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Abstract

Objective—Studying the biology of the human placenta represents a major experimental 

challenge. Although conventional cell culture techniques have been used to study different types of 

placenta-derived cells, current in vitro models have limitations in recapitulating organ-specific 
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structure and key physiological functions of the placenta. Here we demonstrate that it is possible 

to leverage microfluidic and microfabrication technologies to develop a microengineered 

biomimetic model that replicates the architecture and function of the placenta.

Materials and methods—A “Placenta-on-a-Chip” microdevice was created by using a set of 

soft elastomer-based microfabrication techniques known as soft lithography. This microsystem 

consisted of two polydimethylsiloxane (PDMS) microfluidic channels separated by a thin 

extracellular matrix (ECM) membrane. To reproduce the placental barrier in this model, human 

trophoblasts (JEG-3) and human umbilical vein endothelial cells (HUVECs) were seeded onto the 

opposite sides of the ECM membrane and cultured under dynamic flow conditions to form 

confluent epithelial and endothelial layers in close apposition. We tested the physiological 

function of the microengineered placental barrier by measuring glucose transport across the 

trophoblast-endothelial interface over time. The permeability of the barrier study was analyzed and 

compared to that obtained from acellular devices and additional control groups that contained 

epithelial or endothelial layers alone.

Results—Our microfluidic cell culture system provided a tightly controlled fluidic environment 

conducive to the proliferation and maintenance of JEG-3 trophoblasts and HUVECs on the ECM 

scaffold. Prolonged culture in this model produced confluent cellular monolayers on the 

intervening membrane that together formed the placental barrier. This in vivo-like 

microarchitecture was also critical for creating a physiologically relevant effective barrier to 

glucose transport. Quantitative investigation of barrier function was conducted by calculating 

permeability coefficients and metabolic rates in varying conditions of barrier structure. The rates 

of glucose transport and metabolism were consistent with previously reported in vivo observations.

Conclusion—The “Placenta-on-a-Chip” microdevice described herein provides new 

opportunities to simulate and analyze critical physiological responses of the placental barrier. This 

system may be used to address the major limitations of existing placenta model systems and serve 

to enable research platforms for reproductive biology and medicine.
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Introduction

The placenta is key to successful reproduction. Its most important function is the exchange 

of endogenous and exogenous substances, which enables adequate supply of oxygen and 

nutrients, excretion of fetal metabolic waste (1–6), and protection against potentially 

harmful agents, such as xenobiotics (7–11), bacteria (12–17), viruses (18–26), and parasites 

(26–32). Transfer of substances between the intervillous space and fetal capillaries takes 

place across a multilayered structure often called the “placental barrier,” which is composed 

of trophoblasts, connective tissue, basal lamina, and the fetal endothelium (1–6, 33–37). The 

four major mechanisms responsible for this critical process are: 1) passive diffusion; 2) 

facilitated diffusion; 3) active transport; and 4) endocytosis/exocytosis (38–40). Moreover, 

biochemical and physical factors influence the dynamics of placental transfer, including 
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utero-placental and umbilical blood flow, barrier thickness, placental metabolism, 

concentration gradients, and transporter expression/activity in the placenta (41, 42).

Previous studies on placental transport have used a wide range of experimental systems 

including in vivo animal models (43–60), ex vivo placental perfusion systems (61–65), and 

in vitro cell cultures (10, 66–73). In some cases, placental transfer has been studied in 

humans for frequently used therapeutic agents such as antibiotics and hormones (7–10, 74–

78). However, such studies are difficult to perform, time-consuming, and always carry the 

risk of exposure to the fetus. With the increasing availability of human tissue for laboratory 

studies, alternatives to animal models have been developed that rely on intact human 

placental tissue (79). Although these new types of model systems provide advantages in 

recapitulating human-relevant physiology, the lack of standardization in this strategy often 

leads to conflicting results due to lab-to-lab variability (79). Similarly, other ex vivo 
approaches, such as placental perfusion models (61–63,65, 79–84), have limited ability to 

dissect the process of placental transfer and to reveal mechanistic insights into its biological 

underpinnings at physiologically relevant length scales. Cell culture systems have been 

successfully used in improving the understanding of placental transfer and metabolism (66–

69,72, 85–87). However, they largely fail to reconstitute the physiological structure and 

microenvironment that profoundly influence transport processes, raising major questions 

regarding their adequacy as an experimental platform in the study of this placental function 

(79).

Herein, we propose a new bioengineering approach to model placental transport that 

combines microfluidics and microfabrication technologies with the culture of placenta-

derived human cells to recapitulate the organ-specific architecture and physiological 

microenvironment critical to placental barrier function. Specifically, we developed a 

“Placenta-on-a-Chip” microdevice that enabled compartmentalized perfusion co-culture of 

human trophoblasts (JEG-3) and human umbilical vein endothelial cells (HUVECs) on a 

thin extracellular matrix (ECM) membrane to create a physiological placental barrier in 
vitro. In this report, we employ novel microengineering techniques required for the 

fabrication of this biomimetic system, as well as prolonged maintenance of microfluidic co-

culture in the microdevice. We also demonstrate the physiological function and relevance of 

this model by analyzing glucose transport across a microengineered placental barrier. This 

approach creates new opportunities to address major limitations of existing placenta models 

and holds great potential as a novel enabling platform for the study of placental barrier 

function.

Materials and Methods

Cell culture

JEG-3 (ATCC, Manassas, VA, USA) was selected among various trophoblasts cell lines 

(79). The cells were cultured in DMEM (Dulbecco’s Modified Eagle Medium, Gibco, Grand 

Island, NY) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/

streptomycin. Cells with passages below 15 were used in microfluidic cell culture 

experiments.
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Green fluorescent protein (GFP)-expressing HUVECs (Angio-Proteomie, Boston, MA) were 

cultured in EGM™-2 basal medium (Lonza, Walkersville, MD) supplemented with the 

EGM™-2 MV BulletKit (Lonza). Cells with passages below 10 were used in microfluidic 

cell culture experiments. Both cell lines were maintained at 37 °C in a humidified incubator 

under 5% CO2 in air.

Device design and fabrication

To create the placenta-on-a-chip microdevice, two poly(-dimethylsiloxane) (PDMS) slabs 

containing microchannel features were bonded together with a vitrified collagen membrane 

sandwiched in between (Figure 1A). This design allowed for the independent control of fluid 

flows in the upper and lower channels, which correspond to the fetal capillary compartment 

and intervillous space, respectively (Figure 1B).

PDMS microchannels were generated using soft-lithography (88). Briefly, a negative 

photoresist (PR) (SU-8 2075, MicroChem Corp., Westborough, MA) was spin-coated on a 

clean silicon wafer (Taewon Scientific, Seoul, Republic of Korea) and baked first at 65 °C 

for 7 minutes and then at 95 °C for 40 minutes. Subsequently, the photoresist layer was 

brought in contact with a mask film containing channel patterns and exposed to ultraviolet 

(UV) light. Following this step, the wafer was baked again at 65 °C for 5 minutes and at 

95 °C for 18 minutes before being placed in a developer solution to dissolve the unexposed 

photoresist. Finally, the wafer was thoroughly rinsed with copious amounts of the developer 

solution and isopropyl alcohol to generate a mold containing the positive relief of the desired 

microchannel patterns (Figure 2A).

For the fabrication of PDMS channels (Figure 2B), PDMS prepolymer was mixed with a 

curing agent at a weight ratio of 10:1 (prepolymer : curing agent) and placed in a vacuum 

chamber to remove trapped air. After degassing, the PDMS mixture was poured onto the 

channel mold and incubated at 65°C for 4 hours. When the PDMS mixture was fully cured, 

it was detached from the mold and cut into a desired shape and size to generate an upper 

PDMS slab engraved with a microchannel (Figure 2B). This replica molding process was 

repeated to produce a lower PDMS layer. The cross-sectional size of the microchannel in 

each layer was approximately 500 µm × 200 µm (width × height).

For the formation of the vitrified collagen membrane (Figure 2B), collagen type I (BD 

Biosciences, San Jose, CA) was mixed with distilled water and 10 × DMEM (Dulbecco’s 

Modified Eagle Medium, Sigma–Aldrich Corp., St. Louis, MO) at a final concentration of 

2.43 mg ml−1. The pH of the solution was adjusted to 7.4 using 1N Sodium hydroxide 

(NaOH). The gel solution was gently dispensed on the central part of the lower 

microchannel and then incubated at 37 °C for 40 minutes for gelation. Subsequently, the 

collagen gel was dried overnight at room temperature to produce a vitrified collagen 

membrane that remained attached to the lower PDMS microchannel.

As the final step of device fabrication, the PDMS surfaces of the upper and lower channels 

were treated with plasma using a plasma cleaner (Harrick Plasma, Ithaca, NY, USA) and 

bonded together. During this step, care was taken to ensure the alignment of the upper and 

lower microchannels. Incubation of the bonded channels at 65 °C for 30 minutes produced a 
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permanently sealed microfluidic device that allowed for independent fluidic access to the 

upper and lower microchannels.

Microfluidic cell seeding and culture

Prior to cell seeding, silicon tubing (Tygon tube with an inner diameter of 1/32 inch) was 

inserted into the inlet and outlet ports of both channels to facilitate the handling of cells and 

fluids. The inlet tubing was used to connect the upper and lower microchannels to two 

separate reservoirs for cell culture media. The fully assembled device was sterilized by UV 

irradiation immediately before cell seeding.

To promote cell attachment and growth, the upper and lower surfaces of the vitrified 

membrane were coated with 40 µg ml−1 of fibronectin (BD Biosciences) and 1.5% gelatin 

(Sigma-Aldrich), respectively. Following ECM coating, trophoblasts (JEG-3 cells) (ATCC) 

suspended in a complete growth medium at 5 × 106 cells ml−1 were gently injected into the 

lower channel using a BD Falcon 1 mL syringe (BD Biosciences) and allowed to attach to 

the lower membrane surface (Figure 2C). The device remained inverted for the entire 

duration of this procedure. Once the trophoblasts established firm attachment, green 

fluorescent protein (GFP)-expressing HUVECs (Angio-Proteomie) were introduced into the 

upper microchannel and incubated for two hours to enable their adhesion to the upper side of 

the vitrified membrane (Figure 2C). For microfluidic culture, JEG-3 cells and HUVECs 

were perfused with their respective media using a syringe pump (Braintree Scientific, Inc., 

Braintree, MA) connected to the outlets that withdrew at a constant volumetric flow rate of 

30 µl h−1.

Monitoring and analysis of cell growth

Formation and structural integrity of the placental barrier in our co-culture model were 

assessed using confocal microscopy of the confluent monolayers of JEG-3 cells and GFP-

HUVECs on the opposite sides of the membrane. For fluorescence imaging, JEG-3 cells 

were labeled with CellTracker™ Red CMTPX (Invitrogen, Life Technologies, Carlsbad, 

CA) prior to cell seeding. Fluorescence micrographs of the cells were acquired after 3 days 

of culture and the resultant confluences were analyzed using an image-processing algorithm 

developed using MATLAB® (Natick, MA).

Measurement of glucose transfer across the placental barrier

The cells in our microfluidic device were cultured for at least three days in order to ensure 

the maturation of the placental barrier. To recapitulate physiological gradients of glucose 

across the maternal-fetal interface, DMEM supplemented with a higher concentration (4.5 g 

ml−1) of glucose was supplied to the lower trophoblast culture chamber, while EGM™-2 

containing a lower glucose concentration (1.1 g ml−1) was introduced into the upper 

endothelial channel. Continuous flow of the culture media was maintained at 30 µl h−1 for 

68 hours, and perfused media were collected from the outlets of the upper and lower 

microchannels separately at the end of each experiment. The concentration of glucose in the 

collected samples was measured using a glucose analyzer (YSI Life Sciences, Yellow 

Springs, OH), and the results were analyzed in comparison to those obtained from the 
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following three control groups: i) an acellular model; ii) a mono-culture model with JEG-3 

cells alone; and iii) a mono-culture model with HUVECs alone.

Analysis of glucose transfer—The rate of glucose transfer in our model was evaluated 

using a previously described method (89). Briefly, the percent rate of transfer (%TR) was 

calculated as follows:

(1)

where ΔQU and ΔQL refer to the increasein glucose concentration in the upper and lower 

channels, respectively. Glucose permeability coefficients (GP) were calculated using the 

following equation,

(2)

where ΔQ is the amount of glucose transferred to the upper channel, Δt is the time elapsed, 

A is the surface area of the placental barrier, and CL is the glucose concentration in the lower 

channel. In our analysis, CL was assumed to be constant due to flow-induced continuous 

replenishment of glucose in the lower channel. The glucose permeability coefficient of an 

unsupported cell monolayer (GPUM) (i.e., without the vitrified collagen membrane) was 

calculated using the equation derived by Utoguchi et al(90),

(3)

where GPSM and GPCV refer to the glucose permeability coefficients of a cell monolayer 

ported by the membrane and the collagen vitrified membrane alone, respectively. Similarly, 

the glucose permeability coefficient of the bi-layer (GPBL) barrier consisting of JEG-3 and 

HUVEC monolayers was determined by the following equation,

(4)

where GPJM and GPHM are the permeability coefficients of unsupported JEG-3 and HUVEC 

monolayers. This GPBL,derived refers to a theoretically derived glucose permeability 

coefficient of the barrier formed by physical superposition of JEG-3 and HUVEC 

monolayers and the vitrified collagen membrane without considering their functional 

interactions.
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Statistical analysis—Experimental data were obtained from at least 6 independent 

experiments. Statistical significance was determined using ANOVA followed by Tukey’s 

post hoc tests.

Results

Cell growth on the vitrified collagen membrane

Our microfluidic culture conditions provided an environment conducive to proliferation and 

maturation of JEG-3 cells and HUVECs in the co-culture model. As illustrated in the 

fluorescence micrographs of the cells in Figure 3, three days of perfusion culture in the 

device produced highly confluent monolayers of JEG-3 cells and HUVECs on either side of 

the membrane that resembled the microarchitecture of the placental barrier in vivo. Our 

imaging analysis revealed that the JEG-3 cells and HUVECs in our microdevice reached a 

confluency of 99.3% and 99.4%, respectively. Although the vitrified membrane underwent 

rapid rehydration upon injection of ECM coating solutions into the channels, it remained 

intact without undesirable structural deformation for the entire duration of culture and 

supported cell attachment and growth. We did not observe cross-contamination between the 

epithelial and endothelial populations due to cellular migration across the membrane.

Glucose transfer across the placental barrier

To evaluate the transport of glucose from the maternal to the fetal side in our model, we first 

measured changes in glucose concentration in the outflow collected from the upper (fetal) 

channel. The amount of glucose transferred to the fetal compartment was found to be the 

smallest in the co-culture model, illustrating the ability of the bi-layer microarchitecture to 

limit molecular transport across the barrier (Figure 4A). Glucose transfer was higher in the 

devices with JEG-3 cells or HUVECs alone, but the HUVECs monoculture model exhibited 

a greater magnitude of concentration increase. This observation suggests that the trophoblast 

epithelium serves as the main barrier to glucose transport. The absence of cellular 

components in the acellular model resulted in substantially increased transfer across the 

membrane and concomitant elevation of glucose concentration in the fetal endothelial 

compartment.

To examine more closely the placental barrier function in our model, we also evaluated 

reduction of the glucose concentration in the lower maternal compartment (Figure 4B). 

Interestingly, the magnitude of decrease was the largest whenJEG-3 cells were cultured 

alone, and our co-culture configuration led to a greater reduction in glucose concentration 

compared to the HUVECs monoculture and acellular devices. It was also noted that the 

endothelial layer in the HUVECs monoculture model induced a greater depletion of glucose 

in the lower channel. The differences in glucose concentration in the upper and lower 

channels imply that transport of glucose across the barrier in this model is governed by 

mechanisms other than concentration gradient-induced passive diffusion and that the cells 

serve as a critical determinant of glucose transfer. Moreover, glucose transporters expressed 

by placental cells may contribute to the mechanisms responsible for glucose transfer in our 

device.
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Quantitative analysis of glucose transfer

Glucose passed through the vitrified collagen membrane without much hindrance, as shown 

by the relatively high transfer rates (67.8–99.5%) (Figure 5). However, when cells were 

incorporated into the device, the transfer rate decreased substantially. The HUVECs 

monoculture model yielded a transfer rate of 45.5–93%, and this was further reduced to 

17.3–39.1% with the addition of trophoblasts, confirming their predominant role in placental 

barrier function.

Evaluation of glucose permeability coefficients (GPs) showed that the GP for a monolayer 

of HUVECs was significantly greater than that of JEG-3 cells, indicating that the endothelial 

cells cultured in our model were more permeable to glucose than trophoblasts (Figure 6). 

The GPBL,derived calculated using equation (4) was 1.02 × 10−4cm s−1, and this value was in 

the range of experimentally obtained GPs for the bi-layer (BL) model. The GPBL,derived was 

evaluated without considering the association of the epithelial barrier with the endothelium; 

the results suggest that glucose transfer may not be affected by functional interactions 

between trophoblasts and endothelial cells.

Discussion

We developed a “Placenta-on-a-Chip” device inhabited by living human cells which 

recapitulate the critical fetal-maternal interface in the villous tree of the human placenta. 

Trophoblasts and HUVECs were co-cultured in a compartmentalized three-dimensional 

PDMS microsystem consisting of the upper and lower cell culture chambers separated by a 

thin vitrified collagen membrane. The resultant bi-layer tissue resembled a physiological 

placental barrier, which is often challenging to generate using standard two-dimensional cell 

culture methods. We also demonstrated that continuous perfusion of the cells in our 

microfluidic device supported cell growth and long-term viability.

We analyzed glucose transfer characteristics across the microengineered placental barrier. 

Glucose was chosen as a model molecule due to i) its importance in normal pregnancy (40, 

91–93), gestational diabetes (40, 93–97), and overt diabetes (93, 98), and ii) its permeability 

across the placental barrier in spite of placental metabolism. The transfer rates measured in 

our model ranged from 22.6% to 33.9%, indicating metabolic consumption (66.1~77.4%). 

These results are consistent with previously reported placental metabolic rates in the lamb 

(99). However, direct comparison was not possible due to a paucity of such data in the 

literature. Based on these results, we conclude that our model mimics not only structural 

characteristics of the human placental barrier but also some aspects of physiology.

Despite its capabilities and advantages, our system has limitations. From the perspective of 

model development, although our microfluidic culture system provides a greater 

physiological cell culture environment than conventional static cultures, the levels of shear 

stress generated in our model are substantially lower than those in fetal capillaries. This is 

mainly due to the large size of the cell culture chambers and could be overcome simply by 

reducing the dimensions of the fetal compartment and/or increasing the rate of fluid flow on 

the fetal side. We employed the JEG-3 cell line and HUVECs to represent trophoblast and 
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endothelial cells, respectively. Future studies using primary human trophoblasts (100) and 

fetal capillary endothelial cells need to be performed.

Our placenta-on-a-chip model has potential to serve as a low-cost experimental platform 

with a broad range of applications. For example, the capabilities afforded by this 

microsystem provide new opportunities to quantitatively and mechanistically investigate 

placental transfer of various substances under varying conditions and to eventually improve 

our fundamental understanding of complex human placental physiology. This biomimetic 

model may also enable the quantitative analysis of placental transport of small molecules 

and biologics for the development and screening of new therapeutic modalities. Moreover, 

the microengineering approach demonstrated in this study could be leveraged to recapitulate 

key pathological features of different placental disorders to develop new types of in vitro 

human disease models. As exemplified by the recent launching of the Human Placenta 

Project by NICHD/NIH (101), there has been a growing interest in the application of 

microengineered physiological systems to the study of placental biology. Our placenta-on-a-

chip model represents exciting progress in this area and lays the groundwork for future 

studies aiming to explore the potential of organs-on-chips technology for reproductive 

biology and medicine.
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Figure 1. 
A placenta-on-a-chip microdevice: A) The microengineered device is composed of the upper 

(blue) and lower (red) PDMS chambers separated by a vitrified collagen membrane. B) 

Endothelial cells and trophoblasts are co-cultured in close apposition on the opposite sides 

of the intervening membrane to form a microengineered placental barrier in the placenta-on-

a-chip device.
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Figure 2. 
Fabrication of the placenta-on-a-chip: A) Production of a microchannel master using 

photolithography. B) Soft lithography-based replica molding of PDMS microchannels and 

the formation of the vitrified collagen membrane. The upper PDMS slab is permanently 

bonded to the lower slab containing a microchannel covered with the vitrified membrane. C) 

Sequential seeding of JEG-3 cells and HUVECS in the multilayered microfluidic device.
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Figure 3. 
A microengineered placental barrier: fluorescence micrographs of A) JEG-3 cells (red) and 

B) HUVECs (green) grown on the lower and upper membrane surfaces, respectively. C) A 

merge of A and B.
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Figure 4. 
Changes in the amounts of glucose: A) Glucose increases in the fetal compartment; B) 

Reduction in glucose concentration in the maternal chamber. Boxes denote the interquartile 

range, with the red horizontal line representing the median. Whiskers extend from the box to 

the extreme values unless there were outliers (+ red signs).

Lee et al. Page 18

J Matern Fetal Neonatal Med. Author manuscript; available in PMC 2017 October 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Glucose transfer rates (%). * and ** represent P<0.01 and P<0.05, respectively.
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Figure 6. 
Glucose permeability coefficients. GPBL,derived calculated using equation (4) is marked with 

a blue X in the co-culture group.
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