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A B S T R A C T   

Primary ovarian insufficiency (POI) is an ovarian dysfunction that affects more than 1 % of women and is 
characterized by hormone imbalances that afflict women before the age of 40. The typical perimenopausal 
symptoms result from abnormal levels of sex hormones, especially estrogen. The most prevalent treatment is 
hormone replacement therapy (HRT), which can relieve symptoms and improve quality of life. However, HRT 
cannot restore ovarian functions, including secretion, ovulation, and fertility. Recently, as part of a developing 
field of regenerative medicine, stem cell therapy has been proposed for the treatment of POI. Thus, we reca-
pitulate the literature focusing on the use of stem cells and biomaterials for POI treatment, and sum up the 
underlying mechanisms of action. A thorough understanding of the work already done can aid in the develop-
ment of guidelines for future translational applications and clinical trials that aim to cure POI by using regen-
erative medicine and biomedical engineering strategies.   

1. Introduction 

Primary ovarian insufficiency (POI) or premature ovarian failure 
(POF), is a clinical syndrome that leads to the loss of ovarian activity 
before the age of 40 [1]. It is characterized by amenorrhea lasting more 
than four months, which results from increased follicle-stimulating 
hormone (FSH) and decreased estradiol (E2) levels, a condition 
defined as hypergonadotropic hypogonadism (HH) [2–4]. The preva-
lence of POI is 1% according to Coluam et al. [5], who first described the 
syndrome in 1986. However, the most recent research conducted by 
Golezar et al. [6] reported a higher POI prevalence of 3.7% after an 
analysis of 31 epidemiological studies between 1987 and 2017. In 
addition, it was reported that the prevalence of early menopause was 
12.2%, which means that more than 10% of women will experience 
menopause between the ages of 40 and 45, as opposed to the mean age 
of naturally occurring menopause, which is 51.4 [7]. 

Most POI symptoms result from estrogen deficiency, including hot 
flashes, sweating, sleep disturbance, vaginal dryness and irritation, loss 
of skin elasticity, decreased size of the uterus and breasts, infertility, and 
compromised mental health [4,8]. The management of POI involves a 
healthy lifestyle, quitting smoking, hormone replacement therapy 
(HRT) [9], and the induction of puberty [10–14]. However, these 
therapies are palliative [12,14,15], and while they can improve 
women’s quality of life, they cannot restore ovarian functions such as 
secretion, follicle growth, or ovulation. Moreover, POI-derived infer-
tility cannot be improved with assisted reproductive technologies. 

Nowadays, the use of biomaterials, coupled with stem cell-based 
regenerative medicine, holds great promise for the restoration of 
injured, and non-functional tissues or organs. Mesenchymal stem cells 
(MSCs), a cell type commonly used in regenerative medicine, have been 
reported as an effective treatment for POI [16–20]. The efficacy of MSCs 
in restoring ovarian function has been confirmed in a number of 
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molecular biology studies, which explored the signaling pathways, ge-
netic modulations, and paracrine messaging proteins that drive the cell’s 
mechanisms of action. MSCs have also been used to treat cellular and 
animal models of POI and changes in protein expression patterns, the 
estrus cycle, sexual hormone levels, and animal fertility have been 
elucidated. In addition, acellular therapies, such as MSC-derived secre-
tomes, cytokines, and exosomes, have been studied for their ability to 
circumventing the potential immunogenic and carcinogenic risks of 
using cells. Researchers have integrated these regenerative therapies 
with biocompatible materials to create ovarian patches that provide 
efficient mechanical support and sustained cellular delivery to help 
restore ovarian function and improve follicle development [21]. This 
comprehensive review of current advances in biomaterials and regen-
erative medicine for POI treatment will help to provide support and 
guidance for future scientific research and clinical applications. 

2. Characterization of MSCs 

MSCs are multipotent stem cells that were firstly reported by Frie-
denstein [22] as fibroblast-like cells expanded from bone marrow via 
attachment to plastic culture flasks. Then, MSCs were defined by Caplan 
[23] as adherent, fibroblast-like cells with the potentials to differentiate 
into osteoblasts, adipocytes, and chondrocytes in vitro. In 2006, the In-
ternational Society for Cellular Therapy (ISCT) officially defined MSCs 
as multipotent mesenchymal stromal cells, which are isolated from 
stromal tissues and have the properities of plastic-adherent, self-renew 
and multiple-lineage differentiateion [24]. 

MSCs can be acquired from various organs and tissues of the body, 
such as the lungs, adipose tissue, umbilical cord blood, umbilical cord 

(Wharton’s jelly), placenta and the endometrium. These cells display a 
stable phenotype and create a monolayer in vitro [25]. MSCs can be 
induced to differentiate exclusively into the adipocyte, chondrocyte, or 
osteocyte lineages. MSCs commonly express a number of surface re-
ceptors, including SH2, SH3, CD29, CD44, CD49a-f, CD51, CD71, CD73, 
CD90, CD105, CD106, CD120a, CD124, and CD166, while not express 
the hematopoietic lineage markers CD11b, CD14, CD34, and the 
leukocyte common antigen CD45 (Fig. 1) [23,26–29]. In addition, 
Nestin-expressing MSCs have been shown to co-localize and support 
hematopoietic stem cells (HSCs). These nestin+ MSCs contain all the 
bone-marrow colony-forming-unit fibroblastic activity and can be 
propagated as non-adherent ‘mesenspheres’ that can self-renew and 
expand in serial transplantations. Nestin+ MSC-HSC pairings are part of 
a unique niche in the bone-marrow, which is tightly regulated by ho-
meostatic neuronal and hormonal mechanisms that guiding HSC main-
tenance, MSCs proliferation and differentiation [30]. 

In 2008, Katarina Le Blanc et al. [31] reported the therapeutic po-
tential of MSCs for the treatment of acute steroid-refractory graft-ver-
sus-host disease (GVHD), which with high mortality rate, is a serious 
complication that occurs after allogeneic stem-cell transplantation. The 
multi-center, non-randomized trial showed that the transfer of 1.4 × 10⁶ 
MSCs (median) per kg of patient bodyweight induced complete re-
sponses in 55 % of patients, and partial or complete responses in 71 % of 
patients with acute GVHD (grade 2–4). The study was done on 55 pa-
tients who had not responded to steroid treatment. This result estab-
lished innovative cell-based therapies for the treatment of diseases 
characterized by overreactive immune responses [32]. 

Fig. 1. Characterization of isolated bone 
marrow stromal cells. (A) Flow cytometry 
shows the enrichment of these cells as they 
were cultured at days 2, 5, and 14 with an-
tibodies of SH2 and SH3, which were raised 
against surface markers. At 14 days, the cells 
were 95–99% homogeneous and were 
negative for reactivity to antigens CD14, 
CD34 and CD45, which are makers of the 
hematopoietic lineages. (B) Homogeneity 
and reproducibility of the isolation proced-
ure were demonstrated by flow cytometry 
[29].   

S. Zhang et al.                                                                                                                                                                                                                                   



Bioactive Materials 6 (2021) 1957–1972

1959

3. Cellular and animal models for POI research 

To explore the potentials of MSCs in POI therapies, in vitro cell 
models and animal models are used to explore the therapeutic efficacy 
and mechanism. Ovarian granulosa cells (OGCs) play a critical role in 
ovarian function, including the secretion of estrogen, progestin, and the 
sexual hormones that maintain female secondary sex characteristics, 
regulation of the menstrual cycle and the stimulation of follicle growth 
and ovulation. For this reason OGCs can be considered as models for in 
vitro studies [33]. Moreover, animal models are established to proceed 
the therapies. 

3.1. OGCs as a proliferative and easy to isolate cell model 

OGCs are used as the in vitro cellular model for POI because of its 
roles in exerting ovary functions. Moreover, OGCs are able to proliferate 
and can be acquired easily. Human OGCs are obtained from human 
follicular fluid, commonly donated by women who undergo in vitro 
fertilization [34]. These cells tend to proliferate in culture after red 
blood cells are separated and removed. Primary OGCs are dendritic- or 
spindle-shaped cells connected by elongated pseudopodia. They have a 
large and round nucleus with a conspicuous nucleolus and abundant 
cytoplasmic particles. After OGCs are passaged for the first time, they 
show a fibroblastic morphology with attachment, which helps to 
distinguish them from oocytes [35–38]. Rat and mouse OGCs share 
similar characteristics with human OGCs. Therefore, either rat or mouse 
OGCs can be induced into the POI model by chemotherapeutic medi-
cations like cisplatin and epirubicin [39,40]. The specific marker of 
OGCs is the follicle stimulating hormone receptor (FSHR), present in 
both the cell membrane and the cytoplasm. It can be detected by 
immunocytochemistry (ICC), Western blot, and flow cytometry. 

MSCs are able to influence the apoptotic behavior and functions of 
OGCs. When OGCs are co-cultured with MSCs, the total cell count, 
hormone secretion (E2, progesterone, anti-müllerian hormone (AMH), 
inhibin A, and inhibin B), and gene expression (Gadd45b and MT-1) 
were increased compared to OGCs not co-cultured with MSCs [41,42]. 

In 2020, Yang et al. [43] studied the effects of MSC-derived exosomes 
on the oocytes in primordial follicles acquired from the ovaries of 
newborn mice. After dyeing and co-culturing with MSCs-derived exo-
somes, they found that the exosomes were successfully internalized by 
and accumulated in the oocytes. Then, they cultured the ovaries of new 
born mice with or without MSCs-derived exosomes for 24 h and trans-
planted them into the kidney capsules of adult female mice. The size and 
weight of the ovaries cultured with MSC-derived exosomes was signifi-
cantly greater than those cultured without MSC-derived exosomes. In 
addition, the percentage of follicles was higher in ovaries co-cultured 
with MSCs exosomes. 

In vitro studies are the precursors to animal experiments. OGCs and 
oocytes can be used to represent ovaries in researches, especially 
because they express specific ovarian protein markers of functional 
importance. Ovaries, however, are hard to experiment with in vitro 
because they are often transplanted into animals after the experimental 
therapies are administered. Thus, alternative in vivo studies are neces-
sary [44]. 

3.2. Establishment and evaluation of animal models of POI 

3.2.1. Commonly used methods for POI induction in animals 
POI models using animals such as mice, rats, or rabbits give re-

searchers the opportunity to explore the mechanisms of action, study 
therapeutic effects, and optimize the routes of administration of pro-
posed therapies. These studies can mimic procedures used in a clinical 
setting and provide information and evidence for clinical trials. There 
are three major methods used to create a non-congenital POI animal 
model for MSCs studies: chemotherapy, radiotherapy, and D-galactose 
administration. 

The most common induction method of the POI model is chemo-
therapy. The animals used in this model are stable and rarely sacrificed 
prematurely. Chemotherapeutic drugs are easily acquired, stored, and 
administered. The drugs used include cyclophosphamide (CTX), 
cisplatin (CDDP), busulfan, and tripterygium wilfordii polyglycoside. 
They are administered, respectively, using the following protocols: 1) a 
single intraperitoneal injection of 150 mg per kg of body weight; 2) 
consecutive intraperitoneal injections of 2.5 mg per kg of body weight 
per day, for 7 days; 3) a single intraperitoneal injection of 36 mg per kg 
of body weight during the first estrus cycle; or 4) consecutive oral ad-
ministrations of 50 mg per kg of body weight per day, for 14 days 
[45–48]. The mechanisms of action for these drugs is believed to be the 
induction of chromosomal aberrations, sister chromatid exchange, DNA 
adducts, single-strand breaks, and the formation of double DNA cross-
links [49,50]. In mice, primary follicles, antral follicles, and granulosa 
cells are the most sensitive to chemotherapy-induced ovarian damage. 

Tan et al. [51] and Gao et al. [52] established a POI mouse model by 
exposing the whole body under a single dose (4Gy) of X-ray irradiation. 
After one week, the estrus cycle, hormone levels, and size of the ovaries 
changed significantly compared to non-irradiated mice, which 
confirmed the success of POI induction.. 

The final common method is the administration of D-galactose, which 
is fed to the animals. This strategy is popular because it protects re-
searchers from toxicity and radiation exposure [53]. Oral administration 
in prenatal and postnatal mice for 2–6 weeks can induce neonatal POI 
mice and adult POI mice, respectively. Three enzymes are involved in 
the creation of the POI model: galactokinase (GALK), galactose 1-phos-
phate uridylyltransferase (GALT), and UDP-galactose 4 epimerase 
(GALE). Galactose accumulation happens in the absence of GALT in 
galactosemic females, which leads to the accelerated depletion of 
ovarian follicle reserves and the onset of POI. 

Autoimmune pathways and gene knock-outs can also induce POI. 
The most well-known gene, detected by Rajkovic et al. [54] is NOBOX. 
This is an oocyte-specific homeobox gene expressed in germ cell cysts 
and in primordial and growing oocytes. They firstly disrupted the 
NOBOX locus in embryonic stem cells, which accelerated postnatal 
oocyte loss and impedded the transition from primordial to growing 
follicles in mice. Furthermore, Zhou et al. [55] reported that the Wdr62 
(WD40-repeat protein 62) gene was involved in meiotic initiation and 
knocking out this gene in mouse resulted in germ cell loss and defects in 
the initiation of meiosis, which induced the reduction of ovaries size, 
absent growth follicles, and completely infertile. Franca et al. [56] 
revealed that a mutation of the POLR3H gene can cause POI, based on 
the whole-exome sequencing of 11 independent families with POI. Then, 
they generated POLR3H knock-out mouse model and found that those 
mice had early embryonic lethality, delayed puberty, decreased fertility, 
and decreased quantities of primary follicles. 

3.2.2. Indicators for successful POI model establishment 
To assess ovarian function, the animal’s body and ovaries are 

weighted, their estrous cycles are tracked with vaginal smears, serum 
sexual hormone levels are evaluated, ovarian histopathological analysis 
is performed, and fertility is tested. 

Body and organ weights usually decrease in POI animals, and can be 
improved significantly after MSCs treatment in most studies [47,57–59]. 
Vaginal smears are used to track the estrous cycle through the diestrus, 
proestrus, estrus, and metestrus stages. POI animals treated with MSCs 
remained at diestrus for less time than those that did not receive MSCs 
treatment [57,60,61]. Serum sexual hormone level testing of FSH, E2, 
and AMH is not consistently applied and varies widely [46,47,57,60, 
61]. Moreover, there is a significant increase in the number of primor-
dial, primary, secondary follicles, and sinus follicles in POI animals 
treated with MSCs compared to untreated POI animals. However, more 
atretic follicles appeared in POI animals that were not treated with 
MSCs. The ovary morphologies and number of follicles observed in 
different stages can be compared to the gold standard for ovarian 
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function [50,58,62–64]. Finally, mating, pregnancy, and pup delivery 
represent the fertility function. Su et al. [65] confirmed that the rates of 
vaginal plug visualization (a marker of mating success) and pregnancy 
in the MSCs-treated POI animals increased significantly compared to the 
untreated groups. 

The timelines of the animal experiments depend on the criteria. For 
instance, one whole estrous cycle takes 5–10 days, which means that it is 
necessary to conduct vaginal smears every day for at least one week. It 
takes 21 days from pregnancy to pup delivery. Thus, the age of the an-
imal used to establish a POI model should not be higher than 12 weeks to 
avoid age-related infertility issues, such as those seen in older humans 
undergoing menopause (Fig. 2). 

3.3. Mechanisms underlying MSCs therapies for POI 

MSCs exert their therapeutic benefits through direct differentiation 
and paracrine effects, of which the paracrine effects are the major 
therapeutic mechanism of action. MSCs secrete many kinds of cytokines 
and growth factors, such as vascular endothelial growth factor (VEGF), 
insulin-like growth factor (IGF), and hepatocyte growth factor (HGF) 
[19], which modulate downstream signaling pathways to stimulate 
pro-reparative actions. Moreover, through exosome-mediated cellular 
communications, MSCs can also regulate gene expression in target cells. 

3.4. Signaling pathways involved in MSC therapeutics for POI 

MSCs from different origins affect ovarian function through several 
signaling pathways, which are associated with cellular migration, 
homing, anti-apoptosis, and anti-inflammation. Multiple studies confirm 
that the phosphatidylinositol 3-kinase (PI3K) signaling pathway plays a 
critical role in the MSCs-mediated treatment of POI in vitro and in vivo 
[43]. PI3K is involved in ovarian dysfunction by reducing phosphory-
lation of Akt. It is also a regulator of key biological activities in human 
and other mammals, such as cell differentiation, proliferation, 
apoptosis, and transportation. Another key player is the mTOR protein, 
which plays roles in fragile X-associated POI (Fig. 3A) [66]. Human 
umbilical cord MSC (HucMSC)-derived exosomes failed to activate 

oocytes growth in newborn mice by decreasing phosphorylation of 
mTOR, rpS6, and Akt. Also, human placenta MSC (hpMSC) trans-
plantation can restore ovarian function by changing the ratios of Th17 
(T-helper 17 cells) to Tc17 (cytotoxic T cells) cells, and that of Th17 to 
Treg cells (regulatory T cells), which might regulate the PI3K/Akt 
signaling pathway and curb inflammation and autoimmunity (Fig. 3B) 
[67]. When these ratios significantly increase, proliferation of OGCs 
decreases and apoptosis of OGCs increases. In addition, an in vitro study 
demonstrated that microRNA-21(miR-21), regulated in part by the 
PI3K/Akt pathway, promoted bone marrow MSC (BMMSCs) migration 
by upregulating the expression of matrix metalloproteinase-2 (MMP-2) 
and MMP-9 [68]. 

Other studies involving the pathways JNK/Bcl2, IRE1α, NGF/TrkA, 
and SMAD have been reported. Yin et al. [69] suggested that the acti-
vation of the JNK/Bcl-2 signaling pathway regulated autophagy and 
circulation of CD8+/CD28− T cells, which led to hemeoxygenase-1 
(HO-1) expression in umbilical cord MSCs. HO-1 has a crucial role in 
restoring the ovarian function of POI mice with HucMSC trans-
plantation. Another study using hpMSCs to treat POI, indicated that the 
IRE1α pathway was activated both in POI mice and in OGCs from POI 
mice [70], which was mediated by increased X-box binding protein 1 
(XBP1) and upregulated 78 kDa glucose-regulated protein (GRP78) and 
caspase-12. In addition, the importance of the SMAD pathway was 
confirmed by a study involving human adipose MSCs-derived exosomes 
(hADMSC-Exos) [71]. The study showed that the ovarian granulosa cells 
of POI patients had decreased protein levels of SMAD2, SMAD3, and 
SMAD5. When POI mice were treated with hADMSC-Exos, the gene 
expression and protein levels of SMAD2, 3, and 5 were significantly 
upregulated. In addition, Cui et al. [72]revealed that HucMSC trans-
plantation can restore ovarian function in rats with cisplatin-induced 
POI. The recovery was associated with the inhibition of ovarian 
fibrosis through the regulation of stromal cell differentiation by trans-
forming growth factor-β1 (TGF-β1)/SMAD3 signaling pathway. Ac-
cording to these studies, hADMSC-Exos improved ovarian function by 
regulating the SMAD pathway. 

Then, Lu et al. [73] presented the role of theca-interstitial cells 
(TICs), instead of OGCs, as a model cell line in POI therapy analysis. TICs 

Fig. 2. POI induction and indicators for successful model establishment in rodents. POI models can be established via injection of cyclophosphamide (chemical 
injury), radiation, a diet high in D-glucose, and genetic manipulation (gene knockout animals). The successful establishment of POI models can be verified by 
observing the estrus cycle, hormone levels, pregnancy success rates, and the rate of pup delivery after mating. 
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are the ovary’s primary androgen-producing cells. They explored the 
mechanisms underneath the observed protection of ovarian function by 
HucMSCs. The main driver of therapeutic efficacy seems to be the 
regulation of TIC autophagy. Results indicate that HucMSCs can reduce 
the autophagy levels of TICs by reducing oxidative stress and regulating 
the amp-activated protein kinase (AMPK)/mTOR signaling pathway, 
thereby alleviating the apoptosis of TICs. 

Future studies will require the identification of specific targets 
involved in clinical therapeutic applications. When they have been 
confirmed, the proteins, the nuclei acids, or other biological factors can 
be more thoroughly investigated and exploited as therapeutic 
mediators. 

3.5. MSCs restore ovarian function by modulating multiple signaling 
pathways 

POI can be regulated through the modification of gene and protein 
expressions. A research study from Gao et al. [74] indicated that 
radiation-induced ovarian damage caused an imbalance in sex hor-
mones and the distribution of mineral elements, decreasing fertility in 
mice. They also found 223 upregulated genes and 65 downregulated 
genes of known function. They found that Cyp17a1 expression can in-
crease during estradiol biosynthesis and that AKR1c18 can accelerate 
progesterone metabolism. Another case control study from South Korea 
showed that tumor necrosis factor (TNF) -α-1031C and TNF-α − 238A, 
alleles of TNF-α, had a strong association with POI [75]. The 
TNF-α-308A allele, however, did not significantly increase POI risk in 
the presence of the TNF-α-1031T allele, which suggests that TNF-α 
promoter polymorphisms may increase POI risk. 

A study conducted by Wang et al. [76] revealed the mechanisms 
responsible for ovarian aging. They indicated that the onset of POI in 
young patients was also mediated by these same mechanisms. Their 
analyses involved the single-cell RNA sequencing (scRNA-seq) of 

ovaries, obtained from monkeys, which closer represents human phys-
iology than rodents (Fig. 4). They explored the gene-expression dy-
namics of oocytes during folliculogenesis, and they identified four 
subtypes of oocytes. Their findings suggest that the downregulation of 
antioxidant genes, including GPX1 and GSR, was a unique aging feature 
of early-stage oocytes, likely contributing to the increased oxidative 
damage during ovarian aging. Lastly, they isolated OGCs from both 
aging and young female patients in an effort to discover and isolate the 
genes regulating ovarian aging. Their results indicate that IDH1 and 
NDUFB10 protect OGCs from aging-related oxidative stress in both 
humans and monkeys (Fig. 5). Altogether, this study provided the first 
comprehensive single-cell transcriptomic atlas of the ovaries of young 
and aged non-human primates (NHPs), and broadened the under-
standing of cell identities and cell-type-specific gene signatures in the 
primate ovary. The mechanistic insights attained this study can establish 
new avenues for developing targeted antioxidant interventions to pro-
tect against physiological ovarian aging and related diseases, and to 
develop new tools for the rejuvenation of oocytes in POI patients. 

MSCs may upregulate or downregulate gene expression in ovarian 
cells by participating in cell proliferation, apoptosis, death, and cyto-
toxicity. Fu et al. [77] revealed that BMMSCs transfected with miR-21 
led to the decrease in apoptosis of OGCs in vitro. While in vivo, POI 
rats injected with miR-21-BMMSCs had increased ovary weight and 
follicle counts, increased E2 levels, as well as decreased FSH levels 
(Fig. 6). On the other hand, Yan et al. [41] found that menstrual blood 
mesenchymal stem cells (MB-MSCs) repaired epirubicin-induced dam-
age in OGCs associated with Gadd45b, CyclinB1, and CDC2, the differ-
entially expressed genes of OGCs. In detail, epirubicin upregulated 
Gadd45b gene expression and downregulated CyclinB1 and CDC2 gene 
expression. MB-MSC treatment resulted in the downregulation of 
Gadd45b gene expression and upregulation of CyclinB1 and CDC2 gene 
expression. Thus, it was concluded that these genes were an important 
part of the mechanism of action of MB-MSC-mediated POI treatment. In 

Fig. 3. PI3K/Akt signaling pathway plays a critical role in ovarian dysfunction. (A) Western blot analysis of Akt and mTOR phosphorylation in ovaries isolated from 
normal and adult fragile X premutation mice. (A1) A significant reduction of phosphorylated Akt, but not total Akt, in premutation ovaries. (A2) A dramatic reduction 
of phosphorylated mTOR protein in premutation ovaries. GAPDH was used as a loading control. (B) IHC analysis of PI3K, Akt, p-Akt, and capase-3 in the ovarian 
tissues of mice. Photomicrographs show hematoxylin and DAB-stained ovaries. (a1-d1) Control group (C group). (a2-d2) POI group (M group). (a3-d3) POI + hPMSCs 
group (T group). (a4-d4) POI + hPMSCs + LY294002 group (L group). (a5-d5) POF + hPMSCs + DMSO group (D group). (a6-d6) Bar graphs summarizing the four 
kinds of cytokines expressed in the five groups. Brown in the cytoplasm indicates positive expression of the protein of interest. Blue represents cell nuclear staining. 
**p < 0.01, ***p < 0.001 vs POI group. Scale bar = 50 μm. POI, primary ovarian insufficiency; hPMSC, human placenta-derived mesenchymal stem cell; DMSO, 
dimethylsulfoxide; and PI3K, phosphatidylinositol 3-kinase [67]. 
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addition, the Sry gene has been identified in the ovarian tissue of POI 
animals that received BMMSCs, but not in POI animals that did not 
receive BMMSCs treatment [78]. One study used fetal liver MSCs 
(fMSCs) to treat POI animals and found that they upregulated melatonin 
receptor 1 (MT1), JNK1, PCNA, and AMPK at both the mRNA and pro-
tein levels. When OGCs from POI patients were subjected to MT1 
knockdown or antagonist treatment, their expression of JNK1, PCNA, 

and AMPK was reduced, and the percentage of proliferative OGCs was 
impaired [42]. 

Consequently, gene mutation has been confirmed to play a critical 
role in POI pathogenesis, regardless of whether or not the POI is 
congenital in nature. MSCs improved POI by regulating gene and protein 
expressions, suggesting that the genetic mechanisms involved in POI 
may be viable therapeutic targets. There are multiple studies that 

Fig. 4. Distinct ovarian cell subpopulations with transcriptional signatures determined by single-cell RNA-Seq analysis. (A) Left: H&E stained sections of young and 
old monkey ovaries. Arrowheads and asterisks denote secondary and antral follicles, respectively. Right: density quantification of different stages of follicles indicated 
by the morphology shown by the cartoons. Scale bar, 100 mm n = 4 monkeys. ns, not significant, *p < 0.05, and **p < 0.01 (one-tailed t-test). (B) Percentage of 
atretic follicles with respect to total follicles based on H&E stained sections. n = 4 monkeys. *p < 0.05 (two-tailed t-test). (C) Masson’s trichrome staining of young 
and old monkey ovaries. Dashed lines denote fibrotic areas. Scale bar, 100 mm n = 4 monkeys. *p < 0.05 (two-tailed t-test). (D)Flowchart overview of monkey 
ovarian scRNA-seq. (E) t-SNE plot showing seven ovarian cell types. (F) t-SNE plots characterizing representative transcriptional regulators for different cell types. 
Blue color denotes the cells with the activation of indicated transcriptional regulators. (G) t-SNE plots showing expression levels of oocyte and somatic cell marker 
genes. (H) Left: heatmap showing expression signatures of top 50 specifically expressed genes in each cell type; the value for each gene is a row-scaled Z score. Right: 
representative gene terms [76]. 
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explore the efficacy of gene regulation as a treatment for POI. This 
avenue of research has broadened our etiological understanding of POI. 
However, these genetic approaches have not yet been translated into 
clinical treatments. 

3.6. MSC paracrine factors mediate ovarian functional improvement 

One therapeutic characteristic of MSCs is their ability to secrete cy-
tokines that reduce apoptosis, fibrosis, and inflammation, and promote 
angiogenesis, which results in POI recovery. The most commonly 
secreted cytokine is vascular endothelial growth factor (VEGF), which 
has been reported to be anti-apoptotic (Table 1) and anti-fibrotic. It has 
also been shown to participate in arteriogenesis, improving in vitro and 
in vivo growth of granular cells by increasing the length, area, and 
branch point number of the vessels [79–83]. Another secreted cytokine, 
hepatocyte growth factor (HGF), with the anti-apoptotic effect on OGCs 
and oocytes, promoted vascular outgrowth and improved ovarian 
functions. It is possible that HGF and VEGF function synergistically to 
increase the vascular diameter [80,83]. In addition, basic fibroblast 
growth factor (bFGF) plays an inhibitory role on the apoptotic pathway. 
Huang et al. [84] demonstrated that granulocyte colony-stimulating 
factor (G–CSF)–mobilized peripheral blood mononuclear cells 
(PBMCs), combined with platelet-rich plasma (PRP), can restore ovarian 
function in POI rats by increasing ovarian neovascularization, reducing 
granulosa cell apoptosis, and promoting follicle growth. Also, 
anti-inflammation may be mediated by tumor necrosis factor-α (TNF-α), 
interleukin-1 (IL-1), and interferon type II (IFN-γ) [85,86]. In addition, 
IFN-γ may regulate immune function in POI animals. 

In summary, the paracrine effects of MSCs make them a promising 

candidate for cell-free POI therapies. Cell-free therapies that use allo-
geneic MSC secretions are even less immuno-stimulating than trans-
planted autologous MSCs. This makes them a safer alternative for clinic 
translation, with a number of advantages including preventing immune 
rejection and obviating the invasive procedures required to isolate 
autologous MSCs. 

4. Acellular treatment strategies for POI 

4.1. MSCs derived secretomes or exosomes for POI therapy 

Even though stem cells are a promising therapy option for POI, they 
are also hindered by a number of limitations that cannot be ignored, 
including the risks of creating carcinomas, inducing autoimmune dis-
eases, and the lack of knowledge about their mechanisms of action. 
Therefore, an increasing number of studies are focusing on stem cell- 
derived secretomes, cytokines, and exosomes for regenerative applica-
tions. Exosomes are a type of extracellular vesicles that mediate cellular 
communications by enveloping and transferring proteins, nucleic acids 
as well as the other active components [87]. 

Wang et al. [58] indicated that menstrual stem cells (MenSCs) might 
not differentiate into oocytes directly. After injecting 
MenSC-conditioned media into POI rodents, serum FSH levels 
decreased, and E2 levels increased. Their analyses revealed improved 
ovarian function, reduced fibrosis, and lower levels of apoptosis in 
OGCs. Meanwhile, Khanmohammadi et al. [88] concluded that the 
ovarian structure and serum hormone levels were similar in 
BMMSC-treated and BMMSC secretome-treated POI rats. Some re-
searchers explored the therapeutic effects of stem cell exosomes, and 
explored their mechanisms of action for treating POI. HucMSCs pro-
moted ovarian expression of HGF, VEGF, and IGF-1 through their 
secretion of cytokines, resulting in restored ovarian function and resis-
tance to ovarian senescence [89]. Sun et al. [90] showed that 
HucMSC-derived exosomes regulate apoptosis in OGCs through the 
modification of gene and protein expression. In addition, Yang et al. 
[43] confirmed that HucMSC-derived exosomes stimulated primordial 
follicles to activate oocyte development. The injection of 
HucMSC-derived exosomes into elder mice (>10 months) restored 
fertility and increased oocyte quantity and quality. Huang et al. [91] 
showed that hADMSC-Exos can inhibit apoptosis in the ovarian gran-
ulosa cells of POI patients by down-regulating certain genes in the SMAD 
pathway (Fig. 7). Altogether, these cell-derived agents make up a host of 
possible cell-free therapies that may be used to treat POI. 

In recapitulation, MSCs improved ovary outcomes in POI animal 
models by secreting various paracrine molecules and vesicles. Instead, 
paracrine signaling has become the more accepted mechanism of action 
thought to account for the therapeutic benefits of MSCs. Therefore, MSC- 
derived secretomes and exosomes are broadly employed in acellular 
treatment strategies. In addition to exosomes, secretomes derived from 
stem cells are expected to overcome the restrictions of stem cell trans-
plantations and may establish the basis of a cell-free therapy for POI in 
clinical trials. 

4.2. Biomaterials for the treatment of POI 

One of the vital components in regenerative medicine is biomaterials 
[92] that are designed based on multiple factors, such as the fabrication 
[93], biocompatibility, and promoting favorable cellular interaction 
[94,95] (Fig. 8). There are two types of biomaterials used in the formula 
of hydrogels include natural materials such as extracellular matrix 
(ECM), collagen, alginate, and hyaluronic acid, and synthetic polymers 
such as polytetrafluoroethylene (PTFE). Ovarian patch is also used for 
POI treatment, which providing efficient mechanical support, restored 
ovarian function and improved the development of follicles. The ideal 
biomaterial should be non-toxic, biocompatible, biodegradable, and 
bioresorbable. It should be able to support the regeneration of new cells 

Fig. 5. A schematic illustration of gene regulation. The figure shows the cell- 
type-specific downregulation of genes involved in redox homeostasis mainte-
nance in aged primate oocytes and GCs, which could contribute to increased 
oxidative damage and cell apoptosis [76]. 
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and tissue without producting an inflammatory reaction [96]. The use of 
these biomaterials and their success in reversing ovarian dysfunction 
will be discussed in detail in the following sections [97] (Table 2). 

4.2.1. Extracellular matrix 
Extracellular matrix (ECM) is a three-dimensional network of 

extracellular macromolecules that provides structural and biochemical 
support for cells and helps to maintain homeostasis [98]. ECM is widely 
used as a supporting biomaterial in regenerative medicine. When using 
ECM to create scaffolds, it’s important to ensure a porous 3-D 

microenvironment with an interconnected structure of well-distributed 
pores large enough for cell seeding [99]. In addition, the technique 
used to manufacture ECM must produce scaffolds with the correct 
physical attributes without affecting the material’s biocompatibility 
[100]. ECM is commonly used in therapeutic research involving 
myocardial infarction, lung fibrosis, and skin and hair regeneration 
[101]. It has also been studied for the treatment of POI, and has been 
shown to be effective at helping to restore ovarian function. In 2010, 
Smith [102] produced an ECM based material composed of a variety of 
molecules that were particularly useful for ovarian research. It included 
collagens, laminin, fibronectin, proteoglycans, and polysaccharides. 
Collagen IV is abundant around theca cells in the follicles. It is also found 
at lower-levels around the stroma and granulosa cells of the ovaries. 
Fibronectin is presented around the stroma and theca cells. As follicles 
develop, its abundance increases, except around the granulosa cells, 
where it actually decreases. Laminin is localized primarily around the 
theca cells, with a defined ring at the exterior of the follicular granulosa 
cells marking the basement membrane. When laminin is co-cultured 
with growing follicles, at various developmental stages, derived from 
human and non-human ovarian tissues, it can improve their secretion of 
E2 and AMH secretion. 

In another study involving ECM, Liu et al. [103] investigated xeno-
geneic decellularized ovary (D-ovary) scaffolds, which were isolated 
from pigs and was used in rats. They confirmed that D-ovary tissues were 
noncytotoxic to rat ovarian cells in vitro and caused only a minimal 
immunogenic response in vivo. D-ovary tissues successfully supported 
rat granulosa cell penetration in vitro and improved its secretion of 
estradiol (E2). Also, the safety and efficacy of D-ovary tissues have been 
demonstrated with rat ovarian cells in vitro and caused only a minimal 
immunogenic response in vivo. However, the mechanisms of action 
behind ECM-mediated ovarian therapies are still unknown. In 2019, 

Fig. 6. MiR-21 affects OGCs in vitro and follicle growth in vivo. (A) Expression of miR-21 and protein expression of target genes (PTEN and PDCD4) in ovarian 
granulosa cells; PM, phosphamide mustard. (A1) Western blot detection of PTEN and PDCD protein expression. (A2) Quantification, *P < 0.05, compared to the MSC 
group. (B) Ovarian structure in H&E staining. (a) normal group, with the observation of follicles at different developmental stages and corpora lutea. (b) model group 
(PM injection), with a dramatic reduction in follicle counts. (c) miR-21 group, with an increase in follicle counts as compared with the model group. (d) mesenchymal 
stem cell (MSC) group, with an increase in follicle counts as compared with the model group but comparable to that in the miR-21 group. (e) miR-21-MSC group, with 
an increase in follicle counts as compared with the miR-21 group and MSC group. (C) Comparison of follicle counts among the groups at 15, 30, 45, and 60 days after 
injection. (a) Count of primordial follicles. (b) Count of primary follicles. (c) Count of secondary follicles. (d) Count of antral follicles. *P < 0.05, compared to the 
miR-21 group and the mesenchymal stem cell (MSC) group [77]. 

Table 1 
Determination of granular cell apoptosis by Annexin-V/propidium iodide (PI) 
staining A: before freezing; B: immediately after thawing; C: after thawing and 
culturing for 24 h. In the VEGF pretreated group, increases in the proportions of 
late apoptotic cells [Annexin-V (+)/PI (+)] were significantly lower in the un- 
pretreated control immediately after thawing (***p < 0.05), and reductions in 
the proportions of viable cells [Annexin-V (− )/PI (− )] (*p < 0.05) and increases 
in the proportions of early apoptotic cells [Annexin-V (+)/PI (− )] were signif-
icantly lower after culturing for 24 h (**p < 0.05) [81].   

Viable 
cellsAnnexin-V 
(− )PI(− ) 

Early apoptotic 
cellsAnnexin-V 
(+)PI(− ) 

Late apoptotic 
cells Annexin-V 
(+)PI(+) 

Necrotic 
cellsAnnexin-V 
(− )PI(+) 

VEGF(+) 
A 35.66 ± 0.48 55.66 ± 0.30 7.74 ± 0.16 0.94 ± 0.02 
B 24.75 ± 0.45 64.54 ± 1.01 9.89 ± 0.34*** 0.83 ± 0.23 
C 32.69 ± 2.07* 60.75 ± 1.78** 6.30 ± 0.38 0.27 ± 0.17 
VEGF(− ) 
A 40.75 ± 0.04 51.84 ± 0.47 6.37 ± 0.26 1.04 ± 0.25 
B 26.62 ± 1.49 58.64 ± 0.28 13.79 ±

1.41*** 
1.0 ± 0.11 

C 23.09 ± 0.89 66.91 ± 0.19** 9.66 ± 1.04 0.34 ± 0.02  
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Ersoy et al. [104] discovered that several enzymes, like matrix metal-
loproteinases, plasminogen activators, and disintegrin and metal-
loproteinase with thrombospondin motifs (ADAMTS) in ECM contribute 
to ovulation and differentiation of follicular cells into luteal cells. The 

ADAMTS enzymes are a zinc metalloproteinase gene family with roles in 
vascular biology, inflammation, and especially in the control of the 
function and structure of the ECM. 

These studies demonstrated that ECM can improve ovarian functions 

Fig. 7. Acellular therapy strategies for POI. Stem cell exosomes can be acquired from cell culture supernatant and used for POI treatment. Following the uptake by 
primordial follicles, exosome treatment improved ovarian hormone secretory functions, ovulation, and fertility through genetic modification and modulation of 
multiple signaling pathways. 

Fig. 8. Biomaterial carriers for the delivery of stem cells and stem cell derivatives for the treatment of POI. To regenerative tissues damaged in POI models, bio-
materials ranging from natural components to synthetic products have been employed. They serve as carriers for stem cells or stem cell derivatives. The natural 
biomaterials studied include extracellular matrix (ECM), collagen, hyaluronic acid (HA), alginate, and fibrin. 
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of secretion and ovulation. ECM is safe and viable for clinical applica-
tions. However, these studies did not evaluate the effect of ECM on 
fertility, and the proposed clinical applications of ECM have been 
focusing on procedures requiring ovary cryopreservation for patients 
suffering from gynecological malignant tumors and undergoing 
ovariectomies. 

4.2.2. Collagen 
Collagen as the main structural protein, is found in the ECM. On 

average, it makes up 30% of the total protein mass of the body [105]. Its 
ubiquity is indicative of an important role in maintaining biological 
viability. There are three signature features of collagen. First, it is 
composed of repeating sequences of amino acids, both with and without 
interruptions. Next, within those repeating sequences, proline and hy-
droxyproline occupy the X and Y positions, respectively. Finally, its 
right-handed triple helix structure is formed from three left-handed 
polyproline α-chains of identical length, which gives collagen a unique 
quaternary structure [106]. More than twenty types of collagen have 
been identified, and numerous functional characteristics, including high 
mechanical strength, good biocompatibility, low antigenicity, and 
ability to crosslink with other molecules have been reported. These traits 
enable the tailoring of collagen’s mechanical, degradation, and swelling 
properties [96]. 

He et al. [107] used microfluidic encapsulation to create 
collagen-rich, biomimetic 3D shells to culture rodent ovarian follicles. 
This culture technique recapitulated the mechanical heterogeneity of 

the ovaries (Fig. 9) by creating capsules with a relatively soft collagen 
core (ovarian medulla) surrounded by a relatively harder alginate shell 
(ovarian cortex). The microfluidic device, which is used to create the 
capsules, integrated the core and shell ingredients using an oil emulsion 
flow that pinched the ingredients into droplets (Fig. 10). This device was 
achieved using a computational fluid dynamics model and capable of 
predicting the complex multiphase microfluidic flow in the non-planar 
flow-focusing junction [108]. The biomimetic capsules resulted in fol-
licle development into the antral stage, accompanied by estradiol pro-
duction. This study showed the power of collagen microenvironments in 
advancing follicular culture in vitro. In addition, because of the excep-
tional of alginate shells at inhibiting ice crystal formations, this culture 
paradigm improved the outcome of follicular cryopreservation, which is 
a key feature of assisted reproduction. However, while this study pro-
vides an example of collagen application in vitro, supporting data from in 
vivo experiments will be necessary for its clinical applicability. 

Indeed, the use of collagen as a scaffold for stem cell-based POI 
therapy is well documented. Yang et al. [109] investigated the use of 
gelatinous scaffolds made from type I collagen and loaded with 
HucMSCs as a treatment for POI mice. Their results showed that trans-
plantation of the HucMSC-loaded collagen scaffolds improved ovary 
size, follicles growth, and follicles development. Moreover, the potential 
mechanism of action may involve the proliferation of granulosa cells and 
the increase of vascularization in the ovaries. While it is still not clear 
what the mechanistic details are, with further research development, 
HucMSC-loaded collagen scaffolds may represent an ideal and 

Table 2 
List of biomaterials used for ovarian function restoration.  

Categories Author Year Materials Major finding 

Extracellular 
matrix (ECM) 

J. Smitz [102] 2010 ECM is composed of a variety of molecules, which can include 
collagens, laminin, fibronectin, proteoglycans, and 
polysaccharides. 

ECM improved the secretion of E2 and AMH from follicles. It 
also improved follicle development 

Wen-Yue Liu 
[103] 

2016 Xenogeneic decellularized ovary (D-ovary) scaffold, as a 
platform derived from pigs, and used in rats. 

The D-ovary tissues successfully supported rat granulosa cell 
penetration in vivo and showed an improvement in estradiol 
(E2) hormone secretion. 

Ebru Ersoy [104] 2017 The mechanical exploration of ECM to support ovarian function. The disintegrin and metalloproteinase with thrombospondin 
motifs (ADAMTS) enzymes in ECM contribute to ovulation 
and differentiation of the follicular cells into the luteal cells. 

Collagen Xiaoming He 
[107] 

2017 A 3D microfluidic encapsulation of ovarian follicles in 
biomimetic ovarian microtissues. 

Due to the mechanical heterogeneity of the resulting culture 
capsule, this 3D microfluidic technology and biomimetic 
ovarian microtissue system could facilitate follicular culture 
and preservation. This might be a feasible option of assisted 
reproduction and may help restore women’s fertility in the 
clinic. 

Collagen Yanjun Yang 
[109] 

2019 Gelatinous scaffolds carried type I collagen and were loaded with 
HucMSCs in animal experiments. 

Collagen/HucMSC transplantation may be a potential and 
promising treatment for POI 

Lijun Ding [110] 2018 Gelatinous scaffolds carried type I collagen and were loaded with 
HucMSCs for clinical use. 

Collagen/HucMSC transplanted into the ovaries improved 
the fertility of women with POI. Therefore, collagen/ 
HucMSC transplantation may bet a promising approach for 
POI treatment. 

Hyaluronic Acid 
(HA) 

Guangfeng Zhao 
[113] 

2014 Hyaluronic acid was injected into ovaries of POI rats. MiR-139–5p might be a candidate miRNA in the up- 
regulation of HA on PGRMC1 expression. 

Guangfeng Zhao 
[114] 

2014 Hyaluronic acid was injected into ovaries of POI rats. HA has a preventative effect on POI rats, which was 
associated with promotion of GC proliferation. These 
findings support the applicability and efficacy of HA in 
preventing POI. 

Alginate Lisa J. Green 
[125] 

2019 Adipose-derived stem cells (ADSC) were suspended in alginate 
solution and encapsulated in crosslinked alginate beads. 

Co-encapsulation of early-stage murine follicles with ADSCs 
supports the in vitro maturation of murine follicles. 

Alginate Sivanandane 
Sittadjody1 [118] 

2017 3D bioengineered ovarian constructs that recapitulate native 
cell–cell interactions between ovarian granulosa and theca cells. 

A 3D bioengineered ovarian construct for the treatment and 
study of conditions associated with functional loss of the 
ovaries, which may be suitable for young patients suffering 
from malignant tumors or congenital diseases. 

Fibrin Ariella Shikanov 
[120] 

2011 Cryopreserved and thawed ovarian tissue was encapsulated in 
fibrin-(heparin-binding peptide)HBP-VEGF hydrogels. 

Potential of engineering biomaterials to enhance 
angiogenesis during engraftment of ovarian tissue and 
biomaterials for ovarian transplantation. 

E. Kniazeva [117] 2015 Primordial and primary ovarian follicles from young female mice 
were extracted and encapsulated into biomaterials for 
subsequent transplantation into adult mice with ovariectomy. 

Obtain live births by transplanting isolated primordial and 
primary follicles, and reducing the risk of re-seeding disease 
relative to ovarian tissue transplantation. 

Synthetic 
polymers 

Anu David [122] 2017 Ovarian grafts were picked up in a pipette and inserted into the 
TheraCyte® capsule, which is an FDA approved device made of 
polytetrafluoroethylene (PTFE). 

The TheraCyte® devices can successfully support the 
function of ovaries and avoid immune sensitization of the 
host.  

S. Zhang et al.                                                                                                                                                                                                                                   



Bioactive Materials 6 (2021) 1957–1972

1967

promising treatment for POI patients. 
Ding et al. [110] reported that transplantation of HucMSC-loaded 

collagen scaffolds to the POI patients can restore ovarian function. 
Their treatment caused hormone levels of FSH to decrease and E2 to 
increase. It also resulted in restored blood flow in the ovaries. Follicles, 
12 mm in size or greater, were observed via ultrasounds conducted after 
the transplantation. Furthermore, 2 patients became pregnant and one 
baby was delivered at full-term. They also mentioned that no severe side 
effects, such as hemorrhage, inflammation, or abdominal pain were 
observed in any of the cases. Therefore, HucMSCs/collagen may repre-
sent a promising approach for POI treatment in the clinic. In the future, 
and as a necessary stepping stone to achieve clinical trials, the safety and 
biocompability of Huc-MSCs/collagen needs to be more thoroughly 
assessed. 

In summary, collagen can be used in combination with biologic 
therapies to restore ovarian function. It is easy to produce, biocompat-
ible, and abundant. In order to advance as a viable therapeutic option, 

however, the mechanism of action needs further elucidation. 

4.2.3. Hyaluronic acid 
Hyaluronic acid (HA), or hyaluronan, is a linear polysaccharide that 

consists of alternating units of repeating disaccharides made up of β-1,4- 
D-glucuronic acid and β-1,3-N-acetyl-D-glucosamine. Currently, HA is 
widely used in tissue bioengineering studies due to its superior 
biocompatibility and hyaluronidase-mediated biodegradability [111]. 
An advantage of HA is that it can achieve targeted therapy delivery due 
to the presence of HA receptors on the cells of specific tissues such as the 
liver, uterus, and ovaries [112]. 

Zhao et al. [113] tested serum HA levels in POI patients, and found 
that they were significantly lower than in healthy women. Then, in vitro 
experiments showed that HA reversed the damage that immunosup-
pressive agents caused to OGCs. Subsequently, they injected HA into POI 
rats and found that it prevented chemically induced ovarian damage and 
improved ovarian function. Mechanistic research showed that HA 

Fig. 9. A schematic illustration showing the development of follicles at various stages and the difference in mechanical properties between the ovarian cortex and 
medulla of the mammalian ovary, together with the biomimetic ovarian microtissue that recapitulates the mechanical heterogeneity experienced by follicles in the 
ovary. (1) primordial follicles; (2) primary follicles; (3–4) pre-antral follicles; (5–6) antral follicles; (7) cumulus–oocyte complex (COC); and (8-10) corpus 
luteum [107]. 

Fig. 10. Microfluidic generation of biomimetic ovarian microtissue and on-chip extraction of the microtissue from oil emulsion into isotonic aqueous solution: (a) A 
schematic overview of the microchannel system. (b) A 3D zoomed-in view and real image of the dispatching channel and flow-focusing junction (FFJ) showing the 
non-planar design of the FFJ. (c) An image of the extraction channel at its entrance. (d) An image of the extraction channel at its end. The symbol q represents the 
flow rate of the aqueous core flow of sodium alginate; I-1, I-2, I-3, I-4, and I-5 represent the five inlets; O-1 and O-2 represent the two outlets; and λ≤1 [107]. 
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promoted the proliferation and function of OGCs via the P4 receptor 
membrane component 1 (PGRMC1), which was regulated by 
miR-139–5p [114]. 

Above research indicated that HA is efficacious in preventing POI. 
However, before clinical studies commence, the safety and biocompat-
ibility of HA as well the appropriate therapeutic concentrations, vol-
umes, and delivery routes should be further detailed. 

4.2.4. Alginates 
Alginates are polysaccharides isolated from brown algae, such as 

Laminaria hyperborea and Lessonia, found in coastal waters. They are 
linear, unbranched copolymers of (1,4)-linked beta-D-mannuronic acid 
(M), and its C-5 epimer, alpha-L-guluronic acid (G). The mannuronic 
acid and guluronic acid are covalently linked together in different se-
quences, or blocks [115]. Alginates can be used as biomaterials for 
clinical drug delivery, wound healing, tissue engineering, and cell bar-
riers due to their advantageous material properties, including biocom-
patibility, non-immunogenicity, and hydrophilicity [116]. 

Kniazeva et al. [117] developed alginate grafts to encapsulate pri-
mordial and primary follicles into POI rats. After treatment, the rats 
showed higher levels of Luteinizing Hormone(LH), E2, and progestin, 
less body fat, and reduced body weight. Bone metabolism and archi-
tecture were also improved, as did genitourinary tract health. Moreover, 
the rats did not show signs of hyperplasia or hypertrophy. In another 
study, Green et al. [118] produced alginate beads to encapsulate 
adipose-derived stem cells, which were then co-cultured with primary 
and secondary mouse follicles. The data showed that follicle survival 
and growth increased, as did the rates of antrum formation and oocyte 
maturation. 

These researches provided insights into new alginate-based ap-
proaches for treatments of ovarian dysfunction. However, the efficacy 
and safety information obtained in these studies are limited to small 
animal data. To move forward, translational large animal study and 
preclinical trial data will be essential in determining the actual utility of 

alginate as a biomaterial for POI treatment in clinics. 

4.2.5. Fibrin 
Fibrin is formed via the polymerization of fibrinogen and thrombin 

in blood plasma, which plays a critical role in the blood clotting process. 
Fibrin has been isolated and approved as a therapeutic to stop patients 
from hemorrhaging in the clinic. It has also been used in bioengineering 
and regenerative medicine because of its biological and structural 
properties [119]. Shikanov et al. [120] designed a hydrogel made up of 
fibrin that was modified with heparin binding protein and heparin, and 
loaded with VEGF. They used this hydrogel to encapsulate ovarian grafts 
that were transplanted into mice. They found that fibrin encapsulation 
preserved ovarian tissue morphology, leading to successful integration 
of the transplanted tissue with the host (Fig. 11). The encapsulating 
fibrin was fully degraded after 3 weeks, eliminating all barriers between 
the grafted tissue and the host bursa. The transplanted ovaries had 
similar morphologies to those of a healthy fertile adult mouse female. 

Much like the other natural biomaterials that were previously 
described, fibrin holds great promise as a scaffold or encapsulating 
polymer for therapies targeting ovarian damage. However, the mecha-
nisms of action still need to be determined, and the safety as well as 
efficacy profiles need further study. 

4.2.6. Synthetic biomaterials 
Synthetic biomaterials are usually polymers, or other organic 

chemical materials, which are approved by the Food and Drug Admin-
istration (FDA) as safe to use in humans. They can be synthesized with 
biological components, like protein or cells, to increase their therapeutic 
efficacy [121]. 

David et al. [122] used TheraCyte®, a porous polytetrafluoro-
ethylene (PTFE) membrane that is impermeable to cells but allows for 
the diffusion of their soluble molecules. In this study, ovarian grafts were 
inserted into the TheraCyte® capsule and transplanted into mouse POI 
models to restore ovarian endocrine functions. After one week of 

Fig. 11. Schematic presentation of the ovarian tissue in fibrin-HBP hydrogels containing heparin-bound VEGF. (A) Ovarian tissue encapsulated in degradable fibrin 
allows physical connectivity that may result in improved communication between the host and the graft and create a continuous path for cell infiltration. (B) 
Controlled release of VEGF promoted revascularization [120]. 

S. Zhang et al.                                                                                                                                                                                                                                   



Bioactive Materials 6 (2021) 1957–1972

1969

incubation, they found that new blood vessels had formed around the 
TheraCyte® capsule, indicative of successful host integration. Primor-
dial, primary, and antral follicles were observed in the retrieved grafts. 
Moreover, the TheraCyte® capsule restore ovarian endocrine function, 
which was confirmed by the marked decrease in FSH levels. 

In another study, Chen et al. [123] designed triptolide-loaded 
nanoparticles that significantly increased serum AMH levels in POI 
mice. In addition, most mice appeared to be fertile after 
triptolide-loaded nanoparticle administration. Additionally, safety tests 
indicated that the therapy had low toxicity and high biocompatibility. 

Zhao et al. [124] designed a novel sandwich structured microfluidic 
device that can characterize oocyte membrane transport properties and 
reduce measurement variability. The device consists of a 
temperature-controlled stage, and a microfluidic perfusion chamber 
(Fig. 12). The cost-effectiveness, ease of fabrication, long-term dura-
bility, and robustness of this approach makes the microfluidic perfusion 
system a powerful tool for studying oocyte membrane transport prop-
erties. The device has applications in fertility preservation and assisted 
reproduction. 

The utility of these synthetic biomaterials as carriers of ovarian fol-
licles or oocytes is made by their ability to help improve sexual hormone 
secretion and fertility after transplantation in POI animal models. 
However, the number of studies involving synthetic biomaterials as 
carriers of MSC-derived secretomes or exosomes is limited. In addition, 
more detailed information about the toxicity, biosafety, and efficacy will 
be needed for the translational application of synthetic materials. 

5. Conclusion and perspective 

The therapeutic efficacy of MSCs has been demonstrated in multiple 
disease models. Although more insight is needed, the overarching 
mechanism of action seems to be the secretion of paracrine signaling 
molecules into the affected area. These signals can stimulate prolifera-
tion, angiogenesis, and tissue regeneration. These beneficial 

mechanisms have made MSCs a promising therapeutic candidate in the 
field of regenerative medicine. Ongoing preclinical and clinical trials 
employing MSCs and MSC-derivatives are studying their effects on dis-
eases of the heart, lung, and other organs. Ultimately, the success of the 
MSC therapeutic model, as well as its applicability in POI, will be 
determined by its success in these ongoing clinical studies. 

POI is an ovarian disfunction that leads to premature infertility. 
Because of the lack of intrinsic stem cells, endogenous reparation of the 
ovaries after the onset of POI is limited. Given the reported therapeutic 
potential of MSCs, the revitalization of ovarian functions via regenera-
tive medicine is a sought-after treatment option in POI research. Stem 
cells are versatile players in regenerative medicine, and direct delivery 
of MSCs has been reported to cure POI in rodents. Despite long-standing 
issues with MSC retention and survival rates, the field’s interest in MSCs 
continues, not just because the preclinical data shows promise, but also 
because of novel solutions that involve the use of biomaterials as cell 
carriers. 

The field of biomaterials research is vast and ever-growing. A wide 
range of natural and synthetic biomaterials have been isolated and/or 
developed. Decellularized extracellular matrix (ECM), collagen, fibrin, 
and hyaluronic acid are natural biomaterials that are commonly used for 
MSC/exosome/secretome delivery for POI treatments. These natural 
materials are derived from animal tissues/organs, which make sure the 
biocompatiblity, biodegradation and safe-to-use of natural materials in 
vivo. However, there are also properties like stiffness, elasticity, and 
viscoelasticity which may not always be ideal for implantation. With 
improved material properties, therefore, synthetic polymers and ag-
gregates, such as synthetic hydrogels, nanoparticles, and biofilms may 
optimize delivery efficacy and compatibility profiles. Despite of the 
advances, the potentials of cytotoxicity as a result of chemical leaching 
is causing massive concerns, and becoming the issue that limits the in 
practice use of synthetic biomaterials. Currently, only PLGA, PCL, etc. 
have been approved for biomedical use by the FDA. Nevertheless, the 
biosafety, biodegradation, and biocompatibility of novel materials are 

Fig. 12. A schematic illustration of the microfluidic perfusion system. (A) An expanded view showing the configuration of the microdevice with a microfluidic 
perfusion chamber and an integrated temperature-controlled stage. (B) A diagram showing the connections between the microdevice and three syringes and the 
microchannels. The arrows indicate the direction of fluid flow. The HP Agilent 34970A data acquisition system is used for monitoring and recording the temperature 
with the thermocouple. δ1–δ6, thickness; S1–S3, syringes; A1–A3, representative cross sections; P1– P3, typical cell locations. Note: drawing not to scale [124]. 
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the most important regulatory considerations. 
The other problem with stem cell therapy and regenerative medicine 

is the potential for tumorigenesis and immunogenicity. However, both 
of these risks can be overcome by using acellular treatments. These are 
cell-derived therapies that make use of the contents of the cells, without 
needing the cell itself. A promising acellular strategy is the use of exo-
somes and secretome, coupled with encapsulating or carrier 
biomaterials. 

Taken together, the data hints at the possibility for a promising 
future for stem cell- and biomaterials-based POI therapy. Recent studies 
aimed at understanding their mechanisms of action are revealing novel 
targets for future treatments. As the field progresses, it should aim for 
clinical translations that bridge the gap between the promising scientific 
work being done, and the clinical applicability of these treatment mo-
dalities [126]. For POI patients, the main concern involves the inva-
siveness of the procedures to deploy the therapeutic product. Thanks to 
the recent development in the field of medical devices, many non- or 
minimally-invasive methods have been invented to delivery therapeu-
tics to internal organs including the ovary. Those technologies can be 
applied to deliver stem cells and biomaterials to the ovary. Patients in 
other groups may also benefit from such therapies. For example, patients 
who receive pelvic surgeries can take advantage of the regenerative 
medicine strategies to aid the ovary tissue recovery process. 
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