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The rapid evolution of reproductive tissue engineering has positioned biomaterials as key enabling tools for the

development of artificial ovary technologies aimed at fertility preservation and ovarian function restoration.

Conventional assisted reproductive technologies mainly target late-stage folliculogenesis and remain

inadequate for conditions involving early follicle depletion, such as gonadotoxic cancer therapies and

premature ovarian insufficiency. This systematic review, conducted in accordance with PRISMA 2020

guidelines, critically examines biomimetic scaffold strategies for ovarian tissue engineering, focusing on material

composition, structural design, biofunctionality and translational relevance. A total of 137 studies were analysed,

covering in vitro and in vivo applications of gel-like hydrogels, decellularized extracellular matrix-derived

scaffolds, electrospun fibrous constructs and 3D-printed architectures. Natural and ECM-based materials

provide tissue-specific biological cues but are limited by variability and mechanical instability, whereas synthetic

scaffolds, particularly electrospun poly(3-caprolactone), offer superior control over architecture, reproducibility

and scalability, supporting follicle survival across multiple mammalian models. Overall, hybrid biomaterial

strategies integrating biological activity with engineered scaffold tunability emerge as the most promising

platforms for artificial ovary development, while standardization and translational validation remain key challenges.
Introduction

Regenerative medicine has become a central driver in the devel-
opment of novel strategies for female fertility preservation,
particularly in clinical contexts1,2 such as cancer treatment and
premature ovarian insufficiency (POI). Gonadotoxic therapies
frequently result in irreversible follicular depletion, while POI
leads to an early loss of ovarian function with profound conse-
quences for fertility and endocrine health.3–9 Although assisted
reproductive technologies (ART) have signicantly advanced
reproductive care, their current applications mainly focus on late-
stage folliculogenesis and therefore fail to address conditions
involving depletion or dysfunction of the primordial and preantral
follicle pool.3,5,10–21 In this context, the development of an articial
ovary represents a promising regenerative approach, aiming to
recreate the ovarian niche ex vivo by integrating follicles, stromal
cells, and biomaterial scaffolds into a functional three-
dimensional construct.1,22 The success of this strategy relies on
the ability to reproduce key features of the native ovarian micro-
environment, including structural support, mechanical properties,
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and biochemical signaling essential for follicle survival and
maturation.23–27 Recent advances in biomaterials and reproductive
tissue engineering have enabled the design of biomimetic scaf-
folds capable of recapitulating the architecture and functionality
of the ovarian extracellular matrix (ECM).21,28,29 These scaffolds
provide a three-dimensional framework that supports follicular
organization, diffusion of nutrients and hormones, and cell–
matrix interactions, thereby promoting folliculogenesis and oocyte
development in vitro.30–32 Despite promising progress in animal
models, the translation to human clinical applications remains
limited and requires further optimization of scaffold materials,
structural properties and long-term biocompatibility.21,28,33–35

Building on these premises, this systematic review speci-
cally focuses on the emerging and critical contribution of
reproductive biomaterials to ovarian-related technologies.
Expanding upon previous reviews that have highlighted 3D
modeling and engineering approaches, this work offers
a comprehensive overview of how biomaterial properties, bi-
ofunctionality, and translational potential collectively drive
innovation in ART and clinical fertility restoration.
Material and methods
Bibliographic search methods

The present systematic review was carried out following the
Preferred Reporting Items for Systematic Review and meta-
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 PRISMA flow diagram. The diagram shows the systematic
process adopted to include papers captured by the literature search.
Preferred Reporting Items for Systematic Review and meta-analysis”
(PRISMA) Statement 2020 Checklist Guidelines were followed. Image
created with https://www.Biorender.com.
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analysis (PRISMA) Statement 2020 Checklist Guidelines (http://
www.prisma-statement.org/).

Scientic literature published in the Advanced Search of
Web of Science [v.5.35] “Core collection” archive (https://
apps.webonowledge.com/WOS_AdvancedSearch) was
considered.

“TS” was used as a Field tag, “AND,” “OR,” and “NOT” were
used as Boolean operators.

The keywords were combined to elaborate the main para-
graphs, as follow:

((((((TS = (biomaterials)) AND TS = (regenerative medicine))
AND TS = (ovarian tissue engineering)) AND TS = (fertility
preservation)) OR TS = (in vitro folliculogenesis)) AND
TS = (mammal*)) NOT TS = (male).

(((((TS = (tissue engineering)) AND TS = (reproten)) AND
TS = (ovarian folliculogenesis)) OR TS = (follicle growth)) AND
TS = (mammal*)) AND TS = (reproduction).

((((TS = (in vitro follicle culture)) AND TS = (assisted repro-
ductive technologies)) OR TS = (ART)) AND TS = (ovarian
matrix))

((((((((TS = (scaffold biocompatibility)) OR TS = (fertility
preservation)) AND TS = (biomimetic scaffold*)) OR
TS = (electrospinning)) AND TS = (ovarian matrix)) AND
TS = (reproductive health)) OR TS = (reproduction)) AND
TS = (ovarian follicle)) AND TS = (reproductive tissue
engineering).

Eligibility criteria

This review focuses on exploring advancements in regenerative
medicine, particularly in ovarian tissue engineering, fertility
preservation, and ovarian folliculogenesis and oogenesis.
Special attention was given to studies investigating innovative
biomimetic strategies in reproductive tissue engineering,
including the development of biomimetic scaffolds, engineered
structures designed to replicate the biochemical composition,
architecture, and functional cues of native extracellular
matrices, thereby supporting cell adhesion, proliferation, and
tissue regeneration.36

Only peer-reviewed, English-language publications involving
mammalian models published between 1971 and 2025 were
considered. Articles lacking a focus on ovarian folliculogenesis,
reproductive tissue engineering, or biomimetic scaffolds were
excluded. Studies on male reproductive models or non-
reproductive biomedical applications were selectively included
when offering valuable comparative insights into scaffold
design, biocompatibility, or fabrication techniques. This
strategy facilitated a comprehensive understanding of how
biomimetic scaffolds can be optimized for female reproductive
health applications.

Study selection

A systematic search using the dened keywords identied 686
titles. Following the removal of duplicates, studies underwent
an initial screening based on their titles and abstracts. Research
emphasizing the use of biomimetic scaffolds, advanced fabri-
cation techniques like electrospinning and 3D printing, and
© 2026 The Author(s). Published by the Royal Society of Chemistry
their role in mimicking the ovarian microenvironment for
follicle growth were prioritized. The nal selection included
articles demonstrating scaffold biocompatibility, their applica-
tion in fertility preservation, and their potential to enhance
ovarian folliculogenesis. Comprehensive evaluation of full
manuscripts ensured the inclusion of studies that addressed
scaffold performance in reproductive tissue engineering,
follicular development, and potential clinical applications. This
meticulous approach ensures a focused discussion on cutting-
edge advancements in regenerative medicine for reproductive
health.
Results

A total of 137 publications met the inclusion criteria for this
review, concentrating on the role of advanced scaffold tech-
nologies and materials in ovarian tissue engineering and
regenerative medicine. The nal selection comprised 79 orig-
inal research articles, evaluated for their contributions to
advancing the development and application of bioengineered
scaffolds in biomedical eld. Review articles and evidence-
based clinical guidelines (n = 58) were included to provide
a broader context, offering insights into the current state of
ovarian tissue engineering and its clinical potential. Reference
lists from these reviews were meticulously analyzed, supple-
mented by additional database searches, to identify further
studies and signicant advancements. The systematic approach
adhered to the PRISMA Statement 2020 Checklist Guidelines,
ensuring rigor and transparency throughout the review process.
This selection highlights the multidisciplinary advancements in
biomimetic scaffold design and their impact on ovarian
folliculogenesis, as well as the broader implications for repro-
ductive and non-reproductive tissue engineering (Fig. 1).
Chemistry-driven design principles of biomaterials for
ovarian tissue engineering

Recent advances in ovarian tissue engineering have highlighted
that scaffold performance is not only determined by material
type, but fundamentally governed by the underlying polymer
chemistry, crosslinking mechanisms, and functionalization
strategies. A chemistry-oriented framework enables a more
RSC Adv., 2026, 16, 11530–11542 | 11531
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rational comparison of biomaterial systems by linking molec-
ular design to emergent structure–property–function relation-
ships that regulate follicle survival and maturation.

Crosslinking chemistry as a determinant of scaffold
performance

Different ovarian scaffolds rely on distinct crosslinking chem-
istries that directly inuence mechanical stiffness, degradation
kinetics and diffusion properties,37 all of which are critical for
folliculogenesis. Enzymatically polymerized brin hydrogels are
formed through thrombin-mediated cleavage of brinogen,
producing a covalently crosslinked brillar network character-
ized by high bioactivity but rapid proteolytic degradation.38 In
contrast, alginate matrices undergo ionic crosslinking through
divalent cations (e.g., Ca2+), generating reversible “egg-box”
junctions that confer tunable stiffness but limited cell-adhesive
moieties.39

Synthetic PEG-based hydrogels provide an even higher
degree of chemical control, as their networks can be formed via
thiol–ene click reactions or thiol-vinyl sulfone Michael-type
additions, allowing precise modulation of crosslink density
and mesh size.40,41 This tunability directly regulates the
mechanical microenvironment perceived by encapsulated
follicles, which has been shown to inuence activation of
primordial follicles and steroidogenic activity. Collagen-based
matrices, on the other hand, rely on a combination of phys-
ical self-assembly and chemical crosslinking (e.g., 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide/N hydroxysuccinimide
(EDC/NHS) coupling), enabling improved mechanical stability
while preserving native bioactive domains.42,43

Chemical functionalization and bioactive signaling

Beyond network formation, chemical functionalization strate-
gies play a key role in directing cell–matrix interactions.44 The
introduction of peptide ligands such as RGD motifs, immobi-
lization of growth factors, or incorporation of ECM-derived
fragments allows the otherwise inert polymeric matrices to
actively regulate granulosa cell adhesion, proliferation and
paracrine signaling.45,46 In electrospun poly(3-caprolactone)
(PCL) scaffolds, surface modication via plasma treatment,
hydrolysis, or graing of bioactive molecules enhances hydro-
philicity and protein adsorption, thereby compensating for the
intrinsic bioinert nature of aliphatic polyesters.47,48 These
chemical modications highlight that scaffold biofunctionality
is not merely a consequence of material origin (natural vs.
synthetic), but rather of the density, spatial distribution and
stability of chemical cues presented at the biomaterial interface.

Structure–property-function relationships governing
folliculogenesis

A unifying chemical perspective emerges when correlating
molecular network design with biological outcomes. Increased
crosslink density generally leads to higher elastic modulus and
reduced mesh size,49 which can restrict follicle expansion but
maintain spherical morphology and prevent premature follicle
activation. Conversely, lower crosslink density results in soer
11532 | RSC Adv., 2026, 16, 11530–11542
matrices that promote follicle growth but may compromise
structural integrity and long-term culture stability.50

Similarly, hydrolytic and enzymatic degradation rates,
dictated by polymer backbone chemistry (e.g., ester bonds in
PCL vs. peptide bonds in brin), must be synchronized with the
temporal dynamics of follicle maturation to ensure sustained
mechanical support while allowing gradual matrix remodel-
ing.51 Hydrophilicity and network porosity further regulate the
diffusion of hormones, nutrients and oxygen, thereby directly
impacting oocyte developmental competence.52

Overall, these observations demonstrate that the success of
ovarian tissue engineering platforms is fundamentally rooted in
the chemical design of biomaterials. A chemistry-driven clas-
sication based on crosslinking mechanisms, functionalization
approaches and resulting structure–property–function rela-
tionships provide a more predictive framework than a simple
categorization by material type and facilitates the rational
optimization of next-generation articial ovary scaffolds.

Based on these chemistry-driven design principles, the
following sections critically analyse ovarian tissue engineering
scaffolds according to their polymer chemistry, crosslinking
mechanisms and resulting structure–property–function
relationships.
Reproductive tissue engineering as
a new frontier for early-stage rescue
Bioengineering strategies to promote ovarian follicle growth:
the role of biomimetic scaffolds

The reproductive biotechnology community is increasingly
focusing on tissue engineering advances22,53 driven by the
synergistic integration of cutting-edge reproductive biology and
engineering techniques for fabricating customized biomaterials
and native matrices.20,54 These innovations aim to enhance
protocols for both in vivo ovarian transplantation and in vitro
folliculogenesis. A key enabler of this progress is the develop-
ment of tissue-specic scaffolds, which form the foundation of
3D-assisted reproductive technologies (ARTs) by closely repli-
cating the three-dimensional ovarian microenvironment
(REPROTEN: REPROductive Tissue ENgineering). Within this
context, biomimetic scaffolds are designed to reproduce the
essential structural, mechanical, and biochemical cues of the
native ovarian niche, such as appropriate matrix stiffness,
nanoscale architecture, and the controlled presentation of
signaling molecules, thereby fostering follicle survival, differ-
entiation, and oocyte maturation. These features are indis-
pensable for true biomimesis, as they determine how closely the
engineered scaffold can emulate the natural extracellular matrix
and support physiologically relevant cellular interactions.36

Scaffolds are designed to mimic the native ovarian archi-
tecture, providing a biocompatible framework that encapsu-
lates isolated follicles and autologous ovarian cells, whose co-
presence is crucial for follicular survival and functional devel-
opment.55 Several studies have demonstrated the feasibility of
these approaches, reporting viable births in mice from bioma-
terial implants containing isolated follicles or whole ovarian
© 2026 The Author(s). Published by the Royal Society of Chemistry
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tissue.56–58 However, translating these ndings to larger animal
models or humans presents additional challenges, particularly
the need to accommodate a signicantly larger pool of follicles
within the biomaterial constructs.59 Although these technolo-
gies are promising, replicating the complex in vivo ovarian
environment remains a signicant hurdle. Consequently,
current advancements are predominantly at the preclinical
stage, serving as a proof of concept while underscoring the
potential for future clinical applications.59 However, scaffolds
that achieve these biological aims have been developed and
studied, and they can be classied in four main typologies:

Chemically crosslinked hydrogel networks for ovarian tissue
engineering: gel-like scaffolds. Gel-like scaffold systems used in
ovarian tissue engineering are fundamentally dened by their
underlying crosslinking chemistry, which governs network
architecture, mechanical stiffness, degradation kinetics and
molecular diffusion. These systems, whether based on natural
or synthetic polymers, form three-dimensional hydrogel
networks through enzymatic, ionic or covalent crosslinking
mechanisms. Such molecular–level interactions directly regu-
late follicle encapsulation, expansion and survival by modu-
lating the biophysical and biochemical properties of the ovarian
microenvironment. In this context, gel-like scaffolds are typi-
cally composed of natural or synthetic polymers, including
brin, plasma clots, alginate-based composites such as Algi-
nate–Nanohydroxyapatite–Collagen (ALG), polyethylene glycol
(PEG) and collagen.60 Additional examples comprise hydrogels
derived from natural biopolymers, such as hyaluronan61 as well
as hybrid formulations incorporating decellularized matrix
components, for instanceWharton's jelly/alginate composites,62

which further enrich the chemical and biological complexity of
the resulting polymer network.

Composition-driven biochemical signaling in decellularized
matrices: ECM-derived scaffolds. ECM-derived scaffolds repre-
sent compositionally complex biomaterials in which biological
function is intrinsically linked to molecular composition and
preserved biochemical motifs. The retention of collagen, lam-
inin, elastin and glycosaminoglycan networks provides
a chemically dened microenvironment capable of presenting
native adhesion ligands and growth factor binding domains,
thereby inuencing granulosa cell behaviour, follicle survival
and endocrine activity through composition-driven biochemical
signaling.63

Polymer chemistry and structure–property relationships in
brous biomaterials: electrospun scaffolds. Electrospun scaf-
folds are synthetic brous biomaterials whose performance is
primarily dictated by polymer chemistry, molecular weight
distribution and solvent–polymer interactions during ber
formation. These parameters determine ber diameter, crys-
tallinity, surface chemistry and mechanical anisotropy, which
collectively dene the structure–property relationships regu-
lating follicle adhesion, spatial organization and long-term
developmental competence within engineered ovarian
constructs. From a structural perspective, electrospun scaffolds
are characterized by a high-resolution brous architecture that
closely mimics the nanoscale organization of the native ovarian
extracellular matrix, thereby promoting cell adhesion,
© 2026 The Author(s). Published by the Royal Society of Chemistry
proliferation and follicular niche organization. These scaffolds
are typically composed of biodegradable synthetic polymers,
most prominently poly(3-caprolactone) (PCL), whose tunable
mechanical properties, degradation behaviour and capacity for
bioactive molecule incorporation make them particularly suit-
able for reproductive tissue engineering and ovarian construct
regeneration.64,65

Chemistry-enabled architectural and mechanical tunability:
3D-printed scaffolds. In 3D-printed ovarian scaffolds, the nal
architectural precision and mechanical behaviour are intrinsi-
cally controlled by the chemistry of the printable biomaterial
inks, including polymer chain composition, crosslinking reac-
tivity and rheological properties. The interplay between chem-
ical formulation and additive manufacturing parameters
enables the generation of hierarchically porous structures with
tunable stiffness and degradation proles, which are critical
determinants of vascularization, nutrient diffusion and follic-
ular niche stability aer transplantation.59
Efficient biomaterials for reproductive tissue engineering:
biomaterial-based articial ovary

Building upon the general classication of scaffold types di-
scussed above, the following section provides a more detailed
analysis of representative literature examples focusing on
biomaterial-based articial ovary constructs.

Reproductive system disease is a condition that affects either
the male or female reproductive systems and causes problems
with reproductive functions such as sexual dysfunction, sub-
fertility, or infertility.66 Many therapeutic options have been
explored to address this condition, including hormone therapy,
medicine, and surgery. Despite signicant breakthroughs, these
techniques are only palliative in nature and do not cure. Many
clinicians and researchers have used tissue engineering tech-
nology to restore reproductive functions in recent years.66

Natural polymer biomaterials, synthetic polymers, and decel-
lularized tissue matrices have all been employed extensively in
the creation of tissue engineering scaffolds.2,65 For the replace-
ment of normal tissues, an ideal biomaterial should be non-
inammatory and biodegradable. Furthermore, the biomate-
rial should promote cell adhesion, proliferation, migration, and
differentiation to enable normal tissue creation. As a result,
biomaterial-based synthetic tissues may provide a feasible
therapeutic option in the future for patients who require tissue
replacement or repair. The articial ovary was built using
a variety of natural and synthetic gel-like matrices, including
brin, plasma clots, Alginate-Nanohydroxyapatite-Collagen
(ALG), Polyethylene glycol (PEG) and collagen, as well as ECM-
based biomaterials, electrospun-based bers and 3D-Printed
scaffolds. More in detail:

Gel-like matrices
Fibrin. Because of its low inammation, high compatibility,

and good degradability, brin has been widely used as a bi-
oadhesive in tissue engineering.60,67,68 Fibrin scaffolds were used
to culture preantral (PA) follicles from both fresh and vitried-
warmed ovaries in mice. As a result, brinogen is frequently
combined with other ingredients for follicular culture. A prior
RSC Adv., 2026, 16, 11530–11542 | 11533

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ra00380j


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/8
/2

02
6 

12
:5

9:
01

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
work encapsulated caprine PA follicles in brin-ALG
hybrids.69,70 Fibrin-ALG may help follicle development, boost
steroidogenesis, improve oocyte maturation, and produce
parthenogenesis.71 The combination of brinogen and
thrombin has been utilized to create autogras from isolated
murine PA follicles that could survive and grow to the antral
stage aer only a few weeks of transplantation.72 Furthermore,
isolated human follicles from fresh or frozen ovarian tissues
were encapsulated in brin clots, and aer 7 days of xeno-
transplantation, nearly 100% of the follicles were viable.73,74

Plasma clots. Plasma clots are well-known as an autologous
material with the potential to sustain cell survival, stimulate cell
adhesion, and proliferation, making them ideal for autologous
transplantation. Gosden et al. initially graed primordial folli-
cles into plasma clots and then transplanted pups. In this
investigation, ovarian cells (stromal cells and follicles included)
were cultured in plasma clots before being graed onto sterile
mice. Follicular development and growth were manipulated,
and healthy offspring were generated.75 Gosden and colleagues
later discovered that mouse primordial follicles could develop
in plasma clots and produce progeny following transplantation.
PA follicles encased in plasma clots in humans survived and
grew to the antral follicular stage aer 5 months of trans-
plantation.76,77 However, certain challenges remain for the use
of blood clots in follicular culture and the fabrication of pros-
thetic ovaries, such as uneven composition and quick deterio-
ration of such natural materials.

ALG. It is employed not only to encapsulate single follicles
produced in vitro, but also to manufacture articial ovaries. ALG
is frequently utilized in conjunction with other materials such
as Matrigel and poly lactic-co-glycolic acid (PLGA) to increase
material qualities when used for articial ovaries. Vanacker
et al., for example, used the ALG-Matrigel matrix to encapsulate
isolated ovarian cells and follicles. The survival, proliferation,
and capillary development of ovarian cells in the ALG-Matrigel
were observed aer 1 week of in vitro culture or direct auto-
transplantation.78 In following studies, ALG was utilized to
encapsulate PA follicles, which were then implanted into the
peritoneal pocket. About 20% of follicles formed one week aer
implantation, and the ALG matrix was penetrated by cells.79

PEG. PEG-based hydrogels exhibit tunable mechanical prop-
erties and high biocompatibility, making them ideal for
encapsulating ovarian cells. Research by Kim et al. (2016)
demonstrated that PEG-vinyl-sulfone (PEG-VS) support the
regeneration and function of ovarian tissue in mice, high-
lighting their role in restoring endocrine activity and follicle
viability. Despite these advantages, challenges remain in
ensuring mechanical stability and in vivo optimization for
clinical applications. Current efforts focus on integrating
growth factors and improving scaffold degradation rates to
match follicular maturation cycles.80

Collagen. Collagen is a widely studied natural biomaterial
known for its biocompatibility and ability to promote cell
adhesion. Telfer et al. (1990) reported that collagen-based
scaffolds supported PA follicle growth and survival aer trans-
plantation under the kidney capsule in mice. Collagen
enhances vascularization and nutrient delivery, which are
11534 | RSC Adv., 2026, 16, 11530–11542
crucial for follicle development. However, rapid degradation
necessitates combination with synthetic materials to improve
mechanical strength and scaffold longevity. Advances in cross-
linking techniques aim to enhance collagen's stability while
preserving its bioactivity.81

Hyaluronan hydrogel (HA-gel). The HA-gel is based on hya-
luronic acid, a natural glycosaminoglycan abundant in the
extracellular matrix, chemically modied through tyramine
linkage to enable enzymatic crosslinking and stable gel
formation. In the study reported by Desai and colleagues, pre-
antral mouse follicles were encapsulated within the HA-gel
and cultured for 10–12 days in a three-dimensional (3D) envi-
ronment.61 This system successfully supported antral follicle
growth and oocyte maturation to the metaphase II stage
following hCG stimulation.82 The hydrogel's viscoelastic prop-
erties were tunable by adjusting polymer concentration, allow-
ing ne control over matrix rigidity and moldability to better
reproduce physiological conditions. Furthermore, its ability to
retain growth factors near the follicular cells enhanced follicle
survival and functional development. Overall, HA-based
hydrogels represent a promising class of gel-like biomimetic
scaffolds for ovarian tissue engineering, providing a more
physiologically relevant alternative to conventional two-
dimensional culture systems.61

Wharton's jelly/alginate hydrogel (dWJ/Alg). The dWJ/Alg
combines decellularized Wharton's Jelly (dWJ), a matrix rich
in collagen, proteoglycans, glycosaminoglycans, and growth
factors, with alginate to form a hybrid gel designed to replicate
the ovarian microenvironment. In the study of Tajbakhsh et al.,
approximately 20 isolated human ovarian follicles were
embedded within dWJ/Alg constructs and xenograed into
ovariectomized mice.62 Histological analyses aer one week
revealed proliferation of granulosa cells and follicle growth
within the dWJ/Alg implants, while control gras composed of
alginate alone exhibited markedly reduced viability and struc-
tural organization. Although complete follicle maturation was
not consistently achieved, the presence of human ovarian-like
tissue structures and proliferative cell populations indicated
a favorable niche for folliculogenesis. The authors highlighted
the potential of this composite hydrogel as a safe and functional
“articial ovary” model for fertility preservation, particularly in
patients at risk of malignant cell reintroduction through
ovarian tissue transplantation.62

ECM-based biomaterials
Decellularized ovarian ECM. ECM-based biomaterials have

received a lot of interest andmade signicant progress in recent
years.83,84 ECM is frequently formed during the decellularization
of tissues and is mostly composed of non-water-soluble struc-
tural proteins such as collagens, laminins, and elastin.85

Furthermore, ECM may contain bioactive chemicals that
promote cell adhesion proliferation, tissue creation, and
regeneration. ECM-based biomaterials have been used
successfully in clinical settings for many years by capitalizing on
these features. Several investigations have been conducted in
recent years on the construction of ECM-derived articial
ovaries. In a prior study, a decellularized ovarian scaffold was
created from human ovaries and demonstrated good
© 2026 The Author(s). Published by the Royal Society of Chemistry
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biocompatibility in vitro. More importantly, in the decellular-
ized ovarian ECM, primary, primordial, or follicle-like struc-
tures could be formed, and blood estrogen and progesterone
levels were signicantly enhanced following transplantation.86

Furthermore, when ovarian cells were seeded onto decellular-
ized ovarian scaffolds obtained from bovines or humans, they
were able to create estradiol in vitro.87 Porcine ovarian tissue was
decellularized and seeded with rat granulosa cells in a decellu-
larization technique for xenogeneic ovary regeneration. The
decellularized ovary tissue successfully maintained ovarian
granulosa cell growth and allowed for an increase in estradiol
output.88 Another work reseeded mouse and human ovarian
cells and follicles in decellularized human ovarian tissues. The
acellular scaffold demonstrated good biocompatibility, sug-
gesting that it could aid in the survival and proliferation of
human and mouse follicles.89 These ndings indicate that
decellularized ovarian ECM is a suitable biomaterial for future
human ovary transplant reconstruction.

More recently, a systematic methodological review63 exam-
ined decellularized ECM-based scaffolds for articial ovary
construction and conrmed that preclinical studies have
demonstrated support for ovarian somatic cell and follicle
growth both in vitro and in vivo, though translation remains
experimental. These combined ndings indicate that decellu-
larized ovarian ECM is a highly promising biomaterial for future
human ovary-transplant reconstruction; however, standardiza-
tion of decellularization protocols, scaffold characterization,
and long-term functional verication remain key future
challenges.

Electrospun-based bers
PCL. The prevalent use of PCL in electrospun ovarian scaf-

folds reects its slow hydrolytic degradation, mechanical
stability and suitability for supporting the prolonged timescale
required for folliculogenesis, whereas other biodegradable
polyesters (e.g., poly(lactic acid)/PLA, poly(lactic-co-glycolic
acid)/PLGA) have been comparatively less explored in this
specic context.

Among synthetic biomaterials, electrospun PCL has there-
fore emerged as a particularly promising candidate due to its
excellent ability to mimic the nanobrillar architecture of the
native ECM, including that of ovarian tissue. Electrospinning is
a widely adopted technique for generating scaffolds that repli-
cate the nanoscale organization of the ECM, providing
a biomimetic environment conducive to tissue regeneration.90

PCL is a biodegradable and biocompatible polymer that has
demonstrated signicant success both in vivo and in vitro across
a wide range of tissues, including bone,91–95 cartilage,96–100

osteochondral,101–105 skin,106–110 nerve,111–114 cardiovascular,115,116

musculoskeletal,117,118 liver,119–121 and dental122–128 tissue regen-
eration. PCL electrospun scaffold technology has recently been
applied to the construction of tailored reproductive materials,
even if only a few groups of researchers are now focusing their
efforts on this area, marking a signicant innovation in the
eld.30,64,129 Recent researches have documented the durability
of poly (epsilon-caprolactone) (PCL)-based electrospun
patterned scaffolds as support for ovarian follicle growth,
vitality, and retention of the brillary morphology of the native
© 2026 The Author(s). Published by the Royal Society of Chemistry
follicular unit.64,129–131 Although PCL-based scaffolds have been
shown to promote porcine130 and ovine follicle survival,132–134

supporting the proof of concept of their use to generate articial
ovaries for transplantation, it is interesting to further investi-
gated the potential of PCL-based bers in the context of
REPROTEN and more data on the ability of PCL-electrospun
scaffolds to support the next steps of in vitro follicle/oocyte
development need to be collected.

3D-printed scaffolds. Complementing the electrospinning
approach, 3D printing technologies offer a high degree of
control over scaffold architecture, allowing precise replication
of the ovarian ECM's porosity, geometry, and mechanical
properties. This method enables the fabrication of complex,
biomimetic designs tailored to support specic cellular and
tissue requirements. Among these, gelatin-based microporous
scaffolds have shown particular promise. As reported by Lar-
onda et al. (2017), such scaffolds-engineered with inter-
connected pores-facilitate optimal nutrient and oxygen
diffusion, angiogenesis, and mechanical stability, all while
maintaining biodegradability and biocompatibility. These
scaffolds effectively supported follicular development, endo-
crine activity, and fertility restoration in sterilized murine
models, highlighting their therapeutic potential in ovarian
regeneration. Their ability to integrate with host tissues while
minimizing inammatory responses further underscores their
suitability for clinical translation. Current research is actively
focused on optimizing pore design, incorporating bioactive
cues, and adapting these platforms for human applications,
aiming to advance articial ovary development and reproduc-
tive tissue engineering.59

Conclusions
Concluding perspectives: comparative evaluation of
biomaterials for articial ovary engineering

A critical comparison of the biomaterials currently employed for
articial ovary engineering highlights that each scaffold class
presents distinct strengths and limitations. Gel-like matrices
and decellularized ECM scaffolds offer high biocompatibility
and biological relevance, due to their native-like composition
and ability to support cellular interactions.60 However, their
limited mechanical stability, batch variability and lack of stan-
dardization still constrain their reproducibility and scalability
for clinical applications.63,80

In contrast, synthetic scaffolds, particularly electrospun PCL,
provide superior control over architecture, mechanical proper-
ties and degradation kinetics. Their nanobrous structure
closely resembles the ovarian extracellular matrix and has been
shown to support long-term survival and development of
ovarian follicles in multiple animal models.64,129,130,132–134 These
characteristics make PCL-based scaffolds particularly attractive
for the construction of functional and reproducible articial
ovaries, especially when combined with bioactive molecules or
ECM-derived components to enhance biofunctionality.90,131

Meanwhile, 3D-printed scaffolds offer precise spatial control
over pore geometry and tissue architecture, which is crucial for
vascularization and integration aer transplantation.59
RSC Adv., 2026, 16, 11530–11542 | 11535
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However, optimization is still required to improve their
mechanical stability and applicability at human scale.59 From
a quantitative standpoint, the main classes of biomaterials
employed for ovarian tissue engineering exhibit markedly
different physicochemical properties that directly inuence
follicular development. Natural hydrogels such as brin,
collagen and alginate typically display elastic moduli in the low
kilopascal range (z0.1–20 kPa), closely matching the native
ovarian cortex stiffness and thus supporting follicle encapsu-
lation and spherical growth.49 However, their relatively rapid
enzymatic or hydrolytic degradation, oen occurring within
days to a few weeks, may limit long-term structural stability.135

In contrast, synthetic polymer-based scaffolds, particularly
electrospun PCL, exhibit signicantly higher mechanical
strength, with moduli spanning from hundreds of kilopascals
to the megapascal range, and degradation times extending over
several months due to the slow hydrolysis of aliphatic polyester
chains.47 These properties provide prolonged mechanical
support and architectural integrity, which are advantageous for
extended folliculogenesis but may require biofunctionalization
to compensate for their limited intrinsic bioactivity. Porosity
and pore interconnectivity further represent critical quantita-
tive parameters, as highly porous (>70–90%) and inter-
connected structures facilitate oxygen and nutrient diffusion
while allowing follicle expansion and vascular inltration aer
transplantation.52,136 Overall, the balance between stiffness,
degradation kinetics and porosity emerges as a key quantitative
determinant of scaffold performance, highlighting the need for
nely tuned physicochemical properties tailored to the
temporal dynamics of follicle maturation.137 Overall, current
evidence suggests that hybrid scaffold strategies, integrating
the biological activity of natural matrices with the structural
tunability of synthetic materials, represent the most promising
path forward (a comprehensive comparative overview of scaf-
fold properties and performance is provided in SI Tables 1 and
2). Importantly, future progress in articial ovary engineering
will increasingly depend on the rational chemical design of
polymer networks and crosslinking strategies, rather than solely
on material selection. Future developments should focus on
multiscale scaffold design, incorporation of dynamic culture
systems and long-term in vivo validation, in order to bridge the
remaining gap between experimental articial ovary models
and clinical translation.

Final remarks
Assessment of study quality and methodological limitations

Although the current literature on biomaterials for articial
ovary engineering has signicantly expanded over the past
decade, several methodological limitations still restrict the
translational strength of available evidence.

First, most proof-of-concept studies are conducted inmurine
models, which, while invaluable for initial validation, poorly
replicate key aspects of human ovarian physiology, including
follicular density, size scale, lifespan, and endocrine dynamics.
The extrapolation of murine outcomes to the human ovarian
environment therefore remains highly limited and inherently
11536 | RSC Adv., 2026, 16, 11530–11542
biased. In light of these limitations, future research should
increasingly incorporate large animal models that more closely
resemble human ovarian physiology. In particular, ovine and
porcine models offer comparable follicle size, ovarian archi-
tecture and endocrine dynamics, making them more suitable
for evaluating scaffold integration, vascularization and long-
term folliculogenesis. In addition, non-human primate
models, although limited by ethical and logistical constraints,
may provide the most physiologically relevant platform for
preclinical validation of articial ovary constructs prior to
clinical translation. Second, there is a marked lack of protocol
standardization across studies. Scaffold fabrication methods
(e.g., electrospinning parameters, crosslinking protocols,
porosity control), follicle isolation procedures, culture condi-
tions, and outcome measures vary widely between laboratories.
This methodological heterogeneity makes direct comparison of
results difficult and hampers reproducibility, representing
a major bottleneck for consortium-based or multicenter trans-
lation efforts.

Moreover, signicant selection bias is evident in the current
body of literature. Most studies rely on selected animal species,
specic follicle stages, or optimized experimental conditions
that may not reect real-world clinical variability. Negative or
inconclusive outcomes are likely underreported, leading to an
overestimation of scaffold performance and translational
readiness.

Finally, despite the increasing number of preclinical studies,
there is a critical lack of clinical trials involving bioengineered
ovarian constructs or scaffold-based articial ovaries. Current
conclusions on clinical feasibility are therefore largely specu-
lative and must be interpreted cautiously.

Taken together, these limitations highlight the urgent need
for standardized protocols, multi-species validation, and rigor-
ously designed translational studies before articial ovary
technologies can progress toward routine clinical use.
Clinical and regulatory perspectives

Despite the signicant progress achieved in preclinical models,
several key translational barriers still hinder the clinical
implementation of biomaterial-based articial ovaries. These
include challenges related to large-scale standardized scaffold
manufacturing, long-term safety and immunogenicity, repro-
ducibility of follicle development across species, and the need
to comply with stringent regulatory requirements for advanced
therapy medicinal products. Addressing these interconnected
biological, technological and regulatory constraints is essential
to enable the successful translation of ovarian tissue engi-
neering strategies from experimental settings to routine clinical
practice. Beyond technical optimization, the clinical translation
of biomaterial-based articial ovaries faces substantial regula-
tory and safety challenges. From a manufacturing perspective,
future articial ovary scaffolds and biomaterials must comply
with Good Manufacturing Practice (GMP) requirements,
including reproducible production, strict quality control,
sterility, batch traceability, and validation of fabrication
processes, particularly if intended as implantable medical
© 2026 The Author(s). Published by the Royal Society of Chemistry
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devices or advanced therapy medicinal products (ATMPs).
Another critical issue concerns immunogenicity and long-term
safety. Even biomimetic or decellularized matrices may retain
residual antigens or trigger inammatory responses. Further-
more, long-term follow-up is essential to evaluate risks such as
chronic inammation, brosis, scaffold degradation products,
tumorigenicity, and potential reintroduction of malignant cells
in oncological patients.

An additional critical aspect concerns the optimal in vivo
persistence and resorption timeline of articial ovary scaffolds.
While excessively rapid biodegradation may lead to premature
loss of structural support and impaired follicle maturation,
overly slow degradation could result in prolonged foreign body
response, brosis or mechanical mismatch with the regene-
rating tissue. Ideally, scaffold resorption should be temporally
synchronized with the dynamics of folliculogenesis and tissue
remodeling, providing sufficient mechanical and biochemical
support during early follicle growth while gradually transferring
functional load to the neo-formed ovarian tissue over a period
of several months.

In addition, the path toward clinical application requires
carefully designed rst-in-human trials, with stringent inclu-
sion criteria, long-term monitoring of endocrine function
restoration, fertility outcomes, and safety endpoints. The
complexity of implantable, bioengineered reproductive
constructs demands multidisciplinary trial frameworks
involving reproductive medicine specialists, bioengineers,
oncologists, and regulatory experts. From a regulatory stand-
point, articial ovary technologies are likely to fall under
complex frameworks governing tissue-engineered products and
combination devices. Both the European Medicines Agency
(EMA) and the U.S. Food and Drug Administration (FDA)
impose rigorous evaluation pathways for such advanced thera-
pies, including classication as tissue-engineered ATMPs (EMA)
or combination products (FDA), with strict preclinical, toxico-
logical, and clinical validation requirements.

Therefore, while the technological progress in reproductive
biomaterials is highly promising, the transition from labora-
tory prototypes to clinical therapeutics will depend not only on
biological performance, but also on successfully addressing
regulatory, manufacturing, and safety challenges.
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K. Włodarski, W. Święszkowski, et al., Three-dimensional
printed polycaprolactone-based scaffolds provide an
advantageous environment for osteogenic differentiation
of human adipose-derived stem cells, J. Tissue Eng. Regen.
Med., 2018, 12(1), e473–e485.

93 D. Ronca, F. Langella, M. Chierchia, U. D'Amora, T. Russo,
M. Domingos, et al., Bone Tissue Engineering: 3D PCL-
based Nanocomposite Scaffolds with Tailored Properties,
Proced. CIRP, 2016, 49, 51–54.

94 J. Van Rie, H. Declercq, J. Van Hoorick, M. Dierick, L. Van
Hoorebeke, R. Cornelissen, et al., Cryogel-PCL
combination scaffolds for bone tissue repair, J. Mater. Sci.
Mater. Med., 2015, 26(3), 123.

95 H. Yoshimoto, Y. M. Shin, H. Terai and J. P. Vacanti, A
biodegradable nanober scaffold by electrospinning and
its potential for bone tissue engineering, Biomaterials,
2003, 24(12), 2077–2082.

96 J. Liu, Q. Fang, X. Yu, Y. Wan and B. Xiao, Chitosan-Based
Nanobrous Membrane Unit with Gradient Compositional
and Structural Features for Mimicking Calcied Layer in
Osteochondral Matrix, Int. J. Mol. Sci., 2018, 19(8), 2330.

97 L. W. Lee, S. H. Hsiao, W. C. Hung, Y. H. Lin, P. Y. Chen and
C. P. Chiang, Clinical outcomes for teeth treated with
electrospun poly(3-caprolactone) ber meshes/mineral
trioxide aggregate direct pulp capping, J. Endod., 2015,
41(5), 628–636.

98 K. Y. Chang, L. H. Hung, I. M. Chu, C. S. Ko and Y. Der Lee,
The application of type II collagen and chondroitin sulfate
graed PCL porous scaffold in cartilage tissue engineering,
J. Biomed. Mater. Res., Part A, 2010, 92(2), 712–723.

99 H. J. Kim, J. H. Lee and G. Il Im, Chondrogenesis using
mesenchymal stem cells and PCL scaffolds, J. Biomed.
Mater. Res., Part A, 2010, 92(2), 659–666.

100 P. K. Valonen, F. T. Moutos, A. Kusanagi, M. G. Moretti,
B. O. Diekman, J. F. Welter, et al., In vitro generation of
mechanically functional cartilage gras based on adult
human stem cells and 3D-woven poly(epsilon-
caprolactone) scaffolds, Biomaterials, 2010, 31(8), 2193–
2200.

101 W. Swieszkowski, B. H. S. Tuan, K. J. Kurzydlowski and
D. W. Hutmacher, Repair and regeneration of
osteochondral defects in the articular joints, Biomol. Eng.,
2007, 24(5), 489–495.

102 Y. Du, H. Liu, Q. Yang, S. Wang, J. Wang, J. Ma, et al.,
Selective laser sintering scaffold with hierarchical
architecture and gradient composition for osteochondral
repair in rabbits, Biomaterials, 2017, 137, 37–48.

103 L. F. Mellor, P. Huebner, S. Cai, M. Mohiti-Asli,
M. A. Taylor, J. Spang, et al., Fabrication and Evaluation
of Electrospun, 3D-Bioplotted, and Combination of
Electrospun/3D-Bioplotted Scaffolds for Tissue
Engineering Applications, BioMed Res. Int., 2017, 2017,
6956794.
© 2026 The Author(s). Published by the Royal Society of Chemistry
104 M. Yeo and G. Kim, Cell-printed hierarchical scaffolds
consisting of micro-sized polycaprolactone (PCL) and
electrospun PCL nanobers/cell-laden alginate struts for
tissue regeneration, J. Mater. Chem. B, 2013, 2(3), 314–324.

105 Y. H. Hsieh, M. F. Hsieh, C. H. Fang, C. P. Jiang, B. Lin and
H. M. Lee, Osteochondral Regeneration Induced by TGF-
b Loaded Photo Cross-Linked Hyaluronic Acid Hydrogel
Inltrated in Fused Deposition-Manufactured Composite
Scaffold of Hydroxyapatite and Poly (Ethylene Glycol)-
Block-Poly(3-Caprolactone), Polymers, 2017, 9(5), 182.

106 N. Firoozi, A. H. Rezayan, S. J. Tabatabaei Rezaei, M. Mir-
Derikvand, M. R. Nabid and J. Nourmohammadi,
Synthesis of poly(3-caprolactone)-based polyurethane
semi-interpenetrating polymer networks as scaffolds for
skin tissue regeneration, Int. J. Polym. Mater. Polym.
Biomater, 2017, 66(16), 805–811, DOI: 10.101080/
0091403720161276059.

107 K. Ghosal, A. Manakhov, L. Zaj́ıčková and S. Thomas,
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