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Abstract

Over the past decade, organs-on-a-chip and microphysiological systems have emerged as a 

disruptive in vitro technology for biopharmaceutical applications. By enabling new capabilities to 

engineer physiological living tissues and organ units in the precisely controlled environment of 

microfabricated devices, these systems offer great promise to advance the frontiers of basic and 

translational research in biomedical sciences. Here, we review an emerging body of 

interdisciplinary work directed towards harnessing the power of organ-on-a-chip technology for 

reproductive biology and medicine. The focus of this topical review is to provide an overview of 

recent progress in the development of microengineered female reproductive organ models with 

relevance to drug delivery and discovery. We introduce the engineering design of these advanced 

in vitro systems and examine their applications in the study of pregnancy, infertility, and 

reproductive diseases. We also present two case studies that use organ-on-a-chip design principles 

to model placental drug transport and hormonally regulated crosstalk between multiple female 

reproductive organs. Finally, we discuss challenges and opportunities for the advancement of 

reproductive organ-on-a-chip technology.
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1. Introduction

Reproduction is a fundamental process of life that plays an essential role in the survival and 

propagation of all species. Production of viable offspring is a highly complex event 

coordinated by the specialized tissues, organs, and hormones of the reproductive system that 

together enable fertilization and support the subsequent process of embryonic and fetal 

development. Over the last decades, great strides have been made in investigating the 

molecular basis of reproduction to define biological mechanisms responsible for the 

development and physiological function of the male and female reproductive systems [1]. 

Advances in our fundamental understanding have also led to the development of new 

technologies for clinical intervention of reproductive disorders, such as infertility [2].

Despite considerable efforts in this active area of basic and translational research, much 

remains to be learned about the inner workings of human reproduction. Direct investigation 

of the complex reproductive process in humans is fundamentally challenging due to major 

ethical issues associated with human subject research in which the health of both the mother 

and the developing fetus must be considered [3–6]. Medical imaging technologies such as 
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ultrasound have enabled researchers to overcome some of these challenges by providing a 

means for clinical investigation of human reproduction without disrupting the fetus [7–9]. 

However, this approach intended primarily for detection and visualization of organ-scale 

reproductive events has limited potential for in-depth studies of cellular and molecular 

processes that contribute to the health and disease of the reproductive system. Combined 

with the fact that pregnant subjects are usually excluded from clinical trials due to ethical 

considerations, the limitations of existing research methodologies also pose significant 

challenges to the development of efficacious and safe drugs for reproductive and fetal 

disorders [5,6]

These problems, in turn, have provided an impetus for the development of new experimental 

approaches and surrogate models for the study of human reproduction. Among the 

conventional techniques is to use tissue explants from human reproductive organs. This 

method has proven particularly useful for laboratory investigation of the placenta [10,11], 

but often suffers from the difficulty of sourcing human materials and establishing complex 

ex vivo models that are highly prone to failure during long-term culture [12]. As is the case 

with other areas of biomedicine, in vivo studies using laboratory animals remain the 

mainstay of research in reproductive sciences and continue to make key contributions to 

advancing our knowledge of reproduction [13]. Animal experimentation, however, presents 

its own set of challenges due to the significant species-specific differences in the anatomical 

and functional characteristics of the reproductive system [14–16]. For example, the estrous 

cycle in mice lasts approximately 4–5 days, which is substantially shorter than a menstrual 

cycle of 28 days in humans [17]. It is also known that the type and relative abundance of key 

surface receptors and transporters expressed by reproductive organs (e.g., glucose 

transporters in the placenta) vary significantly between rodents and humans [18]. These 

interspecies disparities have come under increased scrutiny in recent years, questioning the 

scientific validity of using animal models to study human reproduction [19].

Importantly, the limitations of existing model systems have motivated new efforts to exploit 

engineering technologies to facilitate research advances in reproductive biology and 

medicine [20]. This trend has led to a new wave of in vitro models capable of recapitulating 

the complexity of the human reproductive system in ways not possible in traditional cell 

cultures [21–26]. As the most recent advance in this area, research has demonstrated the 

feasibility of adapting microfabrication techniques developed for the microelectronics 

industry to create microengineered three-dimensional (3D) cell culture systems, collectively 

known as organs-on-a-chip or microphysiological systems, for in vitro modelling of human 

reproduction. Our review aims to examine this emerging approach by providing a 

comprehensive survey of organ-on-a-chip systems that have been developed over the last 

decade to model various organs of the human female reproductive systems. The focus of our 

discussion will be on the demonstrated capabilities and potential of these models for i) 

emulating maternal-fetal interactions during pregnancy, ii) advancing assisted reproductive 

technology, and iii) investigating pathophysiological conditions of the reproductive system. 

Using select examples from the recent literature, we also present case studies to delve into 

how reproductive organ-on-a-chip technology can be leveraged for applications in drug 

development.
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2. Basic principles of constructing organs-on-a-chip

Organs-on-a-chip refer to advanced in vitro models of multicellular tissue complexes or 

functional organ units created in microfabricated cell culture devices [27–32]. The term, 

organ-on-a-chip, is used synonymously with tissue-on-a-chip or microphysiological systems. 

Constructing these specialized model systems represents an engineering design process that 

follows the principle of reductionism and exploits the precision of microfabrication 

technologies for cell culture.

To elaborate on this process, let us consider the development of a human placenta-on-a-chip 

as an example (Figure 1). Production of organ-on-a-chip models typically begins with the 

process of decomposing the organ of interest to its most basic, self-repeating anatomical 

elements responsible for specialized organ-specific physiological function [28]. As the 

essential organ of pregnancy that functions to support fetal development, the placenta 

contains lobular structures known as cotyledons, each consisting of chorionic villi that 

extend from the outermost membrane of the fetus into the intervillous space (Figure 1A) 

[33,34]. All branches of the villi are in direct contact with the maternal blood and contain 

fetal capillary networks that arise from the umbilical blood vessels (Figure 1B) [35]. The 

outer surface of the villi is covered with a layer of trophoblast cells, which is separated from 

the vascular endothelium of fetal capillaries by a thin interstitium (Figure 1C) [34,35]. 

Importantly, this multilayered tissue structure is known as the placental barrier and serves as 

an essential organ unit that regulates the exchange of nutrients, oxygen, waste products, and 

other materials between the maternal and fetal blood circulating in the intervillous space and 

fetal capillaries, respectively [36]. As demonstrated in this analysis, detailed examination of 

organ anatomy allows us to identify i) the functional unit of our target organ (placental 
barrier), ii) its cellular constituents (trophoblast cells, endothelial cells), iii) its 

characteristic structural organization (closely apposed bi-layers of cells), and iv) the key 

features of its biomechanical/biochemical microenvironment (blood flow).

The next step in the model development process is to design a microdevice that makes it 

possible to replicate the identified key features. Among the most common device designs 

implemented in achieving this goal is to use two parallel, overlapping microchannels 

separated by a thin semipermeable membrane (Figure 1D) [27–30]. This configuration 

enables co-culture of two different cell types while permitting their biological crosstalk 

through the membrane pores, providing a means to emulate tissue compartmentalization and 

tissue-tissue interactions observed in virtually all organs in vivo. The number, geometry, and 

size of the microchannels can be adjusted depending on the architecture of the target organ 

and the desired complexity of the model. In our example, the two-chamber design can be 

used to grow trophoblast cells and fetal endothelial cells on either side of the membrane to 

mimic the microarchitecture of the placental barrier (Figure 1E). Moreover, the upper and 

lower culture chambers equipped with separate fluidic access ports allow for individually 

addressable fluid flow in the trophoblast and endothelial compartments to simulate the 

hemodynamic microenvironment of the placental barrier in vivo (Figure 1F).

Following the design step is the fabrication of organ-on-a-chip devices, which is often 

accomplished by soft lithography that enables replica molding of microscale cell culture 
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chambers using transparent, biocompatible, and gas-permeable elastomers such as 

poly(dimethylsiloxane) (PDMS) [37]. This approach has proven instrumental for the 

purposes of rapid-prototyping organ-chip models, especially in academic research settings. It 

should be noted, however, that there is an increasing need for alternative materials and 

fabrication strategies due to the undesirable property of PDMS to absorb hydrophobic small 

molecules [38,39], which has raised concerns regarding the applicability of PDMS devices 

to drug testing. Nevertheless, significant progress has been made over the last decade in 

developing organ-on-a-chip models of various human physiological systems and 

demonstrating their potential for biomedical and pharmaceutical applications. We note that 

comprehensive surveys of recent work investigating the value of organ-on-a-chip technology 

from the general standpoint of drug development have been provided elsewhere [27,32] and 

that our review focuses on a subset of these studies that involve in vitro modeling of the 

reproductive system.

3. Applications of organ-on-a-chip technology in reproductive sciences

While organs-on-a-chip provide in vitro platforms for studying various aspects of human 

reproduction, modeling pregnancy and its related disorders has been central to an emerging 

body of research aiming to explore the potential of this technology for reproductive biology 

and medicine. Studies over the last decade have also demonstrated the feasibility of 

developing organ-on-a-chip models of intractable reproductive diseases, such as cancer and 

endometriosis, as a way to improve our understanding of their underlying pathophysiology 

and facilitate clinical and pharmaceutical interventions. On the basis of this recent trend, we 

examine in this section representative examples of microengineered in vitro systems 

developed for the study of three main topics – pregnancy, assisted reproductive technology 

(ART), and reproductive diseases.

3.1. Organ-on-a-chip models of pregnancy

Pregnancy is a highly coordinated process during which the female reproductive system 

undergoes a sequence of complex, interdependent physiological events. Beginning with 

fertilization of the embryo and decidualization of the uterus, pregnancy is divided into three 

trimesters, each contributing to the development of the placenta and fetus [40]. Modeling 

these different stages of pregnancy represents an important goal in reproductive research that 

has major clinical implications. In early pregnancy, for example, significant efforts are being 

made to advance our understanding of cellular and molecular events underlying abnormal 

implantation and placental remodeling that play a causative role in the development of 

pregnancy complications such as preeclampsia, intrauterine growth restriction (IUGR), and 

fetal developmental delays [41,42]. The ability to simulate and probe the process of 

decidualization and implantation at the earliest stages of pregnancy could make great 

contributions to developing new drugs and treatment strategies for these serious conditions. 

Similarly, modeling fetal-maternal crosstalk in the placenta at later stages of pregnancy 

[33,43] is important for various clinically relevant situations, such as assessment of the 

delivery and safety of maternally administered pharmaceutical products and treatment of late 

stage preeclampsia and preterm birth [44–46]. This section focuses on demonstrating how 
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organ-on-a-chip technology has been used to address technical challenges associated with in 

vitro modeling of these complex reproductive processes.

3.1.1. Modeling decidualization—During the luteal phase of the menstrual cycle, 

elevated progesterone levels drive dynamic cellular and vascular changes in the 

endometrium, leading to the formation of a specialized mucosal layer on the uterine wall, 

termed the decidua (Figure 2A) [47]. The decidualization of the maternal tissue is the critical 

first step of pregnancy that serves to create a receptive environment for embryo implantation. 

Researchers have demonstrated the proof-of-principle of applying organ-on-a-chip 

approaches to modeling this female reproductive process that represents an essential 

requirement for the successful establishment of pregnancy.

For example, Gnecco et al. developed a microengineered in vitro model of the human 

endometrium for the study of decidualization. Specifically, a multilayered microdevice was 

created that enabled co-culture of primary human endometrial fibroblasts and human 

umbilical vein endothelial cells (HUVECs) on the opposite sides of a thin membrane with 2 

μm pores to mimic the interface between the endometrial stroma and the vasculature in the 

maternal decidua (Figure 2B) [48]. The compartmentalized microfluidic design allowed for 

controlled delivery of ovarian hormones to the stromal cells through the vascular 

compartment, making it possible to simulate the temporal changes in the levels of estrogen 

and progesterone during a 28-day menstrual cycle. Importantly, under the culture conditions 

approximating the physiological hormonal microenvironment, the stromal fibroblasts 

underwent morphological transformation into cuboidal cells over a period of 10 days that 

resembled decidual stromal cells in vivo (Figure 2C). These changes were accompanied by 

increased production of decidual markers such as prolactin, validating the capabilities of the 

model to reproduce the key morphological and biochemical characteristics of 

decidualization (Figure 2C).

In a separate study, the same research group exploited the co-culture configuration of this 

system to investigate vascular contributions to the decidualization of endometrial stromal 

cells [49]. In comparison to static control, continuous perfusion of the vascular compartment 

lined with primary uterine microvascular endothelial cells was found to have significant 

effects on the differentiation of the stromal cells and promote their decidualization. Through 

further analysis, this work revealed that fluid shear stress generated by vascular perfusion 

activates the expression of cyclooxygenase-2 (COX-2) by the endothelial cells (Figure 2D) 

and causes concomitant increases in endothelial production of prostaglandin E2 (PGE2) and 

prostacyclin (PGl2), which can bind to their respective receptors on endometrial stromal 

cells to enhance decidualization.

3.1.2. Modeling implantation and placentation—Approximately 5–6 days after 

fertilization, the developing embryo enters the uterus from the fallopian tube and rolls on the 

surface of the uterine wall until it establishes connection with the decidualized, receptive 

endometrium that expresses adhesion molecules (Figure 2E). This key reproductive event is 

known as embryo implantation, which is marked by the firm attachment of the blastocyst to 

the endometrial epithelium and its invasion into the underlying stroma [50]. After adhesion, 

the outermost layer of the blastocyst gives rise to cytotrophoblasts that undergo branching 
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morphogenesis to form placental villi that anchor the embryo to the maternal decidua [42]. 

During the progression of placentation, the trophoblasts at the anchoring villi differentiate 

into invasive cells known as extravillous trophoblasts (EVTs) that migrate deep into the 

endometrial stroma to reach maternal blood vessels and remodel them in order to establish 

the uteroplacental circulation that provides vascular supply to the growing fetus.

To study the invasive behavior of EVTs in this early stage of pregnancy, Abbas et al. created 

a microdevice consisting of three parallel chambers separated by microfabricated pillars 

(Figure 2F). The pillars were designed as surface tension-dependent capillary valves [51,52] 

to confine a Matrigel solution in the central compartment and form a 3D ECM scaffold that 

contained primary EVTs isolated from human placental samples between 7 and 12 weeks of 

gestation. The 3D microphysiological system was used as a microfluidic assay to examine 

how soluble factors produced by resident immune cells in the maternal decidua affect the 

directional migration of EVTs during placental development. The specific focus of this study 

was to measure EVT migration in response to spatial gradients of granulocyte-macrophage 

colony-stimulating factor (GM-CSF) – a cytokine produced by decidual natural killer (dNK) 

cells [53] – across the hydrogel scaffold (Figure 2G). Through real-time high-resolution 

imaging, this paper demonstrated directional 3D migration of trophoblasts towards the 

source of GM-CSF. The results of the study also showed that activation of the dNK cell 

receptor, KIR2DS1, and the resultant increase in the production of GM-CSF are the key 

molecular mechanism responsible for the chemotactic behavior of EVTs, supporting 

previous in vivo and in vitro findings of enhanced trophoblast invasion due to GM-CSF 

secreted by activated dNK cells [54].

3.1.3. Modeling maternal-fetal crosstalk during fetal development—Pregnancy 

is maintained by the placenta that plays an indispensable role in supporting fetal 

development. The main function of this specialized organ is to regulate transport of oxygen 

and nutrients to the fetus from the mother, as well as removal of metabolic waste products 

from the fetal circulation [34]. The placenta also provides a highly selective barrier that 

protects the fetus from harmful pathogens and potentially toxic materials circulating in the 

maternal blood. As discussed in Section 2, these critical physiological functions are carried 

out by a multilayered membranous structure known as the placental barrier that makes up 

the wall of the chorionic villi in the intervillous space and physically separates the maternal 

circulation from the fetal blood (Figure 1C). Modeling this maternal-fetal interface and its 

function has been an area of increasing interest in recent efforts to demonstrate the potential 

of organ-on-a-chip technology for the study of pregnancy.

By implementing the design process outlined in Figure 1, several research groups have 

developed placenta-on-a-chip models capable of generating multilayered tissue structures 

reminiscent of the human placental barrier [55–60]. A representative example can be found 

in the work of Blundell et al. [56] in which the two chamber design was used to co-culture 

the BeWo human choriocarcinoma cell line and primary human placental villous endothelial 

cells (HPVECs) on a thin polycarbonate membrane sandwiched between two overlapping 

PDMS chambers perfused with culture media (Figure 3A). Interestingly, during the 

formation of the microengineered placental barrier, fluid shear stress due to media perfusion 

induced the formation of dense microvilli on the apical surface of the trophoblast cells 
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(Figure 3B), which is an important physiological phenotype for transport function of the 

placenta. The model was also capable of recapitulating physiological remodeling of the 

placenta barrier due to trophoblast syncytialization, which was shown by chemically induced 

fusion of the cultured trophoblast cells and the formation of multinucleated syncytium 

(Figure 3C). Notably, this study investigated nutrient transport in the microphysiological 

system and demonstrated the ability of the engineered barrier to support maternal-to-fetal 

transfer of glucose mediated by glucose transporter 1 (GLUT 1) (Figure 3D) at rates closely 

approximating those measured in ex vivo models of the human placenta.

Similar models have been reported that utilize the same microfluidic design to replicate the 

microarchitecture and transport function of the maternal-fetal interface [26,55,57]. Among 

these models is the microphysiological system developed by Pemathilaka et al. to support 

microfluidic co-culture of BeWo cells and HUVECs [57]. This placenta-on-a-chip was 

tested as an in vitro platform to examine caffeine transport across the human placental 

barrier. Using liquid chromatography mass spectrometric analysis of device effluent, this 

study showed that the rate of caffeine transport from the maternal to fetal compartment 

increased over time and peaked after 3 hours of continuous perfusion. Within 6.5 hours, the 

caffeine concentration reached a steady-state in both chambers, yielding approximately 2% 

of maternal caffeine in the fetal compartment.

Motivated by rapidly increasing use of engineered nanomaterials and their unknown adverse 

impact on pregnancy, recent studies have also demonstrated the application of placenta-on-a-

chip technology to investigating maternal-to-fetal transport of nanomaterials. For instance, 

Yin et al. created a microengineered placental model to examine the effect of titanium 

dioxide nanoparticles (TiO2 NP) widely used in consumer products such as sunscreen [58]. 

This system employed a unique design in which BeWo cells and HUVECs were grown on 

the opposite sides of a Matrigel scaffold formed between two parallel culture chambers to 

mimic the basement membrane and interstitium of the placental barrier in vivo (Figure 3E). 

When the maternal compartment was perfused with high concentrations of TiO2 NP under 

near-physiological flow conditions, the fetal endothelium was seen with significant loss of 

cell viability and increased production of reactive oxygen species (ROS) (Figure 3F). 

Additionally, the model showed reduced expression of intercellular junctions and increased 

permeability of the microengineered placental barrier, raising the possibility that maternal 

TiO2 NP exposure may exert detrimental effects on the fetus.

In another example, Schuller et al. introduced a more advanced placental model containing a 

porous polyester membrane micropatterned with interdigitated electrodes that enabled non-

invasive real-time analysis of impedance across a monolayer of BeWo cells (Figure 3G) 

[59]. This integrated system was used to monitor the permeability of the tissue barrier during 

exposure to various types of nanoparticles, including silicon dioxide (SiO2), titanium 

dioxide (TiO2), and zinc oxide (ZnO). The data showed no changes in normalized 

impedance due to SiO2 and TiO2, indicating no loss in barrier integrity. In contrast, a 

decrease in normalized impedance was observed in the presence of ZnO, providing evidence 

for its deleterious potential to compromise placental barrier function. This result was 

validated by demonstrating increased ROS and cell death due to ZnO (Figure 3G).
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As outlined here, modeling material transfer across the maternal-fetal interface has been the 

primary focus of recent studies in microengineered analogs of the human placenta. However, 

efforts have also been made to exploit these systems for in-depth investigation of key 

regulatory mechanisms that control placental structure and function. The work of Miura et 

al. provides a good example of such mechanistic studies that delved into the effect of 

hemodynamic forces on microvilli formation in placental cells [60], which is recognized as 

the essential feature of differentiated trophoblasts that increases effective surface area for 

placental transport [61]. Using microfluidic monoculture of BeWo cells or primary human 

villous trophoblasts grown on a vitrified collagen membrane (Figure 3H), the authors 

demonstrated that fluid shear stress produced by media flow over the apical surface of the 

trophoblasts triggered the formation of microvilli at substantially higher density than was 

observed in static culture (Figure 3I). Increased microvilli formation under flow conditions 

also led to increased expression and activity of glucose transporters. Further characterization 

of the model discovered that this mechanosensitive response was mediated by the influx of 

extracellular calcium ion (Ca2+) into trophoblasts. Importantly, this study identified transient 

receptor potential, vanilloid family type-6 (TRPV6) calcium ion channel as molecular 

machinery that mediates the flow-induced Ca2+ influx and the resultant Akt-ezrin 

phosphorylation necessary for microvilli formation.

3.2. Organ-on-a-chip technology for infertility

Major advances have been made over the last decades in the development and clinical 

application of assisted reproductive technology (ART), which refers to laboratory techniques 

and procedures used to treat infertility, including in vitro fertilization (IVF) and 

intracytoplasmic sperm injection (ICSI) [62–64]. Emerging efforts to exploit organ-on-a-

chip technology for ART stem from early work that has explored the use of microengineered 

systems for precise handling and manipulation of germ cells and embryos required for the 

success of ART. These studies have demonstrated microfluidic devices that, for example, 

take advantage of multiple laminar streams to sort and isolate motile sperm from semen 

samples [65–67] or enable perfusion culture of embryos [68–73] for IVF applications. With 

recent progress in organ-on-a-chip technology, researchers are beginning to develop more 

advanced in vitro platforms that can recapitulate the complex process of human reproduction 

with increased fidelity towards the goal of improving the clinical outcome of ART.

3.2.1. Embryo culture in physiological microenvironment—Following 

fertilization, the embryo travels through a specialized tubular organ of the reproductive 

system called the oviduct (also known as the fallopian tube) for 3–4 days until it reaches the 

uterus (Figure 4A). The inner surface of the oviduct is composed predominantly of epithelial 

cells with hormonally regulated motile cilia that, along with rhythmic contraction of the 

oviductal smooth muscle, direct the transport of the embryo towards the uterus [74,75]. The 

oviductal epithelium also contains secretory cells responsible for producing nutrient-rich 

fluid that lubricates the epithelial surface and provides nourishment and protection to the 

embryo [76]. While the underlying mechanisms remain to be elucidated, studies have 

suggested that biophysical and biochemical cues generated by this specialized 

microenvironment may play a crucial role in embryo development at the earliest stages of 

pregnancy [77]. Increasing attention is being paid to the possibility of leveraging this 
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knowledge for the benefit of ART but such efforts have been greatly challenged by the 

difficulty of mimicking the dynamic, complex environment of the oviduct in vitro.

Motivated by this challenge, Ferraz et al. developed an oviduct-on-a-chip capable of 

generating physiological oviductal tissues that retain their native phenotype and support key 

reproductive events [78]. This system was constructed by 3D printing a photo-curable resin 

to create U-shaped microfluidic chambers for air-liquid interface (ALI) culture of primary 

bovine oviduct epithelial cells (Figure 4B). During 28-day culture, the polarized fluidic 

environment of the microdevice enabled the production of a fully differentiated columnar 

pseudostratified epithelium that contained both ciliated and secretory epithelial cells (Figure 

4C). The ciliated, polarized epithelium was stably maintained for more than 6 weeks, which 

was in contrast to rapid loss of differentiated phenotype in conventional 2D culture. 

Importantly, the microenvironment of this model permitted sperm penetration and on-chip 

fertilization of oocytes without parthenogenic activation or polyspermy often observed in 

conventional IVF. These key findings were attributed to the presence of secretory products 

and conditioning factors released by the differentiated epithelium that enabled optimal 

interaction of sperm and oocytes to enhance monospermic fertilization, which was suggested 

as a potentially useful approach to improving the outcome of IVF.

In a follow-up study, the same group introduced a modified oviduct-on-a-chip system for the 

study of cellular differentiation during early embryo development in vitro [79]. This 

platform consisted of two PDMS flow-through chambers representing the basolateral and 

apical compartments of the oviduct epithelium, which were separated by a porous membrane 

(Figure 4D). In this design, the basolateral chamber was perfused with media containing 

estrogen and progesterone at varying concentrations to simulate the different phases of the 

menstrual cycle, while the apical chamber was used to culture and differentiate primary 

bovine oviduct epithelial cells under flow conditions. Using this model, the authors showed 

that perfusion of the device enhanced cell differentiation and allowed the engineered oviduct 

epithelium to exhibit physiological responses to cycling hormones, as exemplified by 

increased expression of oviductal glycoprotein 1 (Figure 4E) and genes involved in 

ciliogenesis, ciliary beating, and immune responses during the pre-ovulatory phase 

simulated by estrogen stimulation. The benefit of the in vivo-like environment in the 

oviduct-on-a-chip was further evidenced by RNA-sequencing of zygotes produced by on-

chip IVF. The results of this analysis revealed that embryos in the microdevice recapitulated 

transcriptomic signatures and global methylation patterns of their native counterparts more 

closely than in conventional IVF, highlighting the benefit of incorporating living oviduct 

epithelium and its specialized microenvironment for successful in vitro embryo production 

and development.

Recent work has also demonstrated advanced instrumentation of microphysiological embryo 

culture systems using integrated microfluidic devices equipped with sophisticated means of 

controlling the culture microenvironment. As a representative example, Chang et al. 

developed a “womb-on-a-chip” platform for in vitro embryo development in a dynamically 

regulated physiological fluidic environment [80]. This system was designed to seamlessly 

integrate individually addressable six embryo culture chambers with microfluidic mixers and 

gradient generators on the same device to dynamically control the concentration of steroid 
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hormones delivered to mouse embryos cultured on primary human endometrial stromal cells 

(Figure 4F). Using this integrated system, the authors demonstrated in vitro development of 

8-cell embryos into hatching blastocysts within 48 hours, which is similar to the timeline of 

mouse embryonic development in vivo. The rate which this process occurred increased in 

the presence of endometria stromal cells and was found to be significantly higher than that 

in conventional 96-well static co-cultures, illustrating the important role of physiological 

cellular cross-talk and mechanical stimulation in embryo development in vitro. By 

leveraging the advanced capabilities for precise, dynamic control of the hormonal 

environment, this study also showed a trend of enhanced blastocyst formation with 

increasing concentrations of progesterone.

3.2.2. Microengineered culture for ovarian follicle development—The ovarian 

follicle (OF) is the functional unit of the ovary responsible for supporting the development 

of an immature egg into a mature oocyte and its release into the fallopian tube for 

fertilization [81]. Development of OFs, commonly referred to as folliculogenesis, represents 

a complex biological process in which an oocyte undergoes structural and functional 

maturation through an orchestrated sequence of hormonal stimulation [82–84]. In the 

context of ART, in vitro culture of immature follicles isolated from the ovary has been 

proposed as a promising strategy to preserve fertility in clinical situations involving 

polycystic ovarian syndrome, premature ovarian failure, or oncotherapy [83,85]. Early 

studies have demonstrated that encapsulation of immature OFs in alginate matrix can 

improve the OF maturation process prior to cryopreservation and serve as a tool for in vitro 

investigation of folliculogenesis [82]. Microengineering technologies are beginning to 

further these 3D culture systems and make important contributions to realizing the potential 

of this ART approach by enabling the development of new tools for in vitro growth, 

maturation, and manipulation of ovarian follicles.

The work of Choi et al. provides an example of recent studies that demonstrates the use of 

microfluidic devices to engineer a more supportive environment for ovarian follicle 

development in vitro [86]. Specifically, this system used a microfluidic flow focusing 

technique to encapsulate early secondary preantral ovarian follicles in microcapsules 

composed of a soft collagen core and hard alginate shell that mimicked the ovarian 

medullary and cortical tissues, respectively (Figure 4G). The 3D heterogeneous microtissues 

improved follicular development from the pre-antral to antral stage (Figure 4H). Following 

antral stage development, the microtissues were treated with luteinizing hormone (LH) and 

epidermal growth factor (EGF) to simulate the initiation of ovulation. In this experiment, 1 

out of 6 antral follicles treated with LH and EGF ovulated, while ovulation was observed for 

all untreated follicles. The authors suggested that LH surges might suppress ovulation to 

allow for only a few oocytes to be ovulated per estrous cycle.

Current efforts to develop new techniques for in vitro folliculogenesis rely heavily on the use 

of mouse models. Given the well-documented interspecies differences in the size of follicles 

and their developmental dynamics [85], a question remains whether the findings of small 

animal studies are translatable to large mammalian species or humans. On the basis of this 

question, recent work used a microfabricated device to culture ovarian follicles of large 

mammals with the goal of understanding their growth patterns and identifying optimal 
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culture conditions [87]. Using domestic dog and cat follicles embedded in ovarian explants 

or individually isolated from the ovarian cortex, this study focused specifically on 

investigating the effect of flow on the viability of the follicles. The presented data showed 

that microfluidic perfusion culture was effective for sustaining the viability of cat follicles in 

cortical explants without requiring agarose gel blocks and cell encapsulation used in 

conventional techniques, suggesting dynamic microfluidic culture as an alternative strategy 

for in vitro maintenance of ovarian follicles. Interestingly, this study also revealed significant 

species-specific differences in follicular responses to flow by showing cellular 

disorganization or loss in microfluidic culture of dog follicles perfused at the same flow 

rates.

Moving beyond applications in ART, microengineered culture has also proven instrumental 

for developing in vitro assays to investigate responses of ovarian follicles to physiologically 

or clinically relevant external stimuli. A good example is provided by microfluidic culture of 

human ovarian follicles established by Aziz et al for the study of chemotherapy-induced 

toxicity [88,89]. This system was created in a multilayered elastomeric device in which a 

single human ovarian follicle was housed in a microfabricated chamber (Figure 4I). When 

the device was perfused with clinically relevant concentrations of an anticancer drug, 

doxorubicin (DOX), for 7 days, the cultured follicles showed arrested growth or significant 

decreases in their size (Figure 4J), which was accompanied by the activation of apoptotic 

pathways and reduced secretion of estrogen. Furthermore, this study demonstrated enhanced 

toxicity on the development of the follicles due to co-treatment of DOX with protein kinase 

inhibitors (Src and PIM inhibitors) commonly used in combination therapies.

3.3. Modeling reproductive diseases in organs-on-a-chip

Modeling complex human disease has become as an area of intense research interest in the 

field of organ-on-a-chip. Driven by this trend, efforts are being made to harness the potential 

of organ-on-a-chip technology to overcome the limitations of conventional animal and in 

vitro models for the study of human reproductive diseases [22]. Recent work has 

demonstrated the possibility of using microphysiological systems to model, interrogate, and 

pharmacologically modulate the pathophysiology of intractable diseases in the human 

reproductive system. In this section, we examine this emerging body of studies by focusing 

on representative organ-chip models of pathophysiological processes involved in the 

following three conditions that represent major clinical challenges in reproductive medicine 

– preterm birth, ovarian cancer, and endometriosis.

3.3.1. Preterm birth / placental inflammation—Preterm birth is defined as birth 

prior to 37 weeks of gestation and accounts for an estimated 1 million infant deaths every 

year [90,91]. While the pathogenesis of preterm birth remains poorly understood, clinical 

research has indicated that the development of this condition is often closely associated with 

intrauterine inflammation [92]. During pregnancy, intrauterine inflammation commonly 

presents as a condition called chorioamnionitis, which is inflammation of the chorion, 

amnion, and placenta usually caused by bacterial infection. Chorioamnionitis causes an 

inflammatory cascade within the placenta, stimulating prostaglandin production and matrix 

metalloprotease (MMPs) synthesis and release. Prostaglandins stimulate uterine contractions 
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and MMPs cause cervical ripening and degradation of the chorioamnionic membranes, 

leading to rupture and delivery [93].This pathophysiological condition also poses major 

threats to fetal development through the release of proinflammatory mediators, some of 

which may be transferred across the placental barrier to the fetal circulation [93]. Many 

fetuses exposed to chorioamnionitis develop a systemic inflammatory response known as the 

fetal inflammatory response syndrome (FIRS) [94]. The most pronounced effects of FIRS 

present in the neonatal respiratory and neurological systems, however recent work has 

descried negative outcomes in other organ systems as well [93,94].

To examine maternal-fetal crosstalk during inflammation, a recent study by Zhu et al. 

established a microengineered model of bacterial infection in the human placenta [95], 

which is the most common identified cause of preterm birth [96]. The system was designed 

to mimic the placental barrier by using two opposing monolayers of BeWo cells and 

HUVECs grown on either side of a microporous membrane (Figure 5A). When the maternal 

compartment was incubated with E. coli to simulate infection, both the trophoblast and 

endothelial populations were seen with significant cell death. In case of BeWo cells, 

bacterial infection also led to substantially increased expression of inflammatory cytokines 

including several interleukins and tumor necrosis factor-α (TNFα). The inflammatory 

phenotype of this model was further illustrated by increased trophoblast adhesion of THP-1 

monocytes added to the maternal channel (Figure 5B). Importantly, infection also disrupted 

the integrity of the placental barrier and elicited inflammatory responses in the fetal 

endothelium as evidenced by its increased expression of proinflammatory genes, indicating 

the deleterious potential of maternal inflammation to induce fetal complications during 

pregnancy.

3.3.2. Ovarian cancer—Ovarian cancer is the most common type of malignancy in the 

female reproductive system. This deadly disease is divided into multiple histological 

subtypes with distinct pathophysiological features [97]. As the most commonly diagnosed 

epithelial ovarian cancer, high-grade serous carcinoma (HGSC) has been suggested to arise 

from the fallopian tube on the basis of similarities in cell morphology and patterns of gene 

and protein expression [98]. This finding has led researchers to study the transformation of 

the fallopian tube epithelium in order to understand the development of ovarian cancer.

Following this line of investigation, Ferraz et al. developed an oviduct-on-a-chip system to 

model serous tubal intraepithelial carcinoma (STIC), which is considered the earliest 

manifestation of HGSC (Figure 5C) [99]. The microengineered model utilized dog oviductal 

epithelial cells cultured and differentiated at an air-liquid interface on a semipermeable 

membrane separating basolateral and apical chambers. Based on the observation that 96% of 

cancerous lesions in the fallopian tube and their metastatic form are marked by mutant p53 
[100], the authors used the CRISPR-Cas9 gene editing technique to silence the canine TP53 
gene in the oviduct epithelial cells (TP53KO). This genetic manipulation induced loss of 

epithelial polarization in TP53KO and caused the cells to become larger and flattened. Many 

of these cells were also seen with reduced cilia and multinucleated morphology, as well as 

increased proliferation and DNA double-stranded breaks (Figure 5D). The ability of this 

gene-edited model to recapitulate the molecular profiles of native tumors was verified by 
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mRNA analysis that revealed a set of differentially regulated genes whose expression 

patterns matched those measured in HGSC tumors in vivo.

Another recent study demonstrated a similar microengineering approach to modeling 

platelet extravasation and infiltration into ovarian tumor tissue [101], which has been shown 

to promote the proliferation of ovarian cancer cells and the development of their resistance 

to chemotherapy [102,103]. By employing a common 3-layer design consisting of the upper 

and lower chambers bonded to an interstitial microporous PDMS membrane, this study 

established microfluidic co-culture of A2780 human ovarian cancer cells with HUVECs 

(Figures 5E, 5F). Importantly, continuous perfusion of the endothelialized lower chamber 

with human platelets led to endothelial adhesion of the platelets and their extravasation into 

the tumor microenvironment (Figure 5G), which was not observed in control established 

using benign cells. Further analysis revealed that increased production of proinflammatory 

cytokines (e.g., IL-6, IL-8, TNF-α) by ovarian cancer cells and the activation of endothelial 

signaling pathways implicated in loss of barrier function were key contributors to platelet 

activation, adhesion, and extravasation observed in the model. The authors also 

demonstrated the potential of this system as a preclinical drug testing platform by showing 

that atorvastatin administered into the vascular compartment preserved the integrity of the 

endothelial barrier and reduced cytokine production to prevent platelet recruitment.

3.3.3. Endometriosis—Endometriosis is a chronic disorder of the female reproductive 

system characterized by the presence of endometrial-like tissue outside the uterus, usually 

occurring in the peritoneal cavity [104]. Much remains to be learned about the etiology of 

this disease, but the majority of patients exhibit retrograde menstruation in which menstrual 

blood flows back into the fallopian tube [105]. Based on this clinical observation, it has been 

hypothesized that cells and tissue fragments contained in the backward menstrual flow may 

enter the peritoneal cavity, implant, and invade the pelvic tissue to form endometriotic 

lesions [106]. Investigating this disease process in animal models has been particularly 

challenging due to the inability of rodents to develop endometriosis spontaneously [107]. As 

an alternative approach, organ-on-a-chip models of endometriosis are being developed using 

patient-derived primary cells that are relatively easy to obtain [108].

A representative example is given by a simple micropatterned co-culture platform created by 

Chen et al. [109]. Using a microfabricated device containing two separate culture chambers, 

the authors generated spatially defined, juxtaposed islands of primary human endometrial 

stromal cells (ESCs) and human peritoneum mesothelial cells (HPMCs). These patterns 

were used to investigate the interaction between the two cell types during the invasion of 

endometrial cells into peritoneal tissues. The microengineered assay showed in vivo-like 

directional invasive migration of ESCs towards HPMCs derived from endometriosis patients. 

Interestingly, this response was not observed when the endometriotic cells were replaced 

with HPMCs from healthy subjects, suggesting disease-specific cellular crosstalk mediated 

by soluble factors. Similar studies are underway using more advanced organ-on-a-chip 

systems [48,110] to model and elucidate complex endometrial-stromal interactions during 

the development and progression of endometriosis.

Young and Huh Page 14

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4. Case studies of reproductive organs-on-a-chip for pharmaceutical 

applications

As discussed above, organ-on-a-chip technology provides a potentially powerful in vitro 

approach for reconstructing the complexity of the human reproductive system and its 

essential physiological and pathophysiological processes. Emerging as the focus of recent 

efforts is to leverage the advanced capabilities of microengineered reproductive organ 

models for applications in drug development. In particular, modeling drug responses of 

female reproductive organs in human cell-based microphysiological systems has been 

suggested as a promising preclinical strategy ideally suited to tackle the challenging ethical 

issues of clinical trials involving pregnant women and increasing scientific concerns 

regarding the translatability of animal data to human conditions [111]. Here we present a 

focused review of two recent papers as case studies to highlight this research trend and 

discuss important technical advances towards the development of reproductive organ-a-chip 

technology for drug screening.

4.1. Placental drug transport-on-a-chip

Reproductive toxicity is an important regulatory consideration for pharmaceutical 

development. In particular, assessing the hazardous potential of maternally administered 

drugs to interfere with fetal development during pregnancy has been a central research 

theme in reproductive toxicology [112,113]. With the increasing use of over the counter and 

prescription drugs by pregnant women, fetal exposure to medications is becoming a 

significant health concern. Unfortunately, preclinical efforts to address this issue have met 

little success due primarily to our limited ability to simulate maternal-fetal interactions in the 

human placenta. Despite advances in the development of animal and explant-based ex vivo 

models, it remains a major challenge to accurately predict drug transfer from the maternal to 

fetal circulation.

Recent studies have developed a promising strategy to tackle this challenge that relies on the 

advanced capabilities of organs-on-a-chip to model drug transport in the human placenta. 

The proof-of-concept of this approach was demonstrated by the work of Blundell et al. that 

utilized the placenta-on-a-chip platform shown in Figure 1D–1F to investigate maternal-to-

fetal drug transfer across the human placental barrier (Figure 6A) [114]. Using the 

microengineered maternal-fetal interface constructed by co-culture of syncytialized BeWo 

trophoblasts and human villous endothelial cells, the research team examined fetal 

translocation of heparin, which is an anti-coagulant agent for the treatment of deep vein 

thrombosis and embolism during pregnancy. The results of this study showed that the bi-

layer tissue provided a nonpermeable barrier to heparin transport and protected the fetal 

compartment from the drug (Figure 6B), consistent with previous findings that the passage 

of heparin across the placental barrier is prohibited due to its large size.

Importantly, this paper also presented a placenta-on-a-chip model of active drug transport in 

the human placenta. The focus of this study was to demonstrate the physiological protective 

function of breast cancer resistance protein (BCRP), an efflux transporter responsible for 

shuttling drug molecules internalized by syncytiotrophoblasts back into the maternal 
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circulation to inhibit fetal drug exposure. The BeWo trophoblast cells cultured in this model 

expressed high levels of BCRP on their apical surface, similar to the spatial localization of 

BCRP in the human placental barrier in vivo (Figures 6C, 6D). To investigate the activity of 

the transporter, the authors used BODIPY-labeled glyburide – a common medication used 

for pregnant women with gestational diabetes – as a model compound and monitored its 

concentration following drug administration on the maternal side. The key finding of this 

study was a continuous, gradual yet significant increase in the maternal level of glyburide 

over time (Figure 6E). Through further analysis using an inhibitor of BCRP, the authors 

showed that this was due to the efflux of absorbed glyburide from the trophoblasts into the 

maternal compartment by action of BCRP. By comparing the rate of glyburide transport in 

cell-coated and acellular devices, the authors also investigated unwanted drug absorption 

into PDMS to indicate that a loss of drug compounds due to this problem was not significant 

under the tested conditions. Importantly, despite the increased concentration gradient across 

the placental barrier, drug transfer into the fetal compartment was not detected (Figure 6F). 

These results validated the ability of the microengineered placental barrier to recapitulate the 

specialized role of its in vivo counterpart in protecting the developing fetus from maternal 

drugs.

4.2. EVATAR

Analysis of pharmacokinetics (PK) and pharmacodynamics (PD) is essential for accurate 

assessment of drug efficacy and safety. During preclinical studies, predicting the PK/PD 

profiles of drug compounds requires the ability to model the sequential process of drug 

absorption, distribution, metabolism, and elimination (ADME) that takes place in the 

integrated context of the whole body [115]. This critical requirement of preclinical drug 

testing has provided an impetus for long-standing efforts in the organ-on-a-chip field to 

develop integrated in vitro models termed ‘body-on-a-chip’ [116,117]. These systems are 

constructed by connecting microengineered models of different organs to enable simulation 

and prediction of systems-level drug responses that account for physiological multiorgan 

interactions [118,119]. Building upon the successful demonstration of body-on-a-chip 

technology for various organ systems, researchers are now attempting to develop integrated 

models of the reproductive system.

The work of Xiao et al. provides a representative example of using the multiorgan-on-a-chip 

approach to recapitulate functional interactions between the key organs in the female 

reproductive tract [120]. In this study, the authors created an integrated cell culture platform 

by linking five microfluidic organ modules containing murine ovary and human tissue 

explants isolated from the fallopian tube, endometrium, ectocervix, and liver (Figure 7A). 

This system termed EVATAR was also equipped with electromagnetically actuated 

micropumps and valves for precise control of fluid flow between and within the organ 

modules to permit dynamic biological interactions between the cultured tissues.

Using the integrated platform, this paper demonstrated a hormonally coupled in vitro analog 

of the female reproductive tract. A physiological hormonal environment was established in 

this model by controlling the concentration of follicle-stimulating hormone (FSH) and 

human chorionic gonadotropin (hCG) circulating through the microfluidic modules to 
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reproduce the temporal profiles of pituitary hormones during the 28-day human menstrual 

cycle (Figure 7B). Importantly, this condition allowed the ovarian tissue cultured in the 

system to model the secretory function of its native counterpart as shown by the production 

of estrogen and progesterone that reached a peak in the follicular and luteal phases of 

microfluidic culture, respectively (Figure 7C). Human fallopian tube explants connected in 

the downstream of the ovary module exhibited high cell viability and ciliary activity during 

long-term culture and underwent physiological phenotypic changes in epithelial morphology 

and gene expression. EVATAR also supported human endometrial explants grown in 

decellularized uterine tissue scaffolds by maintaining the proliferative capacity of uterine 

stromal cells and their expression of estrogen and progesterone receptors (Figure 7D). 

Similarly, human ectocervix tissue in this multi-organ model retained its native morphology 

and physiological responses to estrogen as evidenced by the robust epithelial and stromal 

expression of progesterone receptor at the end of the simulated follicular phase, which was 

not detected at the end of the luteal phase when estrogen concentrations decreased (Figure 

7E).Another key demonstration of this paper was to model pregnancy in EVATAR by 

supplementing media with hCG during the luteal phase to simulate hCG production by 

fertilized embryos and developing placenta at the beginning of pregnancy. Under this 

condition, the ovarian explants were seen with the corpus luteum (CL) during the entire 

period of 14-day culture following ovulation in the device (Figure 7F), recapitulating CL 

rescue and maintenance in vivo that plays an essential role in early pregnancy [121]. The 

physiological endocrine function of CL was verified by significantly higher levels of 

progesterone in the hCG-treated model in comparison to the untreated control. Although not 

directly relevant to reproductive physiology, this study also demonstrated long-term viability 

and secretory function of human liver spheroids maintained in the integrated system, 

suggesting the possibility of using EVATAR to model liver metabolism for pharmacological 

and toxicological studies of the reproductive system.

5. Future prospects: challenges and opportunities

Research in reproductive sciences has long suffered from a paucity of physiologically 

relevant, predictive preclinical models of human reproduction. Despite its nascence, the idea 

of leveraging advances in precision engineering technologies to tackle this major issue is 

emerging as a new research trend that has gained considerable traction in recent years. By 

making it possible to reproduce 3D structural organization and complex, dynamic 

physiological environment of tissue and organ units using human-derived cells, 

microphysiological systems offer the promise to overcome the limitations of conventional 

cell culture models and expand our capabilities for in vitro modeling and analysis of the 

reproductive system. While studies reviewed here (Table 1) represent the success and 

promise of this approach, it is important to note that significant challenges remain in 

realizing the full potential of organ-on-a-chip technology for reproductive biology and 

medicine.

Among the critical barriers to progress is the difficulty of sourcing primary human cells that 

are amenable to in vitro culture in microphysiological systems. Although published 

protocols exist for establishing primary cultures of human reproductive cells [122–127], 

setting up these systems is often challenged by ethical and legal issues associated with 
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obtaining cells from pregnant women and fetal tissues. This problem has also led to limited 

availability of standardized culture protocols and commercial sources of primary cells, 

which has become a major obstacle to in vitro investigation of human reproduction. As 

demonstrated by several papers examined in this review, immortalized or transformed cells 

(e.g. BeWo, JEG-3, HTR-8) have been used successfully for in vitro studies. This approach, 

however, is restricted by the limited selection of available cell types and often faces the 

question of whether cell lines are capable of adequately representing in vivo physiology. To 

address this problem, increasing attention is being paid to induced pluripotent stem cells 

(iPSCs) as a sustainable source of human reproductive cells [128]. In light of recent success 

in the development of iPSC-derived organ-chip systems [129–134], studies are needed to 

explore the extension of this approach to creating microphysiological models of human 

reproductive organs.

On a related note, as discussed in this review, microphysiological systems have garnered 

great attention as a novel platform to culture gametes and embryos and to support their 

development in vitro for applications in ART. Regardless of the species, the process of 

sourcing, handling, and analyzing such cells in microdevices represents a technical 

challenge that needs to be further investigated. Equally important is to give special 

consideration to ethical issues associated with these types of studies involving the formation 

and early growth of life – in-depth discussion of this topic is provided elsewhere [3,135–

137]. To advance the potential of organ-on-a-chip approaches in this area, the development 

of new in vitro technologies should be accompanied by collective efforts towards 

establishing ethical guidelines for proper use and analysis of embryonic materials in 

microengineered devices and model systems.

Model validation is another major challenge. As discussed in the Introduction, the 

significant interspecies difference in the structure and function of the reproductive system is 

becoming an increasingly important issue that questions the validity of using animal data to 

verify the in vivo relevance of human cell-based microphysiological systems. As 

alternatives, ex vivo models based on living human tissue explants are available but these 

materials are often hard to obtain at the gestation stages required for direct comparison [12]. 

Additionally, establishing conventional ex vivo models (e.g., perfused placental explants) is 

burdened by high failure rates and poor reproducibility and long-term viability, making it 

difficult to generate sufficient amounts of reliable data needed for model validation. 

Overcoming this challenge will require concerted efforts between model developers and 

clinical scientists to maximize the utility and potential of clinical human data and specimens 

for accurate assessment of in vitro-in vivo correlation. It is believed that these efforts will be 

greatly facilitated by recent research initiatives (e.g., NIH’s Human Placenta Project) aimed 

at developing new technologies to directly probe and examine human reproductive organs 

during their development and function [138].

Despite considerable progress, much remains to be accomplished in reconstructing the 

complexity of native reproductive tissues and organ units in microengineered cell culture 

devices. For example, work is required to improve our ability to recreate the complex 

hormonal environment in the reproductive system and model its critical role as a key 

regulator of reproductive health and disease. Reproductive organs, especially those involved 
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in pregnancy, are known to undergo substantial structural and functional changes over time 

but mimicking these dynamic, spontaneous processes in engineered systems has been 

technically challenging. Culture conditions optimized for maintaining existing models also 

differ from the in vivo cellular microenvironment – for instance, the atmospheric oxygen 

tension (20%) commonly used in organ-chip systems is substantially higher than that 

measured in native reproductive organs (lower than 10%) [139]. It has proven difficult to 

replicate dynamic changes in oxygen tension and hormone levels commonly encountered in 

the reproductive system in vivo, particularly at various stages of pregnancy [140–142]. In 

addition, existing organ-chip models still rely heavily on 2D monolayer culture to mimic the 

maternal-fetal interface. As demonstrated by a recent report of a placental barrier model 

containing 3D vasculature and underlying connective tissue [143], efforts should be made to 

recapitulate 3D structural organization of native tissues towards the goal of developing more 

predictive and realistic model systems. In essence, addressing in vitro-in vivo differences is 

often a design challenge and will require the development and engineering of more advanced 

cell culture systems.

Although discussed frequently in other reviews [27–32], the current dominance of PDMS in 

the fabrication of organ-on-a-chip systems is problematic especially for drug testing due to 

its intrinsic properties to absorb small-molecule drug compounds [38,39]. The unwanted 

chemical absorption has been shown to have a significant impact on the bioavailability of 

drugs in PDMS cell culture devices [39,144], posing major challenges to PK/PD analysis. 

Studies have also revealed partitioning of various hormones into PDMS [145], which is of 

great concern for modeling the hormonal regulation of the reproductive system in organ-chip 

devices. Recent progress has been made in developing potential solutions to this problem 

that rely on the chemical passivation of PDMS surfaces to reduce the absorption of small 

hydrophobic molecules [146,147]. Efforts are also underway to find replacements for PDMS 

(e.g., polyurethane, cyclic olefin polymers, tetrafluoroethylene-propylene elastomer) and 

develop new microfabrication techniques based on the alternative materials [148–151].

Despite these challenges and technical limitations, organs-on-a-chip and microphysiological 

systems hold great promise to advance the frontiers of research in reproductive biology and 

medicine. In the specific context of drug development, as suggested by several examples in 

this review, microengineered in vitro models provide a basis for new preclinical strategies 

that complement traditional animal studies and enable accurate simulation and reliable 

prediction of drug efficacy and toxicity in the human reproductive system. Organs-on-a-chip 

also represent an enabling platform technology for drug delivery research. By providing a 

means to mimic the complex structural organization of functionally associated multiple 

tissue types in a realistic, organ-specific microenvironment, these advanced model systems 

may allow researchers to overcome the long-standing challenge of simulating delivery, 

transport, cellular uptake, and clearance of drugs and pharmaceutical products in the 

integrated physiological context of the human reproductive system. Precise parametric 

control and direct visualization of cells and their microenvironment are also the key strength 

of organs-on-a-chip that may provide unique advantages over animal-based approaches for 

preclinical modeling and quantitative analysis of drug delivery in reproductive and other 

related organs.

Young and Huh Page 19

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Another promising area of investigation is to explore the possibility of incorporating 

organoids derived from human reproductive organs into microphysiological systems. This 

idea stems from the emerging efforts to develop organoid-on-a-chip technology that 

synergistically combines the controllability of precisely engineered organ-chip platforms 

with the inherent capacity of stem cells to self-organize into complex organ-like structures 

[28,152]. In reproductive biology, great progress has recently been made in establishing 

organoid models of various female organs in healthy and diseased states, including the 

fallopian tube [153–155], endometrium [156,157], placenta [158,159], ovary [160,161], and 

cervix [162]. While much work remains to be done to further characterize and optimize 

these organoids, growing them in the tightly regulated environment of microengineered 

systems may enable the development of complex and realistic in vitro models not achievable 

using conventional organ-chip or organoid approaches alone. With further development, this 

integrative strategy may lead to more advanced and predictive preclinical platforms with the 

potential for broad and significant impact on drug discovery and delivery research.

The models discussed in the review focus on the female reproductive physiology and 

pathophysiology. However, organ-on-a-chip technology may also provide a potentially 

powerful approach to develop advanced culture platforms for male reproductive anatomy. 

Recent work by Komeya et al. shows the promise of this strategy [163,164]. While causes of 

male infertility vary, most common is idiopathic primary testicular dysfunction with 

abnormal spermatogenesis [165]. For decades, researchers have attempted to recapitulate 

this essential male reproductive process in vitro in order to treat male infertility or preserve 

fertility for prepubescent patients undergoing gonadotoxic therapies, such as chemotherapy 

[166]. Motivated by the challenges associated with these types of studies, the authors 

exploited microengineering techniques to improve the conventional methods of inducing 

spermatogenesis in air-liquid interface culture of mouse testis [167,168]. Through direct 

visualization, this study showed repeated emergence and disappearance of GFP-positive 

cells in the cultured tissue constructs, indicating the cyclic nature of spermatogenesis that 

has been described in vivo. The reproductive capacity of sperm generated in this system was 

demonstrated by the production of viable offspring following intracytoplasmic sperm 

injection (ICSI) procedures.

Finally, microphysiological reproductive models may provide a fertile ground for exploring 

the integration of microengineered cell culture with bioanalytical systems. Among the 

defining features of the reproductive system is its highly complex, dynamically regulated 

secretome that plays an essential role in physiological homeostasis, as well as various 

disease processes [169]. Creating realistic reproductive organ-on-a-chip models will require 

the ability to not only capture this complexity but also measure, characterize, and validate 

the complex soluble environment of the engineered constructs in a quantitative manner. One 

of the promising strategies to meet this important requirement is to integrate bioanalytical 

tools into microfluidic cell culture for in-line real-time monitoring of cells and their 

microenvironment. Recent studies have shown the feasibility of this approach by 

demonstrating organ-on-a-chip platforms equipped with integrated electrochemical and 

optical biosensors for rapid on-chip analysis of various biological functions, such as 

cytokine/chemokine production [170], barrier function [171], and neuronal activity [172]. 

Similar efforts will be beneficial for in vitro modeling of reproductive organs and make great 
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contributions to improving our ability to emulate and delineate the dynamic biochemical 

basis of human reproduction or integrated responses of reproductive tissues to external 

stimuli. For example, incorporation of electrochemical biosensors to the placenta-on-a-chip 

model discussed in our case studies would allow for real-time measurement of placental 

barrier permeability to examine how the dynamics of maternal-fetal interactions change 

during clinically relevant situations such as infection or drug treatment. Similar strategies 

could also be used to capture and dynamically interrogate secretory products in 

reproductive-on-a-chip models, which may enable the identification of novel biomarkers 

associated with reproductive health and disease for clinical and pharmaceutical applications.

6. Concluding remarks

Remarkable progress in life science and technology in the past century has advanced our 

fundamental understanding of the human reproductive system beyond our imagination. 

However, the ever-increasing knowledge in this active area of research has done surprisingly 

little to improve our ability to emulate the complexity of human reproduction in 

experimental model systems. The marriage of organs-on-a-chip with reproductive sciences 

discussed here has enabled a major undertaking to address this fundamental problem. 

Reproductive organ-on-a-chip technology is still in its infancy but we believe that research 

advances highlighted in this review represent important first steps towards the ultimate goal 

of transforming the way in which we study arguably the most essential process of life.
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Figure 1. 
Design of placenta-on-a-chip. (A) Organ-on-a-chip utilizes a reductionist design approach to 

identify the functional unit of the organ of interest. The human placenta is shown as a 

representative example. (B) The cotyledon contains chorionic villi, which is a key unit to 

establish the maternal-fetal interface at the cellular level. (C) Trophoblasts and fetal 

endothelial cells are separated by a thin interstitium, which forms a barrier for material 

exchange between the fetus and mother. (D) The placental barrier is recapitulated in a 

microdevice by designing top and bottom channels separated by a thin porous membrane, 

which allows for the crosstalk between cell types. (E) Cross-sectional and (F) side views of 

the placenta-on-a-chip.
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Figure 2. 
Organ-on-a-chip models of decidualization and implantation. (A) During decidualization, 

the inner most tissue layer of the uterus, called the endometrium, thickens in response to 

rising progesterone levels to form the decidua. (B) PDMS microdevice developed by Gnecco 

et al. [49]. The cross-section of device shows endothelial cells and endometrial stromal 

fibroblasts cultured in the top and bottom channels, respectively. (C) Stromal fibroblasts 

cultured with estradiol (E2) alone (top) and estradiol (E2) mixed with medroxyprogesterone 

acetate (MPA). The plot shows stromal fibroblast prolactin production over time under the 

E2 and E2+MPA culture conditions. (D) Endothelial cell expression of cyclooxygenase-2 

(COX-2) under static (top) and perfused (bottom) culture conditions. (E) Implantation 

occurs 5–6 following fertilization and involves complex signaling between the decidua and 

embryo. Once attached to the decidua, trophoblasts stream out of the embryo, invading the 

maternal decidua and endometrium. (F) Microdevice developed by Abbas et al. [53]. 

Isolated first trimester extravillous trophoblasts (EVTs) are embedded in Matrigel in the 

central channel. Constant flow media with and without human granulocyte–macrophage 

colony-stimulating factor (GM-CSF) is applied to the left and right side channels, 

respectively, to create a cytokine gradient. Cell tracks were generated from time lapse 

microscopy. EVT purity is confirmed with human leukocyte antigen-G+ (HLA-G+) stain 

(green). (G) Characterization of chemical gradient through hydrogel using fluorescein 

dextran with similar molecular weight to GM-CSF as a model compound. The plot shows 

fluorescein intensity across device. All figures adapted with permissions from original 

publications.
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Figure 3. 
Organ-on-a-chip models of placental barrier function. (A) 3D rendered confocal image of 

the microengineered placental barrier [56]. BeWo trophoblast and endothelial cells are 

stained for E-cadherin (red) and VE-cadherin (green), respectively. Nuclei are shown in 

blue. Scale bars: 30 μm. (B) The surface of BeWo cells cultured under dynamic flow is 

covered with a dense layer of microvilli (green). Blue shows nuclear staining. Scale bars: 10 

μm. (C) E-cadherin (red) and nuclear (blue) staining prior before (left) and after (right) 

forskolin treatment. Scale bars: 100 μm. (D) Trophoblasts of the microengineered placental 

barrier express high levels of GLUT-1 (red). Scale bars: 10 μm. (E) Microdevice developed 

by Yin et al. [58]. Matrigel is seeded in the middle matrix microchannel with BeWo cells 

and HUVCEs cultured and perfused separately in each side channel. Environmental 

exposure to nanoparticles (NPs) was modeled by introducing nanoparticles to the maternal 

(BeWo) side of the chip. (F) HUVEC VE-cadherin expression (red, top), reactive oxygen 

species (ROS) production (green, middle), and live/dead stain (green/red, bottom) after 

maternal exposure to titanium dioxide nanoparticles (TiO2-NPs) in the microdevice 

compared to control. Scale bars: 200, 50, and 100 μm, for VE-cadherin, ROS, and Live/

Dead, respectively. (G) Microdevice developed by Schuller et al. [59]. Interdigitated 

impedance biosensors are located on top of a free-standing porous PET membrane 

separating BeWo cells and endothelial cells. The rest of the device is fabricated from glass 

and adhesive layers. BeWo ROS production (green) after 24 hours of exposure to 800 μM 

zinc oxide (ZnO) particles (bottom) compared to control (top). Scale bar: 200 μm. (H) 

PDMS device fabricated by Mirua et al. [60]. Red and blue dye were infused into 

microchannels to visualize the maternal and fetal compartments, respectively (left). Scale 

bar: 1 cm. Cross-section of device showing the apical maternal channel seeded with BeWo 

cells and basolateral fetal channel separated by a vitrified collagen membrane (right). The 
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arrows indicate direction of flow in the maternal and fetal channels. (I) Scanning electron 

micrographs of microvilli protrusions on the apical surface of BeWo cells cultured overnight 

under static or flow (5 μl/min) conditions. Scale bars: 5 μm. All figures adapted with 

permissions from original publications.
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Figure 4. 
Organ-on-a-chip technology for assisted reproductive technology (ART). (A) After 

fertilization, the embryo travels down the fallopian tube towards the uterus. The ciliated 

epithelium along the fallopian tube beat at a synchronized frequency to drive directional 

embryo movement. (B) Side view (bottom) and zoomed-in view (top) of bovine oviductal 

epithelial cells (BOECs) in the 3D printed oviduct-on-a-chip developed by Ferraz et al. [78]. 

Chambers were separately perfused, as indicated by blue and yellow arrows. (C) Acetylated 

α-tubulin (green), phalloidin (red), and DAPI (blue) staining to label cilia, actin filaments, 

and nuclei, respectively in BOECs in 3D culture at an air-liquid interface for 28 days. 

Ciliated cells marked by white arrows and actin rich secretory protrusions marked by yellow 

arrows. Scale bars: 25 μm. (D) PDMS oviduct-on-a-chip developed by Ferraz et al. [79]. The 

basolateral compartment (top layer) was perfused with hormone supplemented media to 

simulate the phases of the menstrual cycle, while the apical compartment (bottom layer) 

contained BOECs perfused with culture media to support differentiation. The layers were 

separated by a porous polycarbonate membrane. The apical chamber contained cell-trapping 

pillars (micrograph). Scale bar: 1 mm. (E) Acetylated α-tubulin (green), phalloidin (red), 

and DAPI (blue) stains to label cilia, actin filaments, and nuclei, respectively in BOECs 

stimulated with hormones to mimic the luteal and pre-ovulatory phase. Oviductal 

glycoprotein 1 (OVGP1) is stained yellow in bottom figures. Scale bars: 10 μm. (F) 

Schematic of womb-on-a-chip developed by Chang et al [80]. A concentration gradient 

generator is integrated with a mixer and cell culture chamber in the top layer. Pneumatic 

valves are incorporated under the gradient channel to stop flow from the gradient channel to 

the culture chamber. Endometrial stromal cells are cultured on top of a porous membrane in 

the culture chamber with media perfusion under the membrane. (G) Schematic of top view 

of the flow-focusing microfluidic device developed by Choi et al. [86], with zoom-in view of 

junction for encapsulation of ovarian follicles (OFs) in a core-shell microcapsule (top) and 

exit of the extraction channel (bottom), respectively. I-1, I-2, I-3, I-4, and I-5 are inlets of 

core, shell, mineral oil, dispatching, and extraction flows, respectively. O-1 and O-2 are 

outlets for the aqueous and oil flows, respectively. (H) Brightfield images of in vitro 

development of early secondary preantral follicles to the antral stage over 9 days in the 
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microcapsule containing a collagen core and non-oxidized alginate shell. Antral follicle 

defined by cumulus-oocyte complex (COC) inside fluid-filled cavity (dashed line). Scale 

bar: 100 μm. (I) Top-down view of PDMS microfluidic device for ovarian follicle culture, 

developed by Aziz et al. [89]. (J) Images show DOX treated follicles compared to control 

over 7 days of culture. Scale bars: 50 μm. All figures adapted with permissions from original 

publications.
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Figure 5. 
Organ-on-a-chip models of reproductive disease. (A) PDMS device developed by Zhu et al. 

[95]. BeWo trophoblast cells are cultured on the apical side and HUVECs are cultured on the 

basolateral side of the porous membrane (left). Schematic representation of cross-sectional 

view of the device (right). The BeWo cells on the maternal side are exposed to E. coli., and 

THP-1 monocytes are then added to the maternal side to represent maternal macrophages at 

the maternal-fetal interface during infection. (B) BeWo cells (green) incubated with E. coli 
for 6 hours and then co-cultured with THP-1 macrophages (red) for 30 min. Following E. 
coli exposure, maternal macrophages appear to adhere to the BeWo cell layer in the device. 

Scale bars: 100 μm. (C) Schematic representation of cross-section of oviduct-on-a-chip 

developed by Ferraz et al. to model high grade serous ovarian carcinoma (HGSC) [99]. Dog 

oviduct epithelium is grown on the membrane with independently perfused apical and 

basolateral compartments. (D) CRISPR-Cas9 edited (TP53KO) dog oviductal epithelial cells 

are compared to unedited (TP53WT) cells by immunofluorescence stains for double strand 

breaks (yH2AX, green), cell proliferation (Ki67, green) and nuclei (blue). Scale bars: 10 μm. 

(E) Schematic representation of OvCa-Chip developed by Saha et al. [101]. The cutout 

shows two fluidic chambers: the top channel is perfused with ovarian cancer cells (blue) and 

the bottom channel mimic a vascular lumen, containing a perfused endothelial lining. (F) 

Bright field microscopy of OvCa-Chip (center) showing zoom-in views of ovarian cancer 

cells (top) and primary endothelial cells (bottom). Scale bars: 100 μm. (G) 3D reconstruction 

of confocal fluorescence micrographs showing the cross-section of the OvCa-Chip. 

Spheroidal ovarian cancer cells are stained for anti-ZO1 (red) and primary endothelial cells 

stained for VE-cadherin (green). All 4 sides of the lower microchannel are covered with 

endothelial cell monolayers to form a blood-perfusable vessel. Platelets are perfused into the 

vascular lumen of the chip. Scale bars: 100 μm. All figures adapted with permissions from 

original publications.
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Figure 6. 
Placental drug transport-on-a-chip [114]. (A) Schematic of device cross-section. BeWo 

trophoblast cells in the maternal channel are exposed to drug molecules to examine transport 

across the microengineered placental barrier. (B) Transfer of fluorescein-heparin from the 

maternal to fetal compartments evaluated by measuring MFI of perfusate collected from the 

fetal channel. The placental barrier (co-culture) blocks heparin transport. (C) Breast cancer 

resistance protein (BCRP, red) expression in BeWo cells in the placenta-on-a-chip (top). 

Nuclei stained in blue. Cross-sectional view of BCRP expression (bottom). Scale bars: 36 

μm. (D) Graph shows BCRP localization to microvillous membrane of BeWo cells. (E) Plot 

of glyburide concentration in fetal (circle) and maternal (square) perfusates over time 

following glyburide administration. (F) Glyburide accumulation in the BeWo monolayer 

(maternal compartment) with no visible fluorescence in human placental villous endothelial 

cells (HPVEC) population (fetal). Adapted with permissions from original publication.

Young and Huh Page 39

Adv Drug Deliv Rev. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
EVATAR [120]. (A) Device photo (left) and schematic representation of interconnected 

culture modules (right). Dark blue, yellow, and green lines show inter module transfer, intra 

module recirculation, and systemic recirculation, respectively. DO = donor module, AC = 

acceptor module, T= tissue module. (B) Follicle stimulating hormone (FSH) and human 

chorionic gonadotropin (hCG) concentration and (C) oestradiol and progesterone 

concentration in the device over 28 days of culture. (D) Human endometrium tissue before 

and after decellularization, and after recellularization (top). Immunohistochemical staining 

of Ki67, estrogen receptors (ER), and progesterone receptors (PR) in recellularized 

endometrial scaffolds on day 14 (28 days of microfluidic culture). (E) Ki67 and PR staining 

in ectocervical tissue at the end of the follicular (day 0) and luteal (day 14) phases. Scale 

bars: 10 μm. (F) Histology of ovarian tissue on day 0 (Pre hCG, top) and day 8 (Post hCG, 

bottom) showing corpus luteum (CL) formation. Scale bars: 100 μm. Adapted with 

permissions from original publication.
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Table 1.

Summary of existing reproductive-on-a-chip models.

Application Physiology modeled Cell types Fabrication method/materials 
Used References

Pregnancy 
modeling

Decidualization & 
implantation

HUVECs, Stromal fibroblasts, 
Primary EVTs, uNKs Soft lithography, PDMS [39], [44]

Maternal-fetal crosstalk BeWo b30, JEG-3, HUVEC, 
HPVEC

Soft lithography, PDMS, vitrified 
collagen, PET, polycarbonate

[47], [49], [50], 
[51], [52]

ART Embryo development
BOEC, bovine oocytes, bull 
sperm, human primary stromal 
cells, mouse embryos

Soft lithography, 3D printing, 
PDMS, photo-cured resin [70], [71], [72],

Ovarian follicle 
development

Mouse, cat and dog ovarian 
follicles

Soft lithography, micromachining, 
PMMA, PDMS [77], [78], [79], [80]

Spermatogenesis Mouse testis tissue Soft lithography, PDMS, 
polycarbonate [84], [85]

Disease 
modeling

Preterm birth / placental 
inflammation BeWo b30, HUVECs Soft lithography, PDMS, 

polycarbonate [93]

Ovarian cancer Dog oviduct epithelial, A2780, 
HUVECs, Soft lithography, PDMS [97], [99]

Endometriosis
Primary human endometrial 
stromal and peritoneum 
mesothelial

Soft lithography, PDMS [107]
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