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ABSTRACT

Understanding gene regulation networks in multicellular organisms is crucial to decipher many complex physiological processes ranging
from development to aging. One technique to characterize gene expression with tissue-specificity in whole organisms is single-molecule
fluorescence in situ hybridization (smFISH). However, this protocol requires lengthy incubation times, and it is challenging to achieve
multiplexed smFISH in a whole organism. Multiplexing techniques can yield transcriptome-level information, but they require sequential
probing of different genes. The inefficient macromolecule exchange through diffusion-dominant transport across dense tissues is the major
bottleneck. In this work, we address this challenge by developing a microfluidic/electrokinetic hybrid platform to enable multicycle smFISH
in an intact model organism, Caenorhabditis elegans. We integrate an ion concentration polarization based ion pump with a microfluidic
array to rapidly deliver and remove gene-specific probes and stripping reagents on demand in individual animals. Using our platform, we
can achieve rapid smFISH, an order of magnitude faster than traditional smFISH protocols. We also demonstrate the capability to perform
multicycle smFISH on the same individual samples, which is impossible to do off-chip. Our method hence provides a powerful tool to
study individual-specific, spatially resolvable, and large-scale gene expression in whole organisms.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5124827

I. INTRODUCTION cell-/tissue-, age-, and individual-dependent.”* One promising tech-

Regulation of gene expression plays a critical role in many nique to capt.ure 'a]l these? Piec.es of information is single-molecule
physiological processes. From embryogenesis to development to ﬂuorescencg m.sztu hybridization (smFISH).. Fluor.escently labeled
aging, gene expressions reflect unique profiles at each stage. ™ short nucleic acids act as probes; they are delivered into a fixed and
From simple yeast and bacterial cells to complex mammalian ~ Permeabilized sample. These probes bind to the target mRNA.
systems, gene expression remains to be a key element that governs ~ maging the sample can then reveal individual, fluorescent puncta,

higher-level processes. Understanding gene regulation in multicel- each corresponding to an individual mRNA molecule.” To prevent
lular organisms carries significant implications as these gene  false-positive signals from nonspecific binding, the probes are
networks are often conserved across species.” designed to be sequence-specific. Each probe set consists of 20-40
Investigations using model organisms, such as C. elegans, fluorescently labeled short nucleic acids, and a punctum only
Drosophila, and zebrafish, have shown that gene expression is becomes resolvable once 20-30 probes bind to the same mRNA
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molecule. This local molecular crowding effect ensures specificity.’
This enables us to quantify and localize the expression at a cellular
to subcellular level. In mounted cells and thin tissue slices, some
have advanced smFISH technology with multiplexing and barcoding
techniques to quantify the entire transcriptome.'®'" This approach
requires multiple rounds of hybridizing the smFISH probes, strip-
ping the probes, and rehybridizing them in the same sample.
Although robustly achieved in these simple systems, adapting multi-
plexing techniques to whole organisms presents significant transport
challenges to achieve a sufficient probe concentration in the organ-
ism. Even single rounds usually require long incubation times (e.g.,
days) for probe hybridization due to the combinatorial probing
nature of smFISH strategy.'” Therefore, when using smFISH in
whole organisms, the number of genes studied is usually limited by
the number of fluorophores the imaging setup can resolve.

Intact whole organisms have dense tissues. Even after fixation
and permeabilization, transporting reagents in and out of the sample
can be difficult. In the traditional approach, multiple organisms are
typically incubated together in a single small tube with smFISH
probes, and the reagent delivery is diffusion-dependent and individual
identities are lost. smFISH probes are expensive and maintaining indi-
viduality (ie., using a separate tube for each animal) is extremely
costly, time-consuming, and labor intensive. Although the traditional
approach is sufficient for a single round of smFISH, multiplexing
requires multiple reagents to be delivered in and out of the sample
over multiple steps while tracking the same individual: (1) the original
probes need to be delivered, (2) the enzymatic stripping reagents need
to be delivered, (3) the dehybridized probes and stripping reagents
need to be removed, and (4) the new probes need to be redelivered.
With the ability to perform multicycle smFISH, we can potentially
examine complete gene networks and expression dynamics with
tissue- and cellular-specificity within individual whole organisms;
however, the major limitation to adapting these higher-level strategies
is the precise reagent delivery and removal needed in different steps.

To perform multicycle smFISH on intact multicellular organ-
isms, macromolecular probes need to be transported efficiently and
on demand through different tissues, while having precise control as
each step requires different reagents and incubation times. The short
nucleic acid probes are expected to be concentrated only in the
organism during the probe hybridization step, while completely
removed after each probing cycle. Recently, enabling electrokinetic
technologies for such localized molecular concentration and extrac-
tion process have been reported. These technologies are based on a
unique spatially inhomogeneous ion concentration polarization
(ICP) phenomenon of ion-selective media'>'* and find a wide range
of applications in precision medicine.'* For instance, programmable
isotachophoresis and free-flow isoelectric focusing were made possi-
ble by a highly localized concentration gradient in microfluidic
chips, integrated with perm-selective membranes or polyelectrolytes
for concentration, isolation, and identification of proteins or nucleic
acid biomarkers in cell lysates or plasma samples.'”

Here, we report a platform that combines the advantages
of microfluidics and electrokinetics to enable rapid and multicycle
smFISH in whole organisms, using C. elegans as a model. Our
device consists of two components: a microfluidic trap array”' and
an ICP-based ion pump using a nanoporous cation-exchange
membrane (CEM). A group of individual fixed C. elegans can be
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isolated in trackable locations in the microfluidic trap array. We
show that the ICP-based ion pump can rapidly deliver the short
nucleic acid probes to and remove from the whole worms by selec-
tively inducing ion concentration polarization in the traps. By
efficiently transporting and enriching probes across tissue barriers
in the whole worm, we shorten the smFISH process by an order of
magnitude. By reprobing a neuronally expressed gene in two sepa-
rate rounds in adult C. elegans, we demonstrate that our method
can reliably profile gene expression repeatedly in the same individ-
uals. Our platform, therefore, lays the foundation of large-scale,
multiplexed smFISH to study individual-specific, system-wide, and
spatially resolvable gene expression in multicellular organisms.

Il. EXPERIMENTAL METHODS AND MATERIALS
A. C. elegans strains, culture, and sample preparation

The worms used in this work were N2 strain (QLN2). All worms
were grown on standard NGM agar plates with Escherichia coli
(E. coli) OP50 lawns and maintained at 20 °C. Hermaphrodite worms
were synchronized to Day-2 adults before being washed off plate for
experiments using S-Basal. The population of worms was then
sacrificed and fixed in 3.7% formaldehyde for 45 min; this process
cross-links the biomolecules including native mRNAs with the
surrounding tissues. After fixation, they were washed and incubated in
70% ethanol overnight at 4 °C for permeabilization of the tissues.

B. Device fabrication and materials

The master mold of the microfluidic device was fabricated
with a negative photoresist, SU-8 2050 (Microchem) by UV photo-
lithography. The microfluidic device was fabricated in polydimethyl-
siloxane (PDMS, Dow Corning Sylgard 184) by soft lithography.
Briefly, we spin-cast the microchannel layer PDMS (10:1 ratio
between the elastomer and the curing agent) on the master mold at
750 rpm for 30 s. This microchannel layer was partially cured at 75 °C
for 15 min. Cut pipette tips with a filter paper at the bottom as buffer
reservoirs and a 1.5 x 25 mm CEM strip (Mega a.s., Czech Republic)
were placed at the designated positions on the partially cured PDMS
layer, fixed by Kapton tape. More PDMS (10:1) was poured onto the
microchannel layer to embed the cation-exchange membrane and
buffer reservoirs. The entire device was then cured at 75°C for
90 min. After peeling off the device from the SU-8 master, through-
holes for electrical connection were cut underneath the CEM and the
buffer reservoirs, and the through-holes for fluidic connection were
punched by 19-gauge needles (McMaster-Carr). Finally, the device
was bonded onto a precleaned coverslip using corona discharge fol-
lowed by thermal bonding at 75°C for 24 h. After the device was
completed, 200 ul 2% agarose gel was placed in the input reservoir to
prevent fluid leaking from the channel into the reservoir. All devices
were filled with 1x S-basal buffer for 48 h to let the CEM swell prop-
erly prior to the test.

C. Electrical and imaging setup for characterizing
probe delivery and removal

The external electric voltage signal was generated by a Keithley
2450A SourceMeter Instrument (Tektronix) and transmitted into the
microfluidic device using platinum electrodes. The electrodes were

Biomicrofluidics 13, 064101 (2019); doi: 10.1063/1.5124827
Published under license by AIP Publishing.

13, 064101-2


https://aip.scitation.org/journal/bmf

Biomicrofluidics ARTICLE

placed in buffer reservoirs separated from the main microfluidic
channel by 2% agarose gel plugs to prevent electrochemical byprod-
ucts, such as bubbles and pH changes, leaking into the microfluidic
channel.

We used fluorescein isothiocyanate (FITC)-Dextran (1 mg/ml)
in either the hybridization buffer or the wash buffer for smFISH to
characterize the probe delivery and removal to the worms.
FITC-Dextran was chosen as an approximation of smFISH probes
in this characterization because it had a much cheaper reagent cost
and was more easily acquired commercially. In addition, this fluor-
escent reagent has a similar molecular weight and charge to
smFISH probes. The probe transport dynamic by fluorescence was
recorded with whole field illumination on a fluorescence dissecting
scope (Leica, MZ16F) with a frame rate of 5 fps and a 100 ms expo-
sure time. To quantify the dynamics and intensities, we used a
custom MATLAB code. The plots and statistics were created using
GraphPad Prism.

D. Single-molecule fluorescence in situ hybridization
in C. elegans

Probe design and the protocol to perform smFISH in
C. elegans have been previously described.” In our study, we used
custom Stellaris smFISH probes for specific targeting gpa-3 labeled
with Cal Fluor Red 610. The fixed and permeabilized samples were
incubated in S-Basal for 5 min. Next, they were washed with wash
buffer (10% formamide, 2x SSC, in nuclease-free water) for 5 min.
For off-chip experiments, the worms were incubated in custom
probes (1.25uM) in hybridization buffer [1 g dextran sulfate, 40 ul
RNase-free bovine serum albumin (BSA) (50 mg/ml), 10% formam-
ide, 9ml nuclease-free water] at 30°C. For on-chip experiments,
worms were first manually loaded into the device. To transport the
probes into the worms, we flowed the Stellaris smFISH probes into
the device using a syringe pump at 15ul/min for 3 min, applied
—150V from the input reservoir for 5min, and continued flow for
2 min. The device was then incubated at 30 °C while under slow flow
(10 ul/h) to prevent evaporation. Prior to imaging, the worms were
incubated in wash buffer for 30 min, following the previous literature.’
This short washing step was to remove free-floating probes in the
microchannels which might interfere with the fluorescence imaging.

To strip the probes from the sample, we prepared a DNase I
stripping reagent (0.5 U/ul). The reagent was flowed into the device
at 15 ul/min for 3 min, then 10 ul/h at 30 °C for 4 h. To remove the
stripped probes and DNase I, we applied +150 V from the input
reservoir for 5min. Prior to imaging, we washed the worms in
wash buffer for 30 min at 15 ul/min. To rehybridize the worms, we
followed the same protocol as above.

E. smFISH imaging and quantification

Imaging was performed on a spinning disk confocal micro-
scope (PerkinElmer UltraVIEW VoX) using a Hamamatsu
FLASH 4 sCMOS camera. Images were analyzed and puncta were
identified using a standard software, FISH-quant.”” To quantify the
signal-to-noise ratio (SNR), we measured the maximum intensity
of each puncta (signal) and divided by the standard deviation of
the intensities of the head of the worm, anterior to the gut (noise),
using Image]. To quantify the signal-to-background ratio, we
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measured the maximum intensity of each puncta (signal) and
divided by the average intensity of the head of the worm, anterior
to the gut (background), using Image]. The plots and statistics were
created using GraphPad Prism.

lll. RESULTS AND DISCUSSION

A. Device designh and demonstration of the operating
principle

To incorporate smFISH multiplexing techniques of whole
organisms, it requires the preservation of individual identities of
the animals throughout the entire process. In our platform, this is
guaranteed by isolating individual C. elegans into an array of track-
able worm traps [Fig. 1(a)]. A group of age-synchronized adult
worms can be loaded into the traps within a minute by allowing
fluidic flow across the trap array [Fig. 1(b)]. As shown in Fig. 1(a),
the ion pump is built by placing a strip of CEM on top of the main
channel, closely adjacent to the end of the traps and bridging the
main channel to a separated control channel. To induce the ion
concentration polarization and control the probe transport, DC
electric fields are introduced to the worm traps through the CEM
by inserting one electrode in the input reservoir on the main
channel and another electrode in the ground reservoir on the
control channel [Figs. 1(a) and 1(c)].

Because of the charge selectivity of the cation-exchange mem-
brane, ion concentration polarization can be established under DC
electric fields in the vicinity of the CEM,'>'>* which is, in our
case, in the worm traps. When imposing a negative voltage at the
input electrode, negatively charged nucleic acid probes are continu-
ously transported by electrophoresis into the worm traps, where an
ion enrichment zone is established [Fig. 2(a)]. The electrophoretic
force efficiently drives the probes through the cuticle and dense
tissues of the fixed and permeabilized worms, and the negative
gradient of the electric field from the main channel to the traps
ensures the probes concentrated in the worms. To characterize the
probe enrichment process, we used fluorescein isothiocyanate
(FITC)-Dextran as a model for the smFISH probes because they
have a similar molecular weight and charge. Figure 2(b) shows that
after 5min of enrichment by the ICP-based ion pump,
FITC-Dextran molecules are predominately concentrated in the
loaded worms, characterized by the elevated fluorescence intensity
in the worm (Fig. S1 in the supplementary material).

This electrokinetic probe enrichment strategy can drastically
reduce the time required for smFISH in two stages, probe delivery
and probe hybridization. In the first stage, the electrophoretically
driven transport accelerates the probe delivery to target mRNA mol-
ecules in the worm, compared with the traditional diffusion-
dominated method. We can define the “acceleration” of probe trans-
port by the ratio of characteristic diffusion-based probe delivery
time, fafusion> to the characteristic electrokinetically-enhanced
time, felectrokinetics- Based on the geometrical design of our microfl-
taision 6 scaled with (?“ﬂ) 2%

vorm ) &L

Lelectrokinetics

uidic chip, the “acceleration”
(see the supplementary material for details). Here, dyorm and Lyom
are the diameter and length of the worm, respectively, and Vjp, is
the applied electrical potential. Considering the aspect ratio of the
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FIG. 1. (a) Schematic of the microfluidic/electrokinetic hybrid device. (b) Micrograph of individually loaded worms in worm traps. White arrowheads indicate individually
loaded adult worms. (c) Image of the device setup.

worm and our ~150V applied voltage, the probe delivery can be
enhanced by at least 20 folds.
In the second stage, after probes are delivered into the worm,

The kinetics of such hybridization can be approximated as a
second-order reaction.”>”” The characteristic time for 90% target
mRNA molecules hybridized with at least 20 probes, 7qgy, is given

they are enriched; this higher probe concentration results in a rapid

_ —Ina- Y09 0 ; ; .
hybridization between probes and the target mRNA molecules. by zoow = konChyope where Cprobe is the enriched initial

Vinput
-150 V

|
lon enrichment zone

CEM
After probe delivery

Before probe delivery

lon depletion zone

Before probe removal After probe removal

FIG. 2. (a) Operating principle of probe delivery. (b) Fluorescent images of FITC-Dextran (model of smFISH probes) transport into individual worms before and after the
probe delivery process. The input reservoir received —150 V for 5 min. (c) Operating principle of probe removal. (d) Fluorescent images of FITC-Dextran transport out of
individual worms before and after the probe removal process. The input reservoir received +150 V for 7 min. The image settings (brightness and contrast) are consistent
for all fluorescent images in (b) and (d).
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FIG. 3. (a) Quantification of fluorescence intensity dynamics in individual worms during the probe delivery process. —150 V was applied at the input reservoir. Arrows indi-
cate when the ion enrichment zone started to establish for each worm. (b) Quantification of fluorescence intensity dynamics in individual worms during the probe removal
process. +150 V was applied at the input reservoir. Arrows indicate when the ion depletion front passed through each worm. (c) Quantification of fluorescence intensity of
individual worms at baseline and after probe delivery and removal. A one-way ANOVA and Tukey's multiple comparison tests were performed. (***P <0.001; ns, not

significant).

concentration of probes and k,, is the hybridization rate constant
(see the supplementary material for details). Based on the numeri-
cal simulation of ion concentration profile near an ion-selective
media®>”” and the ion current profile during our experiments (data
not shown), we estimate that the ion and probe concentrations in
the worm are enriched by 3-5 folds during the nonequilibrium
probe delivery step. In contrast, using the traditional diffusion-
based protocol, the maximum probe concentration in worms can
only reach as high as the equilibrium concentration in the buffer.
The elevated ion concentration does not affect the probe hybridiza-
tion in the hybridization buffer we used”® nor the penetration of
the probes into the worms.” Thus, the subsequent incubation time
required for sufficient probe hybridization onto the target mRNAs
can be reduced; this time is scaled inversely proportional to the
enriched probe concentration. Traditional diffusion-based protocols

SNR

On-Chip smFISH (4 hours)

304

204

104

require overnight incubation (12-24h) in order to complete the
probe hybridization. In contrast, combining the enhancement by
probe delivery and probe hybridization with our nonequilibrium
method, we can shorten the probing step during each round of
smFISH to a few hours. Hence, in later smFISH experiments, we
chose to perform probe delivery with our ICP-based ion pump for
5min and a subsequent 4-h incubation for probe hybridization.
After the target mRNAs are probed and imaged, the probes
can be stripped from the in situ mRNA with DNase I; this then
allows for profiling of other genes. Once stripped, (1) the DNase I
must be removed to allow for future probe hybridization and (2)
the dehybridized fluorescent probes need to be removed from the
animals; otherwise, the stripped probes are likely to elevate
the background fluorescence level, which may overwhelm the true
FISH signals. To accomplish this, we reverse the polarity of the
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FIG. 4. Fluorescent images of individual puncta, each corresponding to a gpa-3 mRNA molecule in the neuronal cells. (a) and (b) On-chip probe delivery by the
ICP-based ion pump in the same worm after (a) 4 h and (b) 24 h. (c) and (d) Off-chip diffusion-dominated delivery. (c) Individual puncta were not resolved after 4 h of
off-chip incubation. (d) Puncta are visible only after 24 h of off-chip incubation. White arrows are added to aid puncta visualization. (e) Signal-to-noise ratio (SNR) of the
puncta at each condition. The dotted line corresponds to the minimum value acceptable (SNR =7). (f) Signal-to-background ratio of each punctum at each condition. An
unpaired, two-tailed T test was performed (**P <0.01, *P < 0.05; ns, not significant).
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input voltage to positive to develop an ion depletion zone in the
traps for the probe removal. Within the ion depletion zone, the
ionic strength can be reduced by 2-3 orders of magnitude.”” As a
result, the high electric field in the depletion zone can focus the
charged probes at the depletion front isotachophoretically,' %!
illustrated in Fig. 2(c). As the depletion zone grows and the deple-
tion front passes through the loaded worms, charged unbound mac-
romolecules can be removed from the animals almost completely,
demonstrated by FITC-Dextran in Fig. 2(d). We designed the CEM
surface to be parallel to the bottom wall of the microchannel with
only 50 um separation. Therefore, the electroconvection vortices are
effectively suppressed by the large hydrodynamic resistance to avoid
arresting the depletion front.

B. Characterization of macromolecular transport
through intact tissues

Using FITC-Dextran as a model, we further characterized the
dynamics and robustness of the probe delivery [Fig. 3(a)] and
removal process [Fig. 3(b)]. We measured the fluorescence intensity
in the whole worm over time. During the probe delivery step and
before the onset of the ion enrichment, FITC-Dextran molecules
that were preloaded in the traps but not in the worms were driven
out of the traps, evident by the initial decrease of the fluorescence
intensity [Fig. 3(a)]. However, when the ion enrichment zone was
established after about 2 min, the samples started to become brighter
consistently due to the accumulation of FITC-Dextran molecules in
the tissues [Fig. 3(a)]. After 5min of electrokinetic-assisted probe
delivery, the samples in the device showed a significantly higher
fluorescence intensity [Fig. 3(c)]. Similarly, during the probe removal
step, we observed a sudden drop of fluorescence intensity from the
worms in Fig. 3(b), demonstrating the removal of these accumulated
FITC-Dextran molecules by the depletion front. While we noticed
that FITC-Dextran molecules were removed at different rates in the
samples, we found that after 7 min of electrokinetic-assisted probe
removal, the fluorescence intensity of all the worms returned to the
baseline level [Fig. 3(c)]. The heterogeneity was expected as tissue
compositions varied from worm-to-worm, and depletion fronts
developed at different time points across the trap array. The fast
dynamics enabled by the ICP-based ion pump allows us to rapidly
send charged molecular probes into the whole worms repeatedly
and robustly, regardless of the tissue barrier of the multicellular
organisms.

C. Rapid multicycle smFISH

To demonstrate the utility of this device for profiling gene
expression, we performed smFISH for a neuronal-expressed gene,
gpa-3, and compared its performance to the traditional off-chip
approach (Fig. 4). gpa-3’s expression is age-related and its function
is involved in food-sensing, suggesting that it plays an important
role in many biological processes such as learning and develop-
ment.’”>” Using our device, we improved the probe delivery and
increased its local concentration into the worms, shortening the
time required for smFISH hybridization step to only 4 h [Fig. 4(a)]
(see Sec. II for puncta identification). After 24h of incubation
on-chip, we found that the quality of smFISH did not change
[Fig. 4(b)], confirming that our rapid on-chip hybridization step

scitation.org/journal/bmf

was sufficient to visualize the hybridized probes. In contrast, the
diffusion-dominated off-chip approach was unable to produce any
obvious puncta after 4h of incubation [Fig. 4(c)]. Instead, for the
off-chip condition, we were only able to resolve puncta after the 24 h
incubation period, which is the typical overnight protocol [Fig. 4(d)].
In all the samples, we found the signal-to-noise ratio (SNR) to be
much higher than 7 [Fig. 4(e)], the minimal acceptable SNR previ-
ously reported,”* allowing us to confidently identify each punctum.
Since unbound probes may contribute to the background fluores-
cence observed, we quantified the signal-to-background ratio at each
time point to validate that the background fluorescence does not
become too high to overwhelm the true signal [Fig. 4(f)]. We

Hybridization of smFISH probes

Stripping and removing
de-hybridized probes

Re-hybridization of smFISH probes

FIG. 5. Multicycle smFISH of gpa-3 within the same worm using ICP-enhanced
smFISH, and puncta were identified using FISH-quant. (a) Individual puncta
were resolved after initial hybridization. (b) After DNase | treatment for 4 h,
probes were dehybridized and removed by the ICP-based ion pump. (c) The
same puncta were resolved again after rehybridization enhanced by ICP. Insets
show the magnified area at the vicinity of the target mMRNA molecule.
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observed that the signal-to-background ratio was significantly higher
even with only 4 h on-chip when compared to the 24 h off-chip con-
dition [Fig. 4(f)], indicating that smFISH on our platform achieves
higher quality signal with less time required. Thus, by increasing the
local concentration of probes and improving the probe delivery into
the animals, we were able to shorten the time required for smFISH
without compromising the quality.

Next, we aimed to engineer our platform to enable multicycle
smFISH. We probed for gpa-3, removed the probe using a DNase I
stripping reagent, and reprobed gpa-3 while tracking single
animals. We showed that this complex level of transport could not
be achieved using traditional smFISH off-chip strategies (Fig. S2 in
the supplementary material). In contrast, we achieved multicycle
smFISH on-chip; first, we probed for gpa-3 wusing the
ICP-enhanced delivery, and we were able to visualize puncta as
expected, shown by a representative sample [Fig. 5(a)]. Next, we
delivered DNase I to strip the hybridized probes for 4h. Using
depletion-assisted isotachophoresis, we removed both the DNase I
and stripped probes [Fig. 5(b)]. We then reprobed for gpa-3 and
found its expression location and SNR are similar to the initial
hybridization [Fig. 5(c); Fig. S3 in the supplementary material].
The quality of the signal (SNR) was not compromised during the
multicycle smFISH assay across all samples we tested (Fig. S3 in
the supplementary material). If the stripping reagent was still
present in the system, the readded probes would not be able to
hybridize to the target mRNA molecules. Thus, this experiment
demonstrated that we can efficiently deliver and remove both the
probes and stripping reagents to perform multicycle smFISH.

IV. CONCLUSIONS

In this work, we engineered a microfluidic/electrokinetic hybrid
platform to fluidically isolate whole organisms and efficiently
manipulate macromolecule delivery in and out of the animals with
controlled spatial and temporal resolution using an ICP-based ion
pump. This unique approach has broad applications for many
biological investigations. In this paper, we demonstrate its ability to
enhance smFISH and enable smFISH multiplexing strategies. Using
this device with an optimized protocol, we are able to perform
smFISH in whole C. elegans on a much faster time scale at only 4 h.
With the capability of removing charged molecules on demand, we
also demonstrate that our platform is suitable to perform multiplex-
ing strategies, which is impossible to achieve with traditional
smFISH methods. This platform provides a tool for us to study
large-scale gene expression within individual animals. We envision
that the level of information we can collect from this method will
enable us to understand complex physiological processes ranging
from learning to memory to development.

SUPPLEMENTARY MATERIAL

See the supplementary material for (1) detailed mechanism
explanations to estimate the enhancement of the probe delivery and
probe hybridization in ICP-enhanced smFISH in whole organisms,
(2) raw fluorescence intensity profile of images (shown in Fig. 2) char-
acterizing the probe delivery into and removal from worms, (3) inefhi-
cient DNase I treatment for probe removal using the traditional

ARTICLE scitation.org/journal/bmf

off-chip smFISH method, and (4) signal-to-noise ratio (SNR) quantifi-
cation of individual puncta in the multicycle smFISH assay.
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