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Premature ovarian failure (POF) and intrauterine adhesion (IlUA) that easily lead to reduced
fertility in premenopausal women are two difficult diseases to treat in obstetrics and
gynecology. Hormone therapy, in vitro fertilization and surgical treatments do not
completely restore fertility. The advent of hydrogels offers new hope for the treatment
of POF and IUA. Hydrogels are noncytotoxic and biodegradable, and do not cause
immune rejection or inflammatory reactions. Drug delivery and stem cell delivery are the
main application forms. Hydrogels are a local drug delivery reservoir, and the control of
drug release is achieved by changing the physicochemical properties. The porous
properties and stable three-dimensional structure of hydrogels support stem cell
growth and functions. In addition, hydrogels are promising biomaterials for increasing
the success rate of ovarian tissue transplantation. Hydrogel-based in vitro three-
dimensional culture of follicles drives the development of artificial ovaries. Hydrogels
form a barrier at the site of injury and have antibacterial, antiadhesive and antistenosis
properties for IUA treatment. In this review, we evaluate the physicochemical properties of
hydrogels, and focus on the latest applications of hydrogels in POF and IUA. We also found
the limitations on clinical application of hydrogel and provide future prospects. Artificial
ovary as the future of hydrogel in POF is worth studying, and 3D bioprinting may help the
mass production of hydrogels.
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INTRODUCTION

In obstetrics and gynecology, both premature ovarian failure (POF) and intrauterine adhesion (IUA)
are difficult diseases that often cause infertility in premenopausal women. POF is defined as a
primary ovarian defect characterized by premature follicular depletion or impaired folliculogenesis
before the age of 40 years (Beck-Peccoz and Persani, 2006). Known causes of POF mainly include
autoimmune diseases, chromosomal abnormalities, radiation and chemotherapy for tumors,
infections, and surgical injuries, these causes are difficult to avoid (Goswami and Conway,
2005). POF patients experience early menopause and are susceptible to cardiovascular disease,
type 2 diabetes and osteoporosis, and this susceptibility may be related to a decrease in estrogen (Wu
et al., 2014). Hormone replacement therapy (HRT) replenishes ovarian hormone deficiencies and
improves menopausal syndrome, but may increase the risk of breast cancer and stroke (Sullivan et al.,
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2016). A low pregnancy rate (5%-10%) is the biggest problem for
POF patients (van Kasteren and Schoemaker, 1999). HRT and
gonadotropin-releasing hormone agonists are not effective in
restoring fertility (Demeestere et al., 2016; Ishizuka et al,
2021). In vitro fertilization (IVF) may allow POF patients to
have healthy children, but the success rate is low especially after
the age of 35 (Ishizuka et al., 2021).

IUA is defined as adhesion in uterine cavity resulting from
endometrial damage, characterized by amenorrhea, infertility,
pregnancy loss and abnormal placentation (Dreisler and Kjer,
2019). IUA is mainly due to surgical operations in the uterine
cavity, and extensive fibrosis of the uterine cavity leads to failure of
decidualization and embryo implantation (Hou et al, 2019).
Transcervical resection of adhesion (TCRA) is a standardized
treatment that loosens adhesion and improves fertility. TCRA
itself is also an intrauterine surgical operation, adhesion in the
uterine cavity can be removed by TCRA, but there is also a risk
of damage to the endometrium caused by the operation of TCRA,
and the risk of re-adhesion after surgery is difficult to minimize
(March 2011). The recurrence rate of severe IUA patients even
exceeds 60% after TCRA (Capella-Allouc et al., 1999). The clinical
pregnancy rate of IUA patients does not exceed 20% after TCRA
(20%) (Wang Z. et al, 2021), transdermal estrogen treatment
(16.67%) (Chi et al., 2018) and IVF (15.3%) (Mao et al., 2020).

Hydrogels are a cross-linked form of hydrophilic polymers
(Tibbitt and Anseth, 2009). The structure and composition of
hydrogels are similar to those of the extracellular matrix; thus,
hydrogels show great potential for biological and medical
applications  (Slaughter et al, 2009). Hydrogel-based
treatments have emerged in many diseases, including bone
injury, skin injury, kidney diseases, heart failure, etc
(Mohapatra et al, 2021). Hydrogels have been extensively
studied in skin injury. To date, at least 43 clinical trials have
reported that hydrogel dressings increased the cure rate of skin
injury and relieved pain, and in these trials no adverse effects were
found (Zhang et al, 2019). The safety and efficacy in the
treatment of skin injury has driven the application of
hydrogels in other diseases. The application of hydrogels in
other diseases is still at the stage of animal experiment. In
animal experiment the therapeutic effects and safety of
hydrogels have been exhibited. Both drug-loaded and stem
cell-loaded hydrogels promoted the regeneration of bone tissue
(Hasani-Sadrabadi et al., 2020; Zuo et al., 2022). IL-10-loaded
hydrogels reduced the fibrosis of chronic kidney disease (Rodell
etal., 2015), and mitigated the local and systemic inflammation of
acute kidney injury (Soranno et al, 2016). After myocardial
infarction, necrotic cardiomyocytes are replaced by fibroblasts,
resulting in impaired electrical signal conduction. Conductive
hydrogels effectively improved electrical signal transmission and
protected ventricular function (Bao et al.,, 2017; Zhang, C et al,,
2020).

In obstetrics and gynecology, the main application of hydrogel
is in the treatment of POF and IUA. Hydrogels have been studied
for ovarian tissue transplantation and artificial ovary, and the
three-dimensional structure of hydrogels provides support for
follicle growth and morphology maintenance, making ovarian
tissue and follicle autologous transplantation possible (Shikanov
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et al., 2009; Yoon et al., 2021). The application of hydrogels in
IUA is mainly focused on drug delivery and stem cell delivery
therapy (Mettler et al., 2008; Xue et al., 2019). Hydrogels are
capable of controlling drug release and extending stem cell
retention (Zhang S. et al, 2017; Huang et al, 2022). In this
review, we discuss the physicochemical properties of hydrogels
and the latest applications of hydrogels in POF and IUA.
Applications of hydrogels in POF and IUA were studied
mainly in animal models, and hydrogels have shown
therapeutic effects in animal models, but we still have a long
way to go for clinical application; hence, we discuss the limiting
factors that hinder clinical application and we highlight the future
prospects for the applications of hydrogels.

PHYSICOCHEMICAL PROPERTIES

Swelling is a phenomenon whereby the volume of hydrogels
rapidly increases after they absorb a solvent. The dried hydrogels
were immersed in phosphate buffer solution (PBS) (Qi et al.,
2020), medium (Qi et al., 2020), double-distilled water (DDW)
(Zheng et al.,, 2021) or deionized water (Sutthasupa et al., 2021)
according to different experimental designs. Then swollen
hydrogels were removed from the solvent at a certain time,
and weighed after gently blotting water on the surface. The
swelling ratio (SR) was calculated by the following equation:
SR=(W,-W,;)/W;x100 (W;: the weight of initial dried hydrogel;
W,: the weight of swollen hydrogels) (Qi et al., 2020; Sutthasupa
etal., 2021; Zheng et al., 2021). SR is associated with the hydroxyl
groups, hydrophilic groups and carboxyl groups (Lv et al., 2021),
and the pH and ionic strength of solutions also affect the SR
(Ganguly et al., 2017). The swelling property confers a swollen
three-dimensional (3D) structure resembling the extracellular
matrix in which cells physiologically live; therefore, researchers
increasingly regard hydrogels as novel cell culture media (Jackson
et al,, 2009; Xu et al., 2009; West et al., 2007a). Traditional 2D
culture achieve the survival of follicles in vitro, but cannot
maintain the normal morphology of follicles (Desai et al,
2012; Choi et al, 2013), the 3D structure of the swollen
hydrogels maintains the normal morphology of the follicles
in vitro. Hydrogels are promisingly applied to treat IUA,
because hydrogels are not easily expelled due to the strong
adhesion to uterine walls (Zhang, W et al., 2020; Yang et al,
2020), and the stable 3D structure due to swelling prevents
adjacent uterine walls from directly contacting (Mettler et al.,
2008; Wang, Z. et al,, 2021).

Rheology, which is defined by Eugene Bingham, is the study of
the flow and deformation of materials under applied forces
(Dawn and Kumari,, 2018; Wilson, 2018). The rheology of
hydrogels is measured by a rheometer. The storage modulus
(G') and the loss modulus (G") parameters are always used, the
storage modulus (G') reflects viscous behavior and loss modulus
(G") reflects elastic behavior (Miiller et al., 2011; Zheng et al.,
2021). The viscous behavior facilitates the injection of the
hydrogel from the syringe into the uterine cavity and adhesion
to the uterine cavity; moreover, the elastic behavior facilitates the
retention of the hydrogel in the uterine cavity (Xu HL. et al,
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2017). Hydrogels that exhibit more viscous behavior under large
frequency and exhibit more elastic behavior under low frequency
are appropriately applied to IUA (Miller et al, 2011).
Thermosensitive hydrogels exhibit more viscous behavior at
4°C. After the hydrogels are injected into the uterine cavity,
the temperature increases gradually and reaches the gelation
temperature, and hydrogels exhibit more elastic behavior (Xu
HL. et al,, 2017).

Biocompatibility is the ability of biomaterials to perform
without adverse host responses in their application (Naahidi
et al., 2013). Sterility is a prerequisite for clinical applications,
and the assurance of no introduced pathogens is imperative after
hydrogels are implanted. Hydrogels are sterilized by high
pressure steam, 75% ethanol and UV light according to their
physicochemical properties (Miiller et al., 2011; Zheng et al,
2021). Some hydrogels, such as antibacterial electroactive self-
healing hydrogels, have antibacterial and antioxidant properties
in their own composition, but aseptic operation is also necessary
in the preparation process (Zhao X. et al, 2017). Cell-loaded
hydrogels are applied to treat diseases; however, encapsulated
cells may lead to host immune rejection. MHC molecules are the
critical bridge for the recognition of allogeneic cells through host
lymphocytes; therefore, host immune rejection can be examined
by detecting the expression of MHC molecules (Yuan et al., 2011).
In addition, the one-way mixed lymphocyte reactions (MLR)
assay can also detect host immune rejection (Yuan et al.,, 2010).
The cytotoxicity of hydrogels to encapsulated cells and host cells
is not negligible, and the migration and viability of cells reflect
whether hydrogels are cytotoxic to cells (Zhao X. et al., 2017; Cui
etal,, 2019). In addition, the growth of encapsulated cells requires
the hydrogels to complete the exchange of oxygen, nutrients and
metabolites (Slaughter et al., 2009). Many factors affect the
biocompatibility of hydrogels; for natural hydrogels, natural
sources may contain heavy metals, endotoxins, and
polyphenolic compounds (Lee and Mooney, 2012), and the
purification process (Kong et al, 2002), the structure and
formulation of the biomaterials affect biocompatibility (Tabata
et al., 1999).

Biodegradability provides space for cell growth and new tissue
formation (Li et al., 2012). High-quality hydrogels require proper
biodegradability, and the degradation products are not harmful to
tissues and cells. Nondegradable biomaterials accumulate in the
mononuclear phagocytic system and are difficult to excrete; this
accumulation is permanent and may be potentially harmful to the
body (Owens and Peppas, 2006). Natural hydrogels, such as
chitosan, alginate, gelatin and heparin, are mainly derived
from natural sources and are readily degraded by cells in vivo
(Yamaguchi et al., 2007). The following factors affect hydrogel
degradability: different crosslinking methods (Jeon et al., 2009),
water content (Tabata et al., 1999) and the ratio of each
component (Yu et al., 2010).

PREMATURE OVARIAN FAILURE

Premature ovarian failure (POF) is defined as amenorrhea due to
ovarian hypofunction before the age of 40 years (Goswami and
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Conway, 2005). A wide range of causes lead to POF, including
chemotherapy, autoimmune diseases, infection and genetic
aberrations; however, most causes are not clear and known
causes are difficult to avoid (Goswami and Conway, 2005).
The most difficult problem of POF is the reduced fertility of
premenopausal women; in addition, the dyspareunia due to
decreased sexual function and frequent night sweats due to
abnormal vasodilation also cause distress in patients (Schover,
2008). Hormone replacement therapy (HRT) is the main
treatment strategy for POF, but hormone therapy may lead to
an increased probability of breast cancer and stroke (Rossouw
et al., 2002); moreover, HRT only relieves the uncomfortable
symptoms of POF and cannot fully restore the function of the
ovaries (Sullivan et al, 2016). In vitro oocyte maturation
successfully restores fertility in POF patients, but these are
case reports, and more statistical data are needed to confirm
the efficiency of this technique (Grynberg et al., 2020; Lucie et al.,
2021). The fertility rate after IVF is low, and the success rate is
related to age and disease duration (Ishizuka et al, 2021);
therefore, novel treatment strategies are urgently needed.

THE APPLICATION OF HYDROGELS IN POF

Hydrogels are introduced in POF treatment in the following four
ways (shown in Figure 1). The first method is transplantation of
ovarian tissues. POF may occur in cancer patients after radiation
and chemotherapy, and the autologous transplantation of ovarian
tissue that are frozen before radiation and chemotherapy
improved the patient’s menopausal symptoms (Fabbri et al,
2019); however, the patient’s pregnancy rate is low. One
report showed only seven pregnancies in 21 patients who
received autologous transplantation (Jadoul et al., 2017), and
fertility was not fully restored despite orthotopic transplantation
of ovarian tissue (von Wolff et al, 2009). Hydrogel-coated
ovarian tissue transplantation was superior to autologous
transplantation alone in promoting follicular proliferation in
animal models; however, there are no reports of fertility
restoration due to the difficulty of achieving orthotopic
transplantation in animal models. Tavana et al. (2016)
encapsulated ovarian tissues in a hyaluronic acid (HA)
hydrogel containing VEGF and fibroblast growth factor
(bFGF), and the hydrogel promoted follicle proliferation and
restoration of ovarian function and inhibited apoptosis after
transplantation. Tanaka et al. (2018) wrapped human ovarian
tissues in a gelatin hydrogel containing bFGF and transplanted
them into immunodeficient mice, found that primordial and
primary follicular density significantly increased. Ovarian
tissue allotransplantation may be achieved by hydrogel
encapsulation because hydrogel-encapsulated ovarian tissue
transplantation did not cause follicle apoptosis or immune
rejection. Gao et al. (2013) performed allotransplantation with
fibrin hydrogels containing bFGF-coated ovarian tissues, and
found that the number of apoptotic follicles was significantly
reduced. Day et al. (2019) demonstrated that poly (ethylene-
glycol) (PEG) hydrogel-coated ovarian tissue prevents
allotransplantation immune rejection.
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FIGURE 1 | The application of hydrogels in POF. Hydrogel can be used as a carrier for ovarian tissue transplantation (A). Hydrogel 3D culture is characterized by
maintenance of follicle morphology, aggregation of cytokines and maintenance of nutrients and PH; thus, hydrogel can be used as a material for artificial ovaries (B). Stem
cells can be encapsulated in hydrogel to wrap ovaries in POF patients to exert therapeutic effects; Stem cells can also be encapsulated in hydrogel along with ovarian
tissues for ovarian transplantation (C). Hydrogels surrounding ovaries control the rate of drug release (D).

The second method of hydrogel application is artificial ovary.
Artificial ovary mainly consists of isolated follicles and
biocompatible and biodegradable biomaterials. Transplanting
ovarian tissues is a major method through which to restore
fertility in cancer patients, but tissue transplantation easily
reintroduces tumor cells (Camboni et al., 2013). Follicular
basal lamina does not have capillaries and nerves from the
granulosa layer; thus, tumors metastasis to the follicles is not
possible (Rodgers et al, 2003). Isolated follicles may be
transplanted into patients instead of ovarian tissue, and the
storage and culture of follicles in vitro is the foundation for
artificial ovary feasibility (See The Application of Hydrogels in
Follicle Culture for details). Studies have shown that the
transplantation of artificial ovaries promotes the survival and
maturation of follicles in vivo (Rios et al., 2018), improves local
vascularization (Rajabzadeh et al., 2020), and restores hormones
to a level at which the endometrium regenerates (Yoon et al,
2021).

The third method is stem cell delivery. Mesenchymal stem
cells (MSCs) treatment in POF increased the number of follicles,
restored plasma sex hormone levels (Zhang et al., 2021b), reduced
ovarian inflammation and reduced granulosa cell apoptosis (Ling
etal, 2017; Deng et al., 2021). Stem cells are mainly administered
by caudal intraperitoneal injection or ovarian orthotopic
injections (Zhang, Q et al, 2017; Woo et al., 2012). These
traditional injection methods are associated with problems of
low efficiency and growth restriction in target organs (Liu, S et al.,
2016). Hydrogels enrich stem cells in the target organ and provide

a suitable environment for the growth of stem cells. A study found
that co-transplantation of fibrin-collagen hydrogel-coated MSCs
and ovarian tissue increased the transplantation success rate
(Mehdinia et al., 2020). Huang et al. (2021) embedded human
amniotic epithelial cells (hAECs) in sodium alginate-bioglass
(SA-BG) hydrogel and wrapped ovarian tissues with the
hAECs-loaded hydrogel in POF mice. The SA-BG hydrogel
not only enhanced the viability of hAECs in ovary, but also
with the help of hAECs restored follicle development and
enhanced angiogenesis in POF ovaries. To date, there are
insufficient studies on the treatment of hydrogels combined
with stem cells for POF; thus, whether this combination
enhances efficacy for POF is worth investigating.

The fourth method is drug delivery. Hydrogels enrich drugs in
the local tissue. This local delivery maintains the high
concentration of drugs in the local tissue and reduces adverse
effects (Bhattarai et al., 2010). Drugs are released from hydrogels
in a controlled manner, avoiding burst release (Jiang et al., 2014).
The long-term sustained release avoids multiple-dose regimens.
Drug release is determined by molecular mass, degradation rate
and affinity between drugs and hydrogels (Li and Guan., 2011). In
addition, environment-stimulated release can also modulate the
drug release. Temperature-responsive hydrogels are a good
example, drug release is slow when the temperature is below
the thermal transition temperature of the hydrogel. Once the
temperature rises above the thermal transition temperature, the
drug is released rapidly due to hydrogel contraction (Li and Guan,
2011). Electricity-response and magnetism-response hydrogels
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control the “on” and “off” of drug release by applying and
withdrawing electric and magnetic fields (Murdan 2003;
Ganguly and Margel, 2021). activation  of
mammalian target of rapamycin (mTOR) induces POF (Reddy
et al., 2008). Rapamycine, a mTOR inhibitor, prolongs ovarian
lifespan (Dou et al., 2017), but mTOR inhibitors may have
adverse effects on the immune system (Araki et al, 2009).
Ala-Glu-Ala-Ala-Leu-Tyr- Lys-Asn-Leu-Leu-His-Ser-OH (Inh),
a  peptide  sequence,  competitively  inhibits  the
autophosphorylation of receptor tyrosine kinases (RTKs),
which are the upstream kinases of mTOR (Thommes et al.,
1999). Hydrogels are able to control the release and ensure the
enrichment of Inh, and Shi et al. (2021) reported that the Inh
embedded in hydrogels delayed ovarian aging.

Excessive

THE APPLICATION OF HYDROGELS IN
FOLLICLE CULTURE

Hydrogel-based in vitro three-dimensional (3D) culture is
significantly superior to traditional two-dimensional (2D)
culture, promoting the development of follicle science and
advancing the emergence of artificial ovary. The advantages of
3D culture are shown in Figure 1. Traditional 2D culture fail to
fully simulate the ovarian microenvironment for the following
reasons: 1) The 3D structure of follicle cannot be easily
maintained in 2D culture. Granulosa cells and theca cells
attach to the dish surface and lose physiological morphology,
and flat follicle disrupt intercellular communication (Desai et al.,
2012; Choi et al., 2013); 2) Endogenous autocrine and paracrine
factors are diluted, which affects cell development (West et al.,
2007a); 3) Consumption of nutrients and accumulation of
metabolites lead to pH fluctuations in the medium (Duval
et al, 1992). Regular medium changes improve the culture
environment, but increase the possibility of contamination and
culture cost. The 3D structure of hydrogels simulates the native
microenvironment and maintains follicle morphology. The
follicular cavity, a closed and filled-fluid cavity, is an indicator
of progressive follicular maturation. The normal morphology and
expansion of the follicular cavity have been demonstrated in a
fibrin-alginate hydrogel (Shikanov et al, 2009). The limited
volume of the hydrogels slows down the escape of cellular
secretions (West et al., 2007a), and the porous property of the
hydrogels ensures the exchange of cellular secretions. The
nutrients necessary for cell development can be encapsulated
in a responsive polyurea hydrogel based on organic sol-gel
chemistry, and the nutrients are constantly released to
compensate for cellular consumption, thus maintaining a
dynamic balance of nutrients. In addition, this hydrogel is able
to simultaneously neutralize lactic acid and maintain pH (Skory
et al.,, 2015).

Natural hydrogels are the most commonly used hydrogels for
follicle culture. Alginate, mainly obtained from brown algae cell
walls, is a linear water-soluble high swelling natural source. With
the goal of facilitating better water solubility in cell culture and
disease treatment, alginates are commonly converted into the
form of monovalent salts, such as sodium alginates or calcium

Hydrogels in POF and IUA

alginates (Kang et al., 2021). The concentration and stiffness of
alginates influence follicle growth and development. Min Xu. et al
isolated mouse follicles and demonstrated that 0.25% (w/v) and
0.5% (w/v) alginates promoted secondary follicle growth and
follicular cavity expansion more rapidly than 1.0% (w/v) and
1.5% (w/v) alginates, and 0.25% (w/v) alginate was the optimal
concentration given the high production of estradiol and mature
oocytes (Xu et al., 2006). Alginates (0.3% w/v) are suitably applied
in human follicle culture. More than half of the preantral follicles
were viable and most of them were in a fast growing state in a
0.3% (w/v) alginate hydrogel (Yin et al, 2016); moreover, for
primary and secondary follicles, steroid and peptide hormone
secretion patterns similar to those observed in vivo were induced
after the sequential addition of follicle-stimulating hormone
(FSH), human chorionic gonadotrophin (hCG) and epidermal
growth factor (EGF) (Skory et al, 2015). Erin R West. et al
reduced the stiffness of alginate via radiation and chemical
oxidation, and found that cell differentiation, steroid
production and oocyte quality were superior when follicles
were grown on low-stiffness alginates (West et al.,, 2007b). In
addition to follicle culture, alginates are also applied in follicle
cryopreservation. Vanacker et al. (2013) showed that human
preantral follicles embedded in alginate hydrogel
successfully cryopreserved and that the viability of frozen
follicles was comparable to that of fresh follicles in in vitro
culture; moreover, ME,SO was found to be superior to
ethylene glycol for cryopreservation of follicles embedded in
alginate hydrogel (Camboni et al, 2013). Jamalzaei et al.
(2020) compared the effects of three hydrogels (hyaluronic
acid-alginate hydrogel, alginate and fibrin-alginate hydrogel) in
preantral follicles cultures and demonstrated that hyaluronic
acid-alginates hydrogel has more advantages over the other
two in terms of follicle-secreted estradiol levels and the
expression of differentiation genes .

Collagen is abundant in ovarian tissues; thus, collagen
hydrogels are biocompatible and biodegradable (Berkholtz
et al, 2006). Anthony Atala. et al encapsulated follicles in
collagen hydrogels from 1% to 7% (w/v) and demonstrated
that follicles had the best viability in 5% collagen hydrogels
and 17 p-estradiol levels remained increasing during 20-days
culture; therefore, 5% may be the optimal concentration for
follicle growth (Joo et al, 2016). Gelatin is derived from
collagen, Laronda et al. (2017) found that the shape of pores
in gelatin hydrogels affected the survival of the follicle. 3D
printing can control the advancing angle to change the shape
of the pores, and advancing angles of 30° and 60° were more
favorable for follicle survival than 90°.

were

INTRAUTERINE ADHESION

Traumatic intrauterine adhesions were reported in 1894 (Fritsch,
1894). Asherman linked amenorrhea to IUA in 1948 by observing
29 patients, and in 1950 Asherman found that miscarriages and
menstrual disorders also were caused by IUA (Asherman, 1950).
Later, IUA with symptoms (e.g., amenorrhea, chronic pain,
menstrual disorders) is called Asherman’s syndrome. Although
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some researchers agreed that Asherman’s syndrome should be
distinguished from asymptomatic IUA (Dreisler and Kjer, 2019),
the Asherman’s syndrome and IUA are interchangeable in the
clinic. In addition to mechanical injuries (e.g., curettage,
hysteroscopy), infection, genetic susceptibility and uterine
malformation may also cause IUA (Yu et al, 2008).
Histologically, fibrosis, which is not conducive to embryo
implantation, occurs after the endometrium is damaged.
Numerous fibroblasts replace endometrial mesenchymal cells,
resulting in a decreased decidualization in response to hormonal
stimulation (Hou et al,, 2019). The demarcation between the
functional and basal layers becomes unclear, and fibrotic
endometrium is usually avascular and exhibits a reduced gland
number (Foix et al., 1966).

Transcervical resection of adhesions (TCRA) is a primary
choice for IUA (March 2011), but TCRA itself may cause damage
to the uterine cavity and lead to re-adhesion; thus, adjuvant
treatments are often used in conjunction with TCRA to prevent
postoperative  re-adhesion in clinical treatment. Oral
administration of 9 mg/diet estrogen before TCRA and 10 mg/
diet after TCRA improved pregnancy rates and menstrual cycles
in patients with moderate or severe IUA (Liu AZ et al., 2016);
however, estrogen therapy may increase the risk of cancer
(Rossouw et al., 2002) and venous thrombosis (Bracamonte
and Miller, 2001). Balloon dilatation after TCRA and early
second-look hysteroscopy improved pregnancy outcomes (Sun
etal., 2020), and the appropriate delay of balloon placement in the
uterine cavity prevented re-adhesion but was not effective in
severe IUA (Zhang et al, 2021a). The dilated balloon is a
nonvariable sphere that is not able to be plasticized according
to the shape of the uterine cavity, resulting in ineffective
improvement of adhesions in the uterine horns (Sun et al,

2020). IVF after TCRA improved reproductive outcomes, but
increased the miscarriage rate (Wang, Y et al., 2021).

THE APPLICATION OF HYDROGELS
COMBINED WITH DRUGS IN IUA

Drug and cell delivery are two main hydrogel applications in [UA
(shown in Figure 2). Hydrogels maintain the shape of the uterus
after being introduced into the uterine cavity, and hydrogels cling
more completely to the uterine wall compared with balloons,
supporting every part of the uterus and effectively preventing re-
adhesion. Natural hydrogels, such as collagen and chitosan, have
the ability to carry drugs. Leukemia inhibitory factor (LIF) is
increased at the site of injury and may be associated with tissue
regeneration. LIF/collagen hydrogel restored uterine structure
and function of uterine in rat models with full-thickness injury
(Xue et al., 2019). Basic fibroblast growth factor (bFGF) plays an
important role in wound repair and angiogenesis. The bFGF/
collagen hydrogel partially restored endometrial thickness and
fertility in IUA infertile patients in a clinical trial (Jiang et al.,
2019). Chitosan is a nature polysaccharide, The chitosan-heparin
hydrogel carries stromal cell-derived factor-la (SDF-1a) and
releases it at the site of injury, accelerating the repair of the
damaged endothelium (Qi et al, 2020). The exact
biocompatibility and biodegradability are advantages for
natural hydrogels, but achieving controlled drug release is
difficult. Synthetic hydrogels are capable of controlling drug
release by changing the type and ratio of materials.
Keratinocyte growth factor (KGF) is a factor associated with
epithelial repair. The binding of KGF to thermosensitive heparin-
poloxamer (HP) hydrogels prolonged the retention of KGF in the
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uterus, and the KGF-HP hydrogel promoted the proliferation of
epithelial cells (Xu HL et al., 2017). e-polylysine (EPL) was added
as a functional excipient to the HP hydrogel, and the release rate
of KGF and the rheology of the hydrogel were easily changed by
adjusting the concentration of EPL; moreover, angiogenesis was
also significantly increased compared with the KGF-HP hydrogel
group (Xu H et al., 2017). HP released B-estradiol (E,) at a
constant rate in vivo, resulting in a significantly longer retention
time of E, in the uterine cavity compared to the E2 solution
injection (Zhang S et al., 2017). The E,-HP hydrogel effectively
improved the fertility rate, and the effect may be due to the
expression of kisspeptin through the MAPK p38 and ERK1/2
signaling pathways (Zhang S et al., 2020). Wang B et al. (2021)
synthesized  injectable  poly  (ethylene  glycol)-b-poly
(L-phenylalanine)  (PEBP)/poly (ethylene glycol) (PEG)
hydrogel according to the m—m accumulation effect, and the
ratio of methoxy-poly (ethylene glycol)-amine (MeO-PEG-
NH2) and 1r-phenylalanine N-carboxy anhydride (L-Phe-NCA)
in PEBP affected the release of L-Phe. At a ratio of two to eight
(feed mass ratio of MeO-PEG-NH2 via L-Phe NCA), most L-Phe
was released; however, considering the extended retention time of
the PEBP/PEG hydrogel in the uterus, a ratio of three to seven is
considered more appropriate. The L-Phe released by the PEBP/
PEG hydrogel effectively reduced the area of fibrosis in the
damaged endothelium in a rat model . The release of E, in the
injectable aloe/poloxamer (AP) hydrogel is independent of pH;
thus, the E,-AP hydrogel is suitable for administration in the
presence of cervical mucus. The E,-AP hydrogel restored the
number of estrogen receptors and promoted endometrial
regeneration (Yao et al., 2020).

THE APPLICATION OF HYDROGELS
COMBINED WITH MSCS IN IUA

Hydrogels are a good three-dimensional medium to meet the
growth needs of cells, allowing cells to be maintained at the site of
injury for a long time. Proliferation and connectivity were not
inhibited when cells were encapsulated in hydrogels (Sara et al.,
2021; Kim Y et al,, 2019), and hydrogels prolonged cell retention
in the uterus compared with cell injection alone (Xiao et al,
2019). Therefore, the combination of hydrogels and MSCs is
receiving increasing attention, and many animal and clinical trials
have shown that the combination of both effectively treats IUA
and restoresfertility.

Mesenchymal stem cells (MSCs) are capable of promoting the
proliferation of glands and blood vessels, reducing the area of
fibrosis and restoring fertility (Nagori et al., 2011; Santamaria et al.,
2016; Wang et al, 2016; Zheng et al, 2020). This successful
treatment stems from the low antigenicity, pleiotropic
differentiation, strong migration, and paracrine signaling of
MSCs. Low antigenicity is the key for clinical application,
making allogeneic transplantation possible. MSCs express low
levels of major histocompatibility complex class I (MHC I)
molecules and hardly express major histocompatibility complex
class IT (MHC II) and costimulatory molecules (Kim K et al., 2019;
Tsuchiya et al, 2019). A meta-analysis showed that allogeneic
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MSCs did not cause significant adverse effects (Lalu et al., 2012).
Multidirectional differentiation is a characteristic of stem cells, and
MSCs can be induced to differentiate into osteoblasts,
chondrocytes, adipocytes and neurons in vitro (Ding et al,
2014; Yang et al, 2021). MSCs differentiate into epithelial and
endothelial cells in the injured uterus, providing a cellular source
for vascular and endometrial renewal (Shao et al,, 2019; Zheng
et al, 2020). MSCs are capable of accumulating in the injured
uterus by tail vein injection or intraperitoneal injection in rats
(Wang et al.,, 2016; Liu et al., 2018; Zheng et al, 2020), and
migration allows MSCs to localize to the injured uterus for
multidirectional differentiation and paracrine signaling.

Researchers believe that the repair function of MSCs is mainly
derived from paracrine signaling (Bao and He, 2021; Zhou et al,,
2022). MSCs secrete a variety of cytokines (e.g., VEGF-A, TGF-
B1, FGF-2) to promote glandular and vascular growth and
degradation of fibrous scars (Ding et al., 2014; Xin et al., 2019;
Xu, L et al,, 2017). Collagen increases the number of endometrial
glands and endometrial thickness, reduces the area of fibrosis and
improves pregnancy rates in a rat model (Ding et al., 2014; Liu
et al, 2020). Compared with collagen alone, combining
hUCMSCs more significantly increased the number of glands
and reduced the area of fibrosis (Liu et al., 2020), and combining
BMSCs was more effective in improving pregnancy rates, as well
as in myometrium recovery and revascularization (Ding et al.,
2014). These significant improvements may be due to the
secretion of factors that promote vascular and glandular
neogenesis by MSCs. Poly (glycerol sebacate) (PGS) restored
soft tissue deformation without causing mechanical damage
and porous PGS favored the attachment and growth of cells
(Mi et al, 2017). Xiao et al. (2019) found that although no
difference in pregnancy rates was observed between the PGS/
BMSCs group and the collagen/BMSCs groups, higher
concentrations of growth factors (e.g., bFGF, IGF-1, TGF-f1,
VEGF) were detected in the endometrium treated with PGS/
BMSCs than with collagen/BMSCs.

The beneficial effects of autologous stem cell therapy and
hydrogel-encapsulated autologous cell therapy in clinical patients
have been reported (shown in Table 1). Autologous cell therapy is
effective in avoiding autoimmune system attacks, but the extraction
of autologous cells is always invasive and difficult to extract in large
quantities. hUCMSCs are derived from discarded umbilical cords
and can be easily and abundantly extracted; Therefore, hUCMSCs
are a potential alternative in allogeneic cell therapy. In clinical trials,
synthetic hydrogels are rarely used in IUA treatment. researchers
mostly chose natural hydrogels to encapsulate the cells, probably
because the safety of synthetic hydrogels in clinical IUA treatment is
still difficult to guarantee and ethical approval is difficult to pass.
Future experiments on the application synthetic hydrogels in ITUA
should pay more attention to safety assessments.

LIMITATIONS AND FUTURE PROSPECTS
Artificial Ovary

The development of artificial ovary can be divided into three
stages, cellular experiment stage, animal experiment stage, the
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TABLE 1 | Clinical trials of stem cell therapy for IUA.

Type of cells Hydrogel Number of Main results References
patients
Autologous No 1 Patient had an increase in endometrial thickness and restore fertility Nagori et al. (2011)
BMSCs
Autologous MNCs ~ No 6 6 patients had a significant increase in endometrial thickness and 5 patients resumed Singh et al. (2014)
normal menstrual cycles
CD133" BMSCs No 11 7 patients were successful to be pregnant and 1 healthy baby was born Santamaria et al.
(2016)
Autologous Collagen 10 5 patients achieved successful pregnancies and live births Zhao et al., 2017
BMNCs
Allogeneic No 26 8 patients delivered healthy babies without placenta complications Cao et al. (2018)
hUCMSCs

IUA, intrauterine adhesion; BMSCs, bone marrow stem cells; MINCs, mononuclear stem cells; hUCMSCs, human umbilical cord mesenchymal stem cells.

TABLE 2 | Animal experiments on artificial ovary.

Material Follicle source Grafting Location Grafting Main results References
time
Collagen Mouse preantral follicles Kidney capsule 12 days Antral follicles; No ovulation; Blood vessels; Telfer et al. (1990)
Embryo (IVF)
Fibrin Mouse primordial follicle Ovarian bursa 3 weeks Antral follicles; FSH level was restored Smith et al.
(2014)
Alginate Mouse Preantral follicles Peritoneal pocket 1 week Antral follicles; Blood capillaries; Endothelial cells; Vanacker et al.
No inflammation (2014)
Fibrin; Fibrin-alginate; Mouse primordial and Ovarian bursa 20 weeks  Antral follicles; Ovulation; Offspring (VEGF-fibrin); Kniazeva et al.
Fibrin-collagen; VEGF- primary follicles The normalized follicle number was highest in fibrin -~ (2015)
fibrin group
PL-loaded fibrin Mouse Preantral follicles Subcutaneous 2 weeks Antral follicles; blood vessels; The normalized follicle  Rajabzadeh et al.
pocket of neck number was highest in 15% PL-loaded fibrin group  (2015)
PEG-VS Mouse primordial follicles Ovarian bursa 60 days Antral follicles; Blood vessels; HPG axis was Kim et al. (2016)
restored
Fibrin Mouse Preantral follicles and  Peritoneal pocket 1 week Antral follicles Chiti et al. (2016)
ovarian stromal cells
Fibrin; Fibrin-HA human preantral follicles Peritoneal pocket 1 week Antral follicles Paulini et al.
(Cryopreserved) (2016)
Gelatin (3D print) Mouse preantral follicles Ovarian bursa 10 weeks  Antral follicles; Blood vessels; Ovulation; Offspring  Laronda et al.
(2017)
Alginate Mouse Preantral follicles Ovarian bursa 1 week Antral follicles; Embryo (IVF) Rios et al. (2018)
15% PL-loaded Fibrin Mouse Preantral Follicle Subcutaneous 2 weeks Significantly decreased antral follicles in Rajabzadeh et al.
(Cryopreserved) pocket of neck cryopreserved grafts compared to fresh grafts (2020)
PNIPAM-gelatin Mouse theca and granulosa  Ischemia leg 8 weeks Endometrium regeneration; Endocrine functionwas ~ Yoon et al. (2021)
cells restored

IVF, in vitro fertilization; FSH, follicle-stimulating hormone; VEGF, vascular endothelial growth factor; HA, hyaluronic acid; PL, platelet lysate; PEG-V'S, poly(ethylene glycol) vinyl sulfone;

HPG, hypothalamus-pituitary—gonad; PNIPAM, poly(N-isopropylacrylamide).

clinical experiment stage. The current development is in the first
two stages, and these two stages is not mature enough to support
the development of the clinic stage. Follicle isolation and in vitro
culture has been established. Hydrogel 3D culture is significantly
better than traditional 2D culture (See The Application of
Hydrogels in Follicle Culture for details), maintenance of
follicular morphology has been achieved in hydrogel 3D
culture; however, ovulation in vitro 3D culture was rarely
reported. Preantral follicles can develop into antral follicles in
artificial ovary, but ovulation and natural-mating offspring is
unsatisfactory (see Table 2). Ovulation is the key to pregnancy.
Successful ovulation is difficult to achieve without the help of
other cells of the ovary (Ren et al,, 2016). In the ovarian cortex,

stromal cells, vascular endothelial cells and epithelial cells were
the top 3cell types (approximately 83%, 10%, and 5%,
respectively) (Wagner et al., 2020). Artificial ovary was created
mainly to ensure that cancer patients preserve fertility after
radiotherapy. In order to avoid reintroduction of tumor cells,
most previous studies only added follicles in the artificial ovary,
and removed the stromal cells, vascular endothelial cells, and
epithelial cells (see Table 2). To make the artificial environment
of the follicles closer to the physiological environment and avoid
reintroduction of tumor cells, adding allogeneic stromal cells,
vascular endothelial cells, and epithelial cells to artificial ovary
may be alternative. Hydrogels exhibited the ability to prevent
allotransplantation immune rejection in ovarian tissue
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transplantation (Day et al., 2019); thus, allogeneic transplantation
of artificial ovary is not a pipe dream.

The presence of blood vessels in the graft is essential for the
long-term survival of the artificial ovary. Neovascularization in
artificial ovary has been reported (Telfer et al., 1990), adding pro-
angiogenic  factors to  hydrogels is  beneficial for
neovascularization (Kniazeva et al, 2015; Rajabzadeh et al,
2015), but whether a complete blood circulation system can be
developed is unclear due to short grafting time. How to prolong
the degradation time is the problem to achieve long-term artificial
ovary. Fibrin, collagen, gelatin, hyaluronic acid and alginate are
common materials used to build artificial ovaries (see Table 2).
Doxycycline, a matrix metalloproteinase (MMP) inhibitor,
effectively prolonged the degradation of fibrin and collagen in
vivo (Wassenaar et al, 2016). Integrating photocuring 3D
bioprint and lyophilization techniques successfully decreased
the degradation rate of gelatin and hyaluronic acid (Xia et al,
2018). Integrating alginate into N,O-18 carboxymethyl chitosan-
aldehyde hyaluronic acid network significantly prolonged
degradation time (Le et al., 2020). Collagen and alginate were
added to fibrin hydrogel to slow down degradation, but these
additions were detrimental to follicle survival and development
(Kniazeva et al., 2015); thus, balancing hydrogel degradation and
follicle survival is important in exploring long-term artificial
ovaries.

Fresh follicles were used in majority of animal experiments,
and cryopreserved follicles do not develop as well as fresh follicles
in hydrogel (see Table 2). Cryopreserved follicles, however, are
more readily available than fresh follicles in clinic; hence, how to
build artificial ovary using cryopreserved follicles is worth
studying. More research is needed on which hydrogel is best
for follicle growth and development. Some additives may help
cryopreserved follicle recovery. Cryopreservation has an
inhibitory effect on the expression of estrogen receptor P
(Depalo et al., 2009); thus, adding estrogen to hydrogels may
help estrogen receptor recovery. FSH alleviated depletion of the
resting follicle pool in cryopreserved ovary (von Schonfeldt et al.,
2012); thus, Follicle stimulating hormone (FSH) is also a
promising additive. Addressing the above problems may
advance the development of artificial ovaries to the clinical stage.

3D Bioprinting in Hydrogel Synthesis
Although there are numerous studies of hydrogels in regenerative
medicine, and most of them suggest good therapeutic effects,
there are few hydrogel products on the market available for
clinical applications. The biosafety of hydrogels in clinical
applications cannot be fully guaranteed (Tonbul et al., 2014).
In addition, hydrogels are synthesized in small batches at the pre-
clinical stage, and to realize the clinical application of hydrogels,
achieving large-batch production of high-quality hydrogels is an
inevitable problem (Mandal et al., 2020).

3D bioprinting, which allows for controllable material

structure  through  computer-controlled  formation of
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continuous layers of material, has been used for the synthesis
of cell-loaded hydrogels (Elkhoury et al., 2021). 3D bioprinting
technology is developing rapidly. Compared with traditional
inkjet 3D bioprinting, microextrusion 3D bioprinting is
suitable for high viscosity materials and yields higher cell
density  (Billiet et al, 2014; Pedde et al, 2017).
Stereolithography (SLA) 3D bioprinting has a higher
resolution and higher speed, and cells are not damaged by
external forces during the printing process, ensuring higher
cell viability (Wang et al, 2018). 3D bioprinting enables
mechanical controllability of the hydrogel synthesis process, a
reduction in human errors and a more uniform distribution of
cells in hydrogels; thus, 3D printing is a potential method for
large-batch production of cell-loaded hydrogels and may
advance the clinical application of hydrogels in POF and IUA
therapy.

CONCLUSION

Suitable swelling and rheology as well as good biocompatibility
and degradability are the key physicochemical properties of
hydrogels for the application in POF and IUA treatment.
Hydrogels are involved in POF treatment in four ways:
transplantation of ovarian tissues, artificial ovary, stem cell
delivery and drug delivery. 3D hydrogels mimic the
physiological environment of the follicle and are more
suitable for in wvitro culture of follicles than the
traditional 2D culture, providing a basis for the
development of artificial ovaries. Hydrogels are involved in
IUA treatment in two main ways: drug delivery and cell
delivery. Hydrogels control the release of drugs and increase
the retention time of drugs in the uterine cavity. MSCs
themselves are capable of improving tissue repair through
differentiation and paracrine secretion, and the therapeutic
effect of MSCs combined with hydrogels may be more
remarkable. The effect of hydrogels in POF and IUA
treatment has been confirmed in many animal experiments,
but there are still many stumbling blocks to the clinical
application of hydrogels; thus, more safety evaluations and
efficacy validations are needed.
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