood vessels. They revealed that the transplantation
of UBM reduced the mRNA levels of proinflammatory cytokines (tumor
necrosis factor o) and increased those of anti-inflammatory cytokines
(basic fibroblast growth factor [bFGF]). More embryos were seen in the
UBM group than in the injured group.

ECM has also been considered as a promising scaffold in xeno-
transplantation, although natural tissue ECM is often mechanically weak
and rapidly degraded, which might compromise outcomes. How to
restore its mechanical strength and optimize its in vivo degradation, while
maintaining the microstructure and maximally suppressing immune
rejection remains challenging. Naturally derived genipin (GP) and pro-
cyanidins (PCs) have been cross-linked with dUECM to produce a
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Fig. 3. In vivo evaluation of cross-linked dECM for uterus regeneration and its fabrication using a xenogeneic rat model. Dotted lines indicate the repair sites. Thirty
days after surgery, dUECM without crosslinking treatment were entirely degraded and the rat uterus only connected by the outer adhesive mucosa. The cross-linked
dUECM remained at the implanted site but significantly decreased in size. After 90 days, PC-M-crosslinking group exhibited best regeneration results with limited
scaffold remained and apparent uterus regeneration as evidenced by newborn uterus tissues near the implanted area (A). H&E and immunohistochemical staining of
Ki67, a-SMA, TNF-a, and CD68 after xenotransplantation of cross-linked dUECM at 90 days. Positive staining is indicated by the red arrows. The scale bar represents
100 pm. *p< 0.05; ***p< 0.001; n = 3. Data were expressed as mean =+ standard deviation. At a minimum, three samples were represented for each data point.
Statistical analysis of experimental data was accomplished using two-tailed analysis of variance, performed with a statistical computer program (Student's t-test), and p
values < 0.05 were considered statistically significant (B). PC-L, low concentration of procyanidin (PC) (0.05%) cross-linked dUECM. PC-M, middle concentration of
procyanidin (PC) (0.1%) cross-linked dUECM. PC-H, high concentration of procyanidin (PC) (0.2%) cross-linked dUECM. GP-M, middle concentration of genipin (GP)
(0.625%) crosslinked dUECM. (Reproduced with permission of Ref. [78])

mechanically enhanced cross-linked-dUECM with prolonged enzymatic evaluated to balance the mechanical and biological support it provides
degradation rate. The in vivo transplantation of GP- and PC-cross-linked for promotion of tissue regeneration (Fig. 3) [78]. These studies have
dUECM to a uterus circular excised rat yielded excellent recellularization indicated that decellularized biomaterials are helpful for functional
ability and promoted uterus regeneration after 90 days. While the uterus regeneration due to their biocompatibility, regulation of cell
reconstruction efficacy of crosslinked dUECM is highly dependent on the survival and homing, and topological support [70]. ECM hydrogels may
crosslinking degree, crosslinking conditions must also be carefully be used in the future as part of the treatment of Asherman's syndrome and
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endometrial atrophy (Table 1).

The amnion membrane (AM), a prospective biomaterial, can not only
act as a mechanical barrier that separates the wounded surface but also
secrete various growth factors to activate the regulation of endometrial
cell proliferation, migration, and differentiation, thereby achieving
morphological and functional recovery of the uterus [79,80]. In the
clinical setting, both the fresh and lyophilized AM have been used for [IUA
therapy [81,82]. However, AM may induce an immune response when
integral membranes are transplanted into the majority of human tissues.
Decellularized AM can reduce potential immunogenicity as the extra-
cellular components of tissues are well tolerated and can even be used as
xenografts [83]. Chen et al. [84] prepared human amnion extracellular
matrix (HAECM)-derived scaffolds for endometrial cell growth and drug
delivery. Using cell proliferation experiments, they showed that the ‘slow
and even’ release of E2 by the scaffolds is more conducive to the growth
of endometrial cells than that of free E2. They demonstrated that EGF and
IGF-1 are involved in endometrial proliferation, and that HAECM partly
promotes the regeneration of endometrium through the EGF and IGF-1
families as intermediaries. Meanwhile, they found that the expression
of cytokines and their receptors peaked in the E2-MS-HAECM
(17p-estradiol by HAECM scaffold integrated with PLGA microspheres)
group, suggesting a synergistic effect between the HAECM scaffold and
E2 on endometrial regeneration, which was also supported by the results
of cell proliferation assay (Fig. 4). Therefore, besides creating a frame-
work for simple mechanical support, advanced scaffolds provide higher
functionality for the biologic guidance of endometrium regeneration.

6. Collagen scaffold in endometrial regenerative medicine

Collagen is one of the basic structural elements of the ECM, which has
been widely used in wound healing and tissue repair owing to its abundant
source, biocompatibility, and biodegradability. Collagen can act not only
as a framework for mechanical support but also as an additive to regulate
cell behavior. It has been reported that porous collagen sponges with
micrometer-sized pores could be used for cell cultures, such as fibroblast,
marrow cells, and keratinocytes [85]. BMSCs have been largely used for
the regeneration of the endometrium and uterus due to their easy isolation,
abundant sources, and reparative potential (Table 1) [86].

6.1. Collagen scaffold loaded with cells

Ding et al. [87] investigated the effect of collagen/bone marrow-derived
mesenchymal stem cells (BM-MSCs) constructs in the healing of severe
uterine injury in rats. BM-MSCs constructs mainly migrated and accumu-
lated in the basal layer of the regenerative endometrium after trans-
plantation. BMSCs could adhere to collagen through interactions with its
surface receptor. In addition, the collagen scaffold showed a porous structure
with pore diameters of several tens to hundreds of micrometers, thus
allowing cell attachment and the diffusion of oxygen and nutrients. BMSCs
could attach and proliferate on the collagen matrix both in vitro and in vivo.
Four weeks of post-transplantation, the wounded area adhered to the col-
lagen/BMSCs constructs, showing high expression levels of bFGF, IGF-1,
TGF-bl, and VEGF and prominent microvasculature regeneration. There-
fore, collagen scaffold holds great promise as a cell delivery vehicle by
anchoring to the injured tissue and promoting uterine tissue regeneration.

Recently, this technology has progressed to clinical trials. Five pa-
tients with severe IUA and secondary infertility received transplantations
of autologous bone marrow mononuclear cells carried by collagen scaf-
folds to the inner uterine surface. All patients achieved live births with
normal placentas [32]. In this study, ANp63 was also demonstrated to be
a biomarker of IUA that also induced endometrial quiescence. Consis-
tently, ANp63-positive cells exhibited a unique IUA stemness alteration.
It was speculated that BM-MSCs reversed ANp63 and induced quiescence
and stemness alteration in the endometria of patients with IUA. Although
the sample size was not sufficiently large, this clinical trial demonstrated
that the collagen/BM-MSC delivery system may be an alternative
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treatment strategy for women with IUA.

Umbilical cord-derived mesenchymal stem cells (UC-MSCs) have
displayed their merits owing to suitable sources, pain-free acquisition,
and excellent proliferation capacity [88]. Cao et al. [13] designed a phase
I clinical trial involving 26 patients with repeated IUA. Allogeneic
UC-MSCs on the collagen scaffolds were implanted into the uterine cavity
of patients undergoing hysteroscopic lysis of adhesions. Once the scaffold
was in place, hormone replacement therapy was applied to induce and
promote a natural menstrual cycle in all the patients. After 3 months, the
average thickness of the endometrium increased, and the IUA score
decreased compared with those before the UC-MSC/collagen treatment.
The upregulation of ERa, Ki67, and vWF expression after treatment
suggested improved endometrial differentiation and neovascularization.
At the end of the 30-month follow-up period, 10 patients were pregnant.
The researchers proposed that the collagen scaffold provides an attach-
ment framework for MSCs and maintains high-density UC-MSCs at the
damaged site of the uterine cavity. Umbilical cord stem cell trans-
plantation was thus deemed as an effective treatment for IUAs.

Xu et al. [89] investigated the effect of UC-MSCs mixed with
degradable collagen fibers in IUA rat models. Scaffold/UC-MSC com-
plexes and UC-MSCs were injected into two groups of IUA rats. On day
60, the number of cells positively expressing MMP-9 was significantly
higher in the scaffold/UC-MSCs group than in the other groups. The
cell-scaffold composite degraded collagen in scarring areas by increasing
matrix metalloprotein 9 (MMP-9), FGF-2, and VEGF levels while pro-
moting angiogenesis and endometrial cyclic regeneration. Thus, the
scaffold/UC-MSCs group showed prominent angiogenesis and insignifi-
cant scarring in the injured site. Xin et al. [90] fabricated a collagen
scaffold (CS) loaded with human UCMSCs for endometrial regeneration.
The CS/UC-MSCs promoted human endometrial stromal cell prolifera-
tion and inhibited apoptosis in vitro via paracrine effects. In a model of
endometrial damage, transplantation with the CS/UC-MSCs maintained
normal luminal structure and promoted endometrial regeneration and
collagen remodeling. It also induced intrinsic endometrial cell prolifer-
ation and epithelium recovery, while enhancing the expression of es-
trogen receptor o and progesterone receptor. Thereby, the ability of the
regenerated endometrium to receive embryos was improved.

Song et al. [91] effectively produced human embryonic stem cells
(hESCs) analogous to endometrial cells, which, in combination with a
collagen scaffold, were found to repair endometrial structure and function.
The hESCs were co-cultured with endometrial stromal cells during in-
duction. The hESC-derived cells were subsequently transplanted into a rat
uterus with full-thickness injury after having been put onto collagen
scaffolds to assess cell function in vivo. Large quantities of
endometrium-like cells improved endometrial function and development
by simulating an in vivo endometrium stem cell niche and secreting growth
factors that modulated the effects of estrogen- and progesterone-driven
basal layer repair. Cell loading on the scaffolds improved the biological
activity of biomaterials and maintained their physiochemical properties to
support the mechanical stability of tissue regrowth. Li et al. [92] selected
cell types for uterine repair by focusing on their ability to restore angio-
genesis and inhibit scar-tissue formation. Endometrial perivascular cells
(CD146 + platelet-derived growth factor receptor [PDGFR] b +) (En-PSCs)
worked similarly as stem cells in the endometrial layer, and the
cysteine-rich angiogenic inducer 61 (CYR61) contributed to vascular for-
mation. Zhao et al. [93] designed a CYR61-transfected En-PSC-loaded
collagen scaffold and found that it significantly increased blood vessel
density as the scaffold stimulated the release of angiogenic factors from the
ECM and accelerated neovascularization in vivo.

Given these results, the biologically degradable collagen scaffold has
shown great potential as a carrier for cell transplantation into the uterine
cavity area to treat recurrent IUA patients. However, cell survival upon
the implantation of collagen/BMSCs scaffold is a limiting factor. Addi-
tionally, because collagen is mainly a natural animal-derived protein
biomaterial, variation between batches is inevitable during the extrac-
tion process. Its poor reproducibility could lead to several problems, such



X. Li et al.

as severe allergic reactions, disease transmission, and immune rejection,
thereby raising some concerns for clinical use [94].

6.2. Collagen scaffold loaded with therapeutic factor

The bFGF and VEGF are essential for endometrial proliferation and
angiogenesis during the menstrual cycle [95]. However, either by local
application or systemic administration, they have short half-life in vivo
and low concentrations at the injury site, which lowers their effects and
causes side-effects on the surrounding tissues due to the burst effect.
Increasing the local concentration and prolonging the biological effect of
the growth factors are thus of great significance [2]. Therefore, an
optimized bFGF delivery system i.e. a collagen membrane loaded with
bFGF fused to the collagen-binding domain (CBD) has been constructed.
This combination significantly reduced the random diffusion of bFGF in
vivo and increased target delivery at the endometrium. The recombinant
proteins were transported in a location-specific manner with collagen,
and the effective concentration was maintained in the injured area.

In a previous study, Li et al. [96] applied the CBD-bFGF delivery
system to reconstruct a severely damaged uterine wall and found that
CBD-bFGF could promote its functional regeneration. The pregnancy rate
of the CBD-bFGF group (86.67%) was close to that of the sham-operated
group (100%), suggesting a nearly full uterine recovery from injury.
VEGF, one of the most commonly studied angiogenic growth factors, is
critical to the proliferation of endothelial cells, formation of new vessels,
and re-epithelialization of the endometrium. In another study, a
CBD-VEGF delivery system was injected into the scarred area of a
full-thickness injury model of rat uterus. Healthy, well-vascularized tis-
sues with thick uterine walls and organized smooth muscles were
generated. Remarkably, embryos were successfully implanted into the
scar sites of the CBD-VEGF group, whereas in the native VEGF or PBS
groups, they were only implanted in normal tissues. This indicates that
CBD-VEGF has a beneficial effect on the remodeling of the uterus and can
even repair endometrial scarring [97].

In another study [98], the sustained release of the collagen-binding
bFGF was administrated around the scarred endometrium guided by
ultrasound every 4 weeks in 18 patients (2-4 times). After treatment,
menstrual blood volume, endometrial thickness, and the scarred endo-
metrial area improved. Histological analysis results showed that blood
vessel density increased noticeably. Three patients (3/18) achieved
pregnancy over 20 gestational weeks. Therefore, the administration of
bFGF to the surrounding scarred endometrium may provide a new
therapeutic approach for patients with endometrial fibrosis.

7. Application of other scaffold materials in endometrial
regenerative medicine

Poly(glycerol sebacate) (PGS) is a representative synthetic bio-
elastomer with the characteristics of controllable degradation, high plas-
ticity, and excellent biocompatibility. Therefore, PGS has been widely used
in a variety of biomedical applications, especially for soft tissue regener-
ation [99]. One of its most important features is robust elasticity, which
enables it to easily sustain and restore various deformations in soft tissues
and in dynamic mechanical environments, without mechanical irritations
to the surroundings. PGS films have also been demonstrated to prevent
postoperative adhesions. Furthermore, PGS porous scaffolds have been
shown to be good carriers for numerous types of cells, such as human
umbilical vein endothelial cells, mesenchymal stem cells, and bone
marrow stromal cells. Xiao et al. [100] loaded BMSCs on a synthetic PGS
scaffold, which potentially recovered the different deformations of soft
tissues in various dynamic conditions, without external irritations. They
compared the effect of PGS with those of poly(lactic-co-glycolic acid)
(PLGA) and collagen scaffolds in the resumption of damaged rat uteruses.
PGS scaffold significantly prolonged the retention time of BMSCs in a
wounded rat uterus model. More importantly, BMSCs can directly differ-
entiate into endometrial stromal cells after the transplantation of
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PGS/BMSCs constructs, but not PLGA/BMSCs and collagen/BMSCs. In
addition, the levels of TGF-p1, bFGF, VEGF, and IGF in the injured endo-
metrium adjacent to PGS/BMSCs constructs were higher than the other
group. Lastly, transplantation of PGS/BMSCs resulted in better
morphology and recovery of the damaged uterus. The receptive fertility of
PGS/BMSCs is similar to that of collagen/BMSCs but is significantly higher
than that of PLGA/BMSCs. PGS showed more improvement in proliferation
and endometrial morphology.

Chitosan is natural polysaccharide usually extracted from marine sour-
ces. It is soluble in low pH aqueous solutions and is biocompatible, biode-
gradable, non-toxic, and anti-bacterial. Chitosan can be easily chemically
modified based on its amino group to improve properties such as solubility,
antioxidant activities, and cell adhesion [101,102]. Meanwhile, heparinis a
sulfated natural glycosaminoglycan widely found in biological tissues. It has
affinities to growth factors and could extend their half-lives while increasing
their bioactivities [18]. Insitu drug delivery system has become increasingly
popular because of its physical barrier function and controlled release of
drug carrier. Wenbo et al. [103] reported a facile approach for fabricating
chitosan-heparin hydrogels in a controlled-release manner and their
application for IUA. The insitu drug delivery of SDF-1a for controlled release
of hydrogels to an injured rat uterus showed that endogenous c-kit positive
stem cells (HSCs) were recruited to the injury site, thus promoting wound
recovery. After 7 days of treatment, the uterus treated with SDF-1a-releas-
ing hydrogels showed no difference in terms of endometrial thickness,
number of glands, and fibrosis level with the control group.
Chitosan-heparin hydrogel could thus be a candidate for the uterine injury
healing, as well as other wound dressing drug delivery systems.

In addition to direct cell-loading in the scaffolds, many strategies are
focused on the surface, or on structure modification, to improve
biocompatibility and enhance absorption for cell attachment and de-
livery of bioactive growth factors, hormones, and extracellular vesicles
[104,105]. Bacterial cellulose (BC) is a biocompatible and water
absorbable bacteria scaffold and has been used in bone, blood vessel, and
nerve repair. The dense structure of BC networks has pores whose sizes
are not large enough to allow migration. Supplementation of other ma-
terials such as silk fibroin (SF) increased pore size and subsequently,
induced a significant increase in cell adhesion and cell viability in com-
parison with pure BC [106-108]. Cai et al. [109] developed a chemo-
tactic composite scaffold by incorporating recombinant human stromal
cell-derived factor-1a (rhSDF-1a) into a silk fibroin-bacterial cellulose
(SF-BC) membrane carrier. In this study, they demonstrated that the
SF-BC membrane possessed good physical, chemical, and biocompati-
bility properties in vitro. Because the plasticity and tensile strength of the
composite membrane scaffold were similar to those of the rat uterus, this
could promote the regeneration of the uterus after injury and further
support the growth of implanted embryos. SDF-1, released from SF-BC,
may promote the migration of adjacent uterine cells to the injury site,
induce the regeneration of full-thickness uterine injury, and improve the
pregnancy outcome of the damaged uterus. Hence, the better pregnancy
outcomes observed in this study may be due to SDF-1 promoting
vascularization and greater formation of mature endometrium.

Droplet-based systems have been directly used to synthesize particles
and encapsulate many biological entities for biomedical applications due
to their powerful encapsulation capability and facile versatility [110].
Microfluidics are systems with integrated microchannels, where small
quantities of fluids could flow in a controlled manner. Droplet-based
microfluidics have been recognized as a promising approach to build-
ing cell-loaded microspheres owing to their ability to control pore size,
morphology, and microstructure [111,112]. Cai et al. [113] first reported
the use of droplet microfluidics for the porous scaffold construction for
IUA treatment. They presented a new drug-loaded porous scaffold based
on a microfluidic droplet template, which combines the characteristics of
the artificial biocompatible material GelMA and the natural poly-
saccharide material Na-alginate. Thus, the scaffold not only possessed
compressibility but also facilitated drug delivery and release. The system
improved neovascularization, cellularized the damaged tissues, and
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Fig. 5. Biomaterial-based approaches to uterus regeneration include (i) bonding strategies of therapeutic factor-loaded scaffolds (A. direct loading or adsorption, B.
immobilization through the formation of ionic complexes, C. immobilization through specific heparin-mediated interaction, and D. particulate systems) and (ii)
fabrication of synthetic stem cells by encapsulating stem cell therapeutics with biomaterials.

repaired the endometrium. These features confirm that drug-loaded
porous scaffolds can be alternatives to improve postoperative IUA.

8. Summary

Despite the considerable advances in the etiology and treatment of IUA,
the cellular and molecular mechanisms underlying its development remain
unclear. To date, no efficient therapy has been developed to prevent its
recurrence. Comprehensive treatment with hysteroscopy is the main
treatment, among other popular IUA treatment methods including hor-
mone therapy with estrogen, stem cells, TGF-p inhibitor, G-CSF, and po-
tential targets. Although these strategies have been explored in IUA, none
have been proved to be effective or achieve the desired result in clinical
treatment. Despite having a few ethical disputes, stem cells are easy to
obtain and possess the function of self-immune regulation. However, stem-
cell treatment is only under the preliminary research stage, and it cannot
be widely applied in the clinical setting because of their low survival rate,
difficulty of inducing differentiation, and stem cell tumorigenesis.

Current studies have demonstrated that bio-scaffolds combined with
stem cells or therapeutic factors for targeted intrauterine administration
have achieved certain effects, either in the treatment of IUA patients or in
model animals, thereby reducing the harm caused by systemic adminis-
tration. However, information on the long-term safety and the recurrence
of IUA remain limited. Biological scaffolds can support the attachment and
proliferation of endometrial cells and can deliver stem cells or bioactive
molecules to promote endometrial regeneration. However, the biocom-
patibility and mechanical properties of biomaterials are key issues for
consideration. To improve the effectiveness of stem cells or therapeutic
factors, many studies on delivery strategies have focused on the surface or
structural modifications of bio-scaffold materials to achieve better
biocompatibility and stronger adsorption capacity, thus improving cell
attachment and the delivery of growth factors, hormones, and extracellular
vesicles. The reconstruction of the biomimetic repair microenvironment
after endometrial injury may require the synergy among therapeutic fac-
tors and stem cells. Future studies should focus on multimodal combina-
tion using formulation technology to combine therapeutic factors with
stem cells and achieve better therapeutic effect, such as the combination

strategy of microparticle systems loaded with therapeutic factors and
biological scaffolds loaded with stem cells. The combination of slow and
controlled release technology of pharmaceutical preparations with local
targeted drug delivery technology and tissue engineering is expected to
solve the bottleneck of currently available clinical IUA treatment (Fig. 5).
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