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Abstract

The female reproductive system consists of the ovaries, the female gonads, and the reproductive tract organs of the fallopian
tubes, uterus, cervix, and vagina. It functions to provide hormonal support and anatomical structure for the production of
new offspring. A number of endogenous and exogenous factors can impact female reproductive health and fertility, including
genetic vulnerability, medications, environmental exposures, age, nutrition, and diseases. To date, due to the ethical con-
cerns of using human subjects in biomedical research, the majority of studies use in vivo animal models and 2D cell/tissue
culture models to study female reproduction. However, the complexity and species difference of the female reproductive
system in humans make it difficult to compare to those of animals. Moreover, the monolayered cells cultured on flat plastics
or glass lose their 3D architecture as well as the physical and/or biochemical contacts with other cells in vivo. Further, all
reproductive organs do not work alone but interconnect with each other and also with non-reproductive organs to support
female reproductive, endocrine, and systemic health. These facts suggest that there is an urgent and unmet need to develop
representative, effective, and efficient in vitro models for studying human female reproduction. The prodigious advance-
ments of bioengineering (e.g., biomaterials, 3D printing, and organ-on-a-chip) allow us to study female reproduction in an
entirely new way. Here, we review recent advances that use bioengineering methods to study female reproduction, including
the bioengineering models of the ovary, fallopian tube, uterus, embryo implantation, placenta, and reproductive disease.
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Introduction

The female reproductive system is composed of the female
gonads, the ovaries, and the female reproductive tract, which
includes the fallopian tubes (termed oviducts in non-primate
species), uterus, uterine cervix, and vagina (Fig. 1). It func-
tions to provide hormonal support and anatomical structure
for the production of new offspring. In addition to fertility,
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it is also important for women’s systemic health because
hormones secreted from the ovaries contribute to the gen-
eral health of their endocrine, cardiovascular, skeletal, and
immune systems [1].

Abnormal female reproduction is caused by a number of
factors including genetic vulnerability, medical treatments,
environmental exposures, age, nutrition, and diseases. In
the USA, about 16.2% of married women within reproduc-
tive age (15-49 years old) have impaired fecundity, 8.8%
of them are diagnosed as infertile, and 12.7% of them have
received fertility treatments such as in vitro fertilization
(IVF) [2]. Moreover, female reproductive diseases such
as endometriosis and polycystic ovary syndrome (PCOS)
are becoming more and more prevalent [3]. Furthermore,
gynecologic cancers do not only affect women’s fertility
but also threaten their lives. For example, ovarian cancer is
the fifth leading cause of cancer death among women and
cervical cancer is the fourth most frequent female cancer
disease [4]. The female reproductive system is also one of
the major off-targets of clinical drugs. Both chemotherapy
and irradiation have been demonstrated to exhibit highly
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Fig.1 The anatomy of the human female reproductive system and
early pregnant events. The female reproductive system consists of the
ovaries, fallopian tubes, uterus, cervix, and vagina. Following ferti-
lization in the fallopian tube, the zygote undergoes 5-6 miotic cell
division to form the morula, a 16-cell embryo. Simultaneously, the
developing embryo continues to be projected toward the uterus in
the fallopian tube and reaches the uterus approximately 3 days after
fertilization. Once inside the uterus, the morula continues to divide
and produce an approximately 100-cell embryo, which is called the

detrimental effects on the ovaries and increase childhood and
young adult female cancer patients’ risks of ovarian failure,
early menopause, and infertility [5-7]. Our recent studies
also suggested that doxorubicin (DOX), a commonly used
chemotherapeutic chemical, permanently altered the uterine
response to estrogen, an ovarian steroid hormone, indicating
that anticancer agents can also directly target the uterus to
impair female reproductive health and fertility [8]. In addi-
tion to pharmaceutical compounds, increasing evidence sug-
gests that the environmental chemicals, particularly those
identified as endocrine-disrupting chemicals (EDCs) such
as the bisphenols, phthalates, and flame retardants, can also
cause female reproductive toxicities.

Thus far, due to the ethical concerns of using human sub-
jects to study female reproduction, particularly when women
are pregnant, the majority of the explorations for female
reproductive physiology, pathology, and toxicology have
been through in vivo animal models and two-dimensional
(2D) cell or tissue culture models. However, the complexity
and species difference of the female reproductive system in
humans make it difficult to compare to those of animals. For
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blastocyst. The blastocyst consists of two major structures: the mass
of cells inside of the blastocyst is called the inner cell mass (ICM)
which will become the embryo; and the cells that form the outer shell
of the blastocyst are trophoblasts, which will develop into the chori-
onic sac and fetal portion of the placenta. The trophoblasts of blas-
tocyst then secrete enzymes to degrade the zona pellucida, which is
referred to as hatching. At about day 7 after fertilization, the hatched
blastocyst adheres to the uterine endometrium for embryo implanta-
tion, which is complete at about day 10 after fertilization

example, the average ovarian cycle is 4-5 days for rodents
but 28 days for humans, and the average gestation period is
20-23 days for rodents but 40 weeks for humans. Moreover,
in vivo animal models are time-consuming and costly, and it
is unethical to sacrifice a large number of animals for human
benefit. Regarding 2D culture models, the cells cultured on
flat plastics or glass lose their 3D architecture as well as the
physical or biochemical contacts with other cells in vivo.
For instance, ovarian cell lines, including both somatic cells
and oocytes, have been cultured in vitro [9-11]. However,
these individual cell lines lack the 3D cell/tissue architecture
and also the bidirectional communications between somatic
cells and their enclosed oocytes [12—16], which are required
for supporting normal ovarian development and functions
[17-21]. These facts indicate that there is an urgent and
unmet need to develop representative and effective models
for studying human female reproduction.

Bioengineering aims to use the principles and tech-
nologies of engineering to solve problems in biology and
medicine. Over the past decades, the prodigious advance-
ments of bioengineering (e.g., biomaterials, 3D printing,
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and microfluidics) allow us to study the female reproduc-
tive system and reproductive diseases in an entirely new
way. Here, we review recent advances of bioengineering
models of female reproductive tissues and functions, which
provide us with encouraging research models to study the
female reproductive science and medicine. We first discuss
the research related to bioengineering and the ovaries, the
primary female reproductive organs, which is followed by
the downstream female reproductive tract including the
fallopian tube, uterus, and placenta. Further, we reviewed
current research that used bioengineering methods to study
female reproductive diseases including endometriosis and
gynecologic cancers.

Bioengineering models of ovaries

The ovary is the female gonad and contains various devel-
opmental stages of follicles as the functional units (Fig. 2a).
Each follicle consists of a central germ cell, the oocyte, and
the surrounding somatic cells. It is believed that the ovarian
follicle pool is established prior to birth and is non-renewa-
ble [22, 23]. Thus, the diseases, medications, environmen-
tal exposures, or other factors that compromise the quantity
and quality of follicles and/or oocytes will increase women’s
risks of premature ovarian insufficiency (POI), hormonal
imbalance, and infertility [24]. Growing ovarian tissues or
follicles in vitro has a long history because it provides valu-
able research models and significant applications in female
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Fig.2 The ovary anatomy, folliculogenesis, oogenesis, and encap-
sulate in vitro follicle growth (eIVFG). a The earliest stage of ovar-
ian follicles is termed primordial follicles, which remain quiescent
to represent ovarian reserve. After birth, the primordial follicles are
activated and grow to the primary, secondary, and antral stages for
ovulation until menopause, which is termed folliculogenesis. In paral-
lel to folliculogenesis, the oocytes increase in size and store mRNAs
and proteins to gain meiotic and developmental competence, which
is termed oogenesis. The ovulation is characterized by the rupture of
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reproductive science and medicine, including understanding
the basic ovarian biology, preserving and restoring women’s
fertility and endocrine functions after cancer therapy, and
ovarian toxicity screening. However, when follicles are cul-
tured on flat plastics or glass, the connections between the
oocyte and somatic cells will be crushed and follicles will
lose their 3D architecture and die. Here, we review the exist-
ing bioengineering methods that have been applied to grow
ovarian tissues or follicles in 3D, including the static ovarian
tissue/follicle culture models using hydrogel encapsulation,
decellularized ECM, and 3D bioprinted scaffold, as well as
the dynamic culture models using microfluidic systems.

Hydrogel encapsulation

Hydrogel encapsulation has been increasingly used and
becomes a promising bioengineering method to support 3D
in vitro cell or tissue culture. The liquid precursor solutions
of hydrogels can become solid hydrogels after crosslinking
with curing agents, which is termed gelation. The gelated
hydrogels are water-swellable, and the formed hydrogels
exhibit tissue-like elastic properties as well as allow for the
diffusion of nutrients, wastes, and oxygen for the encapsu-
lated cells or tissues. These attributes make hydrogels ideal
scaffolds to mimic the native extracellular matrices (ECMs),
provide tunable stiffness similar to the cellular environment
in vivo, and maintain the 3D architecture of encapsulated
cells or tissues [25, 26].
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antral follicles and release of oocytes into the fallopian tube. During
ovulation, the oocytes resume meiosis and progress to metaphase 11
(MII) stage. After ovulation, the remaining granulosa cells and theca
cells differentiate into luteal cells, form corpus luteum (CL), and
secrete progesterone. b The eIlVFG maintains the 3D architecture of
ovarian follicles and supports mouse follicle development from mul-
tilayered secondary stage to antral stage for maturation, ovulation,
oocyte meiotic division, and luteinization
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Several research groups have used hydrogels (e.g., algi-
nate, collagen, and fibrin) to grow ovarian tissues or fol-
licles in vitro and obtained remarkable advancements. A
good example is that in 2003, Dr. Woodruff and her team
started to use alginate hydrogel, a polysaccharide derived
from brown algae, to encapsulate and culture mouse ovar-
ian follicles, which is termed encapsulated in vitro follicle
growth (eIVFG) [27]. Their results showed that the 3D
architecture of follicular complex was well maintained dur-
ing eI VFG, the granulosa cells proliferated, and the oocytes
grew in volume and obtained structural characteristics of
mature oocytes, such as the developed zona pellucida, pres-
ence of gap junctions between granulosa cells and oocytes,
and meiosis resumption after human chorionic gonadotropin
(hCG) stimulation [27]. Their following studies further dem-
onstrated that eIVFG recapitulates all key events of mouse
folliculogenesis and oogenesis in vivo, including the follicle
development from preantral to antral stage, differentiation of
mural granulosa cells and cumulus cells, development of the
theca cell layer, ovarian hormone synthesis and secretion,
oocyte maturation and ovulation, and luteinization (Fig. 2b).
Moreover, the ovulated oocytes from eIlVFG were able to
be fertilized after IVF and produced live birth after embryo
transfer [28, 29]. In addition to supporting mouse ovarian
follicles, eIVFG has also been successful in other species
including rat, dog, sheep, non-human primate, and human.
In Supplemental Table 1, we summarized previous works
that used hydrogel encapsulation method to grow ovarian
tissues or follicles in vitro, including species, hydrogels,
ovarian tissue types, and achieved reproductive outcomes.

In addition to supporting follicle development and
oocyte maturation processes in vitro, e[VFG is also a valu-
able research model to explore key ovarian biology ques-
tions that have been challenging using in vivo models. For
example, by encapsulating and culturing multiple primary
mouse follicles in a single alginate bead, it was found that
follicles communicated with each other to develop and
mature [30]. Although the underlying mechanism is not fully
understood, the conditioned culture medium from eIVFG
provides a valuable resource to identify the interfollicular
factors, which may include miRNAs, exosomes, bioactive
lipids, or other active peptide or protein factors. Another
example to study ovarian biology using eIVFG is that the
ovarian physical environment determines follicle fate. It has
been demonstrated that changing the rigidity or stiffness of
alginate hydrogel impacted follicle and oocyte reproductive
outcomes. Specifically, decreasing the stiffness of alginate
hydrogels enhanced granulosa cell proliferation, estradiol
secretion, and oocyte maturation. In contrast, the rigid
matrix environment induced higher production of androgen
as well as compromised oocyte developmental competence
[31, 32]. These results are consistent with the phenotypes
of aging or cystic ovaries, which have more fibrotic ovarian
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stroma tissues, compromised follicle/oocyte quality, and
high androgen production. Such results suggest that the
ovarian physical environment plays an essential role in deter-
mining the quality of follicles and oocytes. These research
findings have also been translated from mouse to human.
For example, since human preantral follicles require a much
longer time to develop to the antral stage for maturation, we
developed a two-step human follicle culture method that pro-
vided a more rigid growth environment during the preantral
stage and then a permissive environment after follicles grow
to antral stage. Using this two-step and dynamic follicle cul-
ture regimen, we were able to, for the first time, generate
human MII oocytes using eVIFG [33]. In summary, these
studies indicate that the hydrogel encapsulation method is
a robust bioengineering model to grow and mature ovarian
follicles in vitro, which can be used for multiple reproductive
biology and medicine applications.

Decellularized ECM scaffold

Decellularization is a process of using the physical, chemi-
cal, or enzymatic methods to remove cellular components
and only preserve the intact ECM scaffold of the original
tissue [34]. ECM does not only provide a natural physical
environment for the cells, but also plays essential biochemi-
cal roles in regulating a number of cellular functions, such
as the cell adhesion, migration, proliferation, and differen-
tiation [35]. Following injecting the decellularized ECM
scaffold with targeting cells (e.g., stem cells, primary cells,
or cell lines), the recellularized ECM scaffold has been
increasingly researched for regenerative medicine and organ
transplantation.

Making an artificial ovary using the decellularization
method has been studied as a potential fertility preserva-
tion option for young female cancer patients. Compared to
the conventional ovarian tissue transplantation, the decel-
lularized ECM scaffold allows for the malignant cell-free
recellularization and transplantation, eliminating the risk of
reintroduction of cancer cells to cancer survivors. Laronda
et al. used to seed primary murine ovarian cells into the
decellularized bovine ECM scaffolds to reconstruct mouse
ovaries. They demonstrated that the recellularized ECM
scaffolds were able to produce estradiol in vitro and also
induced puberty in ovariectomized mice following renal
graft [36]. Moreover, the same research group further used
bovine ovary ECM powders to fabricate ovarian tissue
pieces, which were termed ovarian tissue papers (OTPs)
[37]. The OTPs were used to reconstitute human ovaries by
co-culturing with human ovarian cortical strip. Their results
showed that the reconstituted human ovaries supported fol-
licle viability and hormone secretion. However, whether the
reconstituted human ovaries can support more advanced fol-
liculogenesis and oogenesis requires further investigations.
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More profoundly, Oktay et al. transplanted human decellu-
larized ECM scaffolds seeded with ovarian cortical tissues
to two patients who had POI after cancer treatments [38, 39].
Results showed that the ECM scaffolds supported vasculari-
zation in the grafted ovarian tissues, and follicles secreted
estradiol and developed to the antral stage in both patients.
Moreover, both patients had pregnancy following IVF and
embryo transfer, and one of them successfully delivered a
healthy baby. Recently, another research group also used
the decellularized human ovary ECM scaffold and isolated
human preantral follicles to reconstruct human ovaries [40].
After the reconstructed human ovaries were subcutaneously
grafted to the immunodeficient mice for 3 weeks, about 40%
of preantral follicles developed to antral stage, indicating
that the decellularized ovarian scaffold provides a promising
environment to support follicle growth and development.
Taken together, these studies demonstrate that decellularized
ECM scaffolds provide a promising method to reconstitute
ovaries and also ovarian functions for restoring female fertil-
ity and endocrine functions.

3D printed scaffold

3D printing is a novel emerging tissue engineering method
that has remarkable potential in regenerative medicine and
tissue transplantation. Compared to the decellularized ECM
scaffold that depends on natural tissue structurality, 3D
printing uses biomaterials to fabricate tissue scaffolds, which
allows for precise control of the scaffold shape, size, geom-
etry, porosity, and other physical and biochemical properties
to meet the specific research and medical needs. Researchers
have used various biomaterials and 3D printing approaches
to fabricate live tissues and organs, such as the heart [41],
blood vessel [42], aortic valve [43], skin [44], and bone and
cartilage [45].

With respect to the 3D printed female reproductive tis-
sues, one good example is that Laronda et al. created bio-
prosthetic ovaries using the 3D printed microporous gelatin
scaffolds [46]. It was found that the pore geometry of the
printed scaffolds influenced the seeded follicle reproduc-
tive outcomes. The 30° and 60° with underlying struts bet-
ter supported follicle development and survival than the
90° without underlying struts. After in vivo transplantation
using ovariectomized female mice, the reconstructed ova-
ries became highly vascularized and animals fully restored
their ovarian functions and delivered live pups by natural
mating. In addition to gelatin hydrogel, other researchers
also used the mixture of poly(epsilon-caprolactone) (PCL),
a biodegradable polyester, and gelatin for scaffold fabrica-
tion to reduce the hydrophobicity as well as improve the
biocompatibility of the 3D printed scaffold [47, 48]. Results
revealed that the unique presence of fibers in the middle of
scaffold macropores promoted the adhesion, infiltration, and

growth of seeded porcine ovarian follicles. Another emerg-
ing tissue engineering method based on 3D printing is bio-
printing. Different from the conventional 3D printing using
biomaterials only, bioprinting refers to the use of the mixture
of both biomaterials and encapsulated cells, termed bioink,
to print tissue constructs [49]. The bioink can be stabilized
through crosslinking during or immediately after bioprinting
to generate the desired size, shape, and architecture of engi-
neered tissues or organs. In summary, both the 3D printing
and bioprinting indicate a significant potential to reconstruct
and build artificial, functional, and implantable human ova-
ries that allow prepubertal girls and young adult women to
restore their fertility and endocrine functions.

Microfluidic system

The bioengineering models described above are considered
as static models. Microfluidics is another emerging bioen-
gineering method that can provide cells or tissues with a
dynamic culture environment. It is defined as the application
of a simplified 3D cell/tissue culture under the fluidic flow in
a micron-sized channel to yield a functional tissue unit. This
can recapitulate the entire organ-level of functionalities and
responses. The functional unit together with the microfluidic
system is also called ‘organ-on-a-chip’ [50-52]. Compared
to static 2D or conventional 3D cultures, the microfluidic
culture provides the benefits of dynamic and desired oxygen
and nutrient delivery, prompt waste removal, and mechani-
cal input by controlling the volume or rate of fluidic flow.
Another unique feature of the microfluidic system is the
interconnection of multiple types of tissues together to build
an organ system-on-a-chip or even an entire body-on-a-chip,
which will be discussed in another section of this review.
With respect to the ovary, we collaborated with bioen-
gineers and created a microfluidic platform to culture both
individual follicles and ovarian explants, which is shown
in Fig. 3a. Our results showed that the microfluidic culture
of mouse primary and early secondary follicles completely
recapitulated follicle development and oocyte maturation
as eIVFG does. More profoundly, the follicles cultured in
the microfluidic environment further promoted follicle sur-
vival as well as the production of both steroid and peptide
hormones, producing a human 28-day menstrual cycle-like
hormone profile [53]. Furthermore, the microfluidic plat-
form also supported a long-term (28-day) culture of mouse
ovarian explants that contain all developmental stages of
immature follicles, which has been challenging due to the
insufficient oxygen and nutrient diffusion in static cultures
(Fig. 3b). In addition to mouse ovarian tissues, the micro-
fluidic culture has also been applied to large mammalian
species. Nagashima et al. used the microfluidic system to
culture both individual follicles and ovarian cortex tissues
isolated from domestic cats and dogs [54]. The dynamic
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Fig.3 The ovary-on-a-chip. a Each microfluidic platform consists
of 4 replicates of a fluidic circuit and each replicate has 3 connected
modules: inlet media donor module (DO), tissue culture module (T),
and outlet media acceptor module (AC). The microfluidic system can
introduce a unidirectional transport fresh medium at a controlled flow
rate from the DO to the T and then remove the conditioned media
and secreted hormones and other factors from the T to the AC. b

fluidic flow significantly promoted the growth of both pri-
mordial follicles and preantral growing follicles, indicating a
promising exploration toward the development and matura-
tion of ovarian tissues or follicles of large mammalian spe-
cies. These results gained from rodent and large mammalian
species using microfluidic technology provide encouraging
clue to create a human-ovary-on-a-chip.

Bioengineering models of fallopian tubes

The fallopian tubes are paired tubes with one end of the
tube adjacent to the ovary and the other end extended to the
uterus (Fig. 1). They provide space and a biological envi-
ronment to support several essential events during early
pregnancy, including fertilization, embryo development
from a fertilized oocyte to morula stage, and transport of
developing embryos to the uterus [55]. The fallopian tube
consists of five segments: fimbriae (opening to the ovary),
infundibulum, ampulla, isthmus, and uterotubal junction
(Fig. 1). There are three main layers of the fallopian tube:
epithelium, stroma, and inner circular and outer longitudinal
layers of the smooth muscle. The epithelium layer of the
fallopian tubes contains both epithelial cells and cilia. The
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The ovary-on-a-chip supported long-term culture of mouse ovarian
explants, which supported follicle development, oocyte maturation,
ovulation, and luteinization. CL: corpus luteum. Scale bar: 300 pm.
¢ The ovary-on-a-chip produced a 28-day menstrual cycle-like hor-
mone secretion profile, including both follicular phase and luteal
phase

coordination of cilia beating and smooth muscle contrac-
tion controls the uptake of ovulated oocytes and transport
of developing embryos to the uterus. Nowadays, although
the artificial reproductive technologies (ARTs) allow ferti-
lization and early embryogenesis to fully complete in vitro
without the fallopian tube, it is increasingly believed that the
hormones, growth factors, and other components in the fal-
lopian tubes have important roles in supporting fertilization
and embryo development and transport [56, 57]. Below, we
reviewed previous studies that used bioengineering methods
to recapitulate fallopian tubes or oviducts and their associ-
ated functions in vitro, which is particularly essential for
improving the IVF success of humans, agricultural animals,
and some endangered species. Compared to the ovaries,
since there are limited studies focusing on the bioengineer-
ing models of fallopian tubes and the other downstream
reproductive organs and diseases, we did not separate dif-
ferent model types as we did for the ovaries.

Human fallopian tube fimbriae have been encapsulated
in 0.5% alginate hydrogel and cultured in vitro for 7 days
[58]. Compared to a control group without alginate encap-
sulation, the alginate matrix retained the 3D architecture of
fimbriae tissue and morphologically normal epithelial and
stromal compartments. Further, unlike the loss of ciliated
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epithelia cultured in 2D, the alginate encapsulation retained
both ciliated and secretory features of fallopian tube epithe-
lium. Furthermore, we and others also used transwell inserts
and a microfluidic platform to co-culture human fallopian
tube epithelium and murine ovarian follicles [53, 59]. It was
found that the fallopian tube cilia beating and secretion of
oviduct-specific glycoprotein (OVGP1) were regulated by
the dynamic ovarian secretion of estradiol. Moreover, the co-
culture of fallopian tube-ovary also prolonged the secretion
of progesterone of the formed CL. These results illustrate the
crosstalk between the ovaries and fallopian tubes. Addition-
ally, another microfluidic platform has also been designed
to build a bovine oviduct-on-a-chip, which maintained the
polarization and differentiation of bovine oviductal epithelial
cells for 6 weeks [35, 60]. Further, the oviduct-on-a-chip
improved bovine IVF outcomes such as preventing poly-
sperm fertilization and parthenogenetic activation and pro-
ducing in vivo-like zygote transcriptome and epigenome,
compared to static bovine IVF system. These studies indi-
cate that the bioengineered fallopian tube or oviduct has
significant potential to provide a more physiological IVF
and embryo culture system.

Bioengineering models of uterus, embryo
implantation, and beyond

The uterus is where the developing embryo or fetus resides
during pregnancy. Histologically, the uterus consists of
three main layers: luminal epithelium (LE), stroma, and
myometrium (Fig. 4a). The uterine endometrium forms the
uterine cavity and includes both LE and stroma layers. In
mammals, the thickness and components of uterine endome-
trium change with the menstrual cycle. After fertilization,
the uterus stops its transition to the next cycle and prepares
for embryo implantation, a process by which a competent
embryo implants into the receptive uterus. Upon embryo
implantation, the uterine LE cells at the embryo attachment
site undergo apoptosis to allow for further penetration of
the implanting embryo, and the stromal cells differenti-
ate into secretory decidual cells to provide a nutritive and
immune-privileged matrix to support embryo and placenta
development. The transition of uterus from a non-receptive
to receptive status is highly regulated by the coordination
of ovarian hormones of estradiol and progesterone [61]. It
has been estimated that 75% of pregnancy loss is caused by
implantation failure and is not clinically recognized [62, 63].
Therefore, understanding the mechanisms of uterine recep-
tivity and embryo implantation is critical for reproductive
biology and medicine.

Thus far, due to the complexity of both embryo and
uterus as well as their elaborate interactions during
implantation, the gold standard for studying embryo

Fig.4 a Uterine anatomy and embryo implantation. The blastocyst
initiates the implantation process through embryo apposition, adhe-
sion, and penetration to the uterine luminal epithelium (LE). The LE
cells around the attachment site will start apoptosis upon blastocyst
attachment and help the blastocyst penetrate the LE layer into the
stroma. ICM: inner cell mass. Str: stroma cells. GE: glandular epithe-
lium. Myo: myometrium. Modified based Ref. [91]. b Bioengineer-
ing model of human uterine endometrium. Human endometrium tis-
sue before and after the decellularization, after recellularization, and
immunohistochemistry staining of Ki67, estrogen receptor (ER), and
progesterone receptor (PR) on day 14 (28 days in microfluidic cul-
ture) in EVATAR

implantation relies on in vivo animal models, in particular
of mice. However, generating early pregnant animals is
time and effort consuming and costly and the species dif-
ference also underscores the translation of research find-
ings from mouse to human. The traditional 2D culture
of human uterine cell lines (e.g., ECC-1 and Ishikawa
cells) has been used to study uterine biology in vitro.
However, these monolayer cells cultured in 2D miss the
3D tissue-specific architecture as well as the intercon-
nection of different cell types. In recent years, uterine
explants or bioengineered uterine tissues have been used
for recapitulating human uterine functions in vitro. One
example is that Cook et al. co-cultured human uterine
epithelial cells on top of the polyethylene glycol (PEG)
hydrogels encapsulated with uterine stromal cells [64].
Their results showed that the bioengineered uterine endo-
metrium formed in vivo-like tissue architecture and also
displayed hormone-mediated differentiation such as the
secretion of prolactin and IGFBP-1 (insulin-like growth
factor binding protein 1), two decidualization markers.
Moreover, we and others have combined the microfluid-
ics and decellularized ECM scaffold methods to engineer
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human uterine endometrium (Fig. 4b) [53, 65]. Specifi-
cally, we repopulated decellularized human uterine endo-
metrium scaffolds with primary human uterine epithe-
lial and stroma cells and demonstrated that the seeded
endometrial cells remain viable for a 28-day microfluidic
culture period. These cells also expressed endometrial
cell markers of estrogen receptor (ER) and progesterone
receptor (PR), secreted uterine decidualization markers
of prolactin and IGFBP-1, and responded to the upstream
ovarian hormones. Another research group designed a
polydimethylsiloxane (PDMS)-based microfluidic device
that allowed for the co-culture of primary human endo-
metrial stromal cells and endothelial cells isolated from
umbilical vein or uterine blood vessels [66, 67]. Their
results revealed that the co-culture system successfully
differentiated the stroma cells into decidual cells and the
decidualization was also significantly enhanced by the
co-cultured endothelial cells, suggesting that the uterine
vascularization plays an essential role in human stroma
decidualization during peri-implantation period.

In addition to the uterus, a competent embryo is
another critical factor to secure successful embryo
implantation. Because of the extremely limited resource
of human embryos and ethical considerations of human
embryo research, using human pluripotent stem cells
(hESCs) to develop embryo-like organoids has signifi-
cant potential to study human embryo implantation [68].
For instance, Zheng et al. designed a microfluidic device
which created a 3D environment and supported the growth
and differentiation of loaded hESCs into embryonic-sac-
like-structures [69]. The formed embryo-like organoids
recapitulated many key events of embryos during the
peri-implantation period, such as the anteriorization, pos-
teriorization, and initial germ cell layer differentiation,
indicating a valuable model to study embryo implanta-
tion in vitro. However, whether the induced ‘embryos’
are able to attach to uterus lining for implantation and
post-implantation differentiation requires further studies.
On the other hand, although embryos can be cultured and
cryopreserved up until the prezygote, 8-cell, or blastocyst
stage [70], there remains no in vitro models to support
embryo or fetus development after this. Some research
has investigated post-implantation embryo or fetal devel-
opment through engineering an artificial uterus that is
able to closely reproduce the environment of the womb.
A good example is that a device has been constructed
for a fetus of a lamb and incorporated an umbilical cord
structure with an amniotic fluid-like system [71]. This
device included a pumpless arterial-venous circuit, a
closed fluid environment with continuous fluid exchange,
and umbilical vascular access. Their results demonstrated
that the system kept the fetus alive for 4 weeks without
organ failure.
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Bioengineering models of placenta
and maternal-fetal interface

The placenta is another essential female reproductive
organ inside the uterus during pregnancy. The primary
function of the placenta is to serve as the interface to sepa-
rate the maternal and fetal circulation and also mediate
the exchange of oxygen, nutrients, and fetal waste. The
exchange of these substances is through a multilayered
membranous structure which is often called blood—pla-
centa barrier (BPB, Fig. 5a). The BPB is composed of
trophoblasts (syncytiotrophoblasts and cytotrophoblasts),
basal lamina, and fetal capillary endothelium. The abnor-
mal placenta development and functions are associated
with a number of pregnancy complications, such as the
preeclampsia, fetal growth restriction, miscarriage, and
stillbirth [72].

Because the ethical considerations prevent researchers
from using human placenta during pregnancy and the pla-
centa tissues collected after birth cannot fully represent
the placenta functions during gestation, there is a long
history of research to develop in vitro human placenta
models. For example, previous studies developed in vitro
trophoblast cell culture on transwells and ex vivo placental
perfusion systems to study the placenta physiology and
pathology (Fig. 5b) [73-75]. However, these models can-
not completely recapitulate the complex structure of the
multilayered BPB as well as the transport and metabolism
of both endogenous and exogenous substances across the
placenta. The recent advances of microfluidic or organ-
on-a-chip technologies allow for the bioengineering of
human placenta in a more complex and representative
manner. Blundell et al. created a microfluidic device to
reproduce the trophoblast-endothelial interface by cultur-
ing human trophoblast BeWo cell line and human primary
villous endothelial cells appositely using a semipermeable
ECM membrane under flow conditions, which was called
placenta-on-a-chip (Fig. 5¢) [76]. This microfluidic cul-
ture system maintained the long-term viability of placental
cells, which produced highly confluent monolayers on both
sides of the placental membrane. More importantly, the
bioengineered placenta barrier allowed for a more physi-
ologically relevant glucose transport from the maternal to
the fetal side compared to the other two in vitro models
made of a bare membrane and a monolayer of BeWo cells
without the co-cultured endothelial cells. Additionally,
this microfluidic system was also used to culture another
two types of placental cells, human trophoblast JEG-E
cells line and human primary umbilical vein endothelial
cells, to engineer a placenta-on-a-chip, receiving similar
results [77]. The same research group also used the created
placenta-on-a-chip to study how placenta regulates the
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Fig.5 a The anatomy of a
blood—placenta barrier (BPB)
that consists of trophoblasts
(syncytiotrophoblasts, Syn,

and cytotrophoblasts, Cyto),
basal lamina, and fetal capil-
lary endothelium (Endo). b
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maternal-to-fetal transfer of clinical drugs that are com-
monly used during pregnancy [78]. They demonstrated
that the bioengineered placenta maintained the barrier
integrity of BPB and also prevented the passage of hepa-
rin, a widely used medication for the treatment of deep
vein thrombosis and pulmonary embolism during preg-
nancy. Additionally, the bioengineered BPB also expressed
functional breast cancer resistance protein (BCRP), an
important efflux drug transporter in the apical membrane
of trophoblast cells in human placenta. In summary, these
results suggest that the microfluidic platform allows for
the bioengineer of human placenta-on-a-chip, which can
recapitulate both in vivo placenta barrier structure and
transporter functions.

In addition to the ‘barrier’ functions, another critical role
of the placenta is to provide the developing fetus with oxy-
gen and also accept carbon dioxide from the fetus, letting the
fetus ‘breathe’. Preterm neonates that suffer from respiratory

distress syndrome require support from ventilators, which can
lead to long-term complications. Another microfluidic system
has been created and combined with a lung support device
to improve oxygenation status in preterm neonates [79]. The
creation of this artificial placenta-type microfluidic oxygen-
ator allows for gas-permeable membranes that work through
arterio-venous pressure difference. This oxygenates the blood
through exposure directly to the air without any pumping. The
device has the ability to support 30% of the oxygen needs of
a preterm neonate. Reasons for premature birth are complex,
but engineered artificial placenta could help us create better
outcomes for premature neonates.
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Bioengineering models of female
reproductive diseases

Although engineered tissues, organs, and organ system
models have been applied for a variety of research, studies
regarding bioengineering and female reproductive diseases
remain limited. Several studies have been published using
microfluidics and scaffold engineering to understand endo-
metriosis [80, 81] and reproductive cancers [82, 83], though
none to study polycystic ovary syndrome (PCOS).

Bioengineering and endometriosis

Endometriosis occurs when endometrial tissues are outside
of the uterine cavity. It is one of the most common gyneco-
logical diseases in women of reproductive age worldwide
[84]. An in vitro model was used to investigate the cell
interactions between endometrial stromal cells (ESCs) and
human peritoneal mesothelial cells (HPMCs) that are simi-
lar to endometriosis conditions [80]. Microfluidic channels
and cover slips were used to observe interactions between
ESCs and HPMCs, mimicking the physiological processes
of peritoneal endometriosis. Control HPMC:s resisted intro-
duction of ESCs from both control and endometriotic indi-
viduals. However, HPMCs from endometriotic individuals
were unable to resist ESCs from both normal and endome-
triotic individuals. This study developed an adaptable and
simple in vitro method for real-time monitoring of interac-
tions between ESCs and HPMCs. This approach can be used
for demonstrating interactions among three or more types
of cells and for investigating organ development of other
diseases. The data suggest that endometriosis is related not
only to the condition of endometrial cells, but also to the
locations where there is the disease. Another study used the
microfluidic system to investigate the drug pathologies and
biomarkers for those with endometriosis vs. those without
[81]. Authors aimed to evaluate an in vitro model that was
designed to look at inflammation and could be applied to
endometriosis tissues. Results showed that the developed
droplet-based microfluidic platform allowed for the obser-
vation of hundreds of protease enzyme activity reactions
for hours, creating physiologically relevant differences in
controls and those with endometriosis [81].

Bioengineering and female reproductive cancers

Traditional cell cultures fail to repeat the natural tumor
microenvironment. Recently, functional 3D in vitro models
have been investigated and engineered for studying cervi-
cal cancers [82]. Normal epithelial and immortalized cervi-
cal epithelial carcinoma cell lines were used to mimic 3D
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artificial normal cervical and cervical cancerous tissues.
Human skin cells were used as a scaffold for both models.
Results indicated that the created 3D in vitro cervical cancer
model showed stratified epithelial layers and expressed the
same types and patterns of differentiation marker proteins as
seen in corresponding in vivo tissue in either normal cervical
or cervical cancerous tissues. Additionally, other 3D micro-
fluidic systems have been investigated to mimic ovarian can-
cer environments [58, 83, 85]. For example, a microfluidic
platform of the peritoneum was constructed to mimic ovar-
ian cancer spheroids in the peritoneal cavity with mesothe-
lial cells under hydrodynamic conditions. The interactions
between cancer cells and mesothelial cells were analyzed.
This model can help future researchers understand mecha-
nisms of metastatic progression and assist with therapeutic
development [83]. High-grade serous carcinoma (HGSC),
which is the most common type of ovarian cancer, origi-
nates in epithelial cells in the fallopian tube. Several studies
use oviductal epithelia cultured in a dynamic microfluidic
chip to create an in vitro model that recapitulated human
carcinoma [86, 87]. These in vitro models can allow for the
study of biomarkers for early detection of cancer and for
improved therapeutic treatments. Theory shows that corti-
cal inclusion cysts (CICs) in the ovary play a role in HGSC
progression. Other studies use human samples to engineer an
in vitro model that mimics the size, shape, and extracellular
matrix properties of CICs [88, 89]. Taken together, these
engineered platforms can provide new knowledge on basic
gynecologic cancer biology and pathology and for potential
drug screening and development.

Co-culture of reproductive
and non-reproductive organs
in a microfluidic setting

One unique feature of the female reproductive system is
that no reproductive organ functions alone. For example,
the ovarian follicle development and ovulation are highly
regulated by the pituitary hormones of follicle-stimulating
hormone (FSH) and luteinizing hormone (LH). The ovarian
hormones of estradiol and progesterone control the down-
stream reproductive tract organs. As we described above,
we have used the transwell insert or the microfluidic system
to co-culture ovarian tissues and fallopian tube epithelium
and demonstrated the crosstalk between these two female
reproductive organs [53, 59]. Furthermore, we collaborated
with bioengineers and created a novel microfluidic device
that can interconnect five different organs in one platform,
which is termed ‘EVATAR’ (Fig. 6) [53]. The five organs we
cultured using EVATAR were human liver spheroids, mouse
ovarian explants, human fallopian tube epithelium, human
endometrium, and human cervix tissues. The EVATAR
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Fig.6 The microfluidic platform of ‘EVATAR’ that can intercon-
nect different tissues/organs to make a female reproductive system-
on-a-chip [53]. The system was designed based on pneumatic actua-
tion technology. The interconnection between different modules was
accomplished by embedding electromagnetically actuated micro-
pumps and microfluidic channels. Each module allowed for recir-
culation within each module (orange), ensuring that the system was
well mixed and enabling homogenous exposure of cultured tissues
to factors within the media. Additionally, the fluidic path design also
allowed for whole-system recirculation (blue), which enabled a well-
mixed system within and across all tissue/organ modules. DO: donor
module, T: tissue module, AC: acceptor module

interconnected these reproductive and non-reproductive tis-
sues through embedded microfluidic channels and the uni-
versal culture medium. The results generated from this bio-
engineered female reproductive system-on-a-chip indicated
that the dynamic fluidic flow maintained the viability of all
culture tissues for 28 days and the downstream reproductive
tract tissues responded to the upstream ovarian hormones.
Additionally, compared to ovarian tissue culture alone, the
co-culture system also produced a more physiologically rel-
evant human 28-day menstrual cycle hormone profiles.
Another important application of the microfluidic sys-
tem is to introduce liver metabolism for drug screening or
toxicity testing. In our previous works using EVATAR [53],
the liver spheroids remained viable and secreted albumin
over the entire 28 days culture period with other co-cul-
tured female reproductive tissues; however, further studies
are necessary to determine whether the co-cultured liver
spheroids were able to metabolize the hormones and other

secreted factors from reproductive tissues and whether the
reproductive tissues can influence the metabolic activities
of co-cultured liver tissues. A number of clinical drugs or
environmental chemicals require liver metabolism to exhibit
therapeutic or toxic effects. For example, cyclophospha-
mide, a widely used chemotherapeutic drug, needs to be
metabolized to phosphoramide mustard to exhibit both
anticancer effects and ovarian toxicities. Di(2-ethylhexyl)
phthalate (DEHP), a plasticizer and well-identified EDC,
only exhibits female reproductive toxicities when it is metab-
olized to the mono-(2-ethylhexyl) phthalate (MEHP) [90].
The co-culture of liver and female reproductive tissues in a
microfluidic setting will allow us to introduce pharmacoki-
netics or toxicokinetics of the tested compounds, providing
a more complex and representative in vitro models.

Conclusion, challenge, and future direction

There are limited ways to study female reproduction because
of the complex interactions among cells, organs, hormones,
and organ systems. Recent advances that use bioengineer-
ing methods to study female reproduction allow for a better
understanding of the ovary, fallopian tube, uterus, embryo
implantation, placenta, and reproductive disease. Bioengi-
neering methods have been applied to study basic female
reproductive biology, reproductive medicine, and toxicity
screening. Hydrogel encapsulation, decellularized ECM
scaffolds, 3D printing, microfluidic platform, and other
engineered advances indicate significant potentials to
reconstruct and build artificial, functional, and implantable
reproductive organs that may allow prepubertal girls and
young adult women to restore their fertility and endocrine
functions. Additionally, advances in in vitro systems like
artificial wombs can help build better outcomes for pre-
term neonates. Furthermore, these engineered platforms
can provide new knowledge on basic gynecologic cancer
biology and pathology and for potential drug screening and
development. While remarkable advancements have been
achieved, most of these bioengineering models copy female
reproduction at organotypic or cellular levels. Therefore,
more in-depth analyses are required to investigate whether
these bioengineering methods can recapitulate female repro-
duction at the molecular, genetic, and epigenetic levels. For
example, it is not well understood that whether the recon-
structed ovaries using decellularized or 3D printed ECM
scaffolds completely support the acquisition of oocyte tran-
scriptome profiling to ensure its meiotic and developmental
competence and whether the engineered oocyte or embryos
fully preserve in vivo epigenetic reprogramming signatures.
Compared to static culture environment, the microfluidic
platform significantly promotes reproductive cell prolif-
eration and differentiation. However, different microfluidic
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designs have been used and the precise microfluidic settings,
such as the fluid flow pattern, flow rate, and shear stress,
and whether these settings depend on cell/tissue types have
not been well determined. Further, the safety assessment
of applied biomaterials and fabrication methods also needs
to be considered when bioengineering female reproductive
organs and function. In conclusion, although many endeav-
ors are required in future studies, the intersection of bio-
engineering and female reproductive biology and medicine
provides great potential to advance the knowledge of female
fertility, genetic vulnerability, medications, environmental
exposures and toxicities, aging, nutrition, and diseases.
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