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Thin fluorinated polymer film microcavity arrays
for 3D cell culture and label-free automated
feature extraction†

Pinak Samal, Eva Gubbins, Clemens van Blitterswijk, Roman Truckenmüller and
Stefan Giselbrecht *

There is an increasing need for automated label-free morphometric analysis using brightfield microscopy

images of 3D cell culture systems. This requires automated feature detection which can be achieved by

improving the image contrast, e.g. by reducing the refractive index mismatch in the light path. Here, a

novel microcavity platform fabricated using microthermoforming of thin fluorinated ethylene–propylene

(FEP) films which match the refractive index of cell culture medium and provide a homogenous back-

ground signal intensity is described. FEP is chemically inert, mechanically stable and has been used as a

substrate for light sheet microscopy. The microcavities promote formation of mouse embryonic stem cell

(mESC) aggregates, which show axial elongation and germ layer specification similar to embryonic devel-

opment. A label-free feature extraction pipeline based on a machine-learning plugin for FIJI is used to

extract morphometric features from time-lapse imaging in a highly robust and reproducible manner.

Lastly, the pipeline is utilized for testing the effect of the drug Latrunculin A on the mESC aggregates,

highlighting the platform’s potential for high-content screening (HCS) in drug discovery. This new micro-

engineered tool is an important step towards label-free imaging of free-floating stem cell aggregates and

paves the way for high-content drug testing and translational studies.

1. Introduction

A major challenge during the study of 3D cell-based systems is
the use of streamlined data acquisition and analysis pipelines,
which are free, accessible and easy to use. Further, to study
temporal dynamics of a biological system, the pipeline also
needs to be able to extract morphological changes in the
object of interest (here the cell aggregate) and easily discern it
from the background. One way of achieving this is by using a
fluorescent label or dye, which increases the contrast between
the cells and the background and hence makes the object
detection easier. However, this often involves either creating
transgenic cell lines or pre-labelling the samples, which adds
an additional step in the experimental workflow. In many bio-
logical laboratories, acquiring brightfield images using the
more accessible widefield microscope is preferable, quicker
and easier. Such brightfield images are seldom quantified due

to challenges in automated detection of cells and 3D
microtissues.

Here, we propose the use of a transparent Teflon plastic,
fluorinated ethylene–propylene (FEP), as a material, which
enables automated label-free feature extraction using bright-
field and/or fluorescence time-lapse imaging of stem cell
aggregates which mimic embryonic axial morphogenesis and
tissue patterning in vitro. We focus on the suitability and use
of FEP for high-content screening (HCS) in combination with
the stem cell aggregates. Analysis and interpretation of image-
based HCS data can be challenging and several possible solu-
tions have been reviewed in detail elsewhere.1 To significantly
simplify the analysis of multi-time-point images acquired
during our screening process, we further describe image ana-
lysis using a freely available machine-learning based approach.

Teflon (DuPont), which consists of different perfluorinated
polymers, are chemically inert and undergo minimal adsorp-
tion and leaching of molecules, making them ideal for biologi-
cal and pharmaceutical applications. FEP is a semi-crystalline
fluorinated polymer and thin films of FEP are optically trans-
parent thereby rendering it suitable for microscopy.2,3 Further,
the refractive index of FEP is 1.344 (manufacturer’s datasheet),
which is close to the refractive index of liquids commonly used
for cell culture (between 1.33 and 1.34, Table 1). This reduces
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mismatch between refractive indexes of materials present in
the light path.4 In contrast, thermoplastic polymers which are
conventionally used as substrates for cell cultures, e.g. polycar-
bonate (PC) and polystyrene (PS), often have higher refractive
indices of more than 1.4.5 It is known that refractive index mis-
match can decrease the image quality in microscopy due to
misalignment of optical paths caused by spherical aberra-
tions.6 It has also been previously described that microcavities
manufactured from high refractive index materials can cause
imaging artifacts at the edges due to light scattering and
refraction.7 The matching refractive indices of FEP and cell
culture medium thus make it favorable for imaging of biologi-
cal samples. FEP tubes filled with agarose or methylcellulose
have been previously used for confining and studying zebrafish
embryos using light sheet microscopy and widefield fluo-
rescence microscopy and this led to improved image quality
and reduced image distortion.8,9

Microcavities have become important tools in 3D cell
culture in recent years due to the high degree of versatility and
ability to perform high-throughput studies.10 Several microfab-
rication methods, e.g. soft lithography and molding tech-
niques, have been used in conjunction with different types of
polymers including polydimethylsiloxane (PDMS), PS, etc.
(reviewed in ref. 11). However, fabrication of micropatterns in
FEP has been considered challenging due to its chemical inert-
ness and compatibility with limited microfabrication
techniques.2,12 Further, although melt processing of FEP at
high temperatures is possible (>260 °C as mentioned in ref. 2),
it is limited in terms of the types of microstructures which can
be fabricated and is prone to air entrapment.2 Here, we
describe microthermoforming of FEP films at relatively lower
temperatures of 153 °C and a pressure of 25 bar using a thin
(<50 µm thickness) PC film as backing to obtain microcavity
arrays with uniform depths. Previously, microwells with pyra-
midal shapes from thin FEP foils have been fabricated by
others using vacuum thermoforming.13 The microwells were
subsequently used for spheroid formation.13

We used FEP microcavities in combination with a custo-
mized image analysis pipeline to study polarization of
Brachyury expression and axial elongation morphogenesis in
3D free-floating aggregates of mouse embryonic stem cells
(mESCs). These aggregates, also termed “gastruloids”, when
cultured under specific conditions, e.g. controlled cell number
and culture medium, have been shown to mimic certain
aspects of mammalian gastrulation-like germ layer specifica-
tion, axial elongation and polarized expression of the gastrula-

tion (and mesoderm) marker Brachyury.14–16 Since gastrulation
is an important landmark which leads to germ layer specifica-
tion and tissue patterning, understanding the temporal
dynamics of mesoderm formation can increase our insight
into tissue and organ formation.

2. Experimental
2.1. Microthermoforming

For microthermoforming, the molds were designed in
Autodesk Inventor 2018 and microfabricated in brass plates
(MS63, CuZn37) on a micromilling machine (Minitech, USA).
After micromilling, the brass plates were cleaned with acetone
followed by ethanol and subsequently dried at ambient con-
ditions. FEP polymer films (measured thickness = 47 ± 1 µm;
three different points measured across three different samples
using Heidenhain height probe (Germany)) were obtained
from Goodfellow (Catalogue number 27570742). For microther-
moforming of FEP films, an extruded PC film (measured thick-
ness = 40 ± 2 µm; three different points measured across four
different samples using Heidenhain height probe) was first
placed on top of the FEP film before placing the film on top of
the brass mold. Microthermoforming (as a free-forming
variant) was performed using a Specac Atlas series hydraulic
press which were fitted with Specac Atlas heated plates and
temperature controller. Using a custom-made apparatus con-
sisting of two brass plates between which the brass mold and
the polymer films were placed, the press was first heated to
153 °C with a dwell time of 10 seconds before reducing the
temperature. The pressure (25 bar) was applied during heating
when the press reached 75 °C. The pressure was maintained
over the polymer film via the top brass plate which had an
opening for introducing and releasing (pressurized) nitrogen
gas. The heated press was then cooled to at least 125 °C before
demolding the polymer films. The resulting depth of the
microcavities were measured using a confocal laser scanning-
based optical profilometer (Keyence, Japan).

2.2. Contact angle measurement

A Drop Shape Analyzer device (DSA25-Kruss Germany) was
used for the measurement of the contact angle of water on the
FEP films. The films were attached to a glass slide to ensure a
smooth homogeneous surface. Measurements were carried out
at room temperature. A 4 µL droplet of water was dropped at a
rate of 100 µL min−1 onto the surface of the sample using the
sessile drop method. The drop was captured by video over a
60-second time frame. The water contact angle was determined
for each frame of the video captured via the Drop Shape
Analyzer software using the Tangent – 2 fit. The results display
the water contact angle average for left-hand side and right-
hand side of the drop at t = 30 seconds.

2.3. Adapting microcavities for cell culture

After microthermoforming, the microcavity arrays were
punched (cut) using a manual punch to fit inside a well of 24

Table 1 Refractive indices of various materials referred to in the
manuscript

Material Refractive index Source

DMEM cell culture medium 1.337 29
PBS 1.335 29
FEP 1.34 4
PC 1.586 5
PS 1.592 5
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well plate. The microcavities were then hydrophilized by using
an ethanol dilution series: 100% ethanol for 15 minutes fol-
lowed by 70% ethanol for another 15 minutes. After this, suc-
cessive washes with 50% and 20% ethanol followed by two
washes with sterile water (Lonza) were performed. The micro-
cavities were then placed into a non-tissue-culture-treated
24-well plate and a sterile O ring (Eriks BV) was added on top.
To prevent cell attachment, 3% Pluronic F108 (Sigma Aldrich)
solution was put into each well and the wells were incubated
in the solution overnight. Before cell seeding, the films were
washed with Phosphate Buffered Saline (PBS) thrice. After
seeding cells into the microcavity arrays, cell culture medium
was added to the well along the sides to ensure the presence of
medium between the well and the microcavities.

2.4. Culture and seeding of mESCs for gastruloid formation

E14Tg2A mESCs17 (ES-E14TG2a, ECACC 08021401) and T/Bra::
GFP mESCs18,44 (hereby referred to as Bra::GFP mESCs18,44)
were used for aggregate formation. Both cells were cultured in
a T-25 flask coated with 0.1% gelatin in GMEM
BHK-21 medium containing 10% v/v foetal calf serum (FCS)
and supplemented with leukemia inhibitory factor (LIF), MEM
non-essential amino acids, sodium pyruvate, GlutaMax and
β-Mercaptoethanol. The cells were cultured in an incubator
with 5% CO2 at 37 °C with daily refreshment of medium. For
formation of gastruloids, the methods previously described by
others14–16,19 was adapted for FEP microcavities. Gastruloids
were also formed in U-bottomed 96 well plates (Greiner
Cellstar). 250–300 cells per microcavity were seeded in the FEP
microcavities in a seeding volume of 0.5 mL N2B27 medium
(per well of a 24 well plate) and the cells were allowed to settle
for 5 minutes. This was followed by addition of 1.5 mL of
N2B27 to each well. At 48 hours post seeding (hps), a pulse of
3 µM CHIR99021 (Stemcell Technologies) was applied for
24 hours. At 72hps, medium was changed to either fresh
N2B27 or N2B27 containing 1.5 µM Latrunculin A (LatA)
(Abcam). Initial analysis of machine learning pipeline was per-
formed using brightfield images of red fluorescent protein
(RFP)-tagged histone H2B mESCs (H2B-RFP mESCs, described
previously in ref. 20) which were expanded in advanced N2B27
supplemented with CHIR99021, PD0325901 and LIF (advanced
N2B27 with 2i/LIF) cultured on 0.1% Gelatin coating. The
same medium was used to seed these mESCs on either PC or
FEP microcavities. The seeding efficiency (calculated amongst
122 microcavities located in two different microcavity arrays)
was found to be 95.9 percent (Fig. S1†).

2.5. Time-lapse imaging

For time-lapse imaging, the well plate was placed in a Nikon
eclipse Ti-S microscope with an incubator (Okolab boldine)
which was maintained at 37 °C with 5% CO2 and 51% relative
humidity. Prior to the start of time-lapse imaging, Bra::GFP
mESC aggregates were manually selected based on the GFP
expression. The imaging was started at 72 hps and images
were taken every 30 minutes subsequently.

2.6. Image processing

Images were obtained using a Nikon eclipse Ti-S or a Nikon
eclipse TS100 microscope unless otherwise mentioned. The
images were post-processed using FIJI. The gray values for the
microcavities were obtained using the plot profile option.
Initial tests for global image thresholding were performed
using the Auto Threshold plugin in FIJI with default para-
meters. Machine-learning based segmentation was performed
using Trainable Weka Segmentation in FIJI.21,22 Prior to seg-
mentation, the images were cropped to reduce the overall seg-
mentation area. Time-lapse image sequences of aggregates
were non-randomly preselected based on prominent Brachyury
expression and polarization across the various time points.
The resulting segmented images were then processed using
FIJI and results were exported to Microsoft Excel. PPSV (in %)
was determined from images (with edge length of at least 486
pixels) of either PC or FEP microcavities (after 15 minutes of
cell seeding with H2B-RFP mESCs) acquired randomly from at
least three independent sets of microcavity arrays (N ≥ 3).
PPSV is defined by the following equation:

PPSV ¼ true positive area
true positive areaþ false positive area

� 100 ð1Þ

where the true positive area is the correctly detected area of
the cell cluster and the false positive area is the area which is
falsely detected as the cell cluster after training of the
Trainable Weka Segmentation (TWS) pipeline. For PPSV deter-
mination, the model was set to identify two classes of objects
(either cell clusters or the background) based on one label
assigned per class. Since the pipeline was not trained to
exclude air bubbles and cells in other focal planes, the areas
resulting from these objects was excluded from the PPSV
measurements wherever possible.

2.7. Scanning electron microscopy

For scanning electron microscopy (SEM), the samples were
glued to aluminum stubs and sputter-coated (with either gold
or iridium). The SEM images were acquired using either Philips
XL30 or FEI Teneo microscope with the beam at 2–5 kV.

2.8. Statistical analysis

Depending on the datasets, either (one-, two- or three-way)
analysis of variance (ANOVA) followed by Bonferroni’s multiple
comparison test or t-test was performed using GraphPad Prism
version 8.0.2 for Windows (GraphPad Software, La Jolla
California USA, http://www.graphpad.com). For all samples, at
least three measurements were considered (N ≥ 3). p < 0.05
was considered significant for all the tests. Wherever men-
tioned, ns represents not significant.

3. Results and discussion

To harbor single mESCs aggregates which have been reported
to grow up to 500 µm (or even larger if/when transferred to
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shaker culture), we first devised a method to fabricate micro-
cavities with a diameter of 800 µm using thin, commercially
available FEP films.

To produce microcavity arrays using thin FEP films, we uti-
lized the process of microthermoforming, which has been well

described in conjunction with thermoplastic polymers.23–27

Briefly, the process consists of the application of controlled
pressure at elevated temperatures to three-dimensionally
stretch a thin polymer film into a mold (Fig. 1a). The brass
molds were fabricated using precision micromilling and

Fig. 1 Microfabrication of cavities using thin FEP films. (a) Schematic showing process of microthermoforming, which utilizes elevated temperature
and pressure to form the polymer film (purple) into a predefined mold (orange) after which the resulting microcavity is used for culturing cells as 3D
aggregates. (b and c) Depth profile and optical image of the precision micromilled (800 µm diameter) brass array used for fabrication of the cavities
showing no visible defects. (d) Punched thermoformed FEP microcavities, which can be fit in a 24-well plate alongside a 2 euro cent coin for scale.
SEM images showing (e) an overview and (f ) a magnified image of the FEP microcavities. (g) Image from a laser scanning microscope showing the
microthermoformed FEP microcavity arrays. (h) Height profile of the microcavity arrays showing homogenous depth profile of the microcavities. The
height scale is shown in µm. (i) The average depth of the FEP microcavities was 325.8 (±60.46) µm as quantified using the optical profilometer. ( j)
The microthermoforming process did not lead to change in the hydrophobicity of the FEP film which remained significantly higher than TCP both
before and after being subjected to the forming temperature and pressure. Scale bars represent: 1000 µm for (c), (g) and (h); 500 µm for (e); 200 µm
for (f ). *** indicates p < 0.001.
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showed uniform height profile and no defects when observed
using laser scanning optical profilometer (Fig. 1b and c). The
parameters for microthermoforming were optimized to
produce chips with 77 microcavity arrays per chip, which were
designed to fit in a 24 well plate (Fig. 1d). Further, the micro-
thermoforming parameters were chosen to yield a depth of
more than 250 µm depth in the microcavities which would
enable secure handling of cell clusters without risk of being
removed from the cavity. When observed using SEM, the
resulting microcavities were found to be uniform (Fig. 1e and
f). Optical and height profile images of the FEP microcavity
array obtained using laser scanning microscope showed a
homogenous depth profile without any defects (Fig. 1g and h).
When quantified across 12 independent points spread across

four different films, the parameters used for microthermo-
forming gave rise to a depth consistently above our aim of
250 µm (325.8 ± 60.46 µm) (Fig. 1i). The standard deviation of
60.46 µm is possibly caused due to a combination of shorter
dwell times used in this study (10 seconds at the microthermo-
forming temperature of 153 °C) and the layout of microcavity
arrays in the mold as shown in Fig. S2.† Since all the arrays
were not equidistant from the center, this could result in a
variation in heating at the different arrays leading to higher
deviation. This could be circumvented by increasing the dwell
time or by modifying the mold design. The FEP films exposed
to the microthermoforming parameters showed no significant
changes to contact angle (Fig. 1j) compared to untreated FEP
films (107.20° ± 3.76 before forming; 104.60° ± 5.44 after

Fig. 2 FEP can be formed into various shapes using microthermoforming. (a) Depth profile of the precision micromilled (500 µm wide and
1000 µm long) brass cavity array used for fabrication of the cavities showing no visible defects. (b) Optical image of the resulting microthermo-
formed elongated microcavity array. (c and d) Magnified optical image and depth profile of a single elongated microcavity showing a resulting depth
of 353.01 µm. The height scale is shown in µm. SEM images showing (e) elongated FEP microcavities and (f ) magnified image of the area shown in
red dashed box in (e). Scale bars represent 2000 µm, 200 µm, 250 µm and 500 µm for (b), (c), (e) and (f ) respectively.
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forming) and the values were considerably higher than tissue
per cell culture treated PS (TCP) (64.53° ± 1.72). This showed
that the microthermoforming process did not alter the wetting
behavior of the FEP film.

To show that the process of forming FEP microcavities is
not restricted to a specific shape and can be easily adapted to
other shapes and sizes, we used a mold with elongated micro-
cavities,28 which were 1000 µm long and 500 µm wide (Fig. 2a;
Fig. S3†). An overview of the microthermoformed elongated
FEP microcavities is shown in Fig. 2b, with enlarged optical
image in Fig. 2c showing no deformation of the structures.
The elongated FEP microcavity had a depth of 353.01 µm and
the depth map is shown in Fig. 2d. The elongated FEP micro-
cavities were uniformly shaped as observed using SEM (Fig. 2e
and f). Thus, we were able to fabricate elongated microcavities
with depth of more than 350 µm, which could be used to
produce one cell aggregate per cavity while preventing aggre-
gate movement as well as rotation. This allows spatial control
over the movement of an aggregate which can simplify tracking
of single cells within the 3D construct.

An important property of FEP films is the similarity in
refractive index (n = 1.344, manufacturer’s datasheet) com-
pared to common cell culture medium (e.g. Dulbecco’s
Modified Eagle Medium (DMEM), n = 1.337)29 and PBS (n =
1.335).29 To quantify and compare the background gray values
(pixel brightness) when using FEP or PC microcavities for
optical microscopy, we captured brightfield images of micro-

thermoformed FEP films and PC films (which was used as
backing film during FEP forming) at the same microscope set-
tings after placing them in cell culture medium. The resulting
images showed a significant difference in the gray values
across the two materials (PC shown in Fig. 3a and FEP shown
in Fig. 3b). Upon quantification of the gray values, it was
observed that FEP microcavities had a homogenous back-
ground intensity profile while PC microcavities showed signifi-
cant variations in the background intensity profile (Fig. 3c;
Fig. S4;† N = 3; as an example, white lines in Fig. 3a and b
show the measurement line for the respective cavities). These
properties have important implications for image segmenta-
tion, which is an image processing technique used to identify
objects and features by dividing the image into different
segments.21,30 A homogenous background signal in brightfield
images can aid in demarcation between cellular entities and
the background, which in turn can aid label free image seg-
mentation. This is especially apparent when H2B-RFP mESCs
suspension is seeded into the PC and FEP microcavities. While
the cell clusters seeded in the FEP microcavities can be visually
identified even without using a microscope, the cell clusters
are difficult to discern in the PC microcavities (Fig. 3d and e;
Fig. S5†). To determine whether this property is beneficial for
the (global) image thresholding methods available in the com-
monly used open-source software FIJI,22 we applied the 17
different thresholding methods using default settings to
brightfield images of either a PC or FEP microcavity containing

Fig. 3 FEP microcavities show excellent optical properties for microscopy imaging. (a) Brightfield image of thermoformed PC microcavity showing
variation in intensity across the microcavity area. (b) Brightfield image of thermoformed FEP microcavity showing homogenous intensity across the
microcavity area. (c) Quantification of gray values across randomly selected FEP and PC cavities (example lines shown as the white lines in the
images a and b) showing significantly higher variation of gray value when using PC films (averaged across N = 3). Photos of (d) PC and (e) FEP micro-
cavities in cell culture media after seeding of H2B-RFP mESCs. (f ) The use of FEP microcavities led to a significantly higher positive predictive seg-
mentation value (∼85% average) compared to PC microcavities (∼65% average) when using the machine-learning pipeline described in this manu-
script (N ≥ 3; significance levels indicate: * p < 0.05). Scale bar represents 250 µm.
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mESCs. 12 methods correctly segmented the images when
using FEP microcavity, while background interference was
observed in all the methods when using the PC microcavity
(Fig. S6†). Even after the application of the machine-learning
based automated segmentation pipeline which is described
later in this manuscript, the segmentation accuracy was higher
when using FEP microcavities compared to PC microcavities.
To quantify this segmentation accuracy, we calculated the posi-
tive predictive segmentation value (PPSV in %, eqn (1) in
Materials and methods) for the cell cluster area. We define
PPSV as the ratio of the true positive area (i.e., actual cell
cluster area) to the total positive area (i.e., sum of true and
false positive areas). PPSV was significantly higher when using
FEP microcavities compared to PC microcavities (Fig. 3f;
average PPSV of 85.29% for FEP compared to 65.03% for PC, N
≥ 3, p < 0.05). These results show that the FEP microcavities
are well-suited for label-free feature extraction.

We next utilized the FEP microcavities to form 3D free-float-
ing mESC aggregates which have been previously shown to
undergo axial elongation, symmetry breaking and polarized
Brachyury expression14,15 similar to a gastrulating embryo
(Fig. 4a; Fig. S7†). In order to evaluate whether the cells experi-
enced cytotoxicity when cultured in FEP microcavities, we first

formed and cultured E14Tg2A mESC aggregates in the FEP
microcavities for 48 hours and then performed a live/dead
assay. The results show that the aggregates were stained predo-
minantly green (live) and the platform does not interfere with
the sensitive aggregation process (Fig. 4b). Cuvettes manufac-
tured from FEP have been previously shown to be permissible
to fixation and staining of biological specimens without the
need to transfer them to another substrate.4 Further culture of
the E14Tg2A mESCs until 96 hps showed aggregate elongation
and upon on-chip immunostaining, polarized expression of
Brachyury was observed (Fig. 4c).

In order to analyze the propagation of Brachyury signal in
real-time, we decided to use Bra::GFP18 mESCs which is a
reporter cell line for Brachyury expression. When cultured in
the FEP microcavities till 91.5 hps, the Bra::GFP mESC aggre-
gates also showed polarized Brachyury expression and axial
elongation (Fig. 5a, ESI Movie S1†). The Brachyury signal was
further analyzed and averaged across different aggregates (N ≥
3) and showed an increasingly localized expression with pro-
gressing culture time (Fig. 5b). We thus concluded that the
FEP microcavities were capable of sustaining aggregate elonga-
tion and polarized Brachyury expression when mESC aggre-
gates were cultured in 3D free-floating suspension culture

Fig. 4 mESCs can be aggregated and cultured using the FEP microcavities. (a) Schematic showing part of the process of forming aggregates of
mESCs (gastruloids) which show processes like symmetry breaking and axial elongation similar to embryonic morphogenesis. (b) Live/dead staining
of E14Tg2A mESC aggregates cultured in the FEP microcavity for 48 hours post seeding. (c) On-chip immunostaining for mesoderm marker
Brachyury performed on E14Tg2A mESC aggregates 96 hps showed polarized Brachyury expression in the elongated aggregates. Scale bars rep-
resent 250 µm and 100 µm for (b) and (c) respectively.
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within the microcavities. Further, the platform is suitable for
on-chip immunostaining, which increases its utility by
decreasing the need for an additional sample harvesting step.

Single plane (2D) microscopy (for example, using widefield
microscopy) has been previously used by others as a well-estab-
lished method for quantification of aggregate dimension or
the underlying germ layer patterning in elongating 3D pluripo-
tent cell aggregates.16,31,32 Long-term time-lapse imaging of
biological samples generates multiple image sequences, which
can be labor and resource intensive to quantify manually. We
developed a pipeline consisting of freely available, open source
machine learning based TWS21 plugin which works with FIJI22

for automated feature extraction from time-lapse image series
across different aggregates (Fig. 6a, Fig. S8a†). This enables a
single-step, quick (∼2 seconds per image) feature extraction
process which can even be applied to photos from a mobile
phone camera to determine the location and relative sizes of

cell clusters in the FEP microcavity array (Fig. S8b†). The appli-
cation of the pipeline to a series of time-lapse images showed
robust and reproducible segmentation of the aggregate com-
pared to the background in brightfield images (Fig. 6b).
Further, the Brachyury expressing region of the aggregates
could be demarcated from the total aggregate area using fluo-
rescence microscopy images (Fig. 6c). Quantification of data
across different aggregates (N ≥ 3) showed that the manually
measured values of area (59 423 ± 19 167) µm2 and perimeter
(967.3 ± 123.9) µm were similar to automatically measured
area (61 713 ± 18 391) µm2 and perimeter (987.4 ± 116.2) µm
values when the analysis was performed on 72 hps aggregates
(Fig. 6d and e). This proved that the pipeline can be used for
robust automated feature extraction from time-lapse
microscopy images obtained using FEP microcavities. We then
used the developed pipeline to quantify morphometric fea-
tures of the aggregate over a period of 19.5 hours (from 72 to

Fig. 5 Bra::GFP mESC aggregates show axial elongation and Brachyury polarization. (a) Images from time-lapse sequence showing real-time pro-
gression of Brachyury localization between 72 and 91.5 hps when cultured in FEP microcavities. (b) Quantification of Brachyury localization in 72
and 91.5 hps aggregates cultured in FEP cavities shows increased localization of Brachyury towards one end of the elongating aggregate (averaged
signal intensities of at least three aggregates). Scale bar represents 200 µm.
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91.5 hps). The aggregates showed an increase in both pro-
jected area (between 1.5 to 2 times increase at 91.5 hps nor-
malized to 72 hps) and perimeter (between 1.15 to 1.4 times

increase at 91.5 hps normalized to 72 hps) (Fig. 6f and g)
showing that there was a morphometric change in the aggre-
gate dimension over time.

Fig. 6 Development and application of a machine learning-based pipeline to quantify aggregate growth in real-time. (a) Schematic showing sim-
plified version of the pipeline, which leads to automated detection and quantification of the aggregate and the corresponding Brachury expressing
region. (b and c) Automatically detected outlines of aggregate and Brachyury expressing regions in Bra::GFP mESC aggregates taken from a time-
lapse sequence (between 72 and 91.5 hps). (d and e) Comparison of automatically quantified and manually quantified aggregate area and perimeter
from 72 hps images (N ≥ 3) showed comparable results with no significant difference. (f and g) Quantified aggregate area and perimeter showing an
increase in both the parameters between 72 and 91.5 hps across five aggregates. All scale bars represent 200 µm.

Paper Biomaterials Science

7846 | Biomater. Sci., 2021, 9, 7838–7850 This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 2
1 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
on

 1
2/

9/
20

21
 8

:2
5:

03
 A

M
. 

View Article Online

https://doi.org/10.1039/d1bm00718a


Use of in vitro embryonic morphogenesis models in combi-
nation with microengineered platforms could serve as a valu-
able tool for testing developmental toxicity31,33–37 of various
drugs and small molecules. Due to the low molecular absorp-
tion and adsorption properties of FEP, it serves as an ideal

material for screening of small molecules. A potential appli-
cation of the FEP microcavities was showcased for drug and
pharmacological testing in conjunction with the described
high-throughput image analysis pipeline. LatA is a known
inhibitor of actin polymerization38 and has been known to

Fig. 7 Application of FEP microcavities and the developed pipeline for drug-testing. (a) Fluorescence microscopy images of LatA exposed Bra::GFP
mESC aggregates showing ablation of Brachyury expressing region between 72 and 91.5 hps. (b and c) Automatically detected outlines of aggregate
and Brachyury expressing regions in LatA exposed Bra::GFP mESC aggregates taken from a time-lapse sequence (between 72 and 91.5 hps). (d)
Quantified Brachyury expressing area shows similar values for control aggregates and carrier-exposed aggregates. LatA exposed aggregates show a
drastic decrease in the Brachyury expressing area which completely ablates within approximately 12 hours. Scale bars represent 200 µm for (a) and
150 µm for (b) and (c).
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interfere with gastrulation and Brachyury expression in rabbit
embryos.39 mESC aggregates exposed to LatA showed a clear
and marked change in aggregate morphology as well as
Brachyury expression. Upon exposure to LatA, the gastruloids
undergo reduction in Brachyury expressing region followed by
complete ablation of detectable expression and polarization as
shown in fluorescence microscopy images (Fig. 7a–c). Within
ten hours of exposure, the sharper aggregate edges changed
into irregular outlines consisting of single cells (Fig. 7a). By
the end of 19.5 hours of imaging, it was observed that none of
the LatA treated aggregates showed elongation morphogenesis
(Fig. 7a). When the area of Brachyury expression was quanti-
fied across the imaging period, we found that the control gas-
truloids (not exposed to any drug) and carrier (DMSO) exposed
gastruloids showed no ablation of Brachyury expressing
regions. In contrast, all the LatA exposed aggregates (N ≥ 3)
showed a rapid decline in the detectable Brachyury expressing
area, which decreased below an arbitrary threshold within a
few hours (Fig. 7d). Overall, these results indicate that LatA
interferes with aggregate elongation and polarization of
Brachyury expression by inhibiting important cellular pro-
cesses like cell division and migration as has been previously
shown in rabbit embryos.39 These results thus indicate that
the microengineered tool described in this manuscript can be
used for drug and small molecule testing in a reproducible
and robust manner. Using the described automated label free
feature extraction methods, drug and dosage testing of other
pharmacological agents could be performed using live-cell
imaging. These experiments could decipher new chemical
cues which interfere with processes involved in tissue morpho-
genesis, e.g., cell migration, proliferation and differentiation.
Here, we focused on the development, application and suit-
ability of a FEP-based microengineered platform for image-
based HCS. Future studies detailing comparative results
between FEP-based platforms and established platforms (e.g.
using PC and PS) are warranted, although they are beyond the
scope of this manuscript.

The use of transparent fluorinated polymer films for stem
cell culture can be advantageous due to its chemical inertness
especially in relation to molecular (surface) adsorption and poten-
tial leaching.2 FEP has also been previously used as a material for
cuvette fabrication in conjunction with long term imaging of epi-
thelial organoids using light sheet fluorescence microscopy
because it could “preserve physiological culture conditions for
organoid cultures” and was permissible to high-resolution
imaging.40 Future experiments to exploit the use of FEP microcav-
ities with other 3D cell culture models, such as organoids, are
warranted, possibly by using other shapes and sizes of microcav-
ities. For example, flat-bottomed microcavities could be generated
by modifying the design and micromilling parameters of the
mold which would be used for microthermoforming.

We had previously developed a PC microcavity platform for
single cell tracking within 3D cell culture models using fluo-
rescence confocal microscopy which could also be used for
label free feature extraction from brightfield images.28

However, this feature extraction process required the use of

multiple software for image processing and data extraction
steps. This multi-step procedure was needed for the removal of
background signal prior to quantification of aggregate size
which also led to an increased image processing time. The
pipeline described here only utilizes FIJI software which is
already widely used by the biomedical research community
and can be easily adapted for studies with other types of cells
and microtissues since the involved plugins and software are
open source. This is especially relevant for analyzing long-term
imaging experiments using the different morphogenesis
models of mouse and human embryonic development which
are currently available,20,32,41,42 e.g., to study the effect of
pharmacological agents and small molecules on embryonic
development in a high-content manner. Combination with
other technologies, such as microfluidics, to manipulate tissue
patterning and morphogenesis within these in vitro stem cell-
based models, will further bring new important insights into
early embryonic development.43

4. Conclusions

To conclude, we used a custom-fabricated thin film FEP micro-
cavity array in conjunction with 3D aggregates of mESCs grown
in suspension culture. The microcavities provide excellent
optical properties with a homogenous background contrast
due to the matched refractive index of the material with the
surrounding medium. Further, the use of an open-source
machine-learning plugin-based pipeline was described which
enables automated feature extraction from a series of label-free
brightfield time-lapse image sequence with minimal user
input except for initial training of the segmentation model. We
lastly showed the potential of this platform by using it for
testing the effect of an actin polymerization inhibitor drug
LatA, which interferes with axial elongation and germ layer
specification. Future studies using the described platform and
pipeline in combination with other in vitro models of embryo-
nic development will help in broadening our knowledge of
morphogenetic events involved in embryonic development.
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