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Abstract
Infertility is a primary health issue affecting about 15% of couples of reproductive ages worldwide, leading to 
physical, mental, and social challenges. Advances in nanobiotechnology and regenerative medicine are opening 
new therapeutic horizons for infertility by developing polysaccharide-based nanostructured biomaterials. This 
review explores the role of tissue engineering and regenerative medicine in infertility treatment, explicitly focusing 
on the promising potential of polysaccharide-based hydrogels. In this context, using these biomaterials offers 
unique advantages, including biodegradability, biocompatibility, and the ability to mimic the natural endometrial 
microenvironment, making them highly effective for applications in endometrial regeneration, ovarian tissue 
engineering, spermatogenesis support, and controlled drug delivery. This review discusses the various properties 
and uses of polysaccharide-based hydrogels, like alginate, hyaluronic acid, and chitosan, in helping to restore 
reproductive function. While these materials hold great promise, some notable challenges to their clinical use 
include issues like rapid degradation, mechanical instability, and potential immune reactions. Future research 
should focus on developing hybrid hydrogels, investigating advanced fabrication techniques, and testing these 
materials in clinical settings. By combining findings from recent studies, this review aims to provide a solid 
foundation for researchers and clinicians looking to discover new and effective strategies for treating infertility, 
ultimately connecting research efforts with practical applications in healthcare.
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Introduction
Infertility is one of the worldwide health issues, impact-
ing around 15% of couples of reproductive ages. It can be 
a severe problem affecting a person’s physical and mental 
well-being and their social life, mainly for younger cou-
ples [1, 2]. While infertility does not threaten individual 
lives, its impact can be felt in all areas of personal and 
social life. Infertility can lead to psychological challenges 
such as depression and anxiety and negatively impact 
relationships and social life. Health issues in the male and 

female reproductive systems, which can arise from ill-
nesses, injuries, or treatments like those for cancer, may 
result in infertility.

Women’s health issues, especially reproductive health, 
receive less attention in scientific research. One of the 
reasons for this problem is the insufficient understand-
ing of the essential function of the uterus, which limits 
the development of effective treatments for female infer-
tility [3]. The inner lining of the female’s uterus, known 
as the endometrium, is a tissue that undergoes dynamic 
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regeneration [4, 5]. In a regular menstrual cycle, where 
pregnancy does not occur, the part of the shed endome-
trium is repaired without scarring [5]. On the opposite 
side, intrauterine surgery can damage the uterine endo-
metrium, potentially leading to infertility. However, con-
ventional medical treatments are usually unsuccessful in 
achieving the desired results and pregnancy [5]. Also, in 
intrauterine adhesions (IUA), which is the most common 
type of endometrial damage, fibrotic tissue replaces the 
endometrium, and this condition is known as “Asher-
man’s syndrome” (AS) [5]. In this case, the endometrium 
becomes thin and no longer reacts to estrogen and pro-
gesterone [6]. Currently, uterine adhesions are commonly 
treated with traditional methods, such as hormone ther-
apy. However, the results of these treatments are poor in 
severe cases [7, 8].

On the other hand, various factors can contribute to 
infertility, but studies show that more than half of infer-
tility cases (about 70%) are due to factors related to men 
[2]. Men can experience infertility due to various factors, 
including ejaculatory disorders, chromosomal disorders, 
and varicoceles. Moreover, certain illnesses can result in 
the loss of germ cells and the deletion of essential genes 
on the Y chromosome. Surgical and hormonal treat-
ments are often used to address male infertility, but they 
don’t always succeed for everyone. In such cases, assisted 
reproductive techniques (ART) can be a helpful alterna-
tive for treating infertility [9]. Currently, regenerative 
medicine and the use of scaffolds have been offered as 
promising approaches to treating these abnormalities. 
These methods are considered innovative and effective 
solutions, especially for young couples facing infertility 
[1].

In this context, with the growth and development 
of science, the use of biomaterials and nano-bio scaf-
folds for drug delivery to repair endometrial injuries and 
infertility-related abnormalities has increased [6, 10]. 
Biomaterials serve as effective carriers by mimicking 
the structure of natural endometrial tissue and releasing 
growth factors and drugs in a controlled manner [5]. One 
of these water-soluble, non-toxic, and bioactive biologi-
cal materials is polysaccharides, which are composed of 
monosaccharide units and are used to prepare hydro-
gels due to their biodegradability, high biocompatibility, 
and low cost [11–13]. Moreover, polysaccharide-based 
hydrogels have a sponge-like structure that enables the 
trapping of enzymes, aptamers, antibodies, and various 
other molecules inside their framework and on their sur-
face. These hydrogels can simulate the characteristics of 
different tissues of the body. For this reason, researchers 
have studied them as nanostructure scaffolds and bio-
logical inks to engineer tissues and produce various types 
of organs [12, 14, 15]. In the field of infertility treatment, 
polysaccharide-based hydrogels have unique advantages. 

Their ability to mimic the extracellular matrix (ECM) and 
provide a mimetic environment supports cell attachment, 
proliferation, and differentiation—key factors for success-
ful tissue engineering [16]. For example, these hydrogels 
have been used as scaffolds to regenerate damaged endo-
metrial tissue, promote uterine healing, and facilitate 
embryo implantation [17–19]. Furthermore, their ability 
to provide a controlled release of bioactive agents, such 
as growth factors and reproductive hormones, increases 
their potential to create a supportive microenvironment 
for fertility restoration [20–22].

So, polysaccharide-based hydrogels improve cellular 
interactions and enable controlled drug delivery, making 
them ideal for tissue engineering applications. Addition-
ally, recent advances in 3D bio-printing further enhance 
their potential, allowing the creation of complex and 
patient-specific constructs for reproductive health appli-
cations. These innovations represent a significant shift in 
infertility treatment, moving towards personalized and 
less invasive solutions.

Researchers have explored polysaccharide-based 
hydrogels in various biomedical fields, but they have not 
widely considered their application in infertility treat-
ment. This article reviews selected studies to highlight 
the potential of these hydrogels in addressing infertility-
related conditions. It illuminates their promise as inno-
vative materials for infertility treatment by examining 
their role in mimicking natural reproductive tissues, 
enabling controlled drug delivery, and supporting regen-
erative programs. This article provides a comprehensive 
analysis of polysaccharide-based hydrogels in treating 
infertility, highlighting their properties, applications, and 
limitations. This focus addresses a topic where extensive 
reviews are often lacking.

This review focuses on a crucial question: Can poly-
saccharide-based hydrogels be effective in treating 
infertility? It investigates whether polysaccharide-based 
hydrogels can serve as effective alternatives to current 
treatments and identifies which types are more ideal for 
specific conditions. The objectives are to summarize cur-
rent findings, assess the potential and limitations of dif-
ferent hydrogels, and suggest future research paths to 
enhance their clinical applications. By examining their 
applications in tissue engineering, drug delivery, and 
regenerative medicine, this review demonstrates how 
they can create bioactive environments for tissue repair 
and regeneration, ultimately advancing infertility treat-
ments and improving reproductive health care.

Cause and impact of infertility in men and women
Infertility is a critical concern in gynecology, indicated by 
the inability to conceive following one year of engaging 
in unprotected sexual relations [23]. The World Health 
Organization (WHO) recognizes infertility as a serious 
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public health issue that affects people worldwide [24]. It 
categorizes infertility into primary and secondary types 
based on whether a person has been pregnant before 
[25]. Both female and male factors are essential in under-
standing the causes of infertility. Prevalent etiologies of 
female infertility include disorders related to menstrua-
tion and ovulation, as well as issues with the uterus [25]. 
In males, reduced sperm production often leads to infer-
tility, as the sperm may not meet the criteria for normal 
morphology and progressive motility [26]. Research indi-
cates that females experience the highest rates of infertil-
ity. Women’s educational level, age at marriage, abortion 
rates, alcohol consumption, pre-existing medical condi-
tions, and body mass index significantly correlate with 
infertility. Similarly, men’s characteristics, including their 
job status, addiction behaviors, smoking, and the pres-
ence of underlying health issues, are also significantly 
linked to these infertility factors [27]. In the context of 
infertility, studies indicate that around half of the cases 
are related to problems on the female side. Male factors 
contribute to about 20 to 30% of infertility cases, while 
the remaining 20 to 30% result from a combination of 
issues in both men and women [24]. The primary factors 
contributing to infertility include advanced maternal age, 
damage to the fallopian tubes resulting from infections, 
polycystic ovary syndrome, and endometriosis. Never-
theless, any condition that adversely affects the anatomy 
of the reproductive organs, ovarian reserve, or the hypo-
thalamic-pituitary-ovarian axis may lead to infertility. In 
recent years, researchers and health organizations have 
increasingly recognized male infertility as a pressing pub-
lic health challenge worldwide. Research conducted over 
the past few decades has shed light on the complex ori-
gins of this condition. Congenital reproductive disorders, 
genetic alterations, and endocrine or metabolic dysfunc-
tions contribute to male infertility and subfertility. More-
over, external factors such as exposure to environmental 
pollutants and lifestyle-related problems, including the 
illegal use of psychoactive drugs, have been demon-
strated to have detrimental effects on spermatogenesis 
[28]. Other common factors that can lead to infertility 
are genetic disorders like Turner syndrome, Klinefelter 
syndrome, fragile X syndrome, and cystic fibrosis. Addi-
tionally, changes in the androgen receptor, a lack of the 
azoospermia factor c segment on the Y chromosome, 
and an expanded CAG triplet repeat within the androgen 
receptor can also contribute to infertility issues [29, 30].

The perception of childbearing as a vital and natural 
component of married life creates considerable pres-
sure for couples struggling with infertility, often exac-
erbated by the expectations of family and community. 
The challenges associated with infertility can detrimen-
tally influence multiple facets of life for these couples, 
such as their marital relationship, sexual satisfaction, 

and psychological well-being. Empirical studies suggest 
that women facing infertility experience more significant 
stress regarding their condition than men do. The prevail-
ing cultural belief associates infertility with a significant 
failure of women to meet their expected roles, explaining 
this phenomenon. Many women facing infertility often 
believe that the duty to produce offspring and sustain the 
family heritage is primarily theirs. Consequently, they 
may struggle with feelings of inadequacy in their woman-
hood when they are unable to have children [31].

Overall, infertility is a significant public health issue 
affecting both men and women worldwide. It is catego-
rized into primary and secondary types based on previ-
ous pregnancy history. Female infertility often arises from 
menstrual and ovulation disorders, uterine issues, and 
conditions such as polycystic ovary syndrome and endo-
metriosis. On the other hand, factors such as decreased 
sperm production, quality issues, congenital abnormali-
ties, genetic variations, and lifestyle choices contribute 
to male infertility. Social pressures and cultural expecta-
tions heighten the stress experienced by infertile couples, 
particularly women.

The role of tissue engineering and regeneration 
medicine in addressing infertility
Despite the presence of numerous traditional methods 
like hormonal and surgical interventions, there is still 
an absence of effective treatments available for individu-
als afflicted with severe reproductive system disorders, 
encompassing congenital and acquired abnormalities, 
traumatic incidents, malignant tumors, inflammation, 
infectious causes, and iatrogenic damage. The field of tis-
sue engineering shows potential for advancing reproduc-
tive medicine by introducing biological substitutes [32].

Understanding the interactions between native tis-
sues and the endocrine system is crucial for developing 
engineered technologies for both the male and female 
reproductive tracts. The female mammal reproductive 
system includes the ovaries, cervix, uterus, fallopian 
tubes (known as oviducts in non-primate species), and 
vagina. The processes of sexual intercourse, fertilization, 
implantation, and the sustenance of pregnancy until term 
are contingent upon the intricate physiological interac-
tions among the organs of the reproductive tract, which 
operate by hormonal directives emanating from the 
ovaries, the pituitary gland, and the hypothalamus dur-
ing the ovulatory cycle. The principal constituents of 
the male mammalian reproductive tract encompass the 
testes, penis, seminal vesicle, epididymis, vas deferens, 
prostate gland and. Unlike the cyclical nature of female 
ovulation, the reproductive endocrine cycle in males is 
distinguished by a daily fluctuation in testosterone levels, 
predominantly synthesized by the Leydig cells within the 
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testes, in response to signals from the pituitary and hypo-
thalamic regions [33, 34].

Reproductive tissue engineering (REPROTEN) focuses 
on the reproductive system in regenerative medicine. 
This capacity holds great promise as a method to enhance 
fertility and the well-being of individuals with repro-
ductive disorders through the creation, substitution, or 
regeneration of cells, tissues, and organs within the uri-
nary, sexual, and reproductive systems [35].

A century of innovation in reproductive tissue and 
organ transplantation, along with advancements in 
reproductive biology, materials science, bioengineer-
ing, and advanced manufacturing, has led to significant 
progress in REPROTEN, evolving from the initial moti-
vations to advanced technologies such as 3D bioprinting, 
microfluidics, organoids, and sophisticated bioreactors 
[36–50]. In this manner, innovative biomaterials enable 
the creation of complex biomimetic constructs, offering 
extensive opportunities for engineering living reproduc-
tive tissues and organs by integrating diverse cellular 
sources and differentiation stages. Biomaterials used in 
reproductive tissue engineering must match the spe-
cific mechanical properties, degradation rates, structure, 
functionality, and physiological conditions of differ-
ent organs and tissues [51]. The testis and ovary possess 
complex structures essential for germ cell and oocyte 
production. The physiological complexities of follicular 
development, spermatogenesis, and ovulation require 
interactions among stratified epithelium, gametogenic 
cells, and fluctuating sex hormone levels [47, 52, 53]. This 
necessitates specific biomaterials to replicate the micro-
environments of the testis and ovary. These biomaterials 
typically need a microporous structure to facilitate cell 
interaction, low internal pressure and mechanical rigid-
ity, and a hydrophilic environment for effective mass 
transfer of cytokines and hormones [54, 55]. Biomaterials 
for in-situ regeneration offer strong mechanical support, 
boost vascular regeneration, and reduce inflammation 
[56, 57].

In addressing female infertility and related reproductive 
issues, TERM offers excellent potential. It employs bio-
materials, cells, and growth factors to enhance the body’s 
natural regenerative abilities for repairing reproductive 
organs [58]. These technologies can address reproductive 
organs issues such as ovarian and uterus failure, as well 
as issues related to sexual and urinary organs. In females, 
the ovaries are vital for germ cell development and ste-
roid sex hormone production, but they can be affected 
by benign and malignant conditions that disrupt their 
functions. Researchers and experts are actively develop-
ing various strategies to improve hormone production 
and enhance fertility for those affected by these issues. 
They have investigated a cell-based implant strategy to 
address the limitations of hormone replacement therapy 

in individuals suffering from premature ovarian insuf-
ficiency, aiming to incorporate cells capable of interact-
ing with the hypothalamic axis to improve hormone 
secretion patterns and restore ovarian function [35, 59]. 
These investigations highlight the potential of cell-based 
implants mimicking ovarian follicles in reducing the side 
effects of hormone replacement therapy. Collagen, the 
predominant protein found within the ovarian environ-
ment, was the primary natural polymer that underwent 
examination in the context of encapsulating mouse fol-
licles [60]. However, the investigation into more suitable 
alternatives has been continued because of the identified 
limitations [61–63].

Uterine issues are another significant factor in female 
infertility, highlighting the need for new treatment solu-
tions. The uterus has two main layers: the endometrium, 
which helps with the implantation of embryos, and the 
myometrium. Creating a bioengineered uterus is chal-
lenging due to its unique structure and functions. A bio-
engineered uterus could facilitate organ reconstitution in 
specific clinical settings [64, 65]. In this context, substan-
tial advancements have been attained in bioengineering 
the uterus, including the development of endometrial 
organoids [66], decellularized uterine scaffold [67, 68], 
and Uterine and Oviduct tissue engineering using stem 
cells with various cell sources [69–71]. Additionally, in 
other reproductive organs of women, TERM methods 
have been employed to help individuals with cervical 
pathologies, such as cervical dysfunction and cancer [35]. 
In this regard, various studies exploring the engineer-
ing of sexual and urinary organs have been conducted 
[72–74].

On the other hand, cancer treatments such as chemo-
therapy and radiotherapy can harm the testicles, poten-
tially resulting in infertility [75]. Researchers have found 
that decellularized testicular tissue creates a favorable 
setting for stem cells to develop into specific testicular 
cell types [76]. Similarly to the progress made in the engi-
neering of ovaries, a range of hydrogels have also been 
used to encase testicular cells and create in vitro repre-
sentations of the testis [77, 78]. Another novel strategy 
has been used in vas deferens tissue engineering, yield-
ing favorable outcomes [79, 80]. Significant progress 
in the improvement of male infertility may be realized, 
particularly in cases of obstructive azoospermia linked 
to the congenital absence of bilateral vas deferens, which 
is present in approximately 1% of men facing infertil-
ity challenges [81]. Additionally, conditions like cancer, 
trauma, or both congenital and non-congenital disor-
ders affecting men’s sexual and urinary organs, particu-
larly the penis, can result in problems with function or 
even the loss of the organ. The solution entails surgical 
intervention to repair or substitute the affected tissues. 
Despite their potential, current regenerative methods are 
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limited by challenges related to tissue compatibility and 
availability. Researchers and medical professionals have 
commenced investigating the principles of regenerative 
medicine and tissue engineering to revive and repair the 
genitourinary system like rebuilding corporal bodies and 
urethral, targeting disorders such as epispadias, ambigu-
ous genitalia, micropenis, hypospadias, and others. The 
project started with the goal of creating an artificial penis 
made from bone cartilage to address injuries caused by 
trauma [82]. Erectile dysfunction (ED) is another disor-
der that impacts the reproductive capacity of males. ED 
is a common condition where a person can’t attain or 
preserve an erection for acceptable sexual action. ED is a 
widespread issue that affects over half of men aged 40 to 
70, potentially leading to severe impacts on their quality 
of life. Physiological, hormonal, vascular, and neurologi-
cal factors usually cause it [83]. In this context, posi-
tive outcomes have been realized in the implementation 
of tissue engineering in animal models, showing great 
potential for upcoming utilization in human patients 
[84–86]. For example, stem cell therapy (SCT) shows 
promise as a treatment for ED, demonstrating positive 
results in both animal studies and human cases. Essen-
tial developments in stem cell research include induced 
pluripotent stem cells (iPS) and embryonic stem cells 
(ES). However, the practical use of these cells in clinical 
settings remains limited due to concerns about safety 
and the possibility of uncontrolled cell growth leading to 
tumors or abnormal tissue formation [87].

Overall, the advancements in REPROTEN have led to 
the development of biomimetic constructs that enable 
the creation of sophisticated reproductive tissues and 
organs, thus providing opportunities to repair repro-
ductive abnormalities. However, despite these improve-
ments, the challenges remain. A deeper understanding 
of reproductive tissue microenvironments is essential for 
replicating native conditions. Selecting appropriate cell 
sources, ensuring biocompatibility, and achieving scaffold 
neovascularization are critical. Ethical, regulatory, cost, 
commercialization, and insurance coverage issues also 
need consideration. Ethical considerations of REPRO-
TEN in humans require thorough addressing, focusing 
on the safe translation of animal findings, the efficacy 
of products, and patient rights. Considerations should 
include consent, therapy access, patient monitoring, and 
potential adverse effects. So, stakeholders need to create 
ethical guidelines as the field of REPROTEN continues to 
develop. Also, developing these frameworks must dem-
onstrate an understanding of engineering benefits and a 
commitment to patient safety, individual autonomy, and 
societal health. Additionally, tackling ethical dilemmas in 
REPROTEN may lead to substantial transformations in 
medical therapies and greatly affect patient management 
[35].

Hydrogels and their properties
Hydrogels are complex three-dimensional (3D) viscoelas-
tic polymer nanostructure systems that do not dissolve 
in water. Hydrophilic polymers form these structures 
by creating specific chemical or physical crosslinks. 
The presence of hydrophilic functional groups, such as 
hydroxy, carboxyl, amine, and sulfate, facilitates this pro-
cess. Hydrogels can absorb a large amount of water and 
expand without breaking apart, similar to natural tis-
sues and the extracellular matrix (ECM) [88]. This makes 
them potentially useful for biological applications. The 
presence of ionic interaction and hydrogen bonding in 
the structure of hydrogels prevents them from dissolv-
ing in water. It helps maintain the necessary mechanical 
strength and physical integrity of polymer hydrogels [89]. 
Hydrogels, classified based on their raw materials, fall 
into two main categories: synthetic and natural. Natural 
hydrogels are particularly valuable because of their high 
biocompatibility and structural similarity to the ECM. 
However, they sometimes have limitations, such as low 
mechanical strength and rapid degradation. In contrast, 
synthetic hydrogels offer a controllable 3D environment 
with tunable mechanical properties and degradation 
rates. However, they may need to catch up to natural 
hydrogels regarding bioactivity [88]. Researchers have 
explored hybrid approaches by merging natural and syn-
thetic polymers to address these challenges. This strategy 
allows for creating functional hydrogels that harness the 
best of both enhanced mechanical properties from syn-
thetic components and biological relevance from natural 
ones [90].

Owing to their exceptional properties, hydrogels have 
emerged as compelling candidates for various medical 
applications, including infertility treatment. Hydrogels 
possess remarkable properties, such as water absorption, 
softness, ECM. So, hydrogels are emerging as promising 
technologies for drug delivery, gene therapy, tissue engi-
neering, and wound dressing. Interestingly, the versatility 
of hydrogels extends to applications like contact lenses 
and tuberculosis treatment [91]. Hydrogels can be classi-
fied into different categories based on various criteria. For 
instance, the classification may consider their crosslink-
ing methods or the type of structure they possess, such as 
crystalline, amorphous, or supramolecular. Additionally, 
the nature of their side groups can be examined to deter-
mine whether they are ionic or nonionic. Their structural 
characteristics also come into play, as hydrogels may be 
homo-polymers or copolymers. Furthermore, assess-
ing their physical properties focuses on whether they are 
crystalline, amorphous, or supramolecular. Finally, their 
responses to external factors like light, temperature, elec-
tromagnetic radiation, pH, and ultrasound can also form 
a basis for classification [92].
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Selecting an appropriate hydrogel for infertility treat-
ment involves careful consideration of the mechanical 
and physicochemical properties specific to the target tis-
sue. Ideally, bioactive hydrogels exhibit desirable proper-
ties, including biocompatibility, adjustable mechanical 
effects, and the capacity to release therapeutic agents 
sustainably [93]. These hydrogels create an environment 
conducive to encapsulating and transporting cells, sup-
porting critical biological processes such as angiogen-
esis and cell absorption. Hydrogels have a wide range of 
uses based on the type of damage and the reasons behind 
infertility. They can be utilized in fields such as tissue 
engineering, medication delivery, and cell therapy.

Effective polysaccharides used in tissue engineering for 
treating infertility
Polysaccharides such as alginate and hyaluronic acid 
(HA) are used in tissue engineering for infertility treat-
ments because of their natural degradation, compatibil-
ity with biological systems, and ability to form hydrogels. 
These polysaccharides form suitable environments for 
cell growth and tissue regeneration. They play a specific 
role in fertility treatments, such as encapsulating ovar-
ian tissue, stimulating stem cell delivery, promoting tis-
sue repair, and supporting endometrial regeneration and 
folliculogenesis [94, 95]. Other polysaccharides, includ-
ing chitosan and heparin-based hydrogels, enhance cell 
adhesion and promote angiogenesis [96]. Modified ver-
sions of polysaccharides, such as dextran and cellulose 
derivatives, have enhanced mechanical stability and bio-
activity for tissue engineering applications [97, 98]. These 
polysaccharides offer promising therapeutic solutions for 
infertility issues and are expanding in use for reproduc-
tive tissue engineering. Table 1 provides an overview of 
various polysaccharides, highlighting their biochemi-
cal properties and advantages that make them promis-
ing candidates for applications in tissue engineering and 
potential use in infertility treatment.

Alginate
Alginate is a linear polysaccharide from a natural 
source extracted from brown seaweed and bacteria 
such as Azotobacter and Pseudomonas. It consists of 
1, 4 (-D-mannuronic acid) (M) and (-L-guluronic acid) 
(G) homo-polymeric units. Alginates are obtained from 
various sources containing different M and G, affecting 
the material’s properties [121]. Alginate has attracted 
attention because of its outstanding possessions such 
as non-toxicity, biocompatibility, biodegradability, easy 
processing, gel-forming ability, high availability, and low 
cost in regenerative medicine applications and infertility 
treatment [122].

Hyaluronan
Hyaluronic acid, also known as hyaluronan, is a type of 
carbohydrate called glycosaminoglycan (GAG). It con-
sists of a series of repeating disaccharide units compris-
ing N-acetyl glucosamine and D-glucuronic acid. This 
polymer is abundantly found in the ECM and mamma-
lian cells [123]. The human body produces a significant 
amount of HA, crucial in various cellular interactions, 
including fertilization, proliferation, development, and 
molecular recognition. HA also contributes to some 
physiological functions such as lubrication, maintaining 
hydration balance, structural support in ECM, and ste-
ric interactions [124]. Hyaluronic acid hydrogel is par-
ticularly valuable in regenerative medicine and infertility 
treatment because of its high water absorption and excel-
lent tissue compatibility [125].

Chitosan
Chitosan results from the deacetylation of chitin, a natu-
rally insoluble substance that comes from fungi and the 
exoskeletons of arthropods, such as insects and crus-
taceans. This polymer has received significant interest 
because of its biodegradability and biocompatibility [13]. 
It also has low toxicity and immunostimulant activi-
ties. In tissue engineering, converting chitin to chitosan 
increases the number of amino groups and enhances its 
water solubility. Chitosan is unique as it is the only natu-
ral cationic polymer, possessing reactive amino groups 
[13]. Consequently, researchers widely utilize it to pro-
duce hydrogels for various pharmaceutical applications, 
tissue engineering, and infertility treatments [126].

Heparin
Heparin is a linear polysaccharide that serves as a blood 
anticoagulant by binding to anti-thrombin, a serine pro-
tease inhibitor. Researchers primarily extract it from 
natural tissues like pig intestines and cow lungs, which 
display considerable heterogeneity in their chemi-
cal structures and molecular weights [127]. Heparin is 
involved in numerous biological processes by interac-
tions with diverse proteins and hydrogels [108]. Com-
pounds containing heparin display attractive properties, 
including growth factor binding, anticoagulant activ-
ity, and anti-apoptotic effects, making them promising 
candidates for new applications in infertility treatments 
[107].

Applications of polysaccharide-based hydrogels in 
infertility treatment
Tissue engineering, which combines biology and engi-
neering to create viable substitutes for damaged tissues, 
is becoming a promising solution in reproductive medi-
cine. This approach addresses the limitations often seen 
with conventional methods [128]. Reproductive tissues 
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are intricate organs that have unique roles in the repro-
ductive process. While these tissues are quite complex, 
recent progress in tissue engineering has made it feasible 
to repair and regenerate them using biological materi-
als [62]. Researchers propose using natural bio-polysac-
charide materials to regenerate reproductive organs, as 
these materials can replicate key characteristics of the 
natural ECM. They also encourage important cell activi-
ties like sticking to surfaces, moving around, develop-
ing into specific cell types, and producing ECM. They 
are also highly biodegradable and compatible with living 
tissue [16]. Besides their applications in tissue engineer-
ing, these hydrogels can create a suitable environment 
for encapsulating and transferring cells and testicular/
ovarian tissues, while promoting essential biological pro-
cesses like angiogenesis and cell absorption. For example, 
alginate hydrogels are great at mimicking the natural 

extracellular matrix. They can release important bioactive 
molecules that help with new blood vessel formation and 
healing in ovarian and testicular tissues [94, 95]. Hyal-
uronic acid hydrogels are also beneficial; they promote 
cell growth and differentiation by interacting with CD44 
and RHAMM receptors on both epithelial and stro-
mal cells, supporting regeneration of the endometrium 
[129–131]. On the other hand, chitosan derivatives stand 
out for their antimicrobial and biocompatible qualities. 
They help create a nurturing environment for follicular 
maturation by managing immune responses and improv-
ing cell interactions and their surrounding matrix [132]. 
These properties allow polysaccharide hydrogels to repair 
damaged reproductive tissues effectively, aid in cellular 
regeneration, and help restore reproductive functions. 
Detailed applications of polysaccharides in infertility 

Table 1  Summary of biochemical properties, advantages, and challenges of polysaccharides for tissue engineering and regenerative 
medicine
Polysaccharide Properties/ Advantages Challenges References
Sodium Alginate Forms stable hydrogels upon ionic crosslinking (e.g., calcium ions),

Biocompatible,
Biodegradable,
Non-toxic

Modifications are needed for specific 
applications,
Improvements in cell adhesion are 
required

[99, 100]

Hyaluronic Acid (HA) Naturally presents in the extracellular matrix,
Hydrophilic,
Forms hydrogels through chemical crosslinking

Rapid degradation occurs in vivo,
Requires chemical crosslinking for 
stability

[101, 102]

Chitosan Forms hydrogels in acidic conditions,
Biocompatible,
Supports cell adhesion,
Biodegradable,
Exhibits antimicrobial properties

Exhibits limited solubility at physiologi-
cal pH,
Requires functionalization for en-
hanced efficacy

[103]

Dextran Hydrophilic,
Forms hydrogels when chemically modified,
Biocompatible

Rapid removal from the body,
Requires structural modifications to 
maintain efficacy

[104, 105]

Heparin Often used in combination with other polysaccharides,
Promotes growth factor stabilization,
Biocompatible,
Easily modifiable

Potential immunogenicity,
Rapid degradation

[106–108]

Cellulose Derivatives Biocompatible,
Easily modifiable

Exhibits limited biological activity,
Needs to be combined with other 
biomaterials to enhance cell adhesion

[109, 110]

kappa-Carrageenan Forms gels,
Exhibits high biocompatibility, antitumor, antioxidants immunomodu-
latory, and anticoagulant properties

Shows variable rates of degradation,
Potential to trigger an immune 
response

[111, 112]

Pullulan Water-soluble,
Non-toxic,
Biodegradable

Mechanical properties need improve-
ment for enhanced performance

[113]

Agarose Thermo-reversible gelation,
Biocompatible

Exhibits limited biological activity,
Must be combined with other materi-
als for effectiveness

[114–116]

Pectin Biodegradable,
Non-toxic

Exhibits poor mechanical strength,
Requires chemical modification for 
effectiveness

[117, 118]

Starch Biocompatible,
Biodegradable,
Easily available,
Low-cost

Exhibits poor mechanical strength,
Requires modification for improved 
bioactivity

[119, 120]
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treatment are elaborated in Table 2, along with their spe-
cific mechanisms and targeted conditions (Table 2).

Therefore, polysaccharide-based hydrogels have vari-
ous applications, ranging from tissue engineering to drug 
delivery and cell therapy, depending on the type of dam-
age involved (Fig. 1). The following sections explore the 
applications of polysaccharide-based hydrogels in regen-
erative medicine, specifically focusing on their roles in 
addressing reproductive system-related conditions.

Enhancing oocyte maturation with polysaccharide-based 
hydrogels
The ovaries, the female reproductive organs, produce sex 
hormones such as estrogen and progesterone. They are 
also crucial for the growth and development of oocytes. 
Hence, any disturbance in their regular function may 
result in infertility. Premature ovarian failure (POF) hap-
pens when the ovaries stop functioning normally before 

the age of 40 [156]. Therefore, it can meaningfully reduce 
the quality of life of affected people. POF can be a side 
effect of chemotherapy, posing a significant concern for 
young women with cancer. It is commonly related to 
abnormal sexual hormones, ovulatory dysfunction, and 
infertility, making it essential to develop effective treat-
ments for this condition [157]. For effective treatment, 
regenerative medicine has received much attention as 
one of the promising methods in recent years [158–160]. 
One approach in this area involves directly injecting 
mesenchymal stem cells (MSCs) into the ovary to treat 
premature ovarian failure (POF) [161–163]. Although 
this technique enhances ovarian function and fertil-
ity in rodent studies, it does face challenges regarding 
cell survival [164, 165]. Recent suggestions propose that 
using hydrogels can overcome these issues [166]. Addi-
tionally, transferring cells to the ovary using hydrogels 
allows for the concentration of cells within the hydrogel, 

Table 2  Detailed applications of Polysaccharide-Based hydrogels in infertility treatment
Polysaccharide Applications in Infertility Treatments Mechanisms/Functions Targeted Conditions Refer-

ences
Sodium Alginate Ovarian tissue encapsulation,

Delivery of stem cells for ovarian repair,
Follicle culture,
3D Culture system for testicular/ovarian 
tissues,
Controlled delivery of growth factors

Easily forms hydrogels,
Supports cell encapsulation,
Reduces ischemic damage,
Possesses mucoadhesive properties for tar-
geted drug delivery,
Promotes angiogenesis and tissue repair

Ovarian tissue 
transplantation,
Premature ovarian 
failure,
Ovarian and testicular 
regeneration

[43, 94, 
133]

Hyaluronic Acid (HA) Endometrial regeneration,
Follicular maturation,
Stem cell delivery

Supports cell migration, proliferation, and 
angiogenesis,
Provides structural support for stem cells

Thin endometrium, 
Asherman’s syndrome,
Endometrial repair,
Embryo implantation

[124, 
131, 
134]

Chitosan Follicular maturation,
Endometrial repair

Enhances cell adhesion,
Provides a supportive microenvironment,
Easily modifiable

Follicle culture,
Oocyte maturation,
Damaged endometrial 
tissue

[96, 135, 
136]

Dextran 3D culture systems for testicular/ovarian 
tissues,
Follicular maturation,
Ovarian tissue engineering,
Drug delivery for ovarian repair

Stabilizes growth factors,
Easily modifiable,
Supports follicle maturation

Ovarian tissue culture [2, 97, 
137]

Heparin Controlled release of growth factors Stabilizes bioactive agents,
Promotes angiogenesis,
Prevents clotting,
Enhances cell signaling

Endometrial 
regeneration,
Uterine repair

[20–22]

Cellulose Derivatives Scaffold for ovarian cell culture,
Supporting tissue regeneration

Provides structural stability,
Provides scaffolds for cell culture,
Prevents tissue adhesion

Ovarian tissue repair,
Adhesion prevention

[138–
141]

kappa-Carrageenan Ovarian tissue scaffolding and matrix Cross-linkable with other materials,
Forms hydrogels,
Supports stem cell delivery

Ovarian tissue 
engineering

[142–
144]

Pullulan Endometrial tissue regeneration,
Stem cell-based therapies,

Promotes cell attachment and proliferation,
Prevents tissue adhesion

Endometrial repair,
Adhesion prevention

[145–
147]

Agarose 3D culture systems for ovarian follicles 
and stem cells

Supports in vitro 3D cell culture,
Provides structural support

In vitro fertilization [2, 148–
151]

Pectin Scaffold for ovarian cell delivery,
Tissue repair applications

Forms biodegradable hydrogels,
Encourages cell encapsulation

Ovarian tissue repair [152, 
153]

Starch Ovarian tissue scaffolding and drug 
delivery

Encapsulates cells and drugs Ovarian tissue 
regeneration

[154, 
155]
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minimizing their spread to other organs [167]. Research 
indicates that this approach shows potential for boosting 
clinical pregnancy rates in women with primary ovar-
ian failure following transplantation [168]. In general, 

there are two common strategies for using hydrogels. 
Researchers use them as carriers for follicles to treat POF 
or as an ECM to culture human and murine follicles in 
vitro [94, 169, 170].

Fig. 1  Polysaccharide-based hydrogels in infertility treatment of men (a-b) and women (c-f). (a) Hydrogels encapsulated with ITT and VEGF, (b) Cultur-
ing of testicular tissue encapsulated in hydrogels, (c) ApoBDs-loaded hyaluronic acid hydrogel, d) Culturing of hydrogels encapsulated with stem cells, 
follicles, ovaries, and drug, (e) 3D printing of hydrogels containing iMSCs, (f) 3D printing of hydrogels containing EEC and ESC. ITT: immature testicular 
tissue, VEGF: vascular endothelial growth factor, ApoBD: apoptotic bodies derived from mesenchymal stem cells, EEC: endometrial epithelial cells, ESC: 
endometrial stromal cells, iMSCs: induced pluripotent stem cells. Created by the authors using CorelDRAW
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In one of the in vitro approaches, researchers use 
hydrogel coatings in two-dimensional cell culture to 
enhance the behavior of cells on culture plates. By cover-
ing the plates, they promote better cell adhesion and pro-
liferation. These special coatings often consist of specific 
types of proteins and natural tissue matrices that can cre-
ate particular cellular interactions [171–173]. A research 
study by Francés-Herrero et al. [173] investigates the 
use of decellularized bovine ovarian cortex extracellular 
matrix hydrogels (referred to as OvaECM), both with 
and without added growth factors (OvaECM + GF), in a 
murine model designed to mimic chemotherapy-induced 
premature ovarian insufficiency (POI) [173] (Fig. 2). The 
OvaECM + GF treatment revitalized the process of fol-
licle development, improved the ovarian environment, 
and reduced cell death. Treated mice showed better 
reproductive outcomes and normal function after two 
breeding cycles, highlighting OvaECM’s potential as a 
treatment for POI [173].

However, to overcome some limitations, such as lower 
rigidity compared to native ovaries, there is a growing 
tendency to use hybrid hydrogels based on polysaccha-
rides, especially alginate [168, 174]. In a research study 
that utilized alginate and decellularized ovarian extracel-
lular matrix (OvaECM), hybrid hydrogels were developed 
with the right texture to enable the growth of follicles 
[175] (Fig.  3). In this study, higher concentrations of 
alginate led to a corresponding rise in the rate of follicle 
recovery. However, due to some limitations, especially 
low degradability, pure alginate is unsuitable for use in 
the ovary, and it is better to use it as a hybrid [175].

Besides, in the area of follicle maturation, hydrogels can 
be engineered to create a cellular environment that pro-
motes the maturation of ovarian follicles. In this context, 
tissue engineering has made it possible to reconstruct 
a 3D structure of the ECM for follicle development. 
Since polysaccharide-based hydrogels have created an 
environment similar to in vivo conditions for success-
ful maturation in vitro, they are currently promising in 
supporting oocyte maturation in vitro [176]. Hydrogels 
provide the necessary physical and biochemical cues for 
optimal oocyte development and offer a potential solu-
tion for couples facing female infertility problems [177]. 
Traditional 2D cell cultures cannot replicate the natural 
cell environment. Therefore, using hydrogels for 3D cul-
tures provides a better way to simulate how cells inter-
act, grow, and develop under conditions similar to those 
found in living tissues [178, 179]. Rios et al. [174] inves-
tigated using alginate hydrogels to encapsulate ovarian 
follicles, allowing for maturation after transplantation to 
a different location in the body [174]. The study demon-
strated the survival and growth of multiple follicle popu-
lations and successful fertilization of collected oocytes. 
The hydrogels also stopped metastatic breast cancer cells 

from spreading when they were transplanted together. 
This innovation could offer new pathways for young 
female cancer patients to protect their fertility [174].

Similarly, chitosan is recognized for its high biocom-
patibility and adjustable mechanical properties, positively 
influencing follicle development. In a research study, 
Khunmanee et al. [132] generated a three-dimensional 
microenvironment for the in vitro culture of mouse 
preantral follicles. They combined thiolate hyaluronic 
acid (HASH) with thiolate chitosan (CSH) and alkylated 
β-cyclodextrins (Alkyl-β-CD) to create chitosan-thiolate 
hyaluronic hydrogel (CSHS) [132] (Fig.  4). The purpose 
of designing these biomaterials was to facilitate nutri-
tion, maintain structural integrity, secrete and trans-
fer hormones, and improve the quality of mature eggs, 
and improve meiosis spindle formation. To evaluate the 
hydrogels, each follicle was encapsulated in a hydrogel 
for 10 days, with mature eggs ovulated on the 11th day. 
The findings indicated that, in addition to promoting fol-
licle growth in vitro and facilitating oocyte maturation, 
the CSHS hydrogel supports the survival of follicles and 
the viability of mature oocyte cells, exhibiting the typi-
cal characteristics of the meiotic spindle, chromosomal 
alignment, and maintaining a spherical morphology. 
These results demonstrate that the CSHS hydrogel ben-
efits follicle growth and survival [132].

Researchers have also modified polysaccharide hydro-
gels with a peptide mimicking the extracellular matrix 
(ECM). This modification promotes an ideal environ-
ment for follicle growth and actively influences the 
behavior of human granulosa cells (hGCs) [180]. This 
strategy ultimately leads to the formation of organoids, 
which are self-assembled three-dimensional multicellular 
structures in vitro. These constructs mimic their parent 
organ better than standard 2D cell cultures. Zhao and 
colleagues found that 3D culture systems significantly 
enhanced the survival, growth, and viability of follicles, 
while also improving the meiotic competence of oocytes 
[180]. Moreover, human granulosa cells grown in a 3D 
culture revealed slower aging, lower levels of oxidative 
stress, and higher mitochondrial membrane potential. 
This suggests that this type of environment could effec-
tively support the development of follicles [180]. Since 
artificial ovary (AO) using alginate hydrogels has limita-
tions in supplying hormone levels to post-menopausal 
women, researchers have created chitin-based (CTP) 
hydrogels, which support cell growth and blood vessel 
formation [96]. In experiments, follicles in CTP hydro-
gels showed better development and hormone produc-
tion than alginate hydrogels. Transplantation of follicles 
in CTP hydrogels into mice displayed enhanced hor-
mone levels and prevented bone loss and reproductive 
organ atrophy. The outcomes demonstrated the potential 
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Fig. 2  POI model generation and therapeutic methods, including chemotherapy (a), intraovarian injections of PBS, GF, OvaECM, or OvaECM + GF (b), 
and ovarian repair and fertility outcomes evaluation (c and d). The abbreviations include GF for growth factor, hCG for human chorionic gonadotropin, 
OvaECM for bovine ovarian cortex extracellular matrix, and PMSG for pregnant mare serum gonadotropin. Reprinted with permission from Ref [173], 
Copyright (2025), open access article distributed under the terms and conditions of the Creative Commons CC-BY-NC-ND license
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of using AO created with CTP hydrogels to treat meno-
pausal symptoms [96].

One more factor contributing to infertility is the isch-
emic niche, which can lead to the degeneration of follicles 
after transplanting cryopreserved and thawed ovaries 
to different locations in the body. Transplanting frozen 
immature testicular or ovarian tissue is a valuable option 
for enabling young boys and girls who have undergone 
chemotherapy and radiation therapy for cancer in child-
hood to have the possibility of becoming parents in the 
future. In such situations, freezing undeveloped tissue is 
the only option to safeguard future fertility [43, 160]. The 
results of the studies showed that in ovarian tissue trans-
plants, revascularization and oxygenation occur within 5 
days, which leads to tissue hypoxia. As a result, ischemic 
stress causes tissue apoptosis or necrosis [181]. Enhanc-
ing blood flow is an effective way to minimize ischemic 
damage to ovarian follicles. Research on ovarian and tes-
ticular tissue transplantation has investigated strategies 
to mitigate ischemic damage. Studies have focused on 
using antioxidants and growth factors known for their 
effectiveness in facilitating the development of blood ves-
sels [70]. A study investigated a hydrogel composed of 
alginate and fibrin, enriched with Melatonin and endo-
thelial cells, to enhance blood vessel formation in cryo-
preserved and thawed ovaries transplanted in rats [94]. In 
this study, Izadpanah and colleagues focused on evaluat-
ing how well a hydrogel composed of fibrin (Fib) and algi-
nate (Alg), infused with Melatonin (Mel) and endothelial 

cells (ECs), promotes the growth of new blood vessels 
[94]. They used this hydrogel to encase cryopreserved 
and thawed ovaries before transplanting them to different 
locations in rats (Fig. 5) [94]. The results showed that the 
interaction between alginate and fibrin was successful, 
and the hydrogel containing Alg + Fib had a higher rate 
of biodegradation and swelling than the alginate group. 
Also, the survival of encapsulated EC cells increased, and 
the number of blood vessels improved in the presence of 
Mel and ECs. This study showed that simultaneous use of 
Alg + Fib with ECs and Mel stimulated angiogenesis and 
reduced fibrotic changes in encapsulated cryopreserved/
thawed ovarian transplants [94].

Researchers are also utilizing HA-based hydrogels to 
mitigate tissue ischemic damage. Rapid rebuilding of 
blood vessels is essential to minimize ischemic injury fol-
lowing ovarian transplantation [182]. In mice, revascu-
larization after ovarian transplantation typically occurs 
within 48–72  h [183]. Therefore, it is crucial to investi-
gate new approaches to accelerate transplant revascular-
ization and reduce post-transplantation hypoxia. HA is a 
vital element of the ECM and is instrumental in initiating 
and regulating the process of angiogenesis [184]. On the 
other, research indicates that the fibroblast growth factor 
(bFGF) and vascular endothelial growth factor (VEGF) 
play a vital role in angiogenesis within the ovary [185]. 
In this context, Tavana et al. [130] assessed the impact 
of a hyaluronic acid hydrogel scaffold (HABH) on newly 
transplanted rat ovarian tissue, analyzing its effects both 

Fig. 3  (a) Creation of a hydrogel based on decellularized oECM from bovine ovaries through mechanical dissociation, enzymatic and detergent treat-
ments, lyophilization, and pepsin digestion, designed for follicle encapsulation and in vitro culture. (b) Effect of oECM2-alginate hydrogel mixtures on 
human ovarian follicle morphology after 7 days in vitro. (i) 90% oECM2 + 10% alginate, (ii) 75% oECM2 + 25% alginate, (iii) 100% alginate. Black arrows show 
human follicles. The transparency and homogeneity of hydrogel beads increased with higher alginate content. Reprinted from Ref [175], open access 
article distributed under the terms and conditions of the Creative Commons CC BY license
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with and without the presence of VEGF and bFGF [130]. 
They assigned twenty-four rats to three groups: Group A 
consisted of mice with ovarian tissue that lacked HABH, 
VEGF, and bFGF; Group B included mice with ovarian 
tissue enclosed in HABH; and Group C comprised mice 
with ovarian tissue enclosed in HABH, which contained 
VEGF and bFGF. After three days, researchers conducted 
histological and hormonal analyses to assess the number 
of follicles, hormone levels, and the expression of genes 
associated with angiogenesis and apoptosis. The findings 
suggested that encapsulating the ovaries with HABH, 
even without growth factors, can help preserve follicles 
by reducing ischemia, promoting angiogenesis, and 
restoring hormone levels [130].

Other research has also provided a novel strategy for 
delivering human amniotic epithelial cells (hAECs) to 
treat POF [186]. A recent study found that hAECs have 
a remarkable ability to help improve ovarian function 
in women experiencing premature ovarian failures due 

to chemotherapy [186]. Researchers explored the pos-
sible therapeutic benefits of hAECs or the conditioned 
medium (CM) derived from these cells, entrenched in a 
composite hydrogel made from sodium alginate and bio-
glass (SA-BG). The study was conducted on mice that 
suffered from chemotherapy-induced POF. The findings 
indicated that transplanting human amniotic epithelial 
cells and conditioned medium encapsulated in SA-BG 
aided restore follicle maturation, enhanced granulosa cell 
function, and boosted ovarian blood vessel formation in 
mice with premature ovarian failure [186].

Uterine tissue reconstruction using polysaccharide-based 
hydrogels
Intrauterine adhesions, often known as Asherman’s 
syndrome, can occur due to trauma and may block the 
uterine cavity either partially or completely. This can 
lead to difficulties in getting pregnant or repeated mis-
carriages [187]. While physical barrier treatments and 

Fig. 4  A schematic design illustrating the morphology of ovarian follicles at various stages, along with the process of isolating these follicles from a 
mouse ovary, and encapsulating them in a hydrogel made from thiolated chitosan and thiolated hyaluronic acid. Reprinted with permission from Ref 
[132], Copyright (2025), open access article distributed under the terms and conditions of the Creative Commons CC-BY-NC-ND license
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drug or cell therapies are effective methods for address-
ing intrauterine adhesions (IUAs), they have limitations 
like increased adhesion, immunogenicity, and fibrosis. 
Recent approaches combining physical barrier treat-
ments with cell or drug therapy using hydrogels offer 
promising solutions to challenges. One of the innovative 
ways to overcome these challenges is to use polysaccha-
ride-based hydrogels [188]. These hydrogels possess high 
water absorption, elasticity, and swelling characteristics, 
exhibiting properties analogous to soft tissues. These 
characteristics allow them to affect the uterine micro-
environment and make them one of the most suitable 
materials for treating IUA and endometrial regeneration 
[5, 189, 190] (Fig. 6). Therefore, there’s a need to create 
an injectable hydrogel that has strong mechanical prop-
erties, good stability, and the ability to break down prop-
erly. It should also help prevent fibrosis and promote the 
growth of endometrial cells [191]. In this regard, sodium 
alginate plays a significant role in endometrial repair, 
enhancing the growth and activity of stromal and epi-
thelial cells [192]. Xie et al. conducted a study to address 
intrauterine adhesions by developing an injectable 
hydrogel that incorporates platelet-rich plasma (PRP) 
[193]. This hydrogel was made from a combination of 
poly (ethylene glycol) diacrylate (PEGDA), sodium algi-
nate (SA), and L-serine. The findings indicated that the 
hydrogel possesses excellent biocompatibility, favorable 

degradability, strong mechanical properties, and effec-
tive growth factor release capabilities. Both in vitro and 
in vivo assessments demonstrated its degradability. 
The hydrogel maintained its stability and integrity for 
15 days, after which it gradually decomposed and was 
naturally eliminated from the uterine cavity within one 
month. In mouse models of intrauterine adhesions, the 
in-situ injection of the hydrogel successfully prompted 
regeneration of endometrial and reduced fibrosis, ulti-
mately improving fertility. This research presented a new 
approach to treating IUAs and enhancing endometrial 
regeneration [193].

Yang et al. [190] also developed an injectable hydrogel 
based on sodium alginate (SA), polydopamine (PDA), 
and carboxymethyl chitosan (CMCS) enriched with Argi-
nine (Arg) [190]. This polysaccharide complex hydrogel 
features double crosslinking facilitated by a multifunc-
tional group. In hydrogels, the degree of fibro tissue and 
the inflammatory reaction can be reduced by adjusting 
the absorption of fibrinogen, antioxidants, and antibacte-
rial agents. The effect of hydrogel on endometrial repair 
in vivo was confirmed through a mouse endometrial 
injury model. The experimental findings indicated that 
the SA/PDA/CMCS-Arg hydrogel promotes the growth 
of endometrial stromal and epithelial cells, encourages 
gland regeneration, restores the endometrium’s struc-
ture, and helps reduce inflammation while preventing 

Fig. 5  (a) Schematic illustration of experimental procedure. (b) Tracking of Red CM-Dil labeled CD144 + endothelial cells 14 days post-transplant in a rat 
model. Red ECs are observed in the FHT + ECs and FHT + Mel + ECs groups (yellow arrows). Nuclei are stained with DAPI and appear blue. (c-d) IHC staining 
assessed vascular density (n = 10). The number of α-SMA+ vessels enhanced in hydrogels with Mel, ECs, and Mel + ECs compared to FHT and FT groups 
(Black arrows; c). Similarly, vWF+ vessels increased in FHT + Mel and FHT ECs groups against FT (Black arrows; d). Overview of the experimental groups, in-
cluding a control group, rats that received naked vitrified/thawed ovaries (FT), rats transplanted with Alg-Fib hydrogel containing vitrified/thawed ovaries 
(FHT), and additional groups receiving the hydrogel with either Melatonin (FHT + Mel), endothelial cells (FHT + ECs), or a combination of both Melatonin 
and endothelial cells (FHT + Mel + ECs). One-way ANOVA with Tukey post hoc analysis. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Reprinted from Ref 
[94], open access article distributed under the terms and conditions of the Creative Commons CC BY license
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fibrosis. In vivo condition, after 7 days of treatment of 
mouse-damaged endometrium with hydrogel, damaged 
endometrial epithelium and glands recovered well, and 
hydrogel was removed. These outcomes showed that the 
prepared injectable hydrogel has a good possibility of 
endometrial repair [190].

Besides, In 2023, a study was performed by Nie et al. 
[194], in which to regenerate the endometrium, an endo-
metrial bilayer (EC) structure based on sodium alginate-
hyaluronic acid hydrogel (Alg-HA) was made by 3D 
extrusion-based bioprinting (EBB) [194]. In this struc-
ture, a dense monolayer of endometrial epithelial cells 
(EECs) was placed in the upper layer, and endometrial 

Fig. 6  a) An endometrial bilayer structure based on sodium alginate-hyaluronic acid hydrogel (Alg-HA) [194], b) The overall design of preparation of 
the hiMSC-loaded hydrogel, 3D printing scaffold fabrication, in vitro culture and in vivo transplantation, and assessment of endometrial repair [195], c) 
Mesenchymal stem cell secretome-loaded HA gel (MSC-Sec/HA gel) intrauterine injection in a rat model [125], d) fabrication of drug delivery system 
of gelatin methacrylate (GelMA) and sodium alginate scaffold based on a microfluidic droplet template [196], e) The schematic pic of the design and 
application of HA hydrogel containing apoptotic bodies (ApoBDs) for intrauterine injection to promote endometrial regeneration [197]. Created by the 
authors using CorelDRAW
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stromal cells (ESCs) were arranged in a porous grid-like 
microstructure in the lower layer [194]. They used this 
construct in a rat model of uterine damage to repair 
endometrial morphology and dramatically enhance preg-
nancy results. The results showed that this two-layer EC 
structure repaired the structure of the endometrial wall 
and improved the reproductive results [194].

Moreover, in another study, Ji and colleagues carried 
out a study where they utilized 3D printing technology to 
create a hydrogel scaffold infused with human-induced 
pluripotent stem cells (hiMSCs) [195]. 3D printing ink 
of sodium alginate and gelatin was used to fabricate this 
scaffold. The study demonstrated that the 3D printed 
structure improves the morphology of endometrial tis-
sue in the endometrial injury model and enhances 
functional indicators of endometrial receptivity. These 
results suggest that this scaffold is an effective material 
for endometrial repair [195]. In conclusion, research and 
the properties of polysaccharide-based hydrogels indi-
cate that incorporating bioactive substances and utiliz-
ing 3D printing technology to create bio-scaffolds can 
significantly enhance the structure and function of the 
endometrium. This approach shows great potential for 
advancing infertility treatment strategies.

Besides alginate, many researchers have explored the 
efficacy of hyaluronic acid gel as an effective carrier for 
intrauterine injection [5]. Numerous studies have investi-
gated the use of HA in infertility therapy. Research indi-
cates that a thin endometrium may lead to infertility, so 
enhancing its thickness could facilitate pregnancy. On the 
other hand, treating thin endometrium with mesenchy-
mal stem cells has recently emerged as a promising new 
strategy. In this regard, HA hydrogel provides structural 
support to cells by forming a crosslinked three-dimen-
sional network, which can be degraded by endometrium 
hyaluronidase [198]. Lin et al. introduced a new strategy 
using HA hydrogel and human placenta-derived mesen-
chymal stem cells (HP-MSCs) to improve the thickness 
of the thin endometrium [129]. They hypothesized that 
this hydrogel improves embryo implantation rates by 
promoting the migration and proliferation of epithelial 
and stromal cells and enhancing angiogenesis. The find-
ings indicate that 3D HA hydrogel enhances the survival 
of HP-MSCs in the uterus and promotes the secretion 
of growth factors. They investigated the distribution of 
HP-MSCs using immunofluorescence staining and eval-
uated the morphological changes in the endometrium 
through Masson staining, H&E staining, and immuno-
histochemistry. In addition, examinations conducted in 
living organisms showed that HP-MSCs paired with HA 
significantly boosted both the number of glands and the 
thickness of the endometrium. This research suggests 
that HA hydrogel is a hopeful option for encapsulating 

and releasing HP-MSCs for treating patients with thin 
endometrium (Fig. 7) [129].

In another study, Kim and colleagues [199] demon-
strated the regenerative benefits of HA hydrogel when 
applied to isolated endometrial stromal cells (EMSCs) 
in a murine model of uterine infertility [199]. The results 
indicated that treatment with the hydrogel resulted in a 
reduction in fibrous tissue and an enhancement in the 
thickness of the endometrium within two weeks. The 
regenerated endometrium showed better functionality, 
leading to successful live births of offspring in the treated 
area using HA hydrogel [199].

Also, in a study by Zhang et al. [131], the focus was 
on IUA resulting from endometrial damage [131]. They 
developed an injectable hydrogel composed of oxidized 
hyaluronic acid (HA-CHO) and hydrazide-grafted gela-
tin (Gel-ADH) containing human umbilical cord mes-
enchymal stem cells (hUCMSCs), demonstrating good 
biocompatibility. The efficacy of this treatment for endo-
metrial damage was evaluated using a mouse model. 
The animal model receiving the hydrogel injection with 
hUCMSC showed significant improvements in endome-
trial thickness and increased blood vessels and glands 
in the damaged endometrium compared to the control 
group. In addition, this treatment significantly decreased 
the levels of pro-inflammatory factors such as IL-1β and 
IL-6. It also reduced endometrial fibrosis while increas-
ing the levels of an anti-inflammatory factor (IL-10). 
These findings suggest that the treatment improved the 
endometrium’s receptivity to a fetus, leading to successful 
pregnancy and delivery in mice with endometrial dam-
age. Overall, this research indicates that the injectable 
hydrogel loaded with hUCMSCs holds excellent promise 
as a therapeutic approach for the fast recovery of endo-
metrial injuries and presents a valuable biomaterial for 
regenerative medicine applications [131].

Similarly, Liu and colleagues introduced a novel 
method aimed at safeguarding the endometrium from 
damage after intrauterine surgery and addressing the 
recurrence of AS [125]. They achieved this using a cross-
linked hyaluronic acid gel loaded with mesenchymal stem 
cell secretome (MSC-Sec), which acts as a sustained-
release system [125]. Investigations have revealed that 
MSC-Sec could enhance the proliferation and angiogen-
esis of the endometrium. In vivo experiments utilizing 
a rat model of uterine injury displayed that rats treated 
with MSC-Sec-loaded HA gel exhibited significant 
improvements in endometrial thickness compared to 
controls, and the fertility of the testing rats was restored 
[125]. Moreover, Wenbo et al. [21] reported on chitosan-
heparin hydrogels designed for the controlled release 
of Stromal cell-derived factor-1α (SDF-1α) for intra-
uterine adhesion treatment [21]. They performed FTIR, 
SEM, and swelling tests to analyze the composition, 
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morphology, and stability of the hydrogels. Additionally, 
they evaluated the in vitro release profile using PBS solu-
tions. The study successfully established a mouse model 
of uterine damage through uterine cort [21].

Zhang et al. [200] also used heparin in a study con-
centrating on the new strategy for treating IUA. In this 
regard, they utilized 17β-estradiol heparin-poloxamer 
thermo-sensitive hydrogel (HP hydrogel) [200]. This 
poloxamer hydrogel solidifies after cooling and forms a 
gel state when heated to body temperature. After estab-
lishing the IUA model in rats, the efficacy of the heat-
sensitive hydrogel (E2-HP) was assessed by injecting 
it into the injured uterine cavity. According to the find-
ings, E2-HP hydrogel may effectively regenerate the 
damaged endometrium and inhibit cell apoptosis in the 

intrauterine adhesion model. As a result, they introduced 
E2-HP hydrogel as a potentially effective treatment pro-
cedure for women with IUAs [200].

It’s worth mentioning that these hydrogels do more 
than just serve as a support structure to help prevent 
scarring in the uterus after endometrial damage. They 
also function as scaffolds that gradually release specific 
therapeutics, especially growth factors and medica-
tions [22, 201]. In this regard, a study [22] investigated a 
mucoadhesive hydrogel composed of heparin-modified 
poloxamer (HP) and ε-polylysine (EPL) to improve drug 
delivery and endometrial tissue repair post-injury. The 
findings revealed that EPL enhanced the hydrogel’s prop-
erties, with the optimal formulation (EPL-HP-90) show-
ing more excellent adhesion and storage modulus than 

Fig. 7  (a) Schematic of HA hydrogel and HP-MSCs-HA preparation, synthesis process, the 1H-NMR spectrum of GM-HA (glycidyl methacrylate functional-
ized HA) in D2O, and the instillation of HP-MSCs-HA into a mouse mode. (b) The Retention time of HP-MSCs and HP-MSCs-HA labeled with CM-DiD or 
CM-DiR, implanted at a density of 2 × 105 cells per uterus. The left mouse represents the untreated control group, while the right mouse represents the 
treatment group. Retention was assessed at multiple time points: 1, 3, 7, 14, 28, and 35 days. Data were shown as mean ± SEM (n = 3), with ** indicating 
P < 0.01. The last panel illustrates retained HP-MSCs (red) and DAPI-stained nuclei (blue) in the ex vivo frozen section of the uterus. (c) Developing a mouse 
model with endometrial injury and assessment of embryo implantation post-treatment. A schematic diagram shows mouse groupings and detection 
methods. The endometrial receptivity of five treatment groups is evaluated by counting implanted embryos. *P < 0.05, ** P < 0.01, **** P < 0.0001, n = 8. (d) 
The HUVECs (human umbilical vein endothelial cells) angiogenesis assay involved co-culturing HP-MSCs with HUVECs, followed by placement of HUVECs 
in Matrigel-coated u-slides after 24 h for a tube formation assay, with images illustrating tube formation in both control and HP-MSCs groups. Reprinted 
from Ref [129], open access article distributed under the terms and conditions of the Creative Commons CC BY license

 



Page 19 of 28Ghahremani-Nasab et al. Journal of Nanobiotechnology          (2025) 23:162 

HP alone. EPL also accelerated releasing keratinocyte 
growth factor (KGF), improving uterine absorption and 
endometrial repair. The results indicated increased endo-
metrial cell proliferation, enhanced angiogenesis, and 
reduced apoptosis, suggesting that EPL-HP hydrogels are 
more effective for endometrial tissue repair than tradi-
tional HP hydrogels [22].

The clinical application of polysaccharide-based hydro-
gels and related materials has been supported by various 
studies, demonstrating their effectiveness in addressing 
uterine-related conditions. These materials have shown 
significant promise in preventing intrauterine adhesions 
(IUAs), promoting endometrial repair, and enhancing 
reproductive outcomes. The following table summarizes 
key findings from some clinical trials validating these 
claims (Table 3).

Supporting spermatogenesis with polysaccharide-based 
hydrogels
Male infertility can stem from a variety of causes [9]. 
Semen and hormone analysis are the main methods of 
diagnosing male infertility. Serum hormones examined 
for this purpose include testosterone, follicle-stimulating 
hormone (FSH), and pituitary-produced gonadotrophins 
luteinizing hormone (LH). Measuring these hormones 
will help determine the cause of infertility. Reduced pro-
duction of sperm (spermatogenesis) results in an increase 
in FSH due to the hypothalamic-pituitary-gonadal feed-
back loop. That’s why hypergonadotropic oligo- or azo-
ospermia is observed in about 60% of infertile men [208].

Spermatogenic failure, the most extreme form of male 
infertility, usually results in the absence of sperm in the 
semen (azoospermia). Some men with this disease can 
produce sperm in certain parts of their testicles. These 
locations can be extracted for in vitro fertilization to pro-
duce healthy offspring. The treatment options for sper-
matogenic failure-related infertility are numerous and 
include hormonal, microsurgical, and genetic studies. So, 

testicular tissue culture in laboratory conditions is nec-
essary to study spermatogenesis and treat male infertil-
ity. In addition, innovative research in stem cells seeks to 
create artificial gametes as a new solution for infertility 
treatment [209].

Nowadays, male infertility can be treated using assisted 
reproductive techniques (ART) [9]. Researchers can 
treat certain forms of spermatogenic failure by growing 
testicular tissue in vitro, and one tool to combat male 
infertility involves using spermatogonial stem cells [2]. 
In recent years, laboratory culture methods for testicu-
lar tissue have experienced great changes. These changes 
include improving the conditions of the cultivation envi-
ronment regarding temperature, gas content, etc [2]. For 
young boys undergoing gonadotoxic therapies like radia-
tion therapy or chemotherapy, immature testicular tissue 
(ITT) transplantation is a potentially effective technique 
to restore fertility. Research indicates that the quantity of 
spermatogonia in avascular xenografts of cryopreserved 
human ITT is notably diminished. For instance, Hydro-
gels containing VEGF nanoparticles are more effective in 
improving tissue survival and spermatogonial regenera-
tion. With this approach, in a study performed by Poels 
et al. [43], the stable release of VEGF from biodegradable 
and biocompatible hydrogels to preserve testicular tis-
sue in the first days after transplantation to reduce isch-
emic stress was investigated [43]. In this regard, ITT was 
embedded in hydrogels containing VEGF nanoparticles 
to enhance spermatogonial survival, revascularization, 
and tissue engraftment, and the possibility of an alginate 
hydrogel to improve cryopreserved tissue engraftment 
was investigated [43]. This investigation aimed to explore 
the potential of engineered materials that enhance angio-
genesis in avascular testicular tissue grafts by combining 
growth factor delivery and extracellular matrices. The 
study involved transplants in five groups: non-encapsu-
lated grafted tissue, fibrin-encapsulated graft, alginate-
encapsulated graft, fibrin-VEGF-NP encapsulated graft, 

Table 3  Clinical trials validating polysaccharide-based hydrogels in uterine-related conditions
Study Material Application Key Findings Reference
Alginate Carboxymethylcellulose Hyaluronic 
Acid (ACH) Gel

Preventing postoperative IUAs Comparable to CH gel in adhesion prevention; lower 
adhesion rates in patients without pre-existing IUAs.

[202]

Alginate carboxymethylcellulose hyaluronic 
acid–(ACH) Gel

Preventing IUAs’ post-vacuum 
aspiration

Reduced IUA incidence (8.06% vs. 19.35% in controls) [203]

Thermosensitive Gels (Sildenafil) + muco-
adhesive polymers as sodium alginate and 
hydroxyethyl cellulose

Treating endometrial thinning Improved endometrial thickness and uterine blood flow; 
novel treatment for anovulatory infertility

[204]

Chitosan + IUD Managing IUAs after hystero-
scopic adhesiolysis

Improved adhesion scores, endometrial thickness, and 
clinical pregnancy rates

[205]

Autocross-Linked Hyaluronic Acid (HA) Gel Preventing IUAs after hystero-
scopic adhesiolysis

HA gel outperformed IUD in preventing IUAs and im-
proving adhesion-related outcomes.

[206]

EmbryoGlue® (High-HA Concentration 
Medium)

Enhancing live birth rates in 
FET (frozen embryo transfer) 
cycles

Higher live birth rates (60.6% vs. 47.5%) and clinical preg-
nancy rates (69.5% vs. 57.6%); significant association with 
live birth rates (OR 1.593; CI 1.170–2.168; P = 0.003).

[207]
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and alginate-VEGF-NP encapsulated graft. The integ-
rity of the spermatogenic tube and the re-establishment 
of blood vessels were evaluated after 5 and 21 days. 
They found that alginate-encapsulated tissue provides a 
controlled release of VEGF over a longer duration than 
fibrin-encapsulated tissue, which results in prolonged 
angiogenesis simulation. Additionally, alginate’s antioxi-
dant properties aid in the survival of spermatogonia by 
decreasing reactive oxygen species. This study demon-
strated how alginate hydrogel containing nano-encapsu-
lated growth factors could increase the effectiveness of 
frozen tissue grafting [43].

In another study [2], the gas-liquid interphase tech-
nique based on agarose was used to cultivate the testicu-
lar tissues of adult mice, methacryloyl gelatin (GelMA), 
methacryloyl alginate (AlgMA), methacryloyl dextran 
(DexMA), and each with agarose [2]. Tan et al. [2] then 
measured the properties of the hydrogels to look into how 
their physical and biochemical characteristics impact the 
testicular tissue culture results. The results showed that 
on day 32, compared to other hydrogels, AlgMA hydro-
gel had the highest density of spermatocyte cells and 
high integrity of seminiferous tubes. The large volume of 
water in the AlgMA hydrogel probably accounts for these 
results, as it reduces the harmful effects of oxygen on the 
testicular tissue. Also, the results of the culture of testicu-
lar tissues on DexMA hydrogel showed that more testos-
terone is produced than in other groups [2].

In conclusion, recent research shows that using hydro-
gels containing growth factors and improving testicular 
tissue culture methods can help the regeneration and 
survival of spermatogenic cells and bring new hope for 
restoring fertility in men.

Drug/cell delivery systems using hydrogels for infertility 
treatment
There are many different drug delivery systems and 
devices being used and developed for diagnosing and 
treating infertility. These forms of medication vary 
greatly, including traditional solid forms such as tablets, 
capsules, and suppositories, semi-solid forms like hydro-
gels and creams, and liquid forms such as solutions and 
injections. More advanced delivery methods are also 
being explored, including micro-particles, nanoparticles, 
and systems for delivering stem cells [188]. Some of the 
significant challenges in drug delivery involve confirming 
that the medication reaches the right target, minimizing 
side effects throughout the body, attaining a sustained 
release of the drug, and preserving its effectiveness. It 
has been mentioned that biomaterials can replicate the 
natural tissue of the endometrium and, when designed 
properly, can release drugs, growth factors, and bioactive 
chemicals under controlled conditions to promote tissue 
regeneration and improve therapeutic outcomes. As a 

result, they can lead to more accurate drug delivery and 
improved treatment results [200, 210]. Local drug deliv-
ery systems have significant potential in this area. Sev-
eral studies have explored polysaccharide-based hydrogel 
drug delivery systems aimed at treating infertility [156].

Keratinocyte growth factor (KGF) is vital in repair-
ing epithelial tissues. Xu et al. [20] used an HP hydrogel 
combined with KGF (KGF-HP) as a matrix for the deliv-
ery of KGF and the treatment of IUA [20] (Fig.  8). The 
study examined the rheology of KGF HP hydrogel, high-
lighting its temperature sensitivity. The hydrogel remains 
in a liquid state at 4 °C, which allows for easy application 
to the wound. Upon the temperature rising to body tem-
perature (37  °C), the hydrogel transforms into a solid, 
effectively covering the wound surface. This transforma-
tion helps minimize the risk of bacterial infection and 
conserves medication effectively. In vitro release dem-
onstrated the stable release of KGF from HP hydrogels. 
The application of KGF-HP hydrogel led to a significant 
improvement in the morphology and functionality of the 
damaged uterus [20].

Also, Cai et al. [196] conducted a study aimed at the 
fabrication of a new biodegradable porous scaffold with 
the ability to load drugs based on a microfluidic droplet 
template, which was a combination of gelatin methac-
rylate (GelMA) and sodium alginate as two biocompat-
ible materials. These scaffolds, which are porous and 
interconnected, created an ideal space for drug delivery 
and release. This feature enables the system to support 
endometrial repair effectively. The design of this scaffold 
allows it to adapt to the shape of the uterine cavity, and 
due to the flexibility, mechanical properties, and porous 
structure of this scaffold, it can be compressed and trans-
ferred to the uterus through the vagina. Experiments 
were performed using a rat model of IUAs to evaluate the 
efficiency of this scaffold. Based on these findings, these 
scaffolds can promote neovascularization, help regener-
ate injured tissue, and repair the endometrium. These 
findings indicate that drug-containing scaffolds may be a 
suitable option for treating of intrauterine adhesions after 
surgery [196].

Qi et al. [21] conducted another investigation in 2020, 
wherein they used a mild process to prepare a chitosan-
heparin hydrogel loaded with SDF-1α, a chemokine 
protein that can recruit endogenous cells to treat intra-
uterine adhesions in the rat model. In this study, hydro-
gels were employed for the controlled release of SDF-1α 
in vivo. The results of immunofluorescence and immuno-
histochemistry staining indicated that during the treat-
ment process, hematopoietic stem cells were recruited to 
the damaged area, leading to improved wound recovery. 
The outcomes of this study showed that using chitosan-
heparin hydrogel as a carrier for the local delivery of 
SDF-1α can effectively help in the precise repair of the 
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damaged uterus in rats. This drug delivery method can be 
recommended as an appropriate option for treating uter-
ine adhesions [21].

In 2022, Xin et al. [197] conducted another study 
aimed at treating IUA as a cell-free therapeutic strategy, 
where they utilized HA hydrogel to deliver apoptotic 
bodies (ApoBDs) derived from mesenchymal stem cells 
[197]. ApoBDs are a specific type of extracellular vesicle 
released during apoptosis. They include vital biomole-
cules that maintain homeostasis, support tissue regener-
ation, and influence angiogenesis, cell proliferation, and 
macrophage immunomodulation [5, 211, 212]. In this 
study, combining ApoBDs with HA hydrogels as a deliv-
ery system resulted in enhanced sustained release and 
retention of ApoBDs. To examine the therapeutic effects 
of this construct on endometrial regeneration, rat IUA 
models and mouse models of acute endometrial injury 

were utilized. The results showed a notable increase 
in endometrial thickness following a local injection of 
ApoBD-containing HA hydrogel. This enhancement in 
the endometrial structure contributed to the restoration 
of fertility [197].

Therefore, effective drug delivery plays a crucial role in 
addressing infertility issues. Recently, stem cells have also 
gained recognition for their potential to diagnose and 
treat these conditions accurately. In diseases related to 
infertility, stem cells have also been widely used, particu-
larly in today’s world, where numerous couples are facing 
infertility issues [213]. For treating male and female geni-
tal abnormalities, one of the fertility recovery methods is 
the treatment based on stem cells, including embryonic 
stem cells, bone marrow mesenchymal stem cells, and 
mesenchymal stem cells derived from the umbilical cord. 
This process focuses on introducing cellular materials 

Fig. 8  (a) Temperature-dependent appearance of KGF-HP hydrogels at a KGF concentration of 2.5 mg/ml. (b) Fluorescence imaging of the rat’s intact 
uterus displaying a strong fluorescence signal in the injured area (the right horn of the uterus) after administering the KGF-HP hydrogel. (c) Representa-
tive 2D ultrasound images of rat uteri from different groups: (i) the sham group, (ii) the vehicle-treated group (IUA group), (iii) the group treated with KGF 
solution, and (iv) the group treated with KGF-HP hydrogel, indicating a recovery in the echogenic signal within the endometrial tissue and a prominent 
white line in the endometrium seven days after treatment with either KGF solution or KGF-HP hydrogel, signifying effective recovery of the damaged 
endometrial structure. (d) Representative images of embryo implantation in rats using various formulations, the injured zone indicated by the red arrow. 
(e) Pregnancy outcomes at 90 days after surgery in the sham-operated, IUA, KGF, and KGF-HP treatment groups (*p < 0.05; n = 6). Reprinted from Ref [20], 
open access article distributed under the terms and conditions of the Creative Commons CC BY license
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into patients’ bodies using methods like injection, trans-
plantation, or implantation [213]. Integrating cells into a 
hydrogel matrix has recently gained popularity for thera-
peutic applications, particularly in infertility treatment. 
In a study, Ghasemi et al. [214] optimized the retinoic 
acid (RA-a vitamin A metabolite) dose to differentiate 
human endometrial mesenchymal stem cells (hEnMSCs) 
into oocyte-like cells [214]. They evaluated the expression 
level of markers associated with oocyte-like cell growth 
before and after embedding in alginate hydrogel, com-
paring 2D and 3D cell culture systems. Biocompatibility 
of alginate hydrogel produced on differentiated cells was 
confirmed. Also, the results showed that hEnMSCs could 
differentiate into oocyte-like cells after five days of encap-
sulation in alginate hydrogel with an adjusted dose of RA 
[214].

Overall, using polysaccharide-based hydrogels as inno-
vative delivery systems can significantly enhance treating 
infertility and aid in regenerating damaged tissues. These 
systems allow for the controlled release of drugs and 
growth factors, leading to better patient outcomes.

On the other hand, studies underscore the complexity 
of infertility, influenced by various factors. While poly-
saccharide-based hydrogels show promise for regenerat-
ing endometrial tissue and facilitating cell interactions, 
significant improvements in fertility outcomes rely on 
many other elements, such as hormonal balance, immune 
responses, and various systemic factors. For instance, 
it has been found that alginate-fibrin hydrogels, when 
enriched with Melatonin and endothelial cells, boosted 
blood vessel formation and reduced scarring in trans-
planted ovarian tissues, helping with cell survival and 
overall tissue function [94].

However, to achieve consistent positive results in clini-
cal settings, it is necessary to refine the properties of 
these hydrogels further and gain more insights into how 
they interact with surrounding tissues. Future research 
should aim to combine these hydrogels with systemic 
treatments to address the root causes of infertility.

Challenges and limitations of polysaccharide-
based hydrogels in infertility treatment and future 
directions
The findings are encouraging, but they also highlight 
the complexities involved in using polysaccharide-based 
hydrogels for treating infertility, which need more dis-
cussion. Although notable progress has been made in 
regenerating endometrial tissue and improving embryo 
implantation rates, achieving reliable enhancements in 
overall fertility outcomes remains difficult. Such chal-
lenges stem from the fact that many different factors 
influence infertility, while polysaccharide-based hydro-
gels address some but not all contributing factors.

One notable gap in current research is the insufficient 
clinical studies on the use of polysaccharide-based hydro-
gels in treating infertility. The majority of the existing 
studies are preclinical, and further clinical trials are nec-
essary to evaluate the safety and efficacy of these hydro-
gels in real-world applications. The lack of data makes 
it essential to approach the translation of these findings 
into clinical practice with caution.

So, comprehensive preclinical and clinical investiga-
tions are necessary to evaluate the feasibility and effi-
cacy of these innovative therapies. Moreover, while some 
recent studies have begun to explore various aspects of 
these hydrogels, further research is needed to refine their 
application. Also, they face other significant challenges, 
such as rapid degradation, mechanical limitations, 
immunogenicity, and diverse environmental conditions 
[215, 216]. Many natural polysaccharide hydrogels, such 
as those derived from hyaluronic acid or pectin, do not 
exhibit sufficient mechanical strength. Therefore, they 
must be improved by physical crosslinking or structural 
modification for long-term or load-bearing applications 
[117, 216]. However, the high biodegradability of natural 
hydrogels often leads to rapid degradation in vivo, which 
can compromise their therapeutic efficacy. Hybridization 
with synthetic materials and chemical crosslinking can 
overcome this problem but may raise biocompatibility 
concerns. Notably, the performance of these hydrogels 
can vary significantly depending on the physiological 
environment, such as temperature, pH, or enzymatic 
activity. In addition, modified polysaccharides or those 
obtained from specific sources may induce immune 
responses, limiting their usefulness in clinical settings. 
These hydrogels are effective for specific purposes, such 
as tissue regeneration or drug delivery, but they may not 
adequately address the complexity of infertility. In the 
end, scaling up the production of these hydrogels while 
ensuring consistent quality and performance for large-
scale clinical use is an ongoing challenge.

Therefore, suitable strategies to develop and apply 
polysaccharide-based hydrogels should become stan-
dard protocols. Future research should focus on creat-
ing hybrid hydrogels. These hydrogels would combine 
synthetic and natural components to achieve a balance 
between mechanical strength, stability, and biocompat-
ibility. Advanced fabrication techniques, such as 3D bio-
printing using polysaccharide bio-inks to create tissue 
constructs and personalized organoids, could improve 
the precision and functionality of these materials in 
reproductive medicine and transform infertility treat-
ment. In vivo testing in various physiological environ-
ments helps assess their performance and stability. In this 
regard, researchers are developing targeted drug delivery 
systems for the controlled release of growth factors and 
hormones. Addressing these challenges, future studies 
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can optimize polysaccharide-based hydrogels, maximiz-
ing their potential in regenerative medicine and infertility 
treatment.

Conclusion
In conclusion, infertility is a complicated health issue 
that requires novel solutions, particularly in the realm 
of female reproductive health. Current standard treat-
ments are limited in effectively repairing damaged tissues 
and enhancing reproductive capabilities, and new thera-
peutic options are necessary. Tissue engineering and 
regenerative medicine hold great promise for addressing 
infertility and various reproductive health issues. Utiliz-
ing innovative biomaterials, particularly polysaccharide-
based hydrogels, offers an exciting possibility to develop 
effective treatments for endometrial injuries and other 
infertility-related problems. In this context, polysaccha-
ride-based hydrogels present a bioactive micro/nano 
environment for tissue repair and regeneration. These 
properties allow for the controlled release of therapeu-
tic agents with natural tissue characteristics. Integrating 
hydrogels into reproductive medicine will significantly 
improve clinical outcomes as research progresses.

In this regard, this review brings together findings 
from different studies on polysaccharide-based hydro-
gels, developing a clearer understanding of their prop-
erties and uses in addressing various infertility-related 
issues. Organizing these hydrogels according to their bio-
chemical and mechanical traits helps researchers choose 
the most appropriate materials for specific therapeutic 
needs. On the other hand, researchers should interpret 
the current findings cautiously due to the limitations dis-
cussed. The variability in hydrogel performance under 
physiological conditions, the lack of large-scale clinical 
data, and the multifactorial nature of infertility present 
essential challenges that need to be addressed.

Overall, the insights from this review highlight gaps in 
current clinical applications and propose new research 
opportunities. These include developing hybrid hydrogels 
for personalized therapies, enhancing biocompatibility, 
and conducting more rigorous clinical studies. Further 
research and development in this field could result in 
breakthroughs in infertility treatments, providing new 
hope for countless couples dealing with reproductive 
issues.
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