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ABSTRACT  

During early post-implantation human embryogenesis, the epiblast (EPI) within the blastocyst 

polarizes to generate a cyst with a central lumen. Cells at the uterine pole of the EPI cyst then 

undergo differentiation to form the amniotic ectoderm (AM), a tissue essential for further 

embryonic development. While the causes of early pregnancy failure are complex, improper 

lumenogenesis or amniogenesis of the EPI represent possible contributing factors. Here we 

report a novel AM microtissue array platform that allows quantitative phenotyping of 

lumenogenesis and amniogenesis of the EPI and demonstrate its potential application for 

embryonic toxicity profiling. Specifically, a human pluripotent stem cell (hPSC)-based 

amniogenic differentiation protocol was developed using a two-step micropatterning 

technique to generate a regular AM microtissue array with defined tissue sizes. A computer-

assisted analysis pipeline was developed to automatically process imaging data and quantify 

morphological and biological features of AM microtissues. Analysis of the effects of cell 

density, cyst size and culture conditions revealed a clear connection between cyst size and 

amniogenesis of hPSC. Using this platform, we demonstrated that pharmacological inhibition of 

ROCK signaling, an essential mechanotransductive pathway, suppressed lumenogenesis but did 

not perturb amniogenic differentiation of hPSC, suggesting uncoupled regulatory mechanisms 

for AM morphogenesis vs. cytodifferentiation. The AM microtissue array was further applied to 

screen a panel of clinically relevant drugs, which successfully detected their differential 

teratogenecity. This work provides a technological platform for toxicological screening of 

clinically relevant drugs for their effects on lumenogenesis and amniogenesis during early human 

peri-implantation development, processes that have been previously inaccessible to study.  
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INTRODUCTION 

During implantation of the human embryo, the epiblast (EPI) within the blastocyst polarizes to 

form a pluripotent cyst with a central lumen enclosing the pro-amniotic cavity 1,2. Shortly 

thereafter, embryonic cells at the pole of the EPI cyst adjacent to the invading trophoblast lose 

pluripotency and differentiate into the squamous amniotic ectoderm (AM). The AM tissue will 

eventually develop into the amniotic membrane that encloses and protects the developing fetus 

3,4. The development of the AM is an important milestone in early human embryogenesis, as it 

supplies the early embryo with critical inductive as well as supportive signals for subsequent 

development 5. It has been estimated that up to 50% of pregnancies fail in the first two weeks 

after gestation, the window in which lumenogenesis and amniogenesis of the EPI are played out 

6-8. Yet, these two embryogenic events are understudied, and currently there is no technological 

platform available for analysis of compounds or drugs that might perturb these two embryonic 

developmental processes. The drastic differences in timing and location of the AM development 

between human and mice also limit the use of the mouse model to predict potential drug toxicity 

on the lumenogenesis and amniogenesis of the EPI during early human peri-implantation 

development 3,9.  

Human pluripotent stem cells (hPSC), including human embryonic stem cells (hESC) and 

induced pluripotent stem cells (hiPSC), have significant self-organizing properties and 

developmental potential that allow them to differentiate into any somatic cell types in the human 

body 10-13. Recently, we have developed an in vitro model of peri-implantation lumenogenesis 

and amniogenesis of the EPI using hPSC in the context of a three-dimensional (3D) Geltrex 

culture system (Gel-3D culture) 14,15. In this system, singly dissociated hPSC are plated on top of 

a thick Geltrex layer; 24 h later, a dilute Geltrex overlay is applied, to establish a 3D culture 
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environment. Although the Gel-3D system is established in a defined biochemical condition 

conductive for hPSC self-renewal, hPSC in the Gel-3D culture spontaneously self-organize and 

develop into lumenal, human amnion-like cystic structures 14,15. Although the Gel-3D platform 

can efficiently generate human AM tissues, it is not suitable for high-throughput drug and 

toxicological screening applications as individual amniotic cysts show significant variations in 

size and stages of development 14,15.  

Here, we sought to leverage the self-organizing properties and differentiation potential of 

hPSC to develop an AM microtissue array platform that is controllable, scalable and compatible 

with high-content imaging, thus suitable for high-throughput screening applications. We first 

investigated the effects of initial culture parameters, including cell plating density and timing of 

3D ECM overlay addition, on amniogenic differentiation of hPSC. This led to the development 

of a two-step micropatterning method, capable of generating a regular array of AM microtissues 

with controlled shapes and sizes for high-content toxicity profiling of drugs and small molecules 

for their potential effects on the lumenogenesis and amniogenesis of the EPI. A computer-

assisted analysis pipeline, which could automatically process imaging data and quantitatively 

measure morphological and biological parameters of lumenal cystic structures, was developed to 

streamline the data analysis pipeline. To demonstrate a proof-of-concept application of the AM 

microtissue array for high-content developmental phenotyping, we investigated the effect of 

Y27632, a ROCK inhibitor, on multiple phenotypic parameters of hPSC lumenogenesis and 

amniogenesis.  Furthermore, to demonstrate its application as a drug screening system, we 

applied the regular AM microtissue array to assess the differential teratogenic effects of a panel 

of six clinically relevant drugs, which successfully detected their differential teratogenecity. 
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METHODS 

Two-step micropatterning  

A two-step micropatterning method was developed to print a regular array of adhesive islands 

with defined sizes and shapes using Geltrex (Thermo Fisher Scientific; derived from Engelbreth-

HolmSwarm tumors similarly as Matrigel®) on coverslips. Briefly, a patterned elastomeric 

stamp, made of poly-dimethylsiloxane (PDMS) and containing an array of circular posts, was 

first generated using replica molding from a silicon mold fabricated by standard 

photolithography and deep reactive ion etching (DRIE), as described previously 16,17. The center-

to-center spacing between adjacent posts on the PDMS stamp was 150 μm, and the post height 

was 30 μm. Stamps containing circular posts with different diameters ranging from 30 µm to 100 

µm were used in this work. PDMS stamps were first soaked in 1% Geltrex solution for 24 h at 4 

°C, before being rinsed with distilled water and blown dry with nitrogen. A glass coverslip pre-

coated with a thin layer of PDMS was then treated with ultraviolet (UV) ozone (UV-ozone 

cleaner; Jelight, Irvine, CA) for 7 min to oxidize the PDMS surface, changing the PDMS surface 

from hydrophobic to hydrophilic to allow transfer of Geltrex from the PDMS stamp to coverslips 

coated with PDMS.  PDMS stamps were then placed in conformal contact with coverslips for 

about 5 s to transfer Geltrex from the stamps to coverslips. To prevent protein adsorption onto 

non-functionalized regions of coverslips, coverslips were then treated with pluronics F127 NF 

dissolved in PBS (0.2%, w/v; BASF, Ludwigshafen, Germany) for 1 h at room temperature 

followed by rinsing with distilled water. Coverslips were then immersed in mTeSR medium 

(STEMCELL Technologies) for at least 2 h followed by fresh mTeSR medium containing 1% 

Geltrex for another 1 h. Coverslips were washed with PBS before cell seeding.  
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Cell culture 

H9 cells (WA09, WiCell; NIH registration number: 0062) were used in this study. All culture 

protocols have been pre-approved by the Human Pluripotent Stem Cell Research Oversight 

Committee at the University of Michigan. The H9 hESC line is authenticated by the original 

source, and further authenticated in house by immunostaining for pluripotency markers and 

differentiation into the three germ layers. Karyotype analysis was performed by Cell Line 

Genetics. The H9 hESC line was tested negative for mycoplasma contamination (LookOut 

Mycoplasma PCR Detection Kit, Sigma-Aldrich).   

H9 cells were cultured in a feeder-free culture system using mTeSR1 medium and 

lactate dehydrogenase-elevating virus (LDEV)-free, hESC-qualified reduced growth factor 

basement membrane matrix Geltrex, per manufacturer’s instructions. During each passage, 

cultures were visually examined to remove spontaneously differentiated, mesenchymal-like 

cells. All hESC used in this work had passage numbers less than P70.   

 

3D amniogenesis assay on a coverslip 

Cultured hESC colonies were dissociated into single cells with Accutase (Sigma-Aldrich) at 

37 °C for 10 min before the cells were centrifuged and re-suspended in mTeSR1 medium 

containing 10 μM ROCK inhibitor, Y27632 (Tocris), to avoid dissociation-induced apoptosis 

18. Coverslips pre-coated with a thin layer of PDMS were either uniformly coated with 1% 

Geltrex or printed with a regular array of circular Geltrex islands. To establish 3D ECM 

overlay, 2 h or 24 h after initial cell seeding, culture medium was changed to a fresh mTeSR1 

medium containing 4% (v/v) Geltrex, which was then replenished daily thereafter. Y27632 

was removed from culture medium at 24 h after initial cell plating (day 1).  
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Image analysis 

Images were acquired using an Olympus 1X81 fluorescence microscope, equipped with a 

CSU-X1 spinning-disc unit (YOKOGAWA) and an EMCCD camera (iXon X3, Andor). 

Fluorescence images acquired from confocal microscopy were reconstructed in 3D using 

Imaris8.2 (Bitplane). To extract morphological and molecular features of lumenal cystic 

structures taken in the images, we developed an image analysis pipeline based on edge 

detection, closing operation, thresholding, binary hole filling, and region property 

measurement in SciPy library for Python (Python Software Foundation, DE) or Image 

Processing Toolbox in MATLAB (MathWorks, Inc., MA). Specifically, the centroid of each 

lumenal cyst was first determined based on the region property measurement for DAPI staining 

images. The resultant cyst centroid was then used to calculate the coordinates used for cropping 

each cyst out of DAPI staining images as well as other staining channels. To calculate 

normalized fluorescent intensity relative to DAPI staining, a binary mask was first generated 

through thresholding to determine regions of the nuclei. Intensity ratios of other fluorescence 

labeling of the same cyst to DAPI staining under this binary mask were calculated as normalized 

fluorescent intensities.  

Morphological features were extracted based on edge detection combined with other 

standard image processing operations. Edge detection was first performed to generate an image 

of the outer edge before the whole cyst was filled up by the binary hole filling operation. The 

area and equivalent diameter of the cyst was then calculated based on region property 

measurements performed on this image. To measure lumenal cavity dimension within a cyst, the 

same edge detection operation was performed on the original image, before part of the outer edge 

was removed to make the outer edge discontinuous. Instead of filling up the whole cyst, binary 
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hole filling operation on this image was conducted to fill up only the lumenal cavity. Region 

property measurements were then performed, and the area and equivalent diameter of the 

lumenal cavity were calculated.  

 

Immunocytochemistry  

hESC were fixed in 4% paraformaldehyde (buffered in 1 × PBS) for 1 h and permeabilized in 

0.1% SDS (sodium dodecyl sulfate, dissolved in PBS) solution for 30 min. Samples were then 

blocked in 2% goat serum (Thermo Fisher Scientific) at 4 °C for 24 h and then incubated with 

primary antibody solution at 4° C for another 24 h. Cells were then labeled with goat-raised 

secondary antibodies (1:400) at 4 °C for another 24 h. Cell nuclei were stained with 4,6-

diamino-2-phenylindole (DAPI; Invitrogen). Alexa-Fluor dye-conjugated wheat germ 

agglutinin (WGA; Thermo Fisher Scientific) was used as a pan-cell membrane marker. All 

primary antibodies, their sources, and dilutions are listed in Supplementary Table 1.  

 

Real-time PCR analysis 

To prepare samples for RNA isolation, they were first washed with DMEM/F12 to remove 

Geltrex overlay. Cells were then scraped from coverslip surfaces and subsequently spun down 

at 1,000 r.p.m. for 3 min in a conical tube. A RNeasy Micro Kit (QIAGEN) was used 

following manufacturer’s instructions to isolate RNA from cell pellet. A NanoDrop 1000 

spectrophotometer (Thermo Scientific) was utilized to determine RNA quality and quantity. 

Reverse transcription was performed following the iScript cDNA Synthesis Kit (Bio-Rad). 

Quantitect Sybr Green MasterMix (QIAGEN) was then used to perform qRT-PCR analysis. 

To quantify relative gene expression, the 2−ΔCt method was used, and human GAPDH was 
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considered as an internal control. All RT-PCR analyses were conducted with n = 3 - 5 

biological replicates and 2 - 3 technical replicates for each condition. Primers used in this work 

includes: TFAP2A (forward:  GCATATCCGTTCACGCCGAT, and reverse: 

GGGAGATTGACCTACAGTGCC), TFAP2B (forward: 

AGCAAATGTCACGTTACTCACC, and reverse: TGTGCTGCCGGTTCAAATACT), 

GATA3 (forward: GCCCCTCATTAAGCCCAAG, and reverse: 

TTGTGGTGGTCTGACAGTTCG), and GAPDH (forward: CTCTGCTCCTCCTGTTCGAC, 

and reverse: TTAAAAGCAGCCCTGGTGAC).  

 

Statistical analysis 

All experiments were conducted with n = 3 - 5 biological replicates and repeated in n > 3 

independent experiments. Statistical analysis was performed using Excel (Microsoft; 

https://www. microsoft.com). P-values were calculated using unpaired, two-sided Student's t-

test. 

 

RESULTS 

Characterize the parameter-dependence of amniogenesis in 3D culture 

Recent studies have strongly supported the important roles of initial culture parameters, 

including cell plating density and cell cluster size, in pluripotent stem cell (PSC)-based 

developmental models 10-13,15,19-22. Thus, we first sought to examine the effects of initial culture 

parameters on the amniogenesis of hPSC in a 3D culture system. H9 hESC were dissociated into 

single cells before being plated at different cell seeding densities (5,000 - 30,000 cells cm−2) onto 

a coverslip spin coated with PDMS and a thin layer of 1% Geltrex (see Methods), in mTeSR1 
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medium supplemented with ROCK inhibitor Y27632. We designated the time of cell seeding as t 

= 0 h. 3D Geltrex overlay was added 24 h after initial cell seeding (day 1 or t = 24 h; Figure 1a), 

at which point Y27632 was removed from culture medium. At t = 2 h after plating, most hESC 

had spread out but remained as single cells regardless of initial cell seeding densities (Figure 

1d). Over time, hESC began to cluster and initiate lumenogenesis. By t = 24 h, it became 

evident that higher initial cell seeding density resulted in cell clusters with more cells and 

greater cell cluster areas (Figure 1d-f).  

 Previously, we showed that cell plating density affects amnion fate determination 14,15. 

Consistent with that, the immunofluorescence analysis of TFAP2A, an AM marker identified in 

our previous study 14, showed that at higher cell plating densities (e.g., ≥ 10,000 cells cm-2), 

most of the lumenal cysts at day 3 were made of tall, columnar epithelial cells with apico-

basally elongated nuclei; all of these columnar epithelial cells were negative for TFAP2A 

(Figure 1b) but positive for OCT4 (data not shown), suggesting their undifferentiated 

pluripotent state. However, when initial cell plating density was decreased to 5,000 cells cm-2, 

57 ± 12% of cysts formed on the coverslip at day 3 were enclosed by squamous epithelial 

cells containing laterally elongated cell nuclei showing strong nuclear staining for TFAP2A, 

suggesting that these cells had spontaneously differentiated into the AM fate (Figure 1b&c). 

Together, these data show that initial cell plating density is an important factor that modulates 

both cyst size and efficiency of AM differentiation in the 3D amniogenesis assay on a 

coverslip, and lateral elongation of cell nuclei perpendicular to the apico-basal axis of the AM 

tissue is a distinct morphological feature associated with differentiated AM tissues compared 

with pluripotent EPI cysts.   
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Given that lumenogenesis precedes amniogenesis 1,2 both in vivo and in vitro, and it is 

stimulated by addition of the ECM overlay, we tested whether introducing the 3D 

environment earlier might modify the timing or efficiency of amniogenesis. To investigate 

this, we added 3D ECM overlay at t = 2 h or t = 24 h (Figure 2a), respectively. Interestingly, 

at the same cell plating density of 10,000 cells cm-2, spontaneous AM differentiation was 

significantly enhanced when 3D ECM overlay was added at t = 2 h instead of t = 24 h (Figure 

2b): 95.3 ± 2% and 8.1 ± 5% of luminal cysts were squamous AM cysts expressing TFAP2A, 

respectively (Figure 2b&c). Consistently, the average number of cells in each cell cluster at t 

= 24 h was significantly less when 3D ECM overlay was added at t = 2 h vs. t = 24 h (4 ± 0.6 

cells vs. 8 ± 1.0 cells; Figure 2c). Supplementing 3D Geltrex overlay before t = 2 h led to 

significant cell death (data not shown), as it became difficult for single hESC to cluster and 

form proper cell-cell contacts to promote their survival. Further increasing initial cell seeding 

density to 30,000 cells cm-2 and adding 3D ECM overlay at t = 2 h reduced the percentage of 

TFAP2A+ AM cysts in Gel-3D to about 13 ± 2.5% at day 3 (Figure 2d). Altogether, these 

data on the parameter-dependence of amniogenesis in 3D culture establish that an initial cell 

seeding density of 10,000 cells cm-2 and early introduction of 3D ECM overlay at t = 2 h as 

optimal culture conditions for successful in vitro amniogenesis. 

 

Development of a microengineered human AM tissue array 

Tissue microarray is a powerful platform with nearly identical multicellular tissue structures for 

high-throughput screening applications 23,24. Thus, we next sought to generate an AM 

microtissue array under above-discovered 3D culture condition. To this end, we developed a 2-

step micropatterning method to print a regular array of Geltrex adhesive islands with defined 

https://www.sciencedirect.com/topics/medicine-and-dentistry/tissue-microarray
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sizes and shapes (Figure 3a; see Methods) onto a coverslip. Specifically, a standard 

microcontact printing process was first applied to print circular Geltrex adhesive islands onto a 

coverslip pre-coated with a thin layer of PDMS. After blocking with mTeSR, which contains 

bovine serum albumin (BSA), the coverslip was soaked in a fresh mTeSR medium containing 

1% Geltrex (Figure 3a; see Methods). Without this Geltrex recoating step, attachment of singly 

dissociated hESCs onto Geltrex adhesive islands was poor (Figure 3b&c).  

 We next compared attachment of singly dissociated hESC onto circular Geltrex adhesive 

islands of different diameters (30 - 100 μm) prepared from the standard microcontact printing 

method or the 2-step micropatterning method. Consistent cell attachment improvement was 

observed for the 2-step micropatterning method for all adhesive island sizes tested (Figure 3c). 

Additionally, as expected, the average number of hESC initially attached to circular Geltrex 

adhesive islands increased with increasing island diameter (Figure 3c). 

We next examined the effect of adhesive island diameter (from 30 – 100 μm) on AM 

microtissue development. To this end, singly disassociated hESC were seeded onto circular 

Geltrex adhesive islands with an initial cell seeding density of 30,000 cells cm-2. 3D ECM 

overlay was supplemented 2 h after initial cell seeding (t = 2 h). Circular Geltrex adhesive 

islands with a diameter ≤ 80 μm induced efficiently spontaneous formation of amniotic cystic 

tissues enclosing a single central lumen and expressing TFAP2A (Figure 3d&e). However, 

when circular Geltrex adhesive islands were too small (e.g., with a diameter of 30 μm), 

significant cell death was observed (Figure 3d&e). Furthermore, islands with a diameter of 100 

μm often led to formation of amniotic cystic structures containing multiple lumens or sometimes 

collapsed cysts (Figure 3d). Altogether, our results in Figure 3 suggest that a diameter of 80 µm 
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for circular Geltrex adhesive islands is the optimal pattern size for the generation of a squamous 

AM microtissue array.  

 

Molecular characterization of squamous, hPSC-derived amnion-like tissue 

To further examine the molecular signature of hPSC-derived AM tissues in the context of this 

microtissue array, cells were stained for markers that are highly upregulated during 

amniogenesis, including TFAP2A, GATA3 and TFAP2B 10,11, as well as pluripotency markers 

NANOG and SOX2, which are downregulated as cells exit the pluripotent state 10,11. Positive 

nuclear staining of TFAP2A, GATA3 and TFAP2B and negative nuclear staining of NANOG 

and SOX2 were consistently evident in AM cystic tissues obtained after 3 days of culture 

(Figure 4a). Furthermore, the amnion-like cystic tissues contained EZRIN+ apical surfaces 

facing inward toward the cyst lumen, consistent with findings reported in our previous work 

(Figure 4a) 10,11. qRT-PCR analysis further confirmed upregulated gene expression of 

TFAP2A, TFAP2B and GATA3 in AM cells compared to hESC (Figure 4b).  

 

Image analysis pipeline for high-content phenotyping of amniotic cystic tissues 

One of the advantages of the microengineered AM microtissue array platform is that it can 

generate hundreds of uniform sized amniotic cysts on a single coverslip, providing a large 

number of amnion-like tissues for quantitative imaging analysis. To efficiently process imaging 

data, we developed an image processing program pipeline to quantitatively determine fluorescent 

intensity of molecular markers in amniotic cysts and their morphological features with minimal 

human intervention (Figure 5a; see Methods). In brief, DAPI-stained images were used to 

locate cysts and generate cropped images of each cyst. The DAPI channel of cropped images was 
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then utilized to generate masks, in order to isolate nuclear fluorescence output of different 

molecular markers. Normalized fluorescence intensity of these molecular markers was calculated 

as the ratio of the marker nuclear fluorescent intensity to DAPI fluorescence intensity. 

Morphological features of cystic structures were extracted through edge detection combined with 

other standard image processing operations to determine cyst inner and outer diameters and cyst 

wall thickness (Figure 5a; see Methods).  

To validate the image processing program pipeline and further demonstrate its 

application for the microengineered AM array, we first compared the average normalized 

fluorescent intensity of NANOG and TFAP2A at different time points during AM differentiation 

(Figure 5b). Quantitative analysis revealed that NANOG intensity decreased significantly 

between day 1 and day 2, and but no significant change was detected between day 2 and day 3 

(Figure 5b). In contrast, TFAP2A intensity increased progressively from day 1 to day 3 (Figure 

5b). These observations suggest that hESC under the amniogenic environment begin to lose 

pluripotency and gain amniotic fate between day 1 and day 2; further amniogenic differentiation 

and lineage maturation continues from day 2 to day 3. Using the image processing program 

pipeline, we further compared columnar pluripotent cysts and squamous amniotic cysts in terms 

of molecular marker fluorescence intensities and cyst sizes. As expected, in hESC and columnar 

pluripotent cysts, the average normalized nuclear intensities of NANOG and TFAP2A are 

significantly higher and lower, respectively, than in squamous amniotic cysts (Figure 5c). 

Additionally, on average, squamous amniotic cysts exhibit a significantly smaller diameter and 

cyst wall thickness compared to undifferentiated columnar pluripotent cysts (Figure 5d).  
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Effect of ROCK inhibitor on AM cyst formation 

The Rho-associated coiled protein kinase (ROCK)-dependent signaling pathway plays an 

important role in numerous physiological functions such as cell proliferation, adhesion, 

migration, and lumen formation 25,26. Small molecule inhibitors of ROCK have been proposed 

for clinical uses in a variety of relatively common human diseases 27,28. The microengineered 

AM microtissue array platform described here presents an opportunity to quantitatively 

investigate whether exposure to a ROCK inhibitor (Y27632) will affect differentiation or 

morphogenesis of lumenal AM cystic tissues. Here, in the drug treatment group cells were 

treated with Y27632 from day 0 to day 3, while in the control group Y27632 was removed from 

mTeSR medium at day 1. The concentration of Y27632 used in this study, which was 10 μM, is 

compatible to a recent study using Y27632 for glaucoma treatment in the monkey 28. 

Immunostaining for TFAP2A, GATA3, TFAP2B and SOX2 was conducted at day 3 to identify 

AM cell fate. Quantitative analysis using the image processing program pipeline reveals no 

significant differences in the average normalized nuclear intensity of TFAP2A, GATA3, and 

TFAP2B between untreated control and Y27632-treated cells (Figure 6a-d), supporting that 

interference with ROCK signaling does not perturb AM differentiation of hESC. However, cysts 

treated with Y27632 frequently displayed a flattened and collapsed morphology without a visible 

single, central lumen (Figure 6e&f). Immunostaining for the apical marker EZRIN showed that 

Y27632 treatment resulted in clusters of amniotic cells with multiple EZRIN+ lumens, in 

contrast with the control group, in which nearly all amniotic cysts had a single central lumen 

(Figure 6g&h). Thus, ROCK signaling appears to play a critical role in lumenogenesis to form a 

central lumenal cavity, but not in amniotic fate determination of hESC.  
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Toxicological screening of clinically relevant drugs 

To demonstrate the application of the microengineered AM microtissue array platform for 

teratogen screening, we selected a panel of six clinically relevant drugs and investigated their 

differential toxicity on the AM development. These drugs included: (1) Penicillin: a common 

antibiotic generally regarded as safe for pregnancy 29; (2) Doxorubicin, a chemotherapy agent of 

pregnancy category D, which is known for its teratogenicity 30; (3) Ibuprofen and 

Acetaminophen, two most commonly used over-the-counter painkillers. Acetaminophen, but not 

Ibuprofen, is recommended clinically for use during pregnancy 31,32; (4) Dexamethasone and 

Citalopram, anti-inflammatory and anti-depressant, respectively, are two pregnancy category C 

drugs with undetermined toxicity on human embryo development.  

In screening assays, cells were treated with each of these six drugs with a wide range of 

doses for a period of 3 d (Figure 7 and Supplementary Figure 1). Concomitantly, cells in 

control groups were treated only with vehicles used for dissolving drugs. Cell viability was 

analyzed at day 3, with results normalized to control groups. The drug dose-response plots 

suggest that Penicillin has no detectable toxicity on the AM development, whereas Doxorubicin, 

as expected, induces massive cell death shortly after treatment (Figure 7a&b). Interestingly, the 

toxicity, as measured by the median inhibitory concentration or IC50, of Acetaminophen and 

Ibuprofen showed a notable difference, with IC50 = 665 μM for Acetaminophen and IC50 = 202 

μM for Ibuprofen, respectively (Figure 7c&d and Table 1). This finding is consistent with 

empirical knowledge in the clinics that Acetaminophen, but not Ibuprofen, has negligible 

potential toxicity to the embryo and thus is recommended for use by pregnant women 31,33. The 

anti-inflammatory drug Dexamethasone and the anti-depressant drug Citalopram showed much 

lower IC50 values compared with Ibuprofen or Acetaminophen (Figure 7e&f and Table 1), 
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suggesting that these two drugs are potential human-specific teratogens for early embryonic 

development 34. Together, these data demonstrate the microengineered AM microarray platform 

as a promising screening system to detect drug teratogenicity that aligns with clinical practice. 

 

DISCUSSION 

Failure of embryonic implantation or development in the peri-implantation stage (within the first 

two weeks of pregnancy) is a common event, estimated to occur in up to 50% of pregnancies, 

often before the woman is aware of the pregnancy 6-8. Pregnancy loss could be due to genetic or 

environmental causes, but neither the genes involved nor potential toxins that could contribute 

are known. Recently, we have reported an hPSC-based model that recapitulates peri-implantation 

human AM development 14,15; here we leverage that model to generate a reproducible, 

standardized and scalable platform that can potentially be used to gain quantitative insight into 

both genetic and environmental factors that affect peri-implantation development.  

Several recent reports highlight the important role of initial culture parameters, including 

cell plating density and cluster size, in PSC-based developmental models 9,11,17-22. Our findings 

confirm a prominent role of both initial cell plating density and the timing of introducing 3D 

culture environment in the spontaneous development of AM cystic tissues from hPSC. 

Specifically, while high cell density in combination with addition of ECM overlay at 24 h did not 

elicit efficient amniogenesis, by either lowering cell seeding density or adding 3D ECM overlay 

2 h, instead of 24 h, after initial cell seeding could rescue hPSC amniogenesis. Furthermore, the 

number of cells present in each cluster at the time of ECM addition affects the success of 

amniogenic differentiation as well: clusters with 1 - 2 cells typically die; clusters with 4 - 7 cells 

readily develop into AM cysts; while clusters with > 8 cells remain undifferentiated and generate 
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columnar pluripotent EPI cysts. Together, these data show that while polarization and lumen 

formation can occur in hPSC with a broad range of cluster sizes, efficient acquisition of the AM 

fate occurs only within a narrow window of cyst sizes, suggesting that amniogenesis is linked to 

a community sensing mechanism35. A future goal is to elucidate how hPSC sense and respond to 

cluster size by activating the amniotic fate specification cascade.  

Microcontact printing is one of the most commonly used methods to pattern different 

ECM proteins on cell culture surfaces 13,16,17,36. In our hands, conventional microcontact printing 

was inadequate for printing Geltrex adhesive islands onto PDMS surfaces for efficient 

attachment of singly dissociated hPSC. This could be due to high sensitivity of Geltrex to 

temperature and premature gelation 37, which prevents efficient transfer of Geltrex to cell culture 

substrates. For this reason, we modified the conventional microcontact printing process by 

recoating patterned substrates with 1% Geltrex to improve hPSC attachment. Our data further 

show that with an initial cell seeding density of 30,000 cells cm-2, a diameter of 80 µm for 

circular Geltrex adhesive islands is the optimal pattern size for the development of squamous 

AM microtissues containing a single central lumen. To efficiently process imaging data, a 

computer program-assisted image analysis pipeline was generated that could automatically 

process image data and measure morphological and biological parameters of luminal cysts 

including cyst size and molecular marker fluorescent intensity.  

A proof-of-concept demonstration of the utility of the microengineered AM microtissue 

array platform for assessment of the effect of small molecule drugs on early human peri-

implantation development was further demonstrated by using Y27632, a ROCK inhibitor. This 

drug was chosen because a number of ROCK inhibitors have been approved by FDA and are 

either in use or proposed for use in clinical trials for common diseases (such as glaucoma and 
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asthma) 27,28. Women taking such drugs could be inadvertently exposing their early embryos to 

toxic insult if they are not yet aware that they are pregnant. Our data show that Y27632 treatment 

compromises lumenal morphogenesis in AM cysts, but interestingly, does not inhibit amniotic 

differentiation. Cysts treated with Y27632 often exhibited multiple lumens. This is consistent 

with previous studies on tubular lumen formation in epithelial organs 38,39, suggesting that proper 

formation of a single lumen depends on the ROCK-Myosin IIA pathway and that myosin IIA is 

essential for consolidating multiple lumens into a single lumen 40. Alteration of the ROCK-

Myosin IIA pathway also causes leaky tight junctions, which has been shown to prevent the 

consolidation of lumens in the developing zebrafish intestine 41. The fact that even in cysts with 

multiple lumens, all cells differentiate uniformly to the AM is interesting and may rule out a role 

for mechanical forces emanating from a single central expanding lumen as a trigger for 

amniogenesis. 

Because animal models are often associated with high costs and poor translation to 

humans 42,43, there is considerable interest in developing high-throughput, in vitro technologies to 

aid drug toxicity analysis 44-46. To demonstrate the capacity of our platform as a teratogen 

screening system, we investigated dose-dependent toxicity of six clinically relevant drugs on the 

microengineered AM tissue array. Importantly, our data correctly distinguished the differential 

teratogenic properties of Acetaminophen vs. Ibuprofen, two most commonly used painkillers. 

Specifically, our data supported that Acetaminophen has lower toxicity compared with Ibuprofen 

on AM tissues, which is consistent with the empirical knowledge in the clinical practice that 

Acetaminophen, but not Ibuprofen, is recommended to pregnant women 31,33. In addition, our 

data substantiate evidence-based cautions when considering Dexamethasone and Citalopram, a 
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common anti-inflammatory agent and a common anti-depressant drug, respectively, for use in 

pregnant women, echoing previous report in animal studies 34.  

In summary, we have demonstrated for the first time an AM microtissue array platform 

from hPSC, which can generate uniform sized AM microtissues in an array format and is useful 

for peri-implantation drug toxicity screening. Our work is complementary to recently described 

platforms for high-throughput screening of chemicals that affect other developmental systems 

such as human embryonic vascular development or human neural progenitor cells 47,48. We have 

further integrated this microtissue platform with a computer program-assisted image analysis 

pipeline to enable automatic, high-content profiling of morphological and biological parameters 

of AM microtissues developed under different conditions and drug perturbations. We envision 

that this microengineered AM microtissue array platform could be applied in the future to 

quantitatively compare lumenogenesis and amniogenesis in hPSC generated from infertile 

couples, or to test genetically manipulated hPSC for their ability to undergo these morphological 

and fate developments. Altogether, this microengineered AM microtissue array platform allows 

reproducible, scalable quantitative analysis of early human peri-implantation events that have 

been previously inaccessible to study. 
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FIGURES 

Figure 1 

 

Figure 1.  Initial cell seeding density modulates AM differentiation.  (a) Schematic showing 

hPSC differentiation to either columnar EPI or squamous amniotic cysts at day 3.  As 

indicated, 3D ECM overlay was added 24 h after initial cell seeding.  (b) Representative 

confocal micrographs showing cystic structures formed at day 3, stained for the membrane 
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marker WGA (wheat germ agglutinin) and the amnion marker TFAP2A under different initial 

cell seeding density conditions as indicated.  DAPI counterstains nuclei.  (c) Plot showing 

percentages of TFAP2A+ squamous amniotic cysts formed at day 3 as a function of initial cell 

seeding density.  n = 3 independent experiments.  Data represent the mean ± s.e.m.  P value 

was calculated using unpaired, two-sided Student’s t-test.  (d) Representative 

immunofluorescence micrographs showing hPSC 2 h (top) or 24 h (bottom) after seeding 

under different initial cell plating density conditions as indicated.  Cells were stained for E-

cadherin (ECAD).  DAPI counterstains nuclei.  (e&f) Plots showing cell number per cell 

cluster (e) and average cell cluster area (f) as a function of initial cell seeding density.  Cell 

clusters were imaged 24 h after cell seeding.  n = 3 independent experiments.  Data represent 

the mean ± s.e.m.  P values were calculated using unpaired, two-sided Student’s t-test.  Scale 

bars in b & d, 50 μm.  
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Figure 2 

 

Figure 2.  Timing of adding 3D ECM overlay plays an important role in AM differentiation.  (a) 

Schematic showing the hPSC amniotic differentiation protocol, in which 3D ECM overlay was 

added 2 h after initial cell seeding.  (b) Representative confocal micrographs showing cystic 

structures formed at day 3 stained for TFAP2A and NANOG.  DAPI counterstains nuclei.  3D 

ECM overlay was added either 2 h (top) or 24 h (bottom) after initial cell seeding at a density of 

10,000 cells cm-2 as indicated.  DAPI counterstains nuclei.  Scale bar, 50 μm.  (c) Left: Plot 

showing percentage of TFAP2A+ amniotic cysts formed at day 3 as a function of the timing of 

adding 3D ECM overlay (2 h vs. 24 h after cell seeding).  Middle and right: Plots showing cell 

number per cell cluster (middle) and average cell cluster area (right) for cell clusters imaged 

24 h after cell seeding as a function of the timing of adding 3D ECM overlay (2 h vs. 24 h after 

cell seeding).  Initial cell seeding density, 10,000 cells cm-2.  n = 3 independent experiments.  
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Data represent the mean ± s.e.m.  P values were calculated using unpaired, two-sided 

Student’s t-test.  (d) Plot showing percentage of TFAP2A+ amniotic cysts formed at day 3 as a 

function of initial cell seeding density.  3D ECM overlay was added 2 h after cell seeding.  n = 3 

independent experiments.  Data represent the mean ± s.e.m.  P values were calculated using 

unpaired, two-sided Student’s t-test.   
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Figure 3 

 

Figure 3.  A two-step micropatterning method to generate an AM tissue array.  (a) Schematic 

showing the two-step micropatterning method to print an array of Geltrex coated adhesive 

islands on coverslips.  (b) Representative immunofluorescence images showing hPSCs seeded 

onto arrays of Geltrex coated adhesive islands printed using the standard microcontact printing 

method (left) and the two-step micropatterning method (right).  Samples were stained for laminin 

to visualize adhesive islands.  DAPI counterstains nuclei.  Samples were imaged 2 h after cell 

seeding.  Zoom-in images show magnified views of individual adhesive islands.  (c) Box chart of 

the average number of cells in individual adhesive islands as a function of island diameter.  Box: 

25–75%, bar-in-box: median, and whiskers: 1% and 99%.  n = 3 independent experiments.  

Data from a total of 90 islands were pooled.  (d) Confocal micrographs showing epithelial cysts 

formed at day 3 on adhesive islands of different sizes stained for TFAP2A and NANOG.  DAPI 

counterstains nuclei.  (e) Percentage of TFAP2A+ cysts as a function of adhesive island 
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diameter.  n = 3 independent experiments.  Data represent the mean ± s.e.m.  P values were 

calculated using unpaired, two-sided Student’s t-test.  Scale bars in b & d, 50 μm. 
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Figure 4 

 

Figure 4.  Molecular characterization of squamous amniotic cysts.  (a) Representative confocal 

micrographs showing AM microtissue array formed at day 3 on 80 µm diameter adhesive 

islands.  Cells were stained for TFAP2A (top left), TFAP2A, NANOG and WGA (top right), 

TFAP2A, SOX2 and WGA (middle left), GATA3, TFAP2B and WGA (middle right), and 

EZRIN and NANOG (bottom).  Scale bars, 50 μm.  (b) Plot showing expression of TFAP2A 

(top), TFAP2B (middle), and GATA3 (bottom) in hPSCs (control) and AM tissues.  n = 3 

independent experiments.  Data represent the mean ± s.e.m.  P values were calculated using 

unpaired, two-sided Student’s t-test.   
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Figure 5 

 

Figure 5.  Image analysis pipeline for high-content phenotyping of the AM microtissue array.  

(a) Image analysis pipeline schematic.  (b) Dynamics of AM microtissue formation.  Left: 

Representative confocal micrographs showing cells stained for NANOG and TFAP2A at 

different time points as indicated.  DAPI counterstains nuclei.  Right: Box charts showing 

average normalized NANOG and TFAP2A intensities as a function of time.  Box: 25–75%, bar-
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in-box: median, and whiskers: 1% and 99%.  n = 3 independent experiments.  A total of 90 

images were pooled and analyzed for each condition.  P values were calculated using unpaired, 

two-sided Student’s t-test.  (c) Left: Representative confocal micrographs showing hPSC, 

columnar EPI cysts and squamous amniotic cysts at day 3 stained for NANOG and TFAP2A.  

DAPI counterstains nuclei.  Right: Box charts showing average normalized NANOG and 

TFAP2A intensity in hPSC, columnar EPI cysts and squamous amniotic cysts as indicated.  Box: 

25–75%, bar-in-box: median, and whiskers: 1% and 99%.  n = 3 independent experiments.  A 

total of 90 images were pooled and analyzed for each condition.  P values were calculated using 

unpaired, two-sided Student’s t-test.  (d) Box charts showing the outer diameter (top), inner 

diameter (middle), and cyst wall thickness (bottom) of columnar EPI cysts and squamous 

amniotic cysts formed at day 3.  Box: 25–75%, bar-in-box: median, and whiskers: 1% and 

99%.  n = 3 independent experiments.  A total of 90 images were pooled and analyzed for each 

condition.  P values were calculated using unpaired, two-sided Student’s t-test.  Scale bars in b 

& c, 50 μm.  
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Figure 6 
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Figure 6.  Effect of ROCK inhibitor Y27632 on cyst morphology and amnion fate specification.  

(a) Representative confocal micrographs showing AM tissues formed at day 3 from hPSC treated 

with Y27632.  Cells were stained for GATA3 and TFAP2B (top) or TFAP2A and SOX2 

(bottom).  DAPI counterstains nuclei.  (b-d) Box charts showing average normalized TFAP2A 

(b), GATA3 (c) and TFAP2B (d) intensity in AM tissues formed at day 3 without (control) or 

with Y27632 treatments.  Box: 25–75%, bar-in-box: median, and whiskers: 1% and 99%.  n = 

3 independent experiments.  A total of 90 images were pooled and analyzed for each condition.  

P values were calculated using unpaired, two-sided Student’s t-test.  NS, statistically not 

significant and P > 0.05.  (e) Confocal micrographs showing AM cells at day 2 and day 3 

without (control) or with Y27632 treatments.  Cells were stained for TFAP2A.  Images on the 

right were x-z plane cross-sectional views.  (f) Plot showing percentage of uncollapsed amniotic 

cysts formed at day 3 without (control) or with Y27632 treatment.  Data represent the 

mean ± s.e.m.  n = 3 independent experiments.  P values were calculated using unpaired, two-

sided Student’s t-test.  (g) Representative confocal micrographs showing AM tissues formed at 

day 3 with Y27632 treatment, stained for EZRIN and NANOG.  (h) Box chart showing the 

average number of lumens in each cyst formed at day 3 without (control) or with Y27632 

treatments.  Box: 25–75%, bar-in-box: median, and whiskers: 1% and 99%.  n = 3 independent 

experiments.  A total of 90 images were pooled and analyzed for each condition.  P values were 

calculated using unpaired, two-sided Student’s t-test.  Scale bars in a, e & f, 50 μm.    
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Figure 7 

 

Figure 7. Dose-dependent toxicity of clinically relevant drugs (a: Penicillin; b: Doxorubicin; c: 

Ibuprofen; d: Acetaminophen; e: Dexamethasone; f: Citalopram) on the development of AM 

microtissues.  Data are plotted as the mean ± SEM for each concentration as determined from n 

= 4 independent experiments.  Sigmoidal fits are plotted as solid lines.  
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Table 1 

 

No. Drug name Clinical use Log (IC50 ± SEM) IC50 (M) 

1 Dexamethasone Anti-inflammation 0.056 ± 0.126 1.136 ± 0.347 

2 Citalopram Anti-depression 0.977 ± 0.085 9.53 ± 1.834 

3 Ibuprofen Pain killer 2.30 ± 0.079 202.74 ± 36.76 

4 Penicillin Antibiotics - - 

5 Doxorubicin Chemotherapy drugs - - 

6 Acetaminophen Pain killer 2.81 ± 0.019 665.04 ± 28.60 

 

Table 1.  IC50 values of different drugs tested in Figure 7.  Dose-dependent toxicity data not 

amenable to sigmoidal fitting are represented as a dash in the table.  
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SUPPLEMENTARY TABLE 1. Table of antibodies used in this work. 

No. Protein Species Application Catalog. No Vender 

1 EZRIN Mouse 1 : 2000 E8897 Sigma-Aldrich 

2 NANOG Rabbit 1 : 500 4903S Cell Signaling Technology 

3 OCT4 Rabbit 1 : 500 2750 Cell Signaling Technology 

4 SOX2 Rabbit 1 : 1000 09-0024 Stemgent 

5 TFAP2A Mouse 1 : 100 SC-12726 Santa-Cruz Biotechnology 

6 TFAP2B Rabbit 1 : 100 2509 Cell Signaling Technology 

7 GATA3 Mouse 1 : 100 SC-268 Santa-Cruz Biotechnology 

8 E-CADHERIN Mouse 1 : 500 610181 BD Biosciences 
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SUPPLEMENTARY TABLE 2.  List of clinically relevant drugs tested in this work and their 

concentration ranges.  

No. Compounds Concentration range Vender 

1 Dexamethasone 0.5 – 500 M Sigma-Aldrich 

2 Citalopram 0.5 – 500 M Sigma-Aldrich 

3 Ibuprofen 2.5 – 700 M Sigma-Aldrich 

4 Penicillin 5 – 2800 M Sigma-Aldrich 

5 Doxorubicin 0.5 – 500 M Sigma-Aldrich 

6 Acetaminophen 25 – 2000 M Sigma-Aldrich 
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Supplementary Figure 1. 

 

Supplementary Figure 1. Bright field images showing AM microtissue arrays treated with 

different drugs at different doses as indicated.  Scale bars, 50 μm.    


