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Abstract

Three-dimensional pluripotent stem cell (PSC) cultures have the ability to undergo differentiation,
self-organization, and morphogenesis to yield complex, /n vitro tissue models that recapitulate key
elements of native tissues. These tissue models offer a system for studying mechanisms of tissue
development, investigating disease mechanisms, and performing drug screening. It remains
challenging, however, to standardize PSC aggregate differentiation and morphogenesis methods
due to heterogeneity stemming from biological and environmental sources. It is also difficult to
monitor and assess large numbers of individual samples longitudinally throughout culture using
typical batch-based culture methods. To address these challenges, we have developed a
microfluidic platform for culture, longitudinal monitoring, and phenotypic analysis of individual
stem cell aggregates. This platform uses a hydrodynamic loading principle to capture pre-formed
stem cell aggregates in independent traps. We demonstrated that multi-day culture of aggregates in
this platform reduces heterogeneity in phenotypic parameters such as size and morphology.
Additionally, we showed that culture and analysis steps can be performed sequentially in the same
platform, enabling correlation of multiple modes of analysis for individual samples. We anticipate
this platform being applied to improve abilities for phenotypic analysis of PSC aggregate tissues
and to facilitate research in standardizing culture systems in order to dually increase the yield and
reduce the heterogeneity of PSC-derived tissues.

Graphical abstract

We present a microfluidic platform for culture, longitudinal tracking, and imaging-based analysis
of individual stem cell aggregates.
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Introduction

Pluripotent stem cells (PSCs) have the ability to self-renew and differentiate to the three
germ lineages.1=3 In particular, when PSCs are cultured as three-dimensional (3D) cellular
aggregates, they mimic many of the biochemical and biophysical interactions that occur
during /n vivo early embryonic development.* ® Efforts to direct stem cell aggregate
morphogenesis have demonstrated that complex 3D tissue structures, termed “organoids”,
can be generated /n vitro,8 and that these tissues recapitulate many key features of native
tissue structure and function.”® Thus, the generation of PSC-derived tissue models has
broad applications in studying mechanisms of tissue development, in disease modeling, and
in drug screening.

Within the 3D stem cell culture microenvironment, both exogenous and endogenous
biophysical and biochemical cues mediate cellular differentiation and morphogenesis.
Maintaining uniformity of aspects of the culture microenvironment is important for
standardizing differentiation and morphogenesis of cultures. For example, changes in
aggregate size can influence differentiation by affecting diffusive transport of oxygen,
nutrients, and morphogens.10 In addition, modulating the frequency of media exchange or
perfusion also affects delivery of biochemical cues to cells.}1-14 Despite development of
various strategies to improve uniformity of cell aggregate cultures, for example by
controlling aggregate size,1>-17 a significant amount of heterogeneity often remains within
cultures. It is unclear how factors such as biological stochasticity, environmental parameters,
and experimental procedures each contribute to the heterogeneity, thus motivating the
development of technologies that enhance the ability to standardize stem cell aggregate
differentiation and morphogenesis by providing improved control of the 3D cellular
microenvironment.

A variety of culture systems have been developed for stem cell aggregates. One category of
these is batch-based methods, in which aggregates are cultured under static1® or stirred19-21
suspension conditions in petri dishes or larger vessels. Batch-based methods enable high-
throughput culture (1,000s per experiment) and have been shown to improve uniformity in
aggregate size, such as in stirred suspension cultures.}” However, in batch systems,
aggregates can physically interact with one another in a stochastic manner, which can
contribute to heterogeneity in differentiation. An additional challenge associated with batch-
based culture systems is the lack of ability to longitudinally observe and track individual
samples throughout culture. Observation of differentiation and morphogenesis at multiple
time points in the same samples is of interest, for example, in order to understand how
processes evolve through time and to observe population heterogeneity. Culture platforms
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which physically isolate cell aggregates provide the ability to longitudinally monitor
samples. Examples of such platforms include multiwell plates,22: 23 microwells,24-27
droplets?8, and hanging drop2? culture. However, with each of these methods, it is labor- and
time-intensive to manipulate aggregates individually, to exchange media, and to apply
chemical factors. In particular, studies that require delivery of soluble factors with time
scales on the order of seconds to hours are challenging. Additionally, high-resolution
imaging, such as confocal microscopy, cannot be performed directly with these culture
platforms for live and end-point imaging of sample phenotypes.

In contrast to macroscale culture systems, microfluidic-based platforms offer the ability to
address challenges related to culture and handling individual cellular aggregates.
Microfluidic systems provide spatiotemporal control over the culture microenvironment due
to the nature of low Reynolds number flow and the ability to precisely control media
exchange rates.3% Additionally, microscale features can be designed to position and culture
cellular aggregates within individual chambers. Finally, microfluidic devices made with
traditional soft lithography techniques,3! fabricated from polydimethylsiloxane (PDMS),
and bonded to glass coverslips are compatible with high resolution microscopy for live
imaging-based assessment of aggregate differentiation.

While previously a few microfluidic approaches for culturing cellular aggregates have been
demonstrated, there are technical demands that these systems do not fully address. In one
subset of approaches, aggregates are formed on-chip by seeding single cells in wells,32-35
traps,36 hanging drops,3749, or droplets*!, followed by culture of the resulting aggregates.
Forming aggregates within devices allows for control of initial size, as with many off-chip
methods, and circumvents the challenge of transferring pre-formed aggregates into devices.
However, many of the methods that use microwells within microfluidics to form aggregates
are not compatible with high-resolution imaging during culture, due to limitations of
objective working distances through the device material. /n situimaging is typically desired
to assess expression of fluorescent reporters in live samples during culture. Additionally,
having the ability to perform off-chip aggregate formation and pre-treatment steps is desired
in many protocols, which these existing platforms do not currently possess. Examples of the
utilities of this capability include formation of aggregates from multiple cell types,
incorporation of microparticles within aggregates, and Matrigel embedding steps. Thus, a
platform that is designed for loading of pre-formed aggregates has greater experimental
flexibility and can be used more broadly. While previous work has shown the ability to load
pre-formed aggregates into devices with wells or traps,#2-46 the majority of existing
platforms are low-throughput, accommodating 20 samples or less, and are not inherently
scalable (e.g. the fluidics required for trapping are not compact or the trapping mechanism is
not deterministic). In addition, many existing platforms use trapping mechanisms that
physically constrain aggregates, which in addition to limiting space for size increases during
culture can also impose exogenous mechanical cues or induce diffusion limitations in traps.

In this work, we have created a culture platform for stem cell aggregates that satisfies the
following criteria: can be deterministically loaded with pre-formed aggregates, allows
aggregate growth over multiple days of culture without physically constraining aggregates,
is compatible with high resolution live and end point imaging, and has a compact design that
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can be scaled up to increase higher throughput. We show that this microfluidic platform
provides the ability to culture and perform multi-functional, on-chip phenotypic analyses of
individual stem cell aggregates at high spatial density. This is facilitated by the abilities to
deterministically trap individual pre-formed aggregates, easily exchange fluids, and couple
devices directly with high-resolution microscopy. This platform also reduces heterogeneity
in cultures in terms of aggregate size and morphology. We envision applications of this
technology in standardizing the generation of PSC-derived tissue models and in expanding
abilities for phenotypic analysis.

Materials and Methods

Device Fabrication

Microfluidic devices were fabricated in polydimethylsiloxane (PDMS) (Dow Corning
Sylgard 184, Midland, M1) by soft lithography.3! Briefly, a master mold was fabricated by
standard UV photolithography with the negative photoresist SU8-2100 (Microchem,
Newton, MA) to create three layers of respective heights 200 pm, 100 um, and 200 pum.
Before PDMS molding, the master was treated with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-
trichlorosilane vapor (United Chemical Technologies, Bristol, PA) to allow release of the
PDMS. To make devices, PDMS was mixed in a 10:1 ratio of pre-polymer and crosslinker,
degassed to remove air bubbles, poured on the master mold, degassed a second time to
remove remaining bubbles, and cured for 2 hours at 70 °C. Following curing, devices were
cut and inlet and outlet holes for fluidic connections were punched with 18 gauge blunt
needles (McMaster-Carr, EImhurst, IL). Devices were then bonded onto glass coverslips by
oxygen plasma bonding.

Mouse embryonic stem cell (mMESC) culture

Mouse ESCs (D3 cell line) were maintained in tissue culture-treated polystyrene dishes
(Corning Inc., Corning, NY) coated with 0.1% gelatin (Millipore, EmbryoMax).
Undifferentiated culture media consisted of Dulbecco’s modified Eagle’s medium (DMEM)
(Mediatech, Herndon, VVA) supplemented with 15% fetal bovine serum (Hyclone, Logan,
UT), 100 U/mL penicillin, 100 pg/mL streptomycin, 0.25 pg/mL amphotericin (Mediatech),
2 mM L-glutamine (Mediatech), 1x MEM non-essential amino acid solution (Mediatech),
0.1 mM 2-betamercaptoethanol (Fisher Scientific, Fairlawn, NJ), and 102 U/mL leukemia
inhibitory factor (LIF) (ESGRO, Chemicon, Temecula, CA). Cells were passaged at
approximately 70% confluence (typically every 2-3 days) and seeded at a density of 1
million cells for a 100 mm plate. Culture media was completely exchanged every other day.

Aggregate formation

A single cell suspension of undifferentiated mESCs was obtained by dissociating monolayer
cultures with 0.05% trypsin-EDTA (Mediatech). Aggregates were formed by centrifugation
(200 rcf) of mESCs into 400 um agarose (OmniPur®, EMD Millipore) microwells placed
within a 6-well tissue culture polystyrene plate (Corning, Inc.).18 To yield either 500 cell or
1000 cell aggregates, volumes of 1 mL or 2 mL, respectively, of the single cell suspension
(concentration: 3 million cells/mL) were added to each well of the 6-well plate. Cells were
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incubated in the wells in culture media without LIF for approximately 18-24 hours to allow
aggregates to form.

Batch suspension culture

Following formation, aggregates were cultured in 100 mm bacteriological grade polystyrene
Petri dishes (BD, Franklin Lakes, NJ) with approximately 2000 aggregates per plate in 10
mL of culture media (without LIF). Plates were maintained on rotary orbital shakers
(Benchmark Scientific, Edison, NJ) at a frequency of 45 rpm.17: 47 Media was exchanged
every other day, with 90% of the media replenished with fresh media.

Multiwell culture

Following formation, aggregates were cultured in 96-well U-bottom multiwell plates
(Corning). Plates were prepared by coating with 2% Pluronic (ThermoFisher) for 1 hour to
prevent cell attachment to the surface. To achieve one aggregate per well, aggregates were
initially suspended in media without LIF at a concentration of 400 aggregates/mL and
diluted twice (at 1:10 and 1:12.5) to yield a final concentration of 5 aggregates/mL before
volumes of 200 pL were pipetted into each well. The final volume of each well was 200 L,
and no media exchange was performed for the duration of culture.

Device loading and operation

Prior to each experiment devices, fittings (blunt 16 gauge needles; McMaster-Carr), and
tubing (1/32” 1D silicone tubing; Cole Parmer) were sterilized by autoclaving. Devices were
connected to a second identical device during operation to increase the overall fluidic
resistance and thereby decrease the flow rate during loading. Prior to aggregate loading,
devices were first primed with 70% ethanol using a syringe to remove air bubbles. Next,
devices were rinsed with sterile phosphate-buffered saline (PBS) and then incubated with a 1
mg/ml bovine serum albumin (BSA; Millipore) solution for 30 minutes to passivate the
surfaces.33 48 A 200 uL pipette tip filled with cell culture medium was placed at the device
inlet for aggregate loading and perfusion. Aggregates were collected and resuspended at a
concentration of approximately 600 aggregates/mL in a solution of 1.05 g/mL Percoll
(Sigma Aldrich) in phosphate-buffered saline (PBS) to prevent rapid settling. Then,
aggregates were pipetted into the inlet and loaded into devices via gravity-driven flow. Once
aggregates were loaded, device outlets were connected to a syringe pump (PHD 2000;
Harvard Apparatus), and the entire setup was placed in a humidified incubator (HERAcell
240i, Thermo Scientific). During culture, devices were continuously perfused at a defined
flow rate by withdrawing culture media without LIF from a 200 L pipette tip reservoir at
the inlet. Additionally, devices were kept in a shallow, sterile water bath to limit evaporation.
Phase contrast images of loaded devices were acquired using an EVOS microscope
(LifeTechnologies).

LIVE/DEAD assay

A LIVE/DEAD assay (Invitrogen) was performed to evaluate cell viability at day 4 of
differentiation. For aggregates cultured in devices, all steps were performed in devices. For
aggregates cultured in batch suspension culture, all steps were performed in 1.5 mL
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microcentrifuge tubes. Aggregates were rinsed with PBS and then incubated with 2 uM
calcein AM and 4 uM Ethidium-D in PBS with calcium and magnesium for 45 minutes.
Samples were imaged on a confocal microscope (Zeiss LSM 700 Confocal Microscope).
Device samples were imaged in devices; batch suspension culture samples were transferred
to glass-bottom 24-well plates (MatTek Corporation) for imaging. Z stacks were acquired up
to a depth of approximately 50 um with a spacing of 3 pm.

Immunofluorescent staining and imaging

Immunofluorescent staining was performed in devices by perfusing all solutions through the
pipette tip inlets by gravity-driven flow. For aggregates cultured in batch suspension, all
steps were performed in 1.5 mL microcentrifuge tubes, and samples were continuously
rotated on a tube rotator. For multiwell culture, all steps were performed in multiwell plates.
First, samples were washed with PBS and fixed in 10% formalin at room temperature for 40
minutes. Following a wash in block buffer (2% BSA, 0.1% Tween 20, in PBS), samples
were permeabilized in 1.5% Triton X 100 in PBS for 30 minutes. After washing in serum
block buffer (2% donkey serum, 0.1% Tween 20, in PBS) for 30 minutes, samples were
incubated overnight at room temperature in the primary antibody solution (1:200 Santa Cruz
Biotechnology Oct-3/4 (N-19): sc-8628 in serum block buffer). The next day, samples were
washed in serum block buffer for 30 minutes and then incubated in the secondary antibody
solution (1:200 AlexaFluor®546 donkey anti-goat) at room temperature for 4 hours. For the
final 15 minutes of incubation, nuclear stain Hoechst 3342 was added (final concentration:
10 pug/mL). Samples were washed a final time with serum block buffer for 30 minutes,
stored overnight at 4°C, and imaged the next day. Device samples were imaged in devices;
batch suspension culture samples were transferred to glass-bottom 24-well plates (MatTek
Corporation) for imaging. Samples were imaged on a confocal microscope (Zeiss LSM 700
Confocal Microscope) with a 20x objective. Z stacks were acquired up to a depth of 30 pm
with spacings of 3-5 um. For larger aggregates that did not fit in a single field of view, 2x2
tile scan images with 10% overlap were acquired and stitched together with the microscope
software (ZEN, Zeiss).

Statistical analysis

Experiments with replicate data are represented as the mean +/- standard deviation. Sample
sizes (n) and number of independent experiments are detailed in the corresponding figure
legends. Statistical analyses were performed using GraphPad Prism software. Statistical tests
were performed using either a Mann-Whitney U test or non-parametric one-way ANOVA
(with Kruskal-Wallis) combined with Dunn’s multiple comparison’s test for comparison of
individual samples. P values less than 0.05 were considered significant.

Results and Discussion

Design of the microfluidic device

The design of the microfluidic device consists of an array of 105 traps for culture of
individual aggregates (Figure 1). Although the master is a multi-layer master, the devices
can be fabricated using a standard single-layer PDMS micromolding process. The traps are
connected by a main channel for aggregate loading and perfusion of media and reagents.
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Loading of individual aggregates into traps is accomplished by a previously demonstrated
hydrodynamic loading mechanism#%-51 that is dependent on the ratio of two flow paths in
the device (Fig. 1e). Briefly, the presence of a resistance channel at the back of each trap
creates a secondary flow path that directs aggregates into traps. Once an aggregate enters a
trap it blocks most of the flow to that trap so that subsequent aggregates preferentially
continue to flow down the main channel and enter subsequent traps. Isolating individual
aggregates in separate traps has a number of advantages, namely, preventing physical
interactions between aggregates and enabling longitudinal tracking of individual aggregates
during culture.

Designing a device that allows for both initial loading of aggregates and subsequent culture
of aggregates with significant size changes presents an engineering challenge. For
reproducible loading of single aggregates in individual traps, there are two primary design
requirements. First, the dimensions of the resistance channels must be small enough such
that aggregates are not able to pass through the resistance channels during loading. To
address this, we designed the resistance channel width (60 um, Fig. 1b) to be less than half
of the average diameter (~160 pm) of aggregates used for this study. Second, the relative
fluidic resistances of the two flow paths in the device must be properly balanced for efficient
loading of traps.9 50 I flow through the traps and resistance channels is too low (fluidic
resistance is too high), then few aggregates will be trapped; however, if the flow is too high
then multiple aggregates will accumulate within traps, also resulting in inefficient trapping.
These requirements were balanced in the final device dimensions (Fig. 1 b,c). We found that
a ratio of trap to main channel resistance of ~20 resulted in good loading. To address the
challenge of designing a device that physically accommodates growing aggregates over
multiple days of culture, a pinched-off circular trap geometry was used (Fig. 1 b,c). The trap
dimensions (500 pm width and height) allow for initial loading of relatively small aggregates
(< 190 um in diameter) without constricting growing aggregates over time (up to a
maximum diameter of 500 pm).

Device operation and validation

To demonstrate the capabilities of our platform for aggregate culture, we differentiated
aggregates by removing LIF from the culture media. Aggregates were pre-formed in
microwells (DO) and then loaded into devices the following day (D1) (Fig. 2a). For
comparison, aggregates were also differentiated in batch suspension culture. When devices
were loaded, typically ~50% of traps were loaded with single aggregates, with the remaining
traps containing no or multiple aggregates. We observed that multiple aggregate loading
often occurred when clumps of aggregates entered a trap together, or when the first
aggregate to enter a trap did not block the restriction channel before a second aggregate
entered. The loading efficiency of this device reflects the tradeoff of scaling the traps to be
small to allow effective loading and scaling to be large so that they can allow the aggregate
size changes of up to five-fold over the course of culture. This is a unique challenge, in
contrast to examples of previous work that trap objects such as cells and embryos, which do
not grow bigger during the course of experiment and thus can be loaded using traps that fit
tightly around the object. In our case, the criterion of not constraining aggregates within
traps means that the deterministic loading mechanism results in an unavoidable imperfect
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loading efficiency. To compensate for the 50% loading efficiency, one could simply scale up
the number of traps to increase the number of successful samples, which is well within
experimental control. A scaled-up device would occupy a larger footprint, but there are no
inherent design or operational challenges inherent to scaling up the platform other than
making larger masters.

Aggregates remained trapped over multiple days of culture, as seen in the representative
phase contrast images (Fig. 2b). Importantly, aggregates maintained a three-dimensional,
spherical morphology during device culture, comparable to that of batch suspension culture,
as opposed to plating down on the glass surface and forming morphologies resembling
monolayer culture. In further support of the notion of little to no cell adhesion to the glass
culture surface, we observe that day 4 aggregates can move within the device under flow
perturbations. Devices were continuously perfused at a flow rate of 10 pL/hr, which was
approximately equivalent to exchanging the volume of the device once per hour. This flow
rate was chosen as it was comparable to the media exchange rate of batch suspension culture
on the basis of volume of media per aggregate per time. To confirm that this perfusion rate
supported cell viability aggregates were treated with a LIVE/DEAD stain. Representative
confocal microscopy images (Fig. 2c; Supplemental Fig. 2) demonstrated that there was high
viability and minimal cell death in aggregates cultured in devices for 4 days and that
viability was comparable to that of batch culture.

Growth and size control

A disadvantage of batch-based aggregate culture methods is that samples can physically
interact with one another, which introduces a source of heterogeneity into cultures. We
hypothesized that culture of aggregates in individual traps would maintain better uniformity
compared to batch suspension culture in aspects such as size and morphology by preventing
physical interactions between multiple aggregates. To assess how device culture impacted
aggregate morphology and size during differentiation, phase contrast images of aggregates
were acquired at day 1 (immediately following loading) and day 4 of differentiation, and the
batch and on-chip cultures were compared (Fig. 3a). In batch cultures at day 4, a variety of
aggregate sizes and morphologies were observed. The presence of small aggregates in the
cultures (comparable to day 1 sizes) was likely the result of single cells shedding off from
aggregates and forming new, smaller aggregates (Fig. 3a, indicated by red arrows).
Aggregates with budding morphologies, i.e. aggregates with small, spherical protrusions,
were also observed in batch cultures (Fig. 3a, indicated by white arrows). In contrast,
aggregate sizes were more uniform and the budding morphology was observed less
frequently in device cultures.

Aggregate size was quantified from the phase contrast images. At day 4, the mean size was
similar for batch and device cultures, but there was a subpopulation of smaller aggregates
present in the batch cultures, consistent with qualitative assessments (Fig. 3b). The size
distribution of aggregates was significantly larger for batch culture compared to device
culturing, demonstrating the utility of the microfluidic platform for controlling aggregate
size. It was also observed that device culture better controlled aggregate size compared to
batch for different initial sizes of aggregates (500 cell starting size) (Supplemental Fig. 3).
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Previous work has shown that microfluidic perfusion culture can modulate the soluble
microenvironment, thereby affecting cell phenotype.1! To characterize basic characteristics
of the soluble environment, we calculated the Peclet number and found it to be ~90
(Supplemental Methods), suggesting that the platform operated under a convection-
dominated regime. Based on the perfusion rate used, soluble molecules secreted by cells
likely had a short enough residence time (~ minutes) to have a minimal effect on aggregates
in neighboring traps. Additionally, it is possible that an aggregate’s position within a device
(i.e. closer to the inlet versus outlet) could have an impact on its phenotype. From the size
data, however, there was no evidence that aggregate phenotypes differed depending on
position in the device (Supplemental Fig. 3c—e and 5a-b).

We compared the growth rate of aggregates cultured in devices to those maintained in batch
culture. The metric for growth rate was defined as the change in average radii between days
1 and 4 of culture, normalized by the initial radii. We found that there was no significant
difference in growth rate for aggregates cultured in devices, compared to batch, for two
different starting sizes of aggregates (500 cell and 1000 cell) and at a device perfusion rate
of 10 pL/hr (Fig. 3c). From this, we conclude that at these parameters, aggregates receive
sufficient nutrients and grow comparably. Interestingly, aggregates cultured at a perfusion
rate of 5 puL/hr exhibited a noticeably lower growth rate than batch (although not statistically
significant) (Fig. 3c). Importantly, we did not observe significant differences in viability for
this condition (Supplemental Fig. 2), suggesting that the reduced growth rate in devices
could be due to limited mass transfer of nutrients. For this reason, the following experiments
were conducted at 10 pL/hr perfusion.

On-chip immunofluorescent staining and image analysis

To demonstrate the utility of our microfluidic platform for performing various phenotypic
assays on-chip in conjunction with multi-day culture, we fixed and immunofluorescently
stained aggregates at day 4 of differentiation (Fig. 4). We examined expression of the
pluripotency marker Oct4, which is highly expressed in pluripotent stem cells and decreases
in expression over the first week of undirected aggregate differentiation.>2 Oct4 expression
was quantified in day 4 aggregates cultured in devices, batch, or round bottom 96-well
multiwell plates® (Fig. 5). We performed a multiwell culture condition in order to compare
on-chip differentiation to a platform where aggregates are also physically isolated. We
hypothesized that the differences we saw in size and morphology between aggregates
cultured in devices versus batch may manifest in differences in Oct4 expression. However,
similar expression levels were observed across the three conditions. Aggregates cultured in
devices had slightly higher Oct4 expression levels than both batch and multiwell culture
formats (Fig. 5b, Supplemental Fig. 5e). Although aggregate size can play a role in
phenotype and rate of differentiation, 1% 26. 54. 55 we did not find a correlation between Oct4
expression and aggregate size (Supplemental Fig. 5a—c). This data suggests that microfluidic
culture can be leveraged to modulate aggregate differentiation, in this case, by maintaining
pluripotency of aggregates at a higher level following LIF removal from the media. Previous
work has demonstrated that microfluidic perfusion modulates the residence time of soluble
secreted factors in the cellular microenvironment,56 and this may play a role in promoting
pluripotency, although the specific mechanism in this case is unknown.
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Next, we calculated the coefficient of variation of Oct4 expression to examine inter- and
intra-aggregate heterogeneity in expression levels, across a given culture platform (Fig. 5c,
Supplemental Fig. 5f). There were no significant differences in inter-aggregate heterogeneity
(Fig. 5¢), suggesting that each of the culture platforms perform equally well in this particular
respect. However, there were subtle differences in intra-aggregate heterogeneity, indicating
that there was more diversity in the Oct4 expression levels among cells of a single aggregate
in device samples. Although these studies focused on a limited number of parameters to
assess cell phenotypes, we anticipate that future studies will be valuable to assess how
microfluidic culture modulates heterogeneity in terms of phenotypes seen during early
differentiation beyond size.

Conclusions

Here we present the development of a microfluidic platform for culture, longitudinal
tracking, and imaging of stem cell aggregates. Physical isolation of individual aggregates in
individual traps prevents aggregate-aggregate interactions that contribute to heterogeneity in
cultures and also enables correlation of live imaging and end point assay phenotypic
information. Culture of aggregates in a high-density array format permits culture and
analysis of ~50 samples at once, and this platform can be readily scaled up or parallelized to
increase throughput. Finally, the design of the device permits high-resolution imaging for
assessment of sample phenotypes, including incorporating techniques such as tissue clearing
and multiphoton microscopy to image through denser, larger tissue constructs. Due to these
combined capabilities, we anticipate that this platform can be applied for the generation of
stem cell derived microtissues for drug screening and mechanistic studies of stem cell
differentiation and tissue morphogenesis. Future applications are not limited to stem cells,
and this platform could readily be applied to studying other cell aggregate systems, such as
tumor spheroids. With the combined advantages of standardizing the culture environment
and enabling single sample level analysis, we envision this platform as a tool in generating
PSC aggregate derived cell and tissue models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Overview of microfluidic platform. a) Schematics illustrate the design of the device, with

inset detailing the main channel, trap, and resistance channel. b,c) Diagrams show key
device geometrical features. d) Photograph of a dye-filled device. e) Image shows the
hydrodynamic loading mechanism, which is dependent on the balance of flow through the
main channel versus flow through the traps and resistance channels.
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Figure2.
Validation of device culture. a) Experimental design. b) Phase contrast images show

representative aggregates at days 1 and 4 of differentiation. ¢) Representative confocal
images of day 4 aggregates treated with a LIVE/DEAD stain (live cells: green, dead cells:
red); (i) Maximum projection images; (ii) single channel z planes.
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Figure 3.
Device culture reduces variability in aggregate size. a) Phase contrast images showing size

and morphology at days 1 and 4. Red arrows indicate subpopulations of much smaller
aggregates. White arrows indicate aggregates with budding morphologies. b) Aggregate radii
were quantified from phase contrast images at day 1 (before loading into devices) and day 4
of differentiation. Two independent samples are shown for each condition, with n = 80
aggregates for batch and n = 40 aggregates for devices. * P < 0.0001. c) Aggregate growth
rates for different starting sizes and device perfusion rates. Growth rate was defined as
change in size between days 1 and 4, normalized by initial size. n = 2 batch samples or
devices, respectively, per condition. All samples: n.s.
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Figure 4.
On-chip immunostaining and quantification of protein expression. (1) Immunostaining is

performed on-chip by perfusing all reagents through the device via gravity-driven flow. (2)
Confocal microscopy is used to image samples. (3) Image processing is used to quantify
single-cell level protein expression within aggregates.
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Figureb.
Device facilitates studying individual sample phenotypes. a) Representative immunostaining

images. b) Mean aggregate Oct4 expression for different culture platforms. Two independent
experiments are shown for batch and device conditions (n = 25 each) and one experiment is
shown for multiwell condition (n = 8). * P < 0.00001 vs. batch and P < 0.0001 vs. multiwell.
c) Inter-aggregate heterogeneity in Oct4 expression for device and batch cultures.
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