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Abstract: Organoids are three-dimensional cellular structures designed to recreate the biological
characteristics of the body’s native tissues and organs in vitro. There has been a recent surge in
studies utilizing organoids due to their distinct advantages over traditional two-dimensional in vitro
approaches. However, there is no consensus on how to define organoids. This literature review
aims to clarify the concept of organoids and address the four fundamental questions pertaining to
organoid models: (i) What constitutes organoids?—The cellular material. (ii) Where do organoids
grow?—The extracellular scaffold. (iii) How are organoids maintained in vitro?—Via the culture
media. (iv) Why are organoids suitable in vitro models?—They represent reproducible, stable, and
scalable models for biological applications. Finally, this review provides an update on the organoid
models employed within the female reproductive tract, underscoring their relevance in both basic
biology and clinical applications.
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1. Introduction—Organoid Definition

For decades, two-dimensional (2D) in vitro cell culture models were widely used for
basic science and therapeutic applications, but the limitations of these techniques have
become discernible. Specifically, conventional cell cultures are deprived of the native
tissue-specific characteristics that are crucial for replicating in vivo cell behavior. This
deficiency arises from the lack of the surrounding extracellular matrix (ECM), specific
biochemical cues, and environmental stimuli [1]. In this regard, there is an unmet need to
develop advanced in vitro cell culture platforms. The complexity of in vitro models has
evolved, with three-dimensional (3D) cellular models preserving the biological features
of the native organ or tissue. Indeed, organoid cultures are gaining popularity because
they mimic the tissue’s physiology more accurately than other models [2]. By definition,
organoids are organ-like structures that exhibit the native characteristics of their tissue
of origin, including their morphological features, functional activities, and personalized
treatment responses [3]. Remarkable advantages of organoids over traditional 2D cell
cultures include the maintenance of cell—cell and cell-ECM interactions, the genotypic and
phenotypic characteristics of the original tissue or organ, the heterogeneity of the original
cells, and a significantly extended lifespan [4].

The term organoid has been indiscriminately employed by the scientific community
in recent years. Based on its etymological roots (the Greek suffix -oid denotes similar
to), organoids could be defined as cellular structures that resemble native tissues and

Int. . Mol. Sci. 2023, 24, 16014. https:/ /doi.org/10.3390/ijms242116014

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms242116014
https://doi.org/10.3390/ijms242116014
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0009-0007-1862-5403
https://orcid.org/0000-0003-1025-8024
https://orcid.org/0000-0002-5202-8967
https://orcid.org/0000-0002-1266-8513
https://orcid.org/0000-0002-7018-4971
https://doi.org/10.3390/ijms242116014
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms242116014?type=check_update&version=2

Int. . Mol. Sci. 2023, 24, 16014

2 of 27

organs but grow under specific in vitro conditions [5]. Although there is no consensus,
most authors define organoids as 3D cellular structures derived from a multitude of a
single type of organ-specific cells, embedded in an extracellular scaffold [6]. Within this
microenvironment, the cells self-organize into 3D constructs that mimic the native tissue
structure, function, and characteristics. Notably, organoids can be subclassified according
to their morphology: spherical-shaped organoids (which, as argued herein, are inaccurately
referred to as spheroids); tube-shaped organoids (tuboids) [7]; somite-shaped organoids
(somitoids) [8]; and star-shaped organoids [5]. Another traditional classification is based
on the cellular material of organoids, which are typically divided into organoids derived
from induced pluripotent stem cells (iPSCs) or embryonic stem cells (ESCs) and organoids
derived from adult stem cells (ASCs) [2]. However, we have updated this classification,
given the recent description of organoids derived from differentiated somatic cells [9] and
stable cell lines [10], as will be discussed in Section 2.

Three-dimensional engineered tissue models increase in biological complexity from
spheroids, organoids, and assembloids to entire bioprinted organs (Figure 1). As there
is currently no established classification for spheroids, in this review, we define them as
3D spherical cell aggregates containing one or more cell types that were cultured without
an extracellular scaffold [11]. Most of the organoids described in the current literature
were defined as spheroids since they shared several biological properties; however, by
our definition, not all spheroids are organoids, as some lack scaffolding and the ability to
expand in vitro, or they may consist of multiple cell types (Figure 1). Notably, the main
difference between spheroids and organoids is the capability of organoids to mimic the
in vivo characteristics and behavior of the native tissue, while some spheroids are simpler;
most spheroids cannot mimic effectively and have a shorter lifespan. Indeed, spheroids are
often used for short-term experiments and are not cultured for extended periods [12,13], as
is often the case with organoids [14-16]. Hence, 3D organoids offer distinguished in vitro
models with a confirmed significantly extended lifespan and, therefore, the possibility of
biobanking [17].

Alternatively, assembloids are defined as 3D cell aggregates, made from two or more
cell types within an extracellular scaffold [18], and are often used to model tissue-specific
cell interactions [19]. Some authors have erroneously described assembloids as spheroids;
however, assembloid models are sophisticated multilayer or multi-tissue organoids. In
some cases, the scientific literature has identified assembloids as spheroids because of their
spherical shape. However, as far as we know, assembloids are more complex and are closer
to in vivo organs [20]. Assembloid culture is presented as an underexplored yet promising
approach in tissue engineering due to several technical issues that remain to be addressed.
The current limitations not only include the different growth rates of each cell type but also
the challenging integration of these cells into the extracellular scaffold [21]. Additionally,
the inherent complexity of the in vitro propagation of assembloid models hinders their
ability to expand, be cultured, and be biobanked [19].

The present review comprehensively addresses the four main considerations for
organoid cultures: (i) What constitutes organoids?—The cellular material, which defines
the type of organoid. (ii) Where do organoids grow?—The extracellular scaffold, which is
essential for 3D conformation. (iii) How are organoids maintained in vitro?—Via the culture
medium, which is essential for their adequate development and maintenance. (iv) Why
are organoids suitable in vitro models?—Representing reproducible, stable, and scalable
models for research applications, organoid cultures lend biological significance to these
cellular models. Finally, we describe the advantages of developing and establishing human-
derived organoid models for studies in reproductive biology and reproductive medicine.

Thus, their expansion capacity may differ from that of other organoid types but
remains superior to that of other three-dimensional cell models.
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Figure 1. Comparison of the structural complexity of 3D spheroids, organoids, and assembloids
with respect to conventional 2D cell cultures and organ bioprinting. Organoids are considered
the most suitable in vitro tissue engineering strategy, with only one cell type supported by an
extracellular scaffold, mimicking the characteristics of the native tissue. Unlike spheroids and
assembloids, organoids have a significantly extended lifespan; therefore, they offer the possibility
of biobanking. Notably, although iPSC/ESC—derived organoids are generated from a single cell
source (iPSCs or ESCs, respectively), they can give rise to various cell types, including epithelium,
fibroblasts, and vasculature. Thus, their expansion capacity may differ from other organoid types
but remains significantly higher than other 3D models. Created with BioRender.com (accessed on 2
November 2023).

2. What Constitutes Organoids? The Cellular Material

One of the key components of organoid culture is the cellular material, which can be
obtained from different sources. Organoids can be derived from most tissues and organs
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of the human body and, thus, have the potential to model an ample array of health and
disease conditions [2]. However, the biological characteristics of these conditions and the
stages of in vitro culture depend on the cellular composition. For example, hepatic and
endometrial organoids are cultured for approximately 7-10 days [22,23], whereas brain [24]
and intestinal [25] organoids can be maintained in vitro for up to 15-20 days.

Given the vast range of the reported cellular constituents of organoids, we categorized
the cells based on their origin and the methodologies employed to generate organoids. This
classification includes pluripotent stem cells, primary cells, and cell lines.

2.1. Pluripotent Stem Cells

Pluripotent stem cells (PSCs) are capable of self-renewing and differentiating into any
type of cell in the human body [26] (Figure 2a). Using PSCs in organoid culture confers the
notable benefit of introducing culture supplements to the direct differentiation of diverse
cell lineages. For example, PSCs supplemented with FGF4 differentiated into intestinal
cells and gave rise to intestinal organoids [27]. However, PSCs are unable to mimic the
native tissue characteristics as effectively as primary cells.

The two main sources of PSCs are ESCs, which are derived from the inner cell mass
of blastocysts [28], and iPSCs, which are obtained from a formerly differentiated somatic
cell and then reprogrammed into pluripotent stem cells using Yamanaka factors (Oct3/4,
Sox2, KIf4, and c-Myc) [29]. ESCs originate from a commercial cell line (e.g., H9 [24,30] and
WAO09 [31]), whereas iPSCs can be obtained from both commercial cell lines [32-34] and
primary tissue samples [35-37].

The scientific literature describes two different approaches for generating organoids
with PSCs. The first method consists of maintaining PSCs in monolayer cultures until
a 70-90% confluence is reached [38]. Under suitable culture conditions, these PSCs self-
organize into 3D aggregates, generally referred to as embryo bodies (EBs) [39], which are
transferred into an extracellular scaffold to form these organoids. The other method consists
of generating them from individual PSCs grown in conventional 2D cultures. In this second
approach, EB formation is prevented by adding rho-associated kinase pathway inhibitors
(ROCK), such as Y-27632, to the culture medium prior to embedding the individual PSCs
in an extracellular scaffold to generate the organoids [40].

2.2. Primary Cells Isolated from Original Tissues

Organoids that are derived from primary cells isolated from fetal or adult tissue will
faithfully preserve inherent biological features, including the secretion of paracrine factors
and cell-cell communications (Figure 2b). However, the main disadvantages of deriving
organoids from primary tissues include the invasiveness of tissue biopsies and the technical
complexity of cell isolation, as described below.

To process tissue samples for cell isolation, the tissue layers are mechanically separated
and the tissue of interest is cut into smaller pieces (pieces of 1 mm [41] and 2 mm [42] in
length) to facilitate the enzymatic digestion of the ECM. Despite the variable efficacy of the
dissociation processes across tissue types, it is possible to add enzymatic cocktails contain-
ing collagenase to degrade the collagen fibers in bladder cancer [43], trypsin to catalyze the
hydrolysis of peptide bonds in adenomas [44] and peripheral lung tissues [45], and/or dis-
pase to hydrolyze fibronectin and collagen IV in hair follicle [42] and colorectal cancer [46]
organoids. Both the digestion time and temperature differ according to the characteristics
of the primary tissue. In some cases, DNase is added to degrade the residual DNA released
from necrotic cells. Next, tissue-resident ASCs, progenitor cells, or differentiated somatic
cells [9] from healthy or diseased tissues can be isolated for organoid formation [2] via
fluorescence- or magnetic-activated cell sorting, based on biomarker expression, cell shape,
or size [47,48], or via filtering through 40-um [45], 70-pum [49], or 100-pm [45] cell strainers.
The isolated cells are cultured in vitro within an extracellular scaffold that supports their
self-organization and development. As will be reviewed herein, each type of organoid
requires a particular cell/scaffold ratio and an adequate culture medium.
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Figure 2. Sources of cells employed for the development of 3D organoid models. (A) Primary cells
(tissue-resident ASCs, progenitor cells, or differentiated somatic cells), isolated from healthy or
diseased tissue samples. (B) Pluripotent stem cells derived from embryonic stem cells (ESCs) or
pluripotent reprograming of somatic cells (induced pluripotent stem cells (iPSCs)). (C) Cell lines,
whether established in the laboratory or available through commercial vendors or biobanks, can be
genetically modified by using CRISPR-Cas9 technology. Created with BioRender.com (accessed on 2
November 2023).

2.3. Cell Lines

Organoids can also be derived from commercially available, previously established,
or biobanked cell lines (Figure 2c). The cells are cultured in a monolayer with their
corresponding culture media until a certain confluency (80%) is reached, then they are
collected and cultured with an extracellular scaffold to promote organoid formation [37].
Given their extended lifespan, the organoids can usually be preserved in multiple passages.
Cell lines capable of forming organoids include the BT-474 commercial cell line for breast
cancer organoids [46], the LIM1863 commercial cell line for colon cancer organoids [10], and
the BTS5 and BTS11 trophoblast stem cell lines for trophoblast organoids [50]. While using
stable cell lines certainly expedites organoid generation, these immortalized cells might not
respond as realistically as primary cells collected directly from individual patients.

In addition, organoids can also be made from cells that have been genetically modified
and established as a stable, genetically modified cell line (Figure 2c). Genetically modified
cell lines are frequently used to study human diseases because they mimic the responses
and characteristics of mutated cells. Within the context of organoid applications, the overex-
pression or depletion of specific proteins facilitates the study of functional changes within
the native tissue. Genetically modified organoids not only provide a valuable platform
for personalized drug testing but can also be used to study rare genetic diseases [51]. To
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generate genetically modified organoids, single guide RNAs (gRNAs) are designed to
target specific genes using CRISPR-Cas9 technology [52]. The gRNAs are introduced into
the cells via electroporation [53] or transfection [54], either during the initial 2D culture [51]
or after the organoids are generated and cultured in their corresponding 3D scaffold [52,53].
However, like any cell lines undergoing genetic modification, there is a substantial loss of
cellular material; maintaining a long-term culture remains a notable drawback, resulting in
a significantly low efficiency for this technique [55].

As described above, the source and processing of cellular material are essential for the
establishment, maintenance, and expansion of organoids. However, in all cases, the 3D
constructs require structural support from extracellular components and an appropriate
culture medium to nourish cells. For this reason, in the following sections, we will look
deeper into the Where? and How? questions about organoid culture approaches.

3. Where Do Organoids Grow? The Extracellular Scaffold

Extracellular scaffolds provide support for organoid growth, development, and main-
tenance through mechanical and biochemical cues [56]. The tension, compression, and
shear stress provided by the ECM influence cell proliferation, differentiation, and migration,
while structural proteins maintain cell-cell contact and soluble factors promote cell-ECM
interactions, which are crucial for maintaining cell architecture and function [57] (Figure 3).

Hydrogels are the leading type of extracellular scaffold used for 3D organoid culture.
Hydrogels are cross-linked hydrophilic polymer networks with high water content and
physicochemical properties closely resembling those of native tissues [58]. Remarkably,
the potential to adapt certain hydrogel properties, such as stiffness and porosity, allows
hydrogels to be tailored to specific organoid requirements [59]. Hydrogels also protect
organoids from external stresses, while simultaneously allowing the exchange of nutrients
and oxygen [60]. Emerging alternatives to hydrogels include microspheres [61] and porous
scaffolds [62], among other approaches [63].

However, the present study focuses on 3D support based on hydrogels, due to their
established and worldwide use. While numerous classifications for hydrogels have been
proposed in the literature [58], here, we broadly categorize them based on their natural
or synthetic origin. However, within each of these groups, hydrogels can be further
subclassified according to their molecular composition.

3.1. Natural Hydrogels

Historically, natural hydrogels were extensively applied in tissue engineering due
to their biocompatibility, biodegradability, and low toxicity [58]. Their macromolecules
provide functional support for cell growth and proliferation [64]. Among the different
biomaterials, proteins and polysaccharides are suitable for generating natural hydrogels.
Furthermore, hydrogels can be formed by a complex mixture of both components, as in the
case of decellularized ECM hydrogels (Figure 3).

3.1.1. Protein-Based Hydrogels

Protein-based hydrogels are the predominant class of biomaterials employed in tissue
engineering [65]. These hydrogels are primarily composed of collagen, fibrin, and silk fi-
broin, among other natural proteins [65], which possess unique biochemical properties that
contribute to the functionality of the hydrogel. Sometimes, a mix of structural proteins is
used, such as Matrigel, which is considered the gold standard biomaterial for organoid cul-
ture. Matrigel is derived from the basement membrane matrix of Engelbreth-Holm-Swarm
(EHS) mouse sarcomas. It contains a complex blend of ECM proteins, growth factors,
and other bioactive molecules that provide a supportive microenvironment for organoid
development [66]. Matrigel has been extensively utilized to culture intestinal [67], hep-
atic [68], pancreatic [69], ovarian [70], prostatic [71,72], and endometrial organoids [22,73].
Similarly, collagen-based hydrogels, derived from the most abundant proteins in the ECM,
provide a natural environment for organoids to grow and differentiate. Several studies
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have demonstrated the ability of collagen-based hydrogels to support the generation of
intestinal [74], liver [75], lung [76], and brain organoids [77], which successfully replicate
the architecture and functionality of their corresponding in vivo tissues. Moreover, fibrin
hydrogels have also been applied to bioengineer kidney organoids, promoting endothelial
cell infiltration and capillary formation within the hydrogel [78]. Fibrin hydrogels are
formed by the thrombin-mediated enzymatic crosslinking of fibrinogen into fibrin. Thus,
the gel formation process can be controlled to modulate the gelation kinetics [79]. Finally,
silk hydrogels, derived from silk fibroin, were also suitable for the growth of brain [80]
and intestinal organoids [81]. Silk hydrogels can be prepared using different techniques,
such as self-assembly or crosslinking methods, to attain the desired gel structure and
properties [82].

3.1.2. Polysaccharide-Based Hydrogels

Polysaccharide-based hydrogels are mainly based on alginate [83] and chitosan [84],
but cellulose hydrogels have also been described with less frequency [85]. Alginate, which
is characterized by the presence of guluronic and mannuronic acid residues, exerts precise
control over the release kinetics of encapsulated growth factors and nutrients, thereby
enhancing the viability and functionality of organoids [86]. For example, alginate hydrogels
promote the 3D organization of neural cells into organoids and support the assembly of
vascular-like systems in co-cultures with endothelial cells [87]. Conversely, chitosan is a
cationic polysaccharide that improves the encapsulation efficiency of negatively charged
molecules [88]. This cationic nature contributes to the sustained release of biomolecules,
which is particularly relevant for in vitro organoid cultures. Indeed, chitosan hydrogels
were recently employed as a 3D platform for different organoid models, including gut
organoids [84,89].

3.1.3. Decellularized Extracellular Matrix Hydrogels

Decellularized ECM hydrogels are obtained from the decellularization of organs or
tissues, a technique that removes cellular components while preserving the structural
and functional proteins of the ECM (glycosaminoglycans, proteoglycans, and growth and
soluble factors) [90]. These natural ECM hydrogels have been derived from kidney [91],
lung [92], liver [93], brain [94], ovary [95], and endometrial tissue [23], among others. Once
decellularized, the tissues are milled, lyophilized, solubilized, and neutralized to form
a pre-gel solution [90]. Subsequent incubation at the physiological temperature (37 °C)
or the addition of acetic acid to decrease the pH to 4.0 [96] induces the spontaneous 3D
remodeling of the monomeric components’ intramolecular bonds (e.g., collagen reorganizes
into complex fibers). The polymerization kinetics are influenced by the native biochemical
profile of the source tissue, as well as the proteins remaining after decellularization [96].
The specific biomolecules secreted by each tissue’s resident cells determine the organization
and biochemical composition of the corresponding decellularized ECM hydrogels [97].
Unlike Matrigel, decellularized ECM hydrogels retain the full biochemical complexity of
the native tissue; thus, they are presented as promising biomaterials, not only for culturing
organoid models in vitro but also for mimicking the native tissue environment [90].

3.2. Synthetic Hydrogels

Synthetic hydrogels emerged as valuable tools in organoid culture due to their fully
customizable mechanical and biochemical properties and their versatility (Figure 3) [98];
they encompass a broad range of biomaterials with varying compositions, crosslinking
mechanisms, degradation rates, and rheological properties [98]. The classification parame-
ters of synthetic hydrogels include the polymer type, the crosslinking method, swelling
behavior, and biological interactions. Some recently reported synthetic hydrogels were
based on polylactic glycolic acid (PLGA), polyethylene glycol (PEG), polycaprolactone
(PCL), and RADA 4 (commercialized as PuraMatrix) (Figure 3). In particular, PLGA hydro-
gels, characterized by their excellent biocompatibility and biodegradability, were employed
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for intestinal and liver organoid cultures [99-101]. Similarly, the slow degradation of PCL
hydrogels was useful for the prolonged culture of neural organoids [102]. In contrast, PEG
hydrogels, known for their high water content and modifiable crosslinking, facilitated nu-
trient and oxygen diffusion to intestinal organoids [103]. Finally, RADA4-based hydrogels
favored the formation of complex 3D neural structures in brain organoids [104,105].

Hydrogels
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Figure 3. The extracellular scaffold in organoid culture. (Top) Hydrogels are extensively employed for
organoid culture due to their remarkable biological properties. (Bottom) Hydrogels can be classified
as natural, hybrid, or synthetic, which all differ in composition and their inherent properties. Created

with BioRender.com (accessed on 2 November 2023).
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Notably, natural and synthetic biomaterials can be combined to create hybrid hydro-
gels that capitalize on the advantages offered by different biomaterials (Figure 3) [106].
Indeed, hybrid hydrogels strike a balance between the bioactivity of natural hydrogels and
the custom-engineering properties of synthetic hydrogels, resulting in improved organoid
growth, stability, viability, maintenance, and functionality [106].

4. How Are Organoids Maintained In Vitro?—The Culture Medium

Besides an extracellular scaffold, in vitro organoid culture requires a rich source of
essential nutrients, growth factors, and signaling molecules—vital for the sustained growth,
maintenance, and proliferation of the organoid—which standard culture media does not
provide (Figure 4). However, it is important to note that culture media are not universally
standardized in the organoid field; instead, they are intricately customized to meet unique
tissue-specific organoid demands. Establishing an appropriate culture medium is a critical
prerequisite for successful organoid culture, as it directly influences the fidelity of organoid
establishment, development, maintenance, functionality, and responses.

Different cell types and stages of development have distinct culture requirements.
Thus, defining the culture medium that meets their specific needs can optimize the
organoids’ formation, survival, metabolic functions, and differentiation [107]. In this
regard, the organoid culture medium has four main components: the basal media, serum,
antibacterial and antimycotic agents, and soluble factors (Figure 4).

4.1. Basal Medium

Generally, most of the volume of the culture medium is made up of basal medium
(Figure 4). The main function of the basal medium is to provide the cells with a suitable en-
vironment for growth, promoting the survival, preservation, and development of cultured
cells [108]. In addition, it maintains the homeostasis of the culture by acting as a buffer
for any changes that may affect the cells, such as a change in the pH of the medium. To
this purpose, all basal media share a common cocktail of essential components, such as
numerous inorganic salts, sugar, essential amino acids, and water-soluble vitamins [109].
Moreover, some media contain additional factors to support the biological requirements
of certain cell cultures. For example, commercial media like x-MEM, DMEM, and Ham's
F-12 are suitable for adherent cell cultures, whereas the RPMI 1640 culture medium is
recommended for suspended cell cultures [109].

4.2. Serum

Additionally, an important part of the medium composition is the serum (Figure 4).
The main function of serum is to provide a source of nourishment for the cells, including
the active biomolecules necessary for cell survival and growth, such as amino acids, pro-
teins, vitamins, carbohydrates, lipids, hormones, growth factors, inorganic salts, and trace
elements [109]. Serum also enhances the pH-buffering capacity of the culture medium
and reduces physical damage to the cells when used as a basal medium [110]. While fetal
bovine serum (FBS) remains the most popular serum employed, the use of fetal calf and
horse serum has also been reported [111,112].
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4.3. Antibiotics and Antimycotics

Bacterial or mycotic contamination are major concerns in cell culture (Figure 4). Con-
tamination may arise from various sources, including the researcher and/or the laboratory
environment, other cells in the laboratory, and reagents [113]. To avoid contamination,
antibacterial and antimycotic compounds are typically incorporated into the culture media.
The most frequently used antibiotics are penicillin and streptomycin. Penicillin represents
a class of antibiotics that eradicates Gram-positive bacteria by inhibiting peptidoglycan
synthesis in the bacterial cell wall [114]. Conversely, streptomycin inhibits bacterial protein
synthesis by binding to the small 16S rRNA of the 30S subunit of bacterial ribosomes, inter-
fering with codon reading and ultimately inducing cell death [114]. Regarding the popular
antimycotics, amphotericin binds to the ergosterol present in the fungal cell membrane,
leading to the formation of pores that compromise cell membrane integrity, facilitate ion
loss, and, ultimately, induce fungal cell death [115].

4.4. Soluble Factors

Soluble factors are arguably the most important component of organoid culture
medium. Soluble molecules are capable of binding to the cellular receptors, trigger-
ing permissive or inhibitory intracellular signals to initiate cell differentiation and/or
proliferation (Figure 4). The soluble molecules supplemented in most in vitro cultures
predominantly consist of the following growth factors and proteins [116]: R-Spondin-1
(RSPO-1) [49,117,118],  nicotinamide [52,118-120], N-acetyl-L-cisteyne [120,121],
noggin [116,119-122], epithelial growth factor (EGF) [52,120,123], hepatocyte growth fac-
tor (HGF) [122,124-126], fibroblast growth factor (FGF) [52,118,124,127-129], transform-
ing growth factor alpha (TGF«x) [39], gastrin [52,120,122], bone morphogenetic protein 4
(BMP4) [130-132], and Wnt [117,118,120,131]. However, some small-molecule drugs such
as A83[118,129,133], Y-27632 [52,118,134], CHIR-99021 [52,135], SB431542 [135,136], and
L-ascorbic acid [137] have also been reported. Complementary buffers that maintain the
pH level and enhance cell viability and function include the following: B27 [52,118,128,135],
HEPES (2-[4-(2-Hydroxyethyl) piperazin-1-yl]ethane-1-sulfonic acid) [117,118,129,135].
Growth factors may be costly and unstable, while small-molecule drugs can affect the
off-target pathways, resulting in poor reproducibility. Thus, one study experimented with
combining biologics and small-molecule drugs in organoid cultures and obtained positive
results [138]. Despite the considerable spectrum of variability and the specificity of soluble
factors in culture media, Figure 4 highlights how different types of organoids have benefited
from certain factors. Once the three main components (cellular material, ECM scaffolding,
and the specific medium) of organoid culture have been explored in depth in this review,
some of the applications of these 3D cell models will be examined. As already discussed,
organoid technology has emerged as a revolutionary tool in biological research, offering a
unique and dynamic platform to study in detail the many complex cellular interactions
and tissue-specific functions in vitro.
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Figure 4. Composition of culture medium for organoid culture. (Left) The relative proportions of the basal media, serum, antibiotics/antimycotics, and
soluble factors within the organoid culture medium. Created with BioRender.com. (Right) The main soluble factors, along with their corresponding biological
function(s). R-Spondin-1 (RSPO-1), epithelial growth factor (EGF), hepatocyte growth factor (HGF), 3-(6-Methyl-2-pyridinyl)-N-phenyl-4-(4-quinolinyl)-1H-pyrazole-
1-carbothioamide (A83), 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic acid (HEPES), fibroblast growth factor (FGF), transforming growth factor alpha
(TGF«x), and bone morphogenetic protein 4 (BMP4).
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5. Why Are Organoids Suitable In Vitro Models?—General Biomedical Applications

Organoid-based bioengineering strategies have led to significant advancements in
tissue biobanking [101], modeling the in vivo characteristics of human pathologies [6,139],
creating novel platforms for drug discovery and screening [140], and improving the efficacy
of personalized medicine [141].

5.1. Biobanking

A biobank is defined as a systematic collection of human biological samples and the
associated data, intended for research purposes [142]. This concept was driven by the
pressing need for sustainable and reproducible sources of human tissue samples, which
currently have limited availability, are often collected invasively, and are subject to consid-
erable inter-individual variability [139]. Organoids are considered an ideal candidate for
biobanking due to their self-renewing capacity, significantly extended lifespan, and ability
to maintain tissue-specific features over extended periods of time [1]. Biobanked, patient-
derived organoids can be employed to identify individualized therapeutic strategies, as
well as predict the response to drug treatments based on a patient’s genetic and phenotypic
profiles [143]. Furthermore, these repositories give researchers worldwide access to a broad
range of standardized and quality-controlled samples, promoting collaborative research
and minimizing inter-study variations. The Human Cancer Models Initiative (HCMI)
is a notable example of a global effort to establish a comprehensive biobank of cancer
organoid models (i.e., colon, brain, and breast cancer organoids), making these valuable
resources widely available to the scientific community [144]. Nevertheless, the limitations
of biobanking include the inherent high cost and the technical complexity related to es-
tablishing these repositories [143]. Despite these challenges, the continuous refinement of
biobanking techniques and collaborative efforts in establishing large-scale biobanks hold
the potential to revolutionize biological research and advance our understanding of human
health and disease.

5.2. Disease Modeling

Organoids represent a powerful and versatile platform from which to study myriad
pathological conditions (e.g., infectious or genetic diseases and cancer). This approach
originated from the need to bridge the gap between in vitro and in vivo models for biomed-
ical research. Many pathologies have a multifactorial origin, which cannot be modeled by
static 2D in vitro culture conditions that do not reflect the regulatory factors produced by
interactions between different cell types or peripheral tissues [140].

5.2.1. Infectious Diseases

Organoids derived from different tissues are employed to investigate a wide range of
infectious agents, including viruses and bacteria. The ability to model infectious diseases
in organoid cultures has not only provided insights into host-pathogen interactions but
has also helped improve the specificity of antibiotic and antiviral agents. For instance,
respiratory organoids have been employed to model infections caused by respiratory
viruses, such as influenza and respiratory syncytial virus [145]. Similarly, human intestinal
organoids have been applied to study norovirus infection, providing valuable insights into
viral replication and putative antiviral targets [146].

5.2.2. Genetic Diseases

Targeted gene-editing technologies, like CRISPR/Cas9, have facilitated the modeling
of genetic diseases in organoid culture. Several groups have successfully created organoid
models with disease-specific mutations [17]. In particular, Dekkers et al. introduced a
cystic fibrosis (CF) driver mutation into iPSCs using CRISPR/Cas9. The iPSCs were then
differentiated into lung or intestinal organoids exhibiting the characteristics of CF-affected
tissues, providing a platform by which to study CF pathology and test potential therapeutic
approaches [147].
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5.2.3. Cancer

Various cancers are known to present intra-tumoral heterogeneity, with distinct cell
populations harboring different genetic alterations and drug sensitivities [17]. Organoids
derived directly from patient tumor samples successfully preserve the genetic and pheno-
typic heterogeneity observed in the original tumors [148], allowing researchers to study
specific tumor subpopulations and identify potential targets related to tumor initiation
and progression [149]. Notably, pancreatic [149], colorectal [148], and brain [150] cancer
organoids represent a small subset of the numerous cancer organoids documented to date.

5.3. Drug Discovery and Toxicology Studies

The drug discovery process involves identifying and developing new treatments by
exploring potential drug compounds, rigorously testing drug effectiveness and safety, and
optimizing them for clinical use [151]. However, this process is time-consuming and places
a substantial burden on the healthcare system. Human organoid models are significantly
superior to conventional 2D cell cultures for use in drug discovery and toxicity screening
since they provide physiologically accurate responses to treatments and expedite non-
invasive patient-specific drug testing. Furthermore, organoids reduce the need for animal
experimentation, providing a more cost-effective approach to drug testing while promoting
ethical and sustainable research practices [152]. Drug discovery in organoid cultures is
further distinguished by its efficiency, as organoids can be expanded and maintained in
high-throughput formats, facilitating large-scale drug screening and/or the simultaneous
testing of multiple therapeutic compounds.

5.4. Personalized Medicine

Personalized medicine is shifting healthcare paradigms by leveraging individual
patient data to tailor preventive, diagnostic, and therapeutic management strategies [152].
Translating organoid models into clinical use will play a pivotal role in achieving these
objectives, as patient-derived organoids can predict individualized responses to specific
medications, allowing for more precise and targeted therapeutic strategies [153].

5.4.1. Transplantation Therapy

Historically, transplantation therapy involved transferring viable cells, organs, or
tissues to replace or restore the function of damaged tissues or organs. However, the
development of donor-derived organoid models has had a remarkable positive impact on
regenerative medicine. For instance, sweat gland organoids, transplanted into mice with
dorsal injuries, contributed to the regeneration of their epidermis and sweat glands [154].
Nevertheless, for organoid transplantation to be considered viable for clinical application,
their inability to form complex vascularized structures needs to be overcome [155].

5.4.2. Immunotherapy

Understanding the interactions between the immune system and the tumor microen-
vironment is essential for designing targeted cancer approaches. As previously described,
organoids mimic tumor heterogeneity in vivo and preserve the tumor’s microenvironment
components, ensuring the interaction and dynamic connection between the tumor cells
and their external environment. By incorporating immune cells into organoid systems,
researchers can describe the effect of the immune cells on tumor organoids. For example,
co-culturing organoids with effector T cells can result in an effective anti-tumor organoid
immune response by decreasing the number of live organoid cells and increasing immune
cell function [156]. As a result, these complex models promote the discovery of novel
immunotherapeutic targets and/or the improvement of personalized treatments. Thus,
organoid models also provide a more accurate bioplatform to test novel immunotherapeutic
agents and optimize their use for individual patients.
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5.4.3. Gene Repairing

Gene repairing is based on gene-editing technologies and primarily focuses on rectify-
ing the driver mutations of genetic diseases [17]. Employing organoid cultures for gene
repair represents a transformative approach to tackling genetic diseases at the cellular level,
enabling precise and individualized therapies for patients affected by genetic disorders. As
an example, retinal organoids were employed to repair genetic mutations associated with
inherited retinal degenerative disorders, providing a prospective avenue for future gene
therapies aimed at treating vision loss [157].

6. Applications of Organoids Modeling the Female Reproductive Tract

This section not only underscores the pivotal role of organoids in advancing the un-
derstanding of female reproductive health but also highlights their future applications
in reproductive medicine and research. We discuss how organoids are catalyzing the
understanding of reproductive disorders, expediting the screening of therapeutic interven-
tions, and overall, substantially contributing to personalized medicine within the female
reproductive system (Figure 5).

6.1. Ovary

The ovaries, commonly referred to as the female gonads, are responsible for housing
oocytes and producing female sex hormones, like estrogen, progesterone, and inhibin,
among others. The ovary comprises various types of cells, including superficial epithelial
cells that form the human surface epithelium (OSE), germ cells (oocytes), granulosa cells,
steroidogenic cells (granulosa and thecal cells), and ovarian stromal cells [158].

Kwong et al. were the first to develop organoid models derived from normal human
OSE cells. In their study, primary cells sourced from healthy ovaries, which were suspended
in a medium supplemented with 10% serum in Matrigel-coated wells, formed spheroidal
structures that exhibited positive immunoreactivity for OSE markers (i.e., calreticulin
and cytokeratins) [159]. However, these structures did not persist as long-term cultures.
Conversely, ovarian organoids derived from female germline stem cells exhibited endocrine
functions and produced oocytes in vitro, with low maturation rates [160,161].

In terms of pathological conditions, ovarian carcinoma is a complex ailment encom-
passing diverse tumor subtypes, each distinguished by specific genetic and pathological
attributes. Kopper et al. derived organoids from OSE obtained from individuals who were
highly susceptible to ovarian cancer (OC) due to germline mutations in breast cancer genes
1/2 (BRCA1/2) [14]. The OSE organoid lines were established with an efficiency surpassing
90% and demonstrated keratin 8 (KRTS8)-positive expression, featuring the characteristic
folds and invaginations. However, further research is imperative to enhance their capability
for sustained propagation. In contrast, organoids originating from murine OSE have dis-
played the potential for extended passaging under specific culture conditions, containing a
component of the Wnt/ 3-catenin signaling pathway (Wnt3a), R-spondin-1, noggin, EGF,
nicotinamide, hydrocortisone, and (-estradiol [162]. Remarkably, organoids were also
generated from high-grade serous ovarian carcinoma (HGSOC), the most prevalent and
severe manifestation of ovarian cancer [163]. These organoids faithfully displayed the
prominent morphological characteristics associated with HGSOC, including nuclear pleo-
morphism and a disordered epithelium; however, they had limited expansion capacity. A
more recent investigation documented noteworthy enhancements in the HGSOC organoid
system, culminating in the establishment of 15 distinct organoid lines that closely match the
mutational profile and phenotype of the parental tumor [164]. The broad spectrum of OC
subtypes was effectively recreated using organoid derivation, through the supplementation
of compounds such as hydrocortisone, forskolin, and neuregulin 1 (NRG1) [14,165]. Over-
all, Kopper et al. remarkably succeeded in generating a substantial collection of fifty-six
organoid lines, with 65% efficiency and 85% post-cryopreservation viability (a prerequisite
for establishing a viable biobank) [14].
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To this day, ovarian organoids have proven to be adaptable platforms for a range of
scientific manipulations, including gene editing and drug sensitivity profiling [166,167], as
evidenced by many studies [14,70,163-165,168-170]. The contemplation of more intricate
organoid models (i.e., assembloids), with the potential integration of immune, stromal,
and/or vascular components, kindles future endeavors to evaluate clinically pertinent
pharmaceuticals that are aimed at targeting neo-angiogenesis and tumor immunology. This
notion is underscored by findings demonstrating that short-term 3D organoid co-cultures
of HGSOC and immune cells responded to immune checkpoint inhibitors [171].

6.2. Fallopian Tubes

The Fallopian tubes (FT), also referred to as the oviducts, connect the ovaries and the
uterus, facilitate fertilization, and support the initial stages of embryo development. The
FT consist of a thin layer of smooth muscle cells surrounding the stroma and the tubal
epithelium, lined with secretory and ciliated cells [172].

In 2015, Kessler et al. pioneered healthy human FT organoids (derived from epithe-
lial progenitors) that presented ciliated and secretory cells, maintained stemness, and
responded to reproductive hormones [173]. Later, Rose et al. discovered that organoids
from the distal section produced larger spheroids and also established aldehyde dehydro-
genase (ADLH) as a biomarker for FT organoid formation [174]. FT organoids have also
been cultured in a 3D thermo-reversible gelation polymer (TGP), having conserved their
putative markers [175].

Regarding oviductal pathology, FT epithelial cells were recently linked to the etiology
of HGSOC and were found to be negatively impacted during episodes of pelvic inflamma-
tory disease (PID) [172]. Xie et al. derived the first cancerous FT organoids in 2018 from the
conditional transformation of related protein 53 (Trp53) and BRCA1 mutant mice [16]. Later,
Zhang et al. engineered murine FT organoids with CRISPR/Cas9 technology to model the
different combinations of mutations presented by HGSOC patients and to develop plat-
forms to test personalized chemotherapy regimens [176]. To model PID, Yu et al. infected
FT organoids with two common vaginal bacteria species and reported the expression of
acute inflammation markers [177].

Interestingly, Chang et al. co-cultured FT organoids with mesenchymal FT stem
cells and umbilical endothelial cells, resulting in more complex in vitro models. These
FT assembloids combined different cell types, representing a new model for studying the
regeneration and malignant transformation of the tubal epithelium [178].

6.3. Endometrium

The endometrium, the innermost layer of the uterus where the embryo is implanted
following fertilization, is constituted by a layer of columnar secretory and ciliated epithe-
lium, along with numerous tubular glands, and is supported by an underlying stromal
component. In human females, the endometrium undergoes cyclical phases of shedding,
regeneration, and differentiation every month [179].

Two independent groups developed endometrial organoids from human and mouse
endometrial biopsies in 2017 [22,73]. These organoids were derived from the endometrial
epithelium and mimicked the biological features of the epithelial glands. Specifically, they
developed a void lumen, maintained apico-basal polarity, and were correctly divided
through different passages [179]. Moreover, the human endometrial organoids (hEOs)
were differentiated into secretory and gestational hEOs, which, respectively, mimicked the
proliferative and gestational phases of the menstrual cycle by overexpressing the SPP1,
PAEP, LIF, and 17HSDf2 implantation markers [22]. In 2019, Haider et al. showed that
the hEO'’s ciliated phenotype could be induced by the coordinated action of estrogen
and NOTCH signaling during the proliferative phase [180]. Notably, Francés-Herrero
et al. reported how supplementing the hEO culture media with hydrogels derived from
decellularized porcine endometrium improved cell proliferation, preserved long-term
stability, and maintained stemness properties [23]. Elsewhere, hEOs were successfully
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cultured in pure bovine and human endometrial-derived hydrogels (rather than in synthetic
biomaterials) [181]. Intriguingly, menstrual blood is emerging as a non-invasive source of
cells for hEOs [182]. These organoids demonstrated similar proliferation, phenotype, and
gene signatures in comparison to hEOs derived from standard biopsies.

The hEOs used to model a broad spectrum of endometrial pathologies [183], including
adenomyosis [184], endometriotic lesions [15,185], and endometrial carcinoma [186-189],
have successfully recapitulated the corresponding disease traits and served to unveil novel
biomarkers. For instance, Judrez-Barber et al. demonstrated that adenomyosis organoids
overexpressed TGF-f32 and SMAD3 compared to healthy endometrial organoids [184].
Furthermore, endometriosis organoids have revealed the epigenetic mechanisms that
underlie endometriosis, as these organoids preserve the methylation levels of ectopic
endometrial lesions [185]. Elsewhere, Jamaluddin et al. created patient-derived endome-
trial carcinoma organoids from 20 patients to characterize intra-tumoral proteomic dif-
ferences [188]; understanding tumor heterogeneity is crucial for developing targeted life-
saving cancer therapies.

Notably, hEOs co-cultured with stromal components (assembloids) offer a superior
resemblance to the native endometrium, and the addition of embryos offers a realistic
insight into implantation processes [190]. Despite the advantage of containing two different
cell types, endometrial assembloid models have not yet been able to achieve propagation
in vitro [19,191]. Therefore, hEOs remain the gold standard for studying human endome-
trial physiology.

6.4. Cervix

The cervix acts as a barrier between the vagina and uterus, producing mucus that either
facilitates or obstructs the passage of sperm, depending on the stage of the menstrual cy-
cle [192]. The cervix is divided into two distinct regions: the ectocervix, formed by stratified
squamous epithelium, and the endocervix, composed of columnar epithelium [193].

Long-term, expandable cervical organoid models were successfully derived from both
the stratified squamous ectocervix and the columnar endocervix [194]. Whether derived
from tissues of mouse or human origin, these organoids demonstrated remarkable similarity
to the respective in vivo tissues, faithfully replicating the architectural arrangement and
phenotypic characteristics [194].

Regarding cervical pathologies, Chumduri et al. employed cervical organoids to
study how cervical epithelial junction integrity prevents the emergence of metaplasia. The
transcriptomic analysis of cervical organoids derived from healthy tissue versus those
from malignant tissue revealed shared expression profiles between endocervical organoids
and adenocarcinomas and between ectocervical organoids and squamous cell carcinomas.
Based on their observations, this group postulated that the carcinomas arose from malignant
transformations in diverse cell lineages [194]. In the same year, another group established
human ecto- and endocervical 3D organoids that stably recapitulated physiological and
carcinogenic traits, growing as xenografts in mice [195].

6.5. Vagina

The vagina is a tube-like structure composed of fibrous and muscular tissue con-
necting the cervix to the external genitalia. It is the channel through which uterine secre-
tions are expelled and serves as the entryway for the penis and the fetal pathway during
childbirth [196]. Like the ectocervix, the mucosa of the vagina is lined with stratified
squamous epithelium.

Currently, there is no existing account of human vaginal organoids. The scientific
literature only describes the establishment and sustained cultivation of murine vaginal
organoids [197] that resembled the in vivo architecture of vaginal tissue, with a stratified
squamous epithelial arrangement and tumor protein P63-positive cells along the periphery.
The viability of vaginal organoids hinges on the intrinsic Wnt signaling pathway, which
governs both their proliferation and differentiation [197]. While increasing Wnt levels in
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the culture medium improved organoid growth, exceedingly high Wnt concentrations
suppressed growth, highlighting the importance of Wnt regulation in vaginal epithelial
cells. This innovative model is poised to play a pivotal role in discerning the intricate
mechanisms underlying the regeneration and equilibrium of the vaginal epithelium [197].

6.6. Future Challenges in Modeling the Female Reproductive Tract

The development of 3D in vitro culture systems that maintain the original characteris-
tics of the distinct tissues and organs within the female reproductive tract has progressed
substantially from 2017, when two separate groups described the first human endometrial
organoids [22,73], to 2021, when Rawlings et al. introduced assembloid models combin-
ing multiple cell types in the same 3D culture [19]. Nevertheless, static 3D culture still
has several limitations, such as the lack of mechanical flow dynamics, poor connectivity
with other cell culture wells, challenging pH and temperature standardization, and the
elimination of accumulated toxic metabolites [198]. Microfluidic devices have begun to ad-
dress these limitations, using pumps to dynamically circulate the culture medium between
connected cell chambers to constantly renew nutrients while simultaneously removing
toxic metabolites [199]. Indeed, the shared secretome in microfluidic systems proved es-
sential for modeling realistic cell-cell communication, tissue development, and immune
responses [200]. These advances position microfluidics as another emerging bioengineering
approach to enhance in vitro culture systems [183].

To date, EVATAR is the most comprehensive microfluidic platform to model the
endocrine interactions occurring in the human female reproductive tract and peripheral
tissues during the menstrual cycle and pregnancy [201]. This sophisticated model replicates
the in vivo dynamics of the 28-day menstrual cycle by continuously circulating media
between units that represent the ovary, FT, uterus, cervix, and liver. However, EVATAR
requires large samples of primary tissues to construct each chip—potentially implying the
need for invasive biopsies and poor scalability—thereby restricting in vitro propagation
and the feasibility of biobanking [201].

Combining organoids derived from the human female reproductive tract within
microfluidic platforms could overcome these limitations and potentially elucidate the
mechanisms underlying infertility and gynecological disorders. Such platforms could
be used to generate in vitro models of decidualization, implantation, placentation, and
maternal-fetal crosstalk during fetal development [202]. Similarly, this technology could
be applied to model, investigate, and pharmacologically modulate the pathophysiology of
intractable diseases such as ovarian cancer and endometriosis [202]. The in vitro simulation
of these diseases could enhance drug testing efficiency and the exploration of individualized
therapeutic approaches.

7. Conclusions

In conclusion, organoid models have revolutionized tissue engineering, primarily
due to their ability to faithfully reproduce the biological characteristics of the native tissue
when compared to conventional in vitro approaches. Although the precise definition of the
term organoid remains controversial, we defined them for this article as an aggregation
of a single type of organ-specific cells embedded in an extracellular scaffold (commonly
hydrogels) and cultivated in a defined culture medium. Organoids are applied in various
biomedical disciplines, including reproductive medicine, and contribute significantly to
biobanking, disease modeling, drug testing, and personalized medicine. These applications
have proved invaluable to advancing understanding of the female reproductive tract,
studying various gynecological pathologies and/or the associated causes of infertility,
discovering novel biomarkers, and ultimately, developing more effective and personalized
treatments for affected patients.
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