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ABSTRACT: Recent development in fluorescence-based molecular tools has
contributed significantly to developmental studies, including embryogenesis.
Many of these tools rely on multiple steps of sample manipulation, so
obtaining large sample sizes presents a major challenge as it can be labor-
intensive and time-consuming. However, large sample sizes are required to
uncover critical aspects of embryogenesis, for example, subtle phenotypic
differences or gene expression dynamics. This problem is particularly relevant
for single-molecule fluorescence in situ hybridization (smFISH) studies in
Caenorhabditis elegans embryogenesis. Microfluidics can help address this
issue by allowing a large number of samples and parallelization of
experiments. However, performing efficient reagent exchange on chip for large numbers of embryos remains a bottleneck. Here,
we present a microfluidic pipeline for large-scale smFISH imaging of C. elegans embryos with minimized labor. We designed embryo
traps and engineered a protocol allowing for efficient chemical exchange for hundreds of C. elegans embryos simultaneously.
Furthermore, the device design and small footprint optimize imaging throughput by facilitating spatial registration and enabling
minimal user input. We conducted the smFISH protocol on chip and demonstrated that image quality is preserved. With one device
replacing the equivalent of 10 glass slides of embryos mounted manually, our microfluidic approach greatly increases throughput.
Finally, to highlight the capability of our platform to perform longitudinal studies with high temporal resolution, we conducted a
temporal analysis of par-1 gene expression in early C. elegans embryos. The method demonstrated here paves the way for systematic
high-temporal-resolution studies that will benefit large-scale RNAi and drug screens and in systems beyond C. elegans embryos.

Small genetic model organisms, such as Caenorhabditis
elegans and Drosophila melanogaster, have been used to

address many questions in organismal development.1−3

Technical advancements such as CRISPR, single-molecule
fluorescence in situ hybridization (smFISH), and super-
resolution microscopy have contributed significantly to
biological discoveries.4−9 Many of the readouts of these
studies rely on the visualization of cell-biological events using
fluorescence-enabled methods, as fluorescent markers can
quantitatively report molecular positions and numbers with
reasonable precision. The challenge with fluorescence
reporters, especially nongenetically encoded reporters, is that
they tend to involve many steps of manipulating the specimen
to obtain a clear signal, e.g., washing, hybridizing, staining, and
blocking. On the other hand, direct staining and hybridizing
methods permit the treatment of multiple genotypes, an
experimental design often required in evolutionary devel-
opmental biology and quantitative genetics. However, such
studies typically also require large sample sizes for statistical
reasons, and these multistep experiments do not scale well in
terms of manual labor and time involved. As a result, this
technical limitation creates a bottleneck in addressing any
questions requiring high replication, such as phenotypic
differences between wild-type genotypes from a natural
population or dynamic changes in gene expression over

developmental time. This hampers the application of tools of
developmental genetics to systems biology.
This problem is particularly relevant when using smFISH to

study gene expression changes during C. elegans embryo-
genesis. smFISH is a broadly used technique that allows for
counting individual mRNA molecules by targeting a gene of
interest using short nucleic acid probes with a fluorescent
label.10,11 Many smFISH-based techniques have been recently
developed to increase the versatility of this approach and make
smFISH a powerful tool for studying the spatiotemporal
expression of genes.12−17 However, smFISH implementation
in embryogenesis studies remains difficult. For example, when
targeting a specific developmental stage or performing
longitudinal studies in C. elegans, rapid cell division makes
isolating embryos of a particular stage of interest an inefficient
process (Figure 1A). In addition, tens of individual samples are
often required to account for heterogeneity in gene expression,
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resulting in the need to process hundreds of embryos per
experimental condition. Performing such an assay is arduous
due to the complexity of smFISH protocols that are time-
consuming and labor-intensive. This issue becomes even more
exacerbated as the number of experimental conditions
increases to study mutants, natural variants, or different
treatments. Therefore, an effective platform to broaden the
impact of the smFISH method for embryogenesis studies
would require single-embryo resolution, capability of assaying
hundreds of embryos simultaneously, and parallelization of the
protocol. Furthermore, resolving these issues would also
enhance many other imaging techniques that require multiple
reagent exchange steps.
Microfluidics has the potential to transform smFISH into a

high-throughput technique for C. elegans embryogenesis
studies. Previous studies have demonstrated the use of
microfluidic devices to array C. elegans embryos.18−21

However, these devices have a limited capacity (∼100 traps
per array) due to low density of traps per area. In addition,
these devices are designed specifically for live imaging with no
need for reagent exchange. Integrating reagent exchange on-
chip is nontrivial due to the presence of many flow
perturbations during the protocol that can lead to sample

movement and sample loss. Since many imaging-based
techniques require multiple reagent exchanges, there is an
acute need for microfluidic devices for handling a large amount
of samples, allowing parallelization, and obtaining comple-
mentary information via combining several of these techniques.
Establishing a pipeline that allows for efficient reagent
exchange without losing embryos remains challenging and
would enable a broad range of molecular tools to be applied to
developmental systems biology.
Here, we present a microfluidic pipeline to address this

challenge. We designed embryo traps and established a
protocol capable of staining hundreds of C. elegans embryos
simultaneously with efficient reagent exchange. We applied this
process to a multistep smFISH protocol. Using smFISH
probes targeting the embryonic gene par-1, we show that the
on-chip smFISH protocol allows for parallelization of experi-
ments while preserving image quality relative to the traditional
slide-based method, thus enabling high temporal resolution of
gene expression during early embryogenesis. Our microfluidic
smFISH pipeline is thus a powerful tool for characterizing the
dynamics of gene expression changes during embryogenesis.

■ EXPERIMENTAL SECTION
Microfluidic Device Fabrication. The microfluidic device

was fabricated using soft lithography.22 Briefly, the master was
obtained via successive optical lithography steps using SU-8
2015 and SU-8 2025 photoresists (MicroChem) onto a silicon
wafer. The channel depths were 12 μm for the backflow
channel and 50 μm for the rest of the network. After
development in SU-8 developer, the master was treated
overnight with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlor-
osilane vapor (Sigma-Aldrich). A mixture of 10:1 poly-
(dimethylsiloxane) (PDMS): cross-linker was then poured on
top of the wafer to obtain a thickness of ∼5 mm and cured in
an oven at 70 °C for 48 hours. Then, blocks of PDMS were
cut, access wells were punched, and the PDMS blocks were
bonded to coverslips via plasma treatment. Scaling-up via
multiarray integration was achieved by bonding several devices
on the same glass slide.

C. elegans Maintenance and Reagents. N2 strain
nematodes were grown on NGM agar plates with OP50
Escherichia coli lawns at 20 °C. Bleaching solution, M9 buffer
solutions were prepared as previously described;23 surfactant
Tween 20 (Sigma-Aldrich) was mixed in M9 solution at 0.03%
(w/w). The fixation buffer was composed of 5 mL of 37%
formaldehyde (Sigma-Aldrich) and 45 mL of nuclease-free
PBS 1× (Corning). Ethanol was mixed in deionized water at
70%. 4′,6-Diamidino-2-phenylindole (DAPI) staining solution
was used to stain chromosomes and identify cell nuclei.
Custom-made dry smFISH probes (Stellaris) targeting par-1
labeled with Quasar 670 were dissolved in TE buffer (10 mM
Tris−HCl, 1 mM EDTA, pH 8.0). The final hybridization
buffer is composed of 1 g of dextran sulfate, 1 mL of 20×
saline-sodium citrate (SSC), nuclease-free, 1 mL of deionized
formamide, 8 mL of nuclease-free water, and 1.25 μM of the
smFISH probe.
Wash buffer was made from 10% formamide, 2× SSC, in

nuclease-free water. Prior to imaging, embryos were prepared
with GLOX antifade buffer (850 μL of nuclease-free water, 40
μL of 10% glucose in water, 10 μL of 1 M Tris−HCl, pH 8.0,
100 μL of 20× SSC), followed by GLOX buffer with enzymes.
The solution of GLOX buffer with enzymes was obtained using
100 μL of GLOX buffer and 1 μL of catalase solution and 1 μL

Figure 1. Pipeline for studying gene expression during embryogenesis
with high temporal resolution. (A) Timeline of early-stage develop-
ment of C. elegans embryos. (B) Schematic highlighting advantages of
our integrated microfluidic pipeline vs traditional off-chip method for
smFISH imaging: parallelization of experiments and automated
imaging.
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of glucose oxidase solution. The catalase solution is composed
of catalase from Aspergillus niger at ≥4000 U/mg protein in
ammonium sulfate suspension (Sigma-Aldrich, C3515). The
glucose oxidase solution is composed of glucose oxidase from
A. niger (Sigma-Aldrich, G2133) at 3.7 mg/mL in 50 mM
sodium acetate solution. For the flow-visualization experi-
ments, fluorescein isothiocyanate (FITC)-dextran was dis-
solved in hybridization buffer at 1 mg/mL.
smFISH Protocol On Chip. Embryos were obtained by

bleaching gravid-adult animals23 and immediately transferred
into microcentrifuge tubes filled with a 1 mL fixation buffer.
After 15 min on a rotary shaker, the tubes were submerged in
liquid nitrogen for 2 min to freeze-crack the embryo shells,
then thawed in running water, and placed on ice for 20 min.
The resulting pellet was washed and resuspended in M9
solution with surfactant at roughly 10,000 embryos per mL.
The embryos were then manually loaded into the device using
a syringe. All subsequent reagents were delivered from the side
inlet of the device via a syringe. For every reagent change, the
inlet tubing is clipped before releasing pressure from the
syringe. Then, a new syringe containing the next reagent is
connected. Finally, gentle positive pressure is applied to the
new syringe while the inlet tubing is unclipped. The devices
were continuously perfused with 70% ethanol overnight at 4
°C using a flow rate of 125 μL/h.
The on-chip smFISH protocol was developed from

previously published techniques for C. elegans embryos.10,11

All wash steps were conducted at 900 μL/h, while incubation
steps were conducted by flowing at 500 μL/h for 10 min every
30−60 min. Following the overnight permeabilization in 70%
EtOH, the embryos were washed in wash buffer for 10 min
before incubation in hybridization buffer at 37 °C for 4 h.
Next, the embryos were washed with wash buffer for 30 min
and stained with DAPI for 45 min. The hybridization, wash,
and DAPI staining steps were conducted in the dark. Finally,
the samples were washed with wash buffer, 2× SSC, and then
GLOX antifade buffer followed by GLOX buffer containing
enzymes before proceeding to imaging.
smFISH Protocol Off Chip. The same reagents were used

for on- and off-chip experiments. The embryo preparation up
to freeze-cracking was identical to the on-chip protocol.
Afterward, the embryos in the microcentrifuge tube were
resuspended in 70% ethanol and rotated overnight at 4 °C.
Reagent exchange off-chip was carried out by spinning down
the embryos for 30 s using a centrifuge, removing the
supernatant, and resuspending the embryos in a new reagent.
Embryos were mounted on glass coverslips and using Glox
antifade buffer.
Fluorescence Microscopy and Signal Quantification.

All smFISH images were obtained using a spinning disk
confocal microscope (Perkin Elmer UltraVIEW VoX)
equipped with a Hamamatsu C9100-23b back-thinned EM-
CCD and a 100× oil immersion objective. The smFISH
images were analyzed using FISH-quant software to identify
and count the punctae.24 To enable accurate comparisons
between on-chip and off-chip samples, we matched the age of
the embryos and the sample size for each experiment. Signal-
over-noise ratio (SNR) and signal-over-background ratio
(SBR) are calculated using a custom MATLAB code. Briefly,
after masking the embryo area, 2-Gaussian fit modeling was
applied to the pixel intensity distribution to identify the
background and punctae. The mean of the “punctae” Gaussian
was used to threshold the embryo image and split the image

into a background-only image and a punctae-only image. The
peak amplitudes of all distinct areas of the punctae image were
averaged to obtain the signal amplitude A. The background
image was processed to obtain its mean, B, and standard
deviation, N, to characterize the background level and noise.
SNR and SBR were quantified using the equations SNR = (A
− B)/N and SBR = A/B.
For the flow-visualization experiments, we flowed the FITC

dye solution from the side inlet at a flow rate of ∼500 μL/h on
a dissecting scope (Leica, MZ16F). We quantified the
dynamics of fluorescence intensity in the microchannels
using a custom MATLAB code.

■ EXPERIMENTAL DESIGN

We aimed to create a pipeline that considerably increases the
throughput of smFISH, maximize sample size, and thus
improve the temporal resolution of gene expression during
embryonic development. smFISH protocols are complex; they
include sample collection, fixation, membrane permeabiliza-
tion, staining, and mounting for imaging. Altogether, 10 steps
are necessary to treat the embryos and prepare them for
imaging in traditional smFISH. Figure 1B shows an overview of
our method in parallel to the off-chip protocol to highlight
some of the advantages of our pipeline. Using a microfluidic
device enables the arraying of hundreds of embryos while
allowing for reagent exchange necessary to the execution of the
smFISH protocol. The on-chip pipeline allows for increasing
throughput during imaging. Using a high-density array for
embryo ordering and trapping, we minimize the painstaking
task of preparing numerous single glass slides and circumvent
the need for a user to set up each glass slide one after the other
during the imaging session. Using our microfluidic approach,
image acquisition can be performed in one run with minimal
input from the user.

■ RESULTS AND DISCUSSION

Designing Platform for Large-Scale Arraying and
smFISH Analysis of C. elegans Embryos. To study gene
expression during embryogenesis requires assaying embryos at
specific developmental stages. Precise monitoring of devel-
opmental stage is important as gene expression can vary
rapidly. However, achieving temporal resolution is difficult
because developmental stages can only be determined post
analysis and hundreds of embryos may need to be processed to
capture the desired stages. Indeed, cell divisions in early
embryogenesis, up to gastrulation, occur every few minutes
after fertilization and take place before the embryos are
normally laid outside the body; the zygote then transforms into
a 300-cell embryo within 300 min and hatches into a nearly
600-cell larva within 850 min25 (Figure 1A). The rapid
development process makes data acquisition challenging,
particularly for early embryonic stages. Assuming a 5−10%
efficiency to collect embryos of a given stage and the need for a
few tens of data points to capture gene expression variation,
establishing representative gene expression in early embryo-
genesis requires collecting approximately 300−500 embryos.
To arrange such a large number of embryos on a single glass
slide is a challenging task because the embryos must remain
separated to ensure quality readout. Performing this step in a
time-effective manner is important too. The whole smFISH
protocol requires several days; one wants to complete this
preparatory step within a few minutes to minimize labor.
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However, such a requirement adds significantly to the difficulty
of the task. To address this bottleneck, we designed a
microfluidic array for capturing hundreds of C. elegans
embryos. The system relies on hydrodynamic trapping,
where embryos flowing through a main channel are drawn
into bypass traps.26−31 This design turns loading of the array
into a deterministic process. As embryos flow in the channel,
the embryos are drawn to the first available traps. Once
trapped, the embryos obstruct the back-resistance channels,
changing the flow streamline in the main serpentine channel.
Therefore, the next coming embryos are drawn to the next
available traps and this process repeats itself until complete
filling of the array. This design allows for arraying embryos in
high density and takes advantage of passive trapping to
efficiently isolate single embryos from a bulk suspension
(Figure 2A). To adapt this technology for large-scale
phenotyping of gene expression using smFISH, several key
aspects of the device design needed to be improved.
To allow for large-scale parallel mRNA counting with single-

embryo resolution, we designed our microfluidic chip with
several features specific to the smFISH application. First, to
enable reagent delivery to all traps requires a clear flow path
throughout the entire device. This is important as smFISH
protocol involves multiple steps with different reagents. The
challenge lies in how best to avoid embryos from clogging the
channel because of their stickiness and natural tendency to
clump together. Hence, to address this issue, we included an
in-line filter and a second side inlet downstream the filter for
reagent delivery. Upon embryo loading, the in-line filter
reduces the number of embryo aggregates that reaches the
array. Once loading is complete, the inclusion of the side inlet
allows for injecting new reagents without pushing embryo
aggregates trapped in the filter into the array (Figure 2A).
Second, because we are interested in quantifying smFISH
signals throughout the entire embryo sample, maximizing the

imageable volume is important. Hence, we designed the traps
to have the anterior−posterior (AP) axis horizontal, thus,
ensuring that the z-direction depth only needs to be 30 μm and
minimizing optical artifacts due to light scattering from the
embryo tissue.
We demonstrate the efficient loading of hundreds of

embryos in the A−P orientation and with a cleared main
channel. Figure 2B shows an image of an array loaded with
single embryos in the A−P axial orientation. Quantification of
the loading occupancy across four devices shows reliable
capture of more than 500 embryos per array (Figure 2C) and
homogeneous distribution across the array (Figure 2D).
Multiloading events were almost exclusively composed of n =
2 embryos. We observe less than 10% of empty traps. Small
debris likely clogged the back-resistance channels of these
traps, rendering them unavailable for embryos. Additional
washing steps and/or use of gentler mechanical agitation and
lower centrifugation speed during the egg preparation may
help avoid debris and reduce the number of empty traps. In
addition, the loading process is achieved within a couple of
minutes: all 12 rows of the device are loaded in less than 2
minutes (Figure 2E and Supporting Video 1). The quick
loading minimizes the amount of time the samples are exposed
to formaldehyde, which can increase background fluorescence
in the smFISH images. Altogether, these results demonstrate
the ability of our microfluidic platform to capture hundreds of
single embryos for downstream analysis.

Microfluidic Platform Enables Efficient Reagent
Exchange Necessary for Executing smFISH Protocol.
To execute smFISH protocol reproducibly on chip requires
efficient reagent exchange. The smFISH protocol is a multistep
process that involves several reagents, different concentrations,
temperature changes, and incubation times. Proper execution
of each step is important for obtaining quality smFISH images.
However, while most of these parameters can be optimized by

Figure 2. Microfluidic device design and loading characterization. (A) Schematic illustrating the device design and features incorporated to enable
robust and reproducible hydrodynamic loading of hundreds of eggs (total trap number: 600) with the inset detailing the relevant geometrical
dimensions; main channel (100 μm), trap size (35 μm), and resistance channel (12 μm). (B) Image of the microfluidic array showing single
embryos loaded in the device in the AP direction (scale bar: 500 μm). (C) Quantification of loading occupancy in the device. (D) Homogeneity of
egg loading throughout the array (c, d: n = 4 devices). Error bars represent SD. (E) Loading duration across two different devices.
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controlling external conditions, reagent delivery is achieved
locally on-chip and is particularly sensitive. For example, delays
in bringing the smFISH probe into and out of contact with the
embryo can lead to lower probe concentration or overexposure
resulting in lower smFISH signal, uneven staining, and high
background fluorescence.32,33 Reagent exchange is challenging
because it requires delivering chemicals to the embryo without
losing the embryo in the process. To solve this problem, we
added two design considerations to address sample loss from
the trap entrance or the back-channel. First, when moving the
device from the cold room to the incubator or microscopy
room, movement of the inlet and outlet tubing can generate
fluctuations of pressure through the array and generate
backflow. The back-pressure can push the embryo through
the trap entrance in the main channel. This may result in
sample loss when the flow is reapplied during the multistep
protocol. To prevent that, we included a cusp at the trap
entrance. The local narrowing of the channel maintains the
embryo inside the trap.
Second, flow rates and viscous liquids (hybridization buffer

viscosity is several tens of cP) induce shear forces that can push
the embryo in or through the resistance channel. To solve this
issue, we designed and compared the performances of three
resistance channel geometries (Figure 3A and SI Figure 1).
The first design is a single 12 × 26 μm2 (width × height)
channel. We hypothesized that creating a step-down (main
channel height = 50 μm) would reinforce trapping efficiency.
The second design is composed of two 13 × 12 μm2 channels.
Splitting the backflow channel may help with avoiding flow
obstruction by the embryo and favor reagent exchange. The
third design is similar to the first one but flipped into a single
26 × 12 μm2 channel. This design reinforces the step-down
effect. Despite their different geometry, all three designs have
similar hydraulic resistance and lead to efficient embryo
loading. However, we noticed undesirable effects for the first
two designs. The first design failed to keep the embryo in the
trap as the embryo fully blocks the flow and the pressure
differential across the embryo pushes it partially or completely
into the resistance channel. The second design prevents this
issue as an embryo blocks only one of the two channels;
however, the embryos were frequently morphologically
distorted between the two resistance channels. Finally, the
third design successfully achieves our goal. The shallow but
wide resistance channel helps to prevent the embryo from
entering the resistance channel while preserving its integrity,
resulting in a low percentage of embryos being pushed into the
resistance channel (<5%). Therefore, we selected this design
for further characterization.
To ensure the device can exchange reagents efficiently

without losing embryos, we studied the delivery of reagents in
a fully loaded array device using fluorescein isothiocyanate
(FITC)-dextran in hybridization buffer as a model for the
smFISH probes. We measured FITC-dextran intensity at
different locations in the device (Figure 3B) and showed that
the fluorescence intensity increases over time and stabilizes in
the device after roughly 30 s (Figure 3C), which is negligible
compared to the duration of each step (30 min to several
hours). To verify that reagent delivery is uniform over time, we
compared the fluorescence intensity at the beginning of the
assay (once the stable regime is reached) and 4 h later (∼
duration of the probe hybridization step). Figure 3D shows
that the measured FITC-dextran intensity in the device at the
beginning of the experiment is close to the intensity at the end

of the experiment and that these results are verified through
the entire device. The small difference between the two time
points can be explained by variation in the intensity of
illumination. In summary, our on-chip protocol ensures
efficient liquid exchange, which is essential for the proper
execution of the complex multistep smFISH protocol.

On-Chip smFISH Staining Preserves Image Quality of
Conventional Techniques. To check potential degradation
in image quality that may arise from absorption of reagents in
PDMS or optical artifact from PDMS walls, we compared
smFISH assays performed in parallel on chip and off chip.
Figure 4A shows representative fluorescence images. The
embryos were hybridized with probes targeting mRNA
transcripts of par-1, a kinase essential in early embryo-
genesis;34,35 each spot indicates a single mRNA molecule,
and the total number of punctae per embryo represents par-1
transcript abundance. The presence of PDMS does not induce
any artifact, and the overall image quality is preserved: we
observe a homogeneous signal throughout the embryo and
clear presence of punctae, typical of smFISH signal.11 We
quantified the signal-over-noise ratios (SNRs) to determine if
the SNR of on-chip images is greater than 7, which is a
requirement for smFISH image quantification as previously
described.24 The images of on-chip embryos have an SNR of

Figure 3. Device features enable efficient reagent exchange necessary
for executing smFISH protocol. (A) Schematic of resistance channel
geometry designed to maintain embryo positioning during smFISH
protocol (left). Representative image of embryo trapped using the
resistance channel geometry (right, scale bar: 15 μm). (B) Image of
the device filled with FITC-dextran. ROIs analyzed are indicated by
the red circles. (C) Plot describing the transition regimes for different
ROIs throughout the array: delivery reaches rapid permanent regime
after 30 seconds. Device was filled with wash buffer and exchanged
with FITC-dextran in hybridization buffer to mimic the hybridization
step of the smFISH experiment. (D) Bar graph of the average
fluorescence intensity of the different ROIs in the device at the
beginning (40 s) and end (4 h) of the mock hybridization experiment.
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nearly 9, and the images of off-chip embryos have an SNR of
10 (Figure 4B). The slight difference between the two images
may be reflective of lower intensity in the on-chip images as
highlighted by the difference in signal-over-background ratios
(SBRs) between the two methods (Figure 4C). Nonetheless,
the SBR values are much greater than 1 and the SNR values are
all above 7. Therefore, our method preserves the image quality
necessary for performing valuable smFISH analysis.
Scaling-Up via Multiarray Integration. To study

multiple conditions, it is necessary to scale up the device.
For example, studies comparing different RNAi treatments or
genotypes (natural variants or mutants) require batches of
embryos to be assayed separately but otherwise identically. To
do so, we integrated three devices and acquired smFISH
images in a single session. Figure 5A shows representative
images of par-1 gene expression in embryos for each of the
three devices. The images show similar and uniform quality
across the embryos. We also calculated the signal-over-noise

ratio to quantify signal quality and observe that the SNR values
across the different devices are all over 7 and meet quality
requirements for automated software analysis (Figure 5B).
These results also illustrate another critical advantage of our

method, which is time-saving during image capture. Imaging
with the traditional method remains time-consuming and
labor-intensive because it requires tracking each embryo
manually in bright field to register its position. Two
bottlenecks render this process painstaking and inefficient.
First, spotting embryos randomly spread on a large surface in
the absence of any spatial marker is difficult. Second,
throughput is limited by how many embryos are present on
a single substrate. As one batch is processed, user input is
necessary to remove the glass slide and mount another one on
the microscope stage before repeating the process. Our
microfluidic approach significantly improves these two bottle-
necks. Arraying provides with a spatial frame to navigate
through the samples and register their position. Furthermore,
the small footprint of a single array allows for the integration of
multiple arrays on a single glass slide. Therefore, the embryo-
position registration can be done at once; the continuous
presence of an operator is no more mandatory to image
hundreds of samples. For example, using a traditional approach
would require imaging 30 coverslips to image 60 embryos of a
developmental stage. With our microfluidics-based approach,
this type of analysis would require only three devices saving
time and labor. Scaling-up via multiarray integration does not
compromise experimental integrity, affording a dramatic
increase in sample size and image efficiency while eliminating
potential batch effects across treatments. This benefit could be
exploited further, limited only by the number of devices that
can be arranged on a slide.

Highly Resolved Temporal Analysis of Gene Ex-
pression Using Microfluidic Platform. Obtaining a detailed
temporal analysis of the RNA levels in an organism is key to
understanding the effect of its genotype on its traits and
behavior.36 This knowledge will not only provide information
about gene expression dynamics in tissues of interest but also
provide insight into gene interactions that occur throughout
the organism’s life cycle.37 To demonstrate the ability to assay
embryos across developmental stages at high temporal

Figure 4. Comparison of on-chip smFISH protocol with the traditional off-chip method. (A) Representative images of eggs stained off-chip (top)
and on-chip (bottom) with the smFISH protocol. Blue indicates DAPI and identifies nuclei by staining chromosomes. Red punctae indicate
individual par-1 molecules with zoom-in views in the insets. Scale bars are 15 μm. (B, C) Quantification of image quality between off-chip and on-
chip experiments using SNR and SBR of the punctae for each condition. The red line indicates the minimum acceptable SNR for smFISH
quantification (SNR = 7). Error bars represent SD, n = 20 embryos.

Figure 5. Integration of multiple arrays on a single substrate for high-
throughput confocal imaging. (A) Representative smFISH images of
embryos from each device. Red punctae indicate individual par-1
molecules. Scale bar is 15 μm. (B) Quantification of image quality
using SNR and SBR of punctae in each separate device. Error bars
represent SD, n = 20 embryos.
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resolution, we freeze-cracked, arrayed, and stained embryos on-
chip with the nuclei stain DAPI. In addition, using the par-1
gene as a case study, we demonstrate that the platform can
provide information on the dynamics of gene expression
during embryogenesis. par-1 plays a key role in the asymmetric
division during early developmental events.38−40 Therefore, we
imaged and quantified gene expression of developmental stages
ranging from just before the first cleavage (2-cell stage) to the
beginning of gastrulation (30-cell stage).
We observe a decline in par-1 gene expression between early

developmental stages and later time points (Figure 6). This

observation is consistent with the known essential activity of
PAR-1 during embryonic polarization34,35 as well as observa-
tions of declining par-1 transcripts at later stages.41 This
observation is also consistent with our own measurements
using the traditional off-chip method (SI Figure 2). With a
similar trend to our on-chip samples, the number of par-1 gene
transcripts declined from 4,000 transcripts at the 2−4-cell stage
to 1,500 transcripts at 30-cell stage. Altogether, these results
highlight the performance and utility of our platform to
advance biological studies requiring longitudinal data about
gene expression at a high temporal resolution. It is interesting
to note that, during the embryo-collecting process, embryos as
old as mid-gastrulation (∼150-cell stage) were also collected
(but not analyzed). Since embryos do not change size during
development, our device can be used to perform longitudinal
studies of gene expression at later stages during the
proliferation, metamorphosis, elongation, and quickening
phases.

■ CONCLUSIONS
In this study, we report the development of a microfluidics-
based smFISH method, which we use to demonstrate changing
gene expression in C. elegans embryogenesis at high temporal
resolution. We designed a large-capacity, high-density array
that can load hundreds of embryos in a few tens of seconds. By
trapping large numbers of embryos, this method enables study
designs that require large sample sizes, for example, assays of
changing gene expression across developmental stages. The

trap geometry promotes efficient reagent exchange, which
allows wash, hybridization, staining, and related steps to be
performed on-chip. Finally, the small device footprint allows
for multiarray integration that facilitates image acquisition and
allows for the application of our platform to larger-scale
studies. Our approach for reagent delivery and exchange not
only reduces the labor-intensiveness of the smFISH protocol
but also allows for the integration of alternative or additional
assays, such as immunostaining. Further, because the design
principles used are not specific to the exact dimensions of C.
elegans embryos, simple scaling should allow our approach to
be adapted for other problems, including development and
pathogenesis in Drosophila or other small genetic model
organisms, cancer spheroids, stem cell aggregates, or organoids.
In modern biology, limits to experimental or statistical

power often constrain elucidation of the molecular and cellular
dynamics that govern development or the relationship between
genotype and phenotype. For example, just as large sample
sizes are required to measure change across developmental
time, high replication is often required to detect differences in
trait expression between multiple genotypes. By enabling
loading, staining, washing, and other reagent exchange steps for
hundreds of embryos and by minimizing user effort during
image capture, this method offers a generalizable way to scale
up the use of molecular tools routinely used in developmental
genetics research to address larger questions at the level of the
biological system.
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