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Capture and enumeration of mRNA transcripts from single cells
using a microfluidic devicet
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We report an integrated microfluidic device for direct capture and digital counting of polyadenylated mRNA
molecules from single cells.
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www.rsc.org/loc Accurate measurement of RNA transcripts from single cells will enable the precise classification of
cell types and characterization of the heterogeneity in cell populations that play key roles in normal
cellular physiology and diseases. As a step towards this end, we have developed a microfluidic
device and methods for automatic hydrodynamic capture of single mammalian cells and subsequent
immobilization and digital counting of polyadenylated mRNA molecules released from the
individual cells. Using single-molecule fluorescence imaging, we have demonstrated that
polyadenylated mRNA molecules from single HeLa cells can be captured within minutes by
hybridization to polydeoxyribothymidine oligonucleotides covalently attached on the glass surface
in the device. The total mRNA molecule counts in the individual HeLa cells are found to vary
significantly from one another. Our technology opens up the possibility of direct digital
enumeration of RNA transcripts from single cells with single-molecule sensitivity using a single
integrated microfluidic device.

Introduction Methods have been developed for direct detection and counting of

DNA and RNA molecules in single cells, usually by in situ
6-11

A central focus of biology is to understand quantitatively how an
organism's genotype determines its phenotype. The phenotypes of
the different cell types in a multi-cellular organism are defined by
the selective expression of the genome to produce a unique set of
RNA molecules (the transcriptome) and protein molecules (the
proteome) that carries out the characteristic physiological functions
of the cells. Due to the technical difficultly in whole proteome
analysis, the transcriptomes are often used as surrogates to assess the
physiological states of cells. Gene expression varies greatly amongst
individual cells, even within a population of the same cell type and
the subtle differences may contribute significantly to normal cellular
physiology such as stem cell differentiation and abnormal cellular
physiology such as cancer.'” The ability to precisely and

hybridization and single-molecule fluorescence imaging.
However, only a limited number of RNA species can be analyzed
using these methods. Comprehensive transcriptome profiling of
single cells is now feasible using methods based on high throughput
sequencing such as RNA-seq'*"®

or direct single-molecule RNA
sequencing.'®'® But a large amount of input materials, equivalent to
tens to thousands of cells is required, necessitating the amplification
of the transcripts for single-cell analysis. Amplification is known to
introduce bias into the relative abundance of the transcripts, in
particular the ones with lower copy numbers, compromising the
accuracy of the measurements.' ' The bias can be significantly
mitigated by integrating the processes for cell isolation, RNA

extraction, cDNA synthesis and amplification using microfluidic

quantitatively measure whole transcriptomes at the single-cell level
is essential to measure cellular heterogeneity and to define cell types.
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devices."> The small processing volumes in microfluidic devices
help minimize sample loss and improve the efficiency of reactions
by maintaining high concentrations of biomolecules'* 2?2, These
devices can be used to perform RT-qPCR quantification of RNA
transcripts, albeit on only a limited number of RNA species, from

226 cell monitoring”” and chip-based analysis.”® % So

single cells
far, the current generation of microfluidic devices still lacks the
capability for comprehensive direct on-chip detection and digital
counting of RNA transcripts from single cells.

We present a microfluidic platform that enables the capture,

isolation, and lysis of single cells, and the on-chip capture and
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enumeration of the total polyadenylated mRNA molecules by single-
molecule fluorescence imaging. Single cells are captured along a
series of hydrodynamic traps and isolated by polydimethylsiloxane
(PDMS) valves. The cells are then chemically lysed in individual
compartments where polyadenylated (poly(A)) mRNA molecules are
captured by hybridization onto polydeoxyribothymidine oligos
(poly(dT)) functionalized on the glass surface. We also report a
method for the selective functionalization of the PDMS and glass
surfaces in the microfluidic devices, enabling the efficient capture of
mRNA  molecules
fluorescence

from cells and
We
fluorescence imaging and numeric simulations to determine the
kinetics of mRNA capture. It is shown that the mRNA molecules in

the microfluidic chambers diffuse down and hybridize to the

single single-molecule

imaging. use time-lapse single-molecule

poly(dT) oligos on the surface very rapidly, to almost completion
within minutes. As a proof of principle, we analyze the total number
of polyadenylated mRNA molecules from individual HeLa cells.

Materials and Methods

Qe @ @
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Materials

Synthetic oligonucleotides (oligos) were purchased from Integrated
DNA Technologies. A monofunctional amine-PEG with MW of
~2000 g/mol (amine-PEG2000)
carboxymethyl polyethylene glycol with a molecular weight of 1000
g/mol (dicarboxyl-PEG1000) were purchased from Laysan Bio, Inc.
Dulbecco’s Modified Eagle’s Medium (DMEM) were purchased
from Mediatech, Inc. More information is provided in the ESI.

and a homo-bifunctional

Microfluidic device design and operation

The design of our device is illustrated in Fig. 1. Our device consists
of 16 modules for parallel processing of 16 cells (Fig.1a). Each
module contains a hydrodynamic cell trap and a compartment for
processing and imaging (Fig.1b). The single-cell hydrodynamic traps
are adapted from the work of Tan et al* and the principle of
operation is illustrated in Fig.1c. Each trap chamber has two flow
paths, one through a cell trap and one through a bypass. In this work,
our trap path is designed as a small channel with 8 um x 8 um cross
section with a round 22 pm x 22 um cup-shaped mouth.
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Fig. 1 Design and operation of the microfluidic device for capturing and counting of mRNA molecules from single cells. (a) 2D CAD layout of a device with
16 modules in serial. Red: fluid channels and chambers with 25 pum height; Blue: Fluidic channels/chambers with 25 pm height; Black: valves and valve
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control lines with 40 um height. (b) An enlarged portion of the device containing two modules. The valves (V1 and V2) and valve lines are shown in light

grey. Each module consists of a cell trap and a processing chamber. (c) Hydrodynamic trap design and operation. The in-flowing fluid is split into two paths,
the cell trap (path 1) and bypass (path 2). The dimensions of the paths are designed such that the fluidic resistance through cell trap path (R1) is much smaller
than that of the bypass (R2). In the empty trap, the fluid and cells preferentially flow into the trap path. The entry and trapping of the first single cell results in
an abrupt increase in the fluidic resistance of path 1 and the fluid flow is then directed to the bypass (path 2) to the next trap in series, and so on.

2 | Lab Chip., 2015, 00, 1-3
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The dimensions of the paths are designed such that the cell trap
path has a much lower fluidic resistance than the bypass path.
Therefore, the bulk of fluid containing the cells is channeled into the
single-cell trap. Any incoming cell that is larger than the narrow
cross-section of the trap will be captured. Upon trapping of the first
cell, the path is immediately blocked and the fluid containing
additional cells is diverted into the bypass to the next trap in series.
Our design is guided by simulations using finite element analysis
method to ensure high-efficiency capture of single cells. The
microfluidic module in COMSOL Multiphysics (COMSOL Inc.) is
used for the simulations. The flow is assumed to be laminar. The
flow velocity at the inlet is set to a fixed value while the pressure at
the outlet is set to zero and all boundaries are set to a no-slip
condition.

Orthogonal to the direction of cell capture channel are the
compartments for cell lysis, RNA capture and further processing
(Fig.1b). The glass surface of this compartment is functionalized
with 50-base poly(dT) oligos to capture the polyadenylated mRNA
molecules by hybridization. The cell suspension is flowed into the
trap channel after valve lines 2 and 3 are actuated to isolate the cell
trap channel from the reagent channels and processing chambers.
Upon successful single-cell trapping, the valves between the
modules (V1 and V2) are then closed to compartmentalize the cells.
The individual cells are then moved upward by injecting a lysis
solution from the lower reagent channels into the processing
chambers where the cells are lysed and the released poly(A) mRNA
molecules are captured onto the glass surface by hybridization.

PDMS device fabrication

The PDMS devices were designed and fabricated according to the
procedures of Unger et al.*' with some modifications as described in
our previous work.”> ** A two-step lithography process was utilized
to fabricate the mold for the PDMS fluidic layer with larger rounded
channels for valving and smaller channels with vertical walls for cell
trapping and fluid flow. All fluidic channels were fabricated to a
height of 25 pm. The width and length of the processing chamber are
250 pm. The mold for the valve control layer was patterned with a
channel height of 40 um.

The valve control layer and fluidic channel layer were prepared
using Sylgard 184 (Dow Corning) with part A to part B ratio of 5:1
and 20:1, respectively. The valve control layer was prepared by
adding degassed PDMS prepolymer mixture onto the mold in a
carrier. The fluidic channel layer was prepared by spin-coating of
degassed PDMS mixture onto the mold to a height of about 50 pm.
After the PDMS layers were cured at 65 °C for 30 min., the valve
control PDMS layer was peeled off the mold and holes were
punched for fluidic connections using a 0.75 mm diameter punch.
The two layers were bonded together by heating at 65 °C for 4
hours. The bonded PDMS layers were peeled off the mold together
and holes were punched for the fluidic connections. The detailed
procedures are provided in the ESI.

Chemical bonding of PDMS to glass and selective
functionalization of surfaces

The overall process is illustrated in Fig. 2. First, the bottom of the
PDMS channel layer is covalently bonded onto a glass coverslip by a
chemical reaction between the reactive groups functionalized on
their surfaces.* Briefly, the surface of the PDMS layer was activated
by oxygen plasma in a UV-ozone cleaner and functionalized with
epoxy groups using 3-glycidoxypropyl triethoxysilane while the
surface of the cover glass is activated with primary amine groups
using 3-aminopropyltriethoxysilane. Then the PDMS layer was laid
onto and bonded to the coverslip by heating at 60 °C for 4 hours to
crosslink the epoxy groups and the amine groups on their surfaces.
Second, the surface of the PDMS inside the channels was passivated
with polyethylene glycol (PEG) by reacting the epoxy groups with
the amine groups on monofunctional amine-PEG2000. Third, the
amine groups on the glass surface were converted to carboxyl groups
by reacting with bifunctional bicarboxyl PEG1000 in large excess.
Any residual unreacted amine was converted to acetyl amide using
sulfosuccinimidyl acetate. Finally, the glass surface in the processing
chambers was selectively functionalized with poly(dT)s, oligos
using 5'-amine-labeled poly(dT)s, oligos. All channels were then
washed with and stored in saline sodium citrate buffer until use. The
detailed procedures are provided in the ESI.

PDMS PDMS
PDMS
1. Functionalize Epoxy 2. Bond PDMS
surfaces to glass Epoxy
E— Amine —_— Amine
3. Passivate
PDMS surface
PDMS 5. Functionalize PDMS 4 Transform and PDMS
with poly(dT)s, passivate
. . [T TR TR LT
oligonucleotides £ PEG R glass surface
—_— g 2
E Carboxyl-PEG %

c FIMMMININININY II i i

Fig. 2 Method for chemical bonding and selective functionalization of the surfaces of the microfluidic devices. The novel strategy allows for the chemical
bonding of PDMS to a glass substrate and selective passivation of the PDMS surface and functionalization of the glass surface.

This journal is © The Royal Society of Chemistry 2013
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Preparation of fluorescently-labeled synthetic mRNA

The mRNA is transcribed from a gene encoding a phi29 DNA
polymerase on a plasmid. A 30-cycle PCR was performed to amplify
the gene with a primer to include the T7 promoter and a primer
designed to include a 150-base poly(dT) tail. The PCR product was
used as a template to transcribe the mRNA in the presence of
fluorescein-12-UTP (Enzo Life Sciences) at 2% of the total UTP
concentration using the HiScribe™ T7 transcription Kit (New
England Biolabs). After digest of the DNA using DNase-I, the
polyadenylated fluorescein-labeled mRNA was purified using a kit
(MEGACclear Kit, Ambion) and murine RNase inhibitor (Roche) was
added into the product to prevent degradation. The final mRNA
product is about 1700 base long and contains a 150-base poly(A) tail
(termed poly(A);so-phi29 mRNA for short). The concentration of the
product and average number of labels per molecule were quantified
by UV-vis absorption.

Cell culture and preparation

HeLa cells were grown and maintained under standard culture
conditions (37 °C and 5% CO,) in DMEM supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin. The cells were
detached from culture flask surfaces using 0.25% trypsin/EDTA, re-
suspended in DMEM and centrifuged at 1000 rpm for 6 minutes to
remove the trypsin. Finally, the cells were diluted in DMEM to a
concentration of 0.5 million cells per mL for the experiments.

Measurements of mRNA capture kinetics in microfluidic devices

To establish a benchmark, the pure synthetic fluorescently-labeled
poly(A);s0-phi29 mRNA at 50 pM in a lysis/binding buffer (500 mM
LiCl, 100 mM Tris-HCI, pH 7.5, 10 mM EDTA, 5 mM DTT, 1%
lithium dodecyl sulfate) was used to determine the capture kinetics.
Measurements were also performed with 50 pM mRNA in the
presence of 250 pM and 1 nM of Alexa647-lableled poly(dT),s
which can hybridize to the poly(A) tail on the mRNA to investigate
the effect of the labeled poly(dT),s on the overall capture kinetics.
To simplify the measurements, we used a device with straight
channels of 2 mm width and 100 pm height fabricated on coverslips
functionalized with poly(dT)s, oligos. The mRNA solution was
pulled into the microfluidic channel at a flow rate of 160 mm/s using
a syringe pump and immediately time-lapse fluorescence images
were acquired in both fluorescein and Alexa647 channels at the same
field of view using a TIRF setup. Excitation was provided by a 488
nm laser for the fluorescein channel and a 642 nm laser for the
Alex647 channel. The images were captured using 200 ms exposure
and an EM gain of 20.

To simulate the condition used in our single-cell microfluidic
device, we used simpler devices with 15 mm x 250 pum x 25 pm
straight PDMS channels, which were fabricated and functionalized
similarly, to measure the kinetics of mRNA capture from HeLa cell
lysate. To prepare the lysate, the cultured cells were counted and
mixed into lysis/binding buffer solution containing 2.5 nM of Cy3-
poly(dT),s probe at a concentration of 1 cell per 3 nL, which is the
volume of the processing chamber in our single-cell microfluidic
device. Capture kinetics measurements were performed in a similar
manner using a 532 nm laser for excitation. To quantify the non-

This journal is © The Royal Society of Chemistry 2013
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specific binding of the mRNA and the Cy3-labeled oligo probe to
the surface, two control experiments were also performed, one with a
channel that was not functionalized with poly(dT)s, oligos, and one
with a functionalized channel but only lysis/binding buffer and Cy3-
poly(dT),s probe. The time-lapse images were analyzed and the
single-molecule counts from the time-lapse images were plotted as a
function of time.

Computational modeling of mRNA capture kinetics

mRNA capture is modeled as a one-dimensional diffusion-
hybridization process. The mean squared displacement (<x’>) of an
mRNA molecule due to Brownian diffusion is calculated using the
Einstein equation (<x’>=2Dr) and the Stokes-Einstein equation
(D=kyT/67nR;), where D and R, are the diffusivity and
hydrodynamic radius of the mRNA molecule respectively. R, can be
approximated by R,=0.5(aLp/3)"”, where a is the distance per base
of single-stranded RNA (a = 0.49 nm), L is the contour length of the
mRNA (number of bases) and p is the persistence length for single-
stranded RNA (p = 1.4 nm).>> *® For simplicity, the hybridization of
the poly(A) tail of the mRNA to the poly(dT)s, oligos on the surface
is treated as a pseudo first-order reaction since the poly(dT)so oligos
are in large excess.

The entire process of mRNA capture by one dimensional
diffusion and hybridization can be modeled using the diffusion
equation:

oc _9'C
o o
with the boundary conditions of a total reflector at the top surface

(M

(6C(z=H,t)/0z=0), a pseudo first-order irreversible hybridization
reaction at the bottom surface (0C(z=0,t)/ ot =—kC(z =0,¢) ) and an
initial condition of uniform mRNA concentration (C(z,t=0)=C,),
where C is the concentration of the mRNA in the solution, & is the
rate constant for the hybridization reaction which is independent of
channel height, z is the perpendicular position above the surface of
the channel and H is the height of the channel.

To investigate the capture kinetics of mRNA of various lengths
in chambers with different heights, the partial differential equation
(eq. 1) was solved numerically in MATLAB using the finite
difference method. A mesh of 107 by 10> nodes was used to
discretize the temporal by spatial components of the one dimensional
diffusion model. To do so, first, the rate constant of the pseudo first-
order hybridization reaction (k) was determined using the
experimental kinetics data of poly(A);so-phi29 mRNA capture in a
100 pm high channel. By inputting the calculated RNA diffusivity
and channel height, the value of £ was optimized so that the overall
kinetics determined numerically by solving equation (1) using the
finite difference method matches the overall experimentally
measured kinetics data. The diffusivity of the RNA molecule is
calculated using the Stokes-Einstein equation. Once & is determined,
the theoretical kinetics data can be numerically computed for any
channel height and RNA length. This model was also used to
determine the hybridization reaction kinetics of mRNA capture from
HeLa cell lysate in the presence of 2.5 nM Cy3-poly(dT),s, as well
as the synthetic mRNA in the presence of various concentrations of

poly(dT)ys.

Lab Chip., 2015, 00, 1-3 | 4
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Capture of polyadenylated mRNA from single cells

Single HeLa cells were captured, isolated, and lysed in parallel using
devices with 16 modules. Valve operations and fluid delivery were
performed as described in our recent work.’* ** Several steps were
performed to prepare the devices prior to the cell capture
experiments. First, to reduce non-specific binding of cells, valve
lines 2 and 3 were closed and the cell capture channels were
passivated with a protein-free blocking buffer (PBS-T20, Thermo
Fisher) by injecting the solution into the channels and incubating for
>10 minutes. Second, the bottom reagent channels were filled with
lysis/binding buffer solution containing 1 nM Alex647-poly(dT),s
and 1 unit/pL of murine RNase inhibitor. Finally, the processing
chambers were dried by a continuous flow of air through the
channels.

Once a device was ready and mounted onto a microscope stage
via an adaptor and valve lines 2 and 3 were actuated, a HeLa cell
suspension was injected through the main channel at 1-10 pL per
hour using an infusion syringe pump. The cells were captured one
per trap automatically by hydrodynamic trapping as they flowed
through the channel. The process was monitored by brightfield
contrast microscopy. Then the inter-compartment valves (valves V1
and V2 in Fig. 1b) were closed to isolate the modules.

To process the cells, the individual cell in each module was
pushed out of the trap and into the processing and mRNA capture
chamber by opening valve line 2 and injecting the lysis/binding
solution from the bottom reagent channel. After the air in the
chamber was completely displaced (PDMS is permeable to air),
valve line 2 was actuated to close the chamber. As the cell undergoes
lysis in each compartment, the polyadenylated mRNA molecules are
released into the chamber, diffuse and hybridize to the poly(dT)so
oligos functionalized on the glass surface, while simultaneously
hybridizing to the Alexa647-poly(dT),s in solution for detection.
Bright-field microscopy was used to monitor the cell trapping and
lysis process using a 10x objective. After at least ten minutes of
incubation of mRNA in the capture chambers, the entire surface of
each mRNA capture chamber was scanned and imaged with a 10
percent overlap between fields of view.

Single-molecule fluorescence imaging and image processing

Fluorescence imaging was performed using total internal reflection
microscopy (TIRF) with an objective-based TIRF system. The
system consists of a fully automated inverted fluorescence
microscope equipped with an autofocus mechanism and a TIRF
slider (AxioObserver Z1 and TIRF 3 Slider, Carl Zeiss) coupled to 4
lasers via a broadband optical fiber. A 100X 0il/NA 1.46 objective
lens was used for both laser excitation and fluorescent detection. A
back-illuminated EMCCD camera (iXon3 897, Andor Technology)
was used for imaging. Detail is provided in the text and Fig. S1 in
ESL

All performed with MATLAB
(MathWorks). For each chamber, a montage was constructed by

image processing was
positioning each image tile in its proper location. Overlapping
sections were merged by performing a maximum projection

calculation to select which pixel value to incorporate. The

This journal is © The Royal Society of Chemistry 2012

background was removed by subtracting from the image using the
morphological opening algorithm, calculated using a ball structured
element with a radius of eight. The images were then thresholded to
select pixels with a value above 50. To remove noisy pixels, a filter
was applied to calculate the average density of thresholded spots
around each pixel and a second round of thresholding was applied
such that only selected pixels with at least two adjacently selected
pixels were chosen. A labeling function was then employed to
identify and index the separate objects in the binary image. At this
point, spots with a small number of pixels were defined as a single
molecule and the remaining objects were analyzed using the
watershed transform to segment closely grouped molecules based on
the topography in the original image.

A histogram of intensity values from all spots was utilized to
select a mean intensity for a single mRNA transcript. An adjusted
count for the number of transcripts present was estimated by
dividing all intensity values by the approximated mean intensity of a
single mRNA molecule.

Results

Device design, fabrication and operation

Our device is designed to integrate both single-cell capture and
downstream processing in individual modules connected in serial for
parallel processing of multiple cells. The cell traps of the modules
are arranged in series while the processing chambers are arranged in
parallel and can be isolated from one another by valves to enable
parallel downstream processing. As illustrated in Figure 1, the
dimensions of two paths in each trap chamber are designed such that
the bulk of the incoming fluid is directed into the cell trap path. The
traps can be tailored to capture cells of specific shape, size and
elasticity.

Fig. 3 shows a photograph of a fabricated device (Fig. 3a), a
contrast brightfield image of one module (Fig. 3b), and the results
from computational modeling of fluid flow through a pair of
hydrodynamic traps, one with a trapped cell and one empty (Fig. 3c).
A closer examination shows that incoming fluid streamlines are
directed into the cell trap path if the trap is empty. Once a single cell
is captured and the trap is filled, the fluid streamlines are redirected
to the bypass. Based on computational simulations and cell-capture
experiments, we found that very high single-cell capture high
efficiency can be achieved, with greater than 98% efficiency
depending on the cell types and sizes. Example single-cell trapping
movies (movies M1 and M2) are available in ESI.

Chemical bonding and selective functionalization of surfaces

Central to our design is the surface chemistry for efficient capture
and analysis of single RNA molecules. This requires surfaces that
have low non-specific binding to biomolecules and reagents such as
fluorescently-labeled oligos to minimize sample loss and to reduce
background noises fluorescence
imaging. For this purpose, we developed a method for chemical
bonding and differential functionalization of the PDMS and glass
surfaces.

for reliable single-molecule

Lab Chip., 2015, 00, 1-3 | 5
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Fig. 3 Microfluidic device for capturing and counting of mRNA molecules from single cells. (a) A photograph of a functional device. The valve
control lines are filled with a blue solution while the fluidic channels are filled with an orange solution. (b) A contrast brightfield image of an area
containing a single module. The area outlined in red is the processing chamber where the cell is lysed and the released polyadenylated mRNA
molecules are captured by hybridization to the poly(dT)sy oligonucleotides covalently functionalized on the glass surface. (¢) Modeling of fluidic
flow through two traps in serial using finite element analysis. The zoom-in views show the fluidic flow streamlines through the two traps, one with
a single cell (left) and one without any cell (right).

[

Fig. 4 Hydrodynamic capture and chemical lysis of single cells. (a) Bright-field micrograph of a portion of the device showing two modules, each with a
single cell captured. The zoom-in views show that one cell (left) is larger than the other (right). (b) Following cell capture, the inter-module valves were closed
and a lysis buffer was injected from the bottom reagent channel (orange arrows) to move the cells (in red circles) out of the trap site towards the processing
chamber (blue arrows). (c) The further injection of the lysis buffer pushed the cell further toward (left panel) and into the processing chamber (middle panel)
while the air was displaced from the chamber. Eventually the air was completely displaced and chamber was filled. The cell was fully lysed in the chamber
and no longer observable (right panel). The scale bar is 100 pm.

This journal is © The Royal Society of Chemistry 2013 Lab Chip., 2015, 00, 1-3 | 6
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As illustrated in Fig. 2, prior to the assembly of the glass-PDMS
device, we functionalized the PDMS surface with epoxy groups and
the glass surface with primary amine groups. This enables the
chemical bonding of the PDMS to the glass coverslip without using
plasma treatment which usually damages the functional groups on
the surface. Moreover, our strategy enables the selective passivation
of the PDMS surface inside the microfluidic channels with PEG
which is known to prevent non-specific binding and fouling, and the
selective covalent functionalization of only the glass surface with
poly(dT)so oligos via a PEG linker. The selective functionalization
enables the specific capture of polyadenylated RNA by hybridization
onto the glass surface for processing and single-molecule imaging
while the non-specific binding of RNA and other reagents to the
PDMS surface is minimized.

Capture, isolation, and lysis of single cells

Fig. 4 shows the hydrodynamic capture and chemical lysis of single
cells in a device. An image of two modules, each with a single cell
trapped is shown in Fig. 4a. Following cell capture, the valves
between the modules were closed to isolate each trapped cell from
its neighbors. The valve between the cell trap and processing
chamber which has been pre-filled with air is opened and the
lysis/binding buffer was injected from the bottom reagent channel.
Since the path from the backside of the cell trap has a lower fluidic
resistance, the cell was dislodged from the trap site and pushed
towards the processing chamber (Fig. 4b). As more lysis/binding
solution was injected, the cell in the solution was pushed into the
processing chamber by completely displacing the air in the chamber.
An equal volume (~1.5 nL) of lysis buffer is mixed with the solution
in the cell trap. The cell was lysed by the high concentration of the
anionic detergent, lithium dodecyl sulfate (Fig. 4c). Cell lysis was
observed to occur within seconds upon mixing with the lysis
solution.

Kinetics of mRNA capture in a microfluidic device

The capture kinetics of the pure synthetic 1700-base fluorescein-
labeled poly(A);so-phi29 mRNA in a 100 pm high microfluidic
channel in the absence of and presence of Alexa647-poly(dT),s at
different ratios can be fit well with the diffusion-reaction model by
optimizing the rate constant of the hybridization reaction. The
kinetics data and fits are shown in Fig. 5. Table 1 lists the extracted
time constants of the hybridization reaction, the time to reach 95% of
total capture, the count of the captured mRNA and capture yields. In
the absence of Alexa647-poly(dT),s oligos, the hybridization
reaction on the surface is very rapid with a time constant of 6.1 s. As
can be observed, the presence of the 25-base Alex647-poly(dT),s,

which can hybridize to the 150-base poly(A) tail of the mRNA,
affects the hybridization kinetics and capture yield. Since a
maximum of 6 poly(dT),s oligos can hybridize to the 150-base
poly(A) tail on each mRNA molecule, the ratio of poly(dT),s to
mRNA is calculated as molar concentration ratio divided by a factor
of 6. As the poly(dT),s to mRNA ratio increases from 0:1 to 0.83:1,
and 3.3:1, the hybridization reaction time constant increases from 6.1
sto 7.5 s, and 68.3 s, respectively. The theoretical maximum number
of molecules in a 50 pM mRNA solution over each field of view was
obtained (~19,300) and used to calculate the capture yields.
Considering that the mRNA molecules could be lost due to potential
non-specific binding to the channels during sample transport, the
yields are very likely lower than those of our single-cell devices, and
reflect a lower limit for surface capture by hybridization and
molecule counting.
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Fig. 5 Capture kinetics of synthetic polyadenylated fluorescently-
labeled mRNA (poly(A)iso-phi29mRNA) in 100 um high microfluidic
channels. Shown are the kinetics data of capturing 50 pM mRNA in the
presence of 0 pM, 250 pM and 1 nM of Cy3-poly(dT),s oligos. The data
are fit to a reaction-diffusion model by optimizing the rate constant of
the hybridization reaction on the surface. The dotted curves are the data
and the solid lines are the model fits. The time constants of the
hybridization reaction in the presence of 0, 250, and 1000 pM of
Cy3-poly(T),s are determined to be 6.1 s, 7.5 s and 68.3 s, respectively.
The horizontal dashed lines represent 95% completion of mRNA
capture as approximated by the extrapolated fit. The vertical dashed
lines correspond to the time at which 95% mRNA capture has occurred.

Table 1 Extracted parameters from the fits of capture kinetics data to the diffusion-hybridization model. The capture kinetics data were acquired using 50 pM
of poly(A)150-phi29mRNA in the presence of various concentrations of Alexa647-poly(dT),s probe. The capture yield is calculated as percentage of the count
of captured mRNA relative to the theoretical total number of mRNA in the solution above the measurement area.

Concentration of 'Hybridization Time for 95% Captured Capture yield R of fit
poly(dT),s (pM) | time constant (s) capture (s) mRNA count
0 6.1 506 5535 29% 0.997
250 7.5 507 4795 25% 0.999
1000 68.3 585 1077 5.6% 0.995

This journal is © The Royal Society of Chemistry 2013
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At a ratio of 0.83:1 which is below the level of the saturation of
the poly(A) tails, the hybridization kinetics decreases only slightly.
However, once the ratio is above saturation level (3.3:1 in this case),
the capture kinetics decreases significantly. Intuitively, this is
expected because the rate constant of the hybridization reaction
between the poly(A) tail on the mRNA and the poly(dT)s, on the
surface is approximately linearly proportional to the squared root of
the number of the available adenosine bases of the poly(A) tail,*” and
the fraction of available regions in the poly(A) tail for hybridization
decreases drastically as the ratio is above saturation level. The
capture yield or count is decreased as the ratio of poly(dT),s to the
polyadenylated mRNA is increased. This indicates that the poly(A)
tails of some mRNA molecules become saturated and inaccessible to
capture by the poly(dT)so oligos on the surface. Interestingly, a
significant fraction of the total mRNA is captured even though the
labeled poly(dT),s is above saturation level.

Capture kinetics of mRNA from HeLa cell lysate

To simulate the single-cell mRNA capture kinetics experiments in
the microfluidic device, our strategy is to add a fluorescently-labeled
poly(dT),s oligo into the cell lysate to enable the real-time
monitoring of the process by single-molecule fluorescence imaging
using TIRF microscopy. Since the concentration of the total number
of mRNA from a single HeLa cell is not known, we estimated the
possible range and the concentration of the labeled poly(dT),s to be
used for our measurements.

2 1250 7 95% captured )
N’ 2R [] "
E
g 1000 - £
S 4
< 7507 g
E 500 m all components
g ® no mRNA
£ 250~ no poly(dT),,
=
z
0 1o 08 peasan
0 100 200 300 400 500 600
Time (s)

Fig. 6 Capture kinetics of polyadenylated mRNA from HeLa cell
lysate in 25 pm high PDMS microfluidic channels. The concentration
of the cell lysate is about 1 cell per 3 nL of lysis/binding buffer.
Cy3-poly(dT),s probe was added to the cell lysate to a concentration of
2.5 uM to enable real-time monitoring of the capture kinetics. The
kinetics data (blue squares) along with two control experiments (black
dots and cyan triangles) are shown. In one control, cell lysate was not
included (black dots, no mRNA), while in another control the surface of
the device was not functionalized with poly(dT)so oligos. The curve of
the mRNA capture data was fit to the diffusion-hybridization model
(solid blue line). The time constant (1/k) of the hybridization reaction is
determined to be 139 s. The time required to capture 95% of total
mRNA (horizontal dotted gray line) is about 7 minutes (425 s).

This journal is © The Royal Society of Chemistry 2013

Lab on a Chip

We found that the addition of 2.5 nM of Cy3-poly(dT),s oligos
to the HeLa cell lysate at a concentration equivalent to one cell in the
volume of the processing chamber in our single-cell microfluidic
device (~1 cell in 3 nL) allows for the simultaneous rapid capture
and detection of the mRNA molecules.

The results from the kinetics experiments using HeLa cell lysate
and a microfluidic device with 250 um wide and 25 um high straight
channels are shown in Fig. 6. The kinetics data of mRNA capture
from the HeLa cell lysate can be fit to our diffusion-hybridization
model very well (R?= 0.988) using a 25 pm channel height and the
parameters of a 1400-base RNA, which is the reported median
length of the mRNA molecules in HeLa cells.*® The time constant of
the hybridization reaction was determined to be 139 s. The curve of
the capture kinetics plateaus quickly around 500 s, and it takes only
~ 7 minutes to capture 95% of the total molecules that can be
captured due to the use of the much lower 25 um channel. In the
absence of the Cy3-poly(dT),s, the capture rate would have been
much faster. Finally, in the chambers of the control experiments,
there is only a constant and very low level of non-specific binding of
the labeled probe oligos and mRNA throughout the course of the
experiments. This confirms that our surface chemistry has very low
non-specific binding and is suitable for single-molecule fluorescence
imaging.

Computational modeling of mRNA capture kinetics

As can be observed in Fig. 5 and 6, the experimental mRNA
capture kinetics data can be modeled very well using a one-
dimensional diffusion equation with the boundary conditions of a
total reflector at the top surface and a pseudo first-order
hybridization reaction at the bottom surface. Fig. 7 shows the
numerically simulated capture kinetics of RNA of four different
lengths from 500 to 50,000 bases and two chamber heights of 25 pm
and 100 um using a time constant (1/k) of 6.1 s for the hybridization
reaction that is determined from the experiment with the pure 1700-
base poly(A);so-phi29mRNA as described earlier. The extracted
parameters and the times required for the RNA molecules diffuse
across 25 pm and 100 pm high chambers calculated using the
Einstein equation are listed in Table 2.

Table 2 Numerically simulated mRNA capture kinetics.

Channel RNA Time to 95% Diffusion
Height Length (nt) Capture (s) time (s)
500 28 7.6
2000 43 15
25 pm
10000 83 34
50000 176 76
500 278 122
2000 549 245
100 pm
10000 1218 548
50000 2718 1225

Lab Chip., 2015, 00, 1-3 | 8
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Fig. 7 Modeling and numerical simulations of mRNA capture kinetics. The kinetics were determined by numerically solving the diffusion
equation (equation 1) using finite difference method and a time constant (//k) of 6.1 s for the hybridization reaction. Shown are the capture
kinetics of mRNA with lengths of 500 to 50000 bases in 25 um (left panel) and 100 um (right panel) high microfluidic chambers. The horizontal
dotted gray line corresponds to 95% completion of total mRNA capture. The effect of mRNA length and channel height on the capture rate is
distinctly visible and exaggerated for longer transcripts. In 25 pm chambers, mRNA capture is very rapid. Even for a 50000 base long mRNA,

95% capture can be achieved in 3 minutes (176 s).

With the exception of the very short RNA in 25 um high
chamber, the rate of mRNA capture is limited to a higher degree by
diffusion. An increase in the length of mRNA and the height of the
chamber results in slower capture rate. At 100 pm chamber height,
the rate of mRNA capture is significantly reduced, especially for
larger transcripts. Overall, the key finding is that mRNA with length
up to 50000 bases can be captured to completion within 3 minutes in
a chamber with 25 um height.

Capture and enumeration of mRNA from single mammalian cells

Two microfluidic devices with 16 modules were fabricated and used
for the single-cell mRNA capture experiments. A total of 9 cells

were analyzed in 9 modules and 8 modules without any cell captured
were used as control. In these experiments, 1 nM of Alexa647-
poly(dT),s oligos was added into the lysis/binding buffer to label the
polyadenylated mRNA for single-molecule imaging and counting.

The images were processed to count the total number of mRNA
molecules from the individual cells. Fig. 8 shows an example
fluorescence image and the objects recognized by our single-
molecule selection algorithms overlaid on the image. As observed in
Figure 8b, our algorithm can segment many adjacent spots into
individual molecules or objects with high accuracy and the
fluorescent intensities of the spots vary. The variation could be due
to several factors. These include the variation in the number of

Fig. 8 Single-molecule fluorescence imaging and counting of captured mRNA from single cells. (a) A region from a montage image of an entire surface area
of a chamber is shown. The background has been subtracted from the image. The region is close to where cell lysis occurred. (b) The same region that has
been segmented with the single-molecule selection algorithm. Fluorescence intensity is shown in red and outlines of the molecules are shown in green. Scale
bar: 10 pm.

This journal is © The Royal Society of Chemistry 2012 Lab Chip., 2015, 00, 1-3 | 9
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Alexa647-poly(dT),s probe oligos that hybridize to each mRNA
molecule due to the intrinsic variation in the length of the poly(A)
tails of the different mRNA molecules, signal fluctuation inherent in
single-molecule imaging, and possible co-localization of more than
one molecule in the diffraction-limited spots (~320 nm resolution).
Therefore, the raw counts represent the lower bound of the total
poly(A) mRNA molecules in the single cells. To get a better estimate
of the counts, an average intensity value of a single mRNA molecule
is determined from the single-molecule cluster in a histogram with
both the spots initially identified as isolated single molecules and the
spots segmented with the watershed function (See Figure S2 in ESI).

Lab on a Chip

An adjusted count is determined by dividing the total intensity by the
average intensity value of a molecule.

The statistics of the counts are listed in Table 3. The count varies
from 30,000 to 155,000 for the adjusted counts. The average mRNA
count for all 9 channels containing single-cells is 69,752 with a
coefficient of variation (CV) of 66%. In contrast, the adjusted counts
of objects for the 8 control modules without any cell, which are
primarily due to the non-specific binding of the Alexa647-poly(dT),s
probe to the surface and auto-fluorescing impurities on the surface,
are consistently low with an average of ~2500, less than 5% of the
average count in the modules with single cells.

Table 3 Enumeration of mRNA molecules in single cells. Listed are the counts of the total number of polyadenylated mRNA molecules from 9 single cells
measured with two separate devices. Listed are both the unadjusted raw counts of discrete objects identified on the image using a segmentation algorithm and
the adjusted counts in which the potential number of molecules co-localized on each individual object has been accounted for by estimating the number of

molecules based on intensity measurements.

Device 1 Device 2
Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7 Cell 8 Cell 9
mRNA Adjusted 40,080 30,406 56,771 136,709 | 40,192 154,734 37,100 87,256 44,521
count (Raw) (7,653) | (13,195) | (21,979) | (44,925) | (16,825) | (50,400) | (15,817) | (34,561) | (18,344)
tails of the mRNA molecules (83% saturation in our experiments)
Discussion decreases the capture kinetics only slightly, but a concentration

At present, no technology is available for direct single-molecule
detection and enumeration of all mRNA transcripts from single cells.
The microfluidic platform and methods described in this work
represent a first attempt towards such a technology. Our strategy is
to integrate single-cell capture and downstream processing into
individual microfluidic modules connected in serial for scalable
parallel analysis of multiple cells, and to selectively functionalize the
glass surface in the processing chamber to enable the direct capture
by hybridization and single-molecule imaging of polyadenylated
mRNA molecules. We have shown experimentally that single cells
can be captured with high efficiency using hydrodynamic traps
which are tailored to capture cells of specific size and shape based
on computational modeling. Critical to our design is the method we
have developed for the differential passivation of the PDMS surface
with PEG and the functionalization of the glass surface with
poly(dT)so via a PEG linker to reduce non-specific binding to both
surfaces and to enable the specific capture of polyadenylated mRNA
molecules onto the glass for single-molecule fluorescence imaging
and counting. The consistent low background from our control
experiments with labeled probe but without cells underscores the
suitability of our surface chemistry for single-molecule work.
Kinetics measurements of a pure 1700-base mRNA with a 150-
base poly(A) tail in a 100 pm high microfluidic channel by real-time
single-molecule imaging using TIRF microscopy showed that the
mRNA capture fits to a one-dimensional diffusion-hybridization
model. The time constant of the hybridization reaction on the surface
was determined to be 6.1 s. mRNA capture reaches almost
completion within 10 minutes. The presence of fluorescently-labeled
poly(dT),s oligo affects the capture kinetics in an interesting manner.
A concentration of poly(T),s below a level that saturates the poly(A)

This journal is © The Royal Society of Chemistry 2013

above saturation level decreases the capture kinetics significantly.
Additionally, an increase in the concentration of labeled poly(dT),s
oligo reduces the yield of the capture, but does not completely block
mRNA capture even when a concentration above saturation is used.
We postulate that this likely could be due to the random nature of the
hybridization of the poly(dT),s oligos along the longer poly(A) tails,
leaving behind some short gapped regions of poly(A) that can still
promote hybridization to the longer poly(dT)s, oligos in the surface.

For simulated single-cell mRNA capture kinetics measurements
in a chamber with the same dimensions of the microfluidic device
for single-cell mRNA analysis, our strategy is to add a fluorescently-
labeled poly(dT),s oligo into the cell lysate to hybridize to the
poly(A) tails of the mRNA molecules so that the capture kinetics can
be monitored in real time. We were able to determine a
concentration of fluorescently-labeled poly(dT),s that enables the
successful measurement of capture kinetics of polyadenylated
mRNA from cell lysate equivalent to a single HeLa cell. In the
presence of 2.5 nM of Cy3-poly(dT),s, the mRNA capture kinetics is
found to reach 95% completion by 425 s with a hybridization
kinetics time constant of 139 s. This indicates that polyadenylated
mRNA molecules released from a single cell can be completely
captured within minutes by diffusion and hybridization. Because the
hybridization kinetics is found to be slower than that of poly(A);so-
phi29 mRNA in the presence of saturation level of 1 nM poly(dT),s
oligos (1:3.3), the poly(A) tails of the mRNA from the cells are
presumably saturated to a higher degree. If the kinetics of the
hybridization reaction follows a similar trend observed in the
poly(A);so-phi29 mRNA capture experiments, the capture yield
would be less than 20%, potentially resulting in a total mRNA count
5 times or more lower than the expected true mRNA count in the
absence of the labeled poly(dT),s oligos.

Lab Chip., 2015, 00, 1-3 | 10
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Our computational modeling of mRNA capture provides some
useful insights into the mechanism of mRNA capture and how the
length of the mRNA and the height of the microfluidic channel
affect the capture kinetics. The rate constant of the hybridization
reaction, which is dependent on the length of poly(A) tail but mostly
independent of the length of the mRNA molecule, can be determined
from experimental kinetics data using pure synthetic polyadenylated
mRNA, poly(A);so-phi29 mRNA. The rate of hybridization reaction
is very fast with a time constant of about 6 s. If the chamber height is
25 um, the capture kinetics is rate-limited to higher degree by the
hybridization reaction for shorter transcripts (500 nt), but rate-
limited to a higher degree by diffusion as the length of the mRNA
increases. Overall the mRNA capture kinetics is very fast and is
influenced modestly by the length of the mRNA molecules (see Fig.
6 and Table 2). Even for a 50000-base long mRNA, 95% capture can
be achieved in 3 minutes. However, if the chamber height is
increased to 100 pm, the capture kinetics is mostly rate-limited by
diffusion and is slowed down significantly, especially for longer
mRNA. These findings will be invaluable for the design of
microfluidic devices and experiments for single-cell mRNA capture.

More importantly, we have, for the first time, demonstrated the
ability to directly capture and count polyadenylated mRNA from
single cells using a single microfluidic device. Total polyadenylated
mRNA of 9 cultured HeLa cells were captured and counted. The
adjusted counts vary from 30,000 to 155,000 molecules, with an
average mRNA count of 69,752 and 66% CV. The large variation
could be due to some intrinsic factors, including cell growth stages
(we did not synchronize the cell growth) and stochastic nature of
gene expression. In fact, the sizes of the individual cells are usually
observed to be different. As shown in Figure 4A, the cell trapped at
the left module is much larger than the one trapped at the right
module. The variation could also be due to factors related to
experimental measurements and image processing, for example, the
variation of the number of labeled probes hybridized to transcripts
with different poly(A) tail length, and limitation of the custom
algorithms for single-molecule object recognition and counting.

Due to the use of labeled-poly(T),s oligo probe in the
lysis/binding solution to allow for simultaneous capture and
detection, the poly(A) tails of some mRNA molecules could
potentially be saturated with poly(dT),s depending on the ratio of the
labeled poly(dT),s,probe to mRNA. This could significantly reduce
the yield of capture of the mRNA by the poly(dT)s, oligos onto the
surface. We have observed this phenomenon in the experiments with
synthetic poly(A);so-phi29 mRNA in the presence of different ratios
of poly(dT),s probe. The simulated single-cell mRNA capture
kinetics experiment indicates that the capture yield could be below
20% of that of true complete capture in the absence of the poly(dT),s
probe.

It has recently been reported that the median poly(A)-tail length
for HeLa cells is 68 bases.”” Because of such a relatively short
median tail length, a large fraction of the total mRNA could
potentially be either fully saturated with the poly(dT),s, which would
prevent the mRNA molecules from being captured onto the surface,
or saturated by the poly(T)so oligos on the surface, which would
prevent the hybridization of the labeled probe, resulting in uncounted
mRNA molecules. In addition, some mRNA molecules may also

This journal is © The Royal Society of Chemistry 2012

bind non-specifically to the PDMS walls despite the passivation of
the surface with PEG. All these factors could contribute to a
significantly lower total mRNA count than the true count.

Given the uncertainties due to the limitations described above
and the unavailability of a benchmark on absolute counting of total
polyadenylated RNA molecules in single mammalian cells in the
literature, further work will be required to improve and assess our
technology in terms of absolute counting of mRNA of single cells.
For example, single cells can be lysed in a lysis/binding buffer
solution without a labeled poly(dT) probe oligo and the mRNA are
captured onto the surface. The captured mRNA molecules can then
be labeled by reverse transcription using fluorescently-labeled
nucleotides and subsequently detected by single-molecule imaging.
The total surface area of the processing chamber can be optimized
and the captured mRNA can also be denatured and rehybridized to
the poly(dT)s oligos to redistribute and thus even out the molecules
on the surface to minimize the co-localization of the molecules for
accurate counting. Our platform is also designed to be compatible
with technologies for direct single-molecule nucleic acid detection

either by hybridization using specific probes,*'" %

or direct on-chip
single-molecule sequencing.'® '”*! Ultimately, we want to sequence
the mRNA molecule or the reverse transcribed cDNA molecules by
RNA

sequencing or DNA sequencing. We are in the process of developing

adapting and developing methods for single-molecule
this capability in our laboratory.

Conclusions

Using a 1700-base synthetic fluorescently-labeled mRNA with
150-base poly(A) tail, we have demonstrated convincingly that the
mRNA can be completely captured within minutes by diffusion and
hybridization to poly(dT)s, oligos selectively functionalized on glass
the surface in a 25 pm high microfluidic chamber. Our modeling and
numerical simulations of mRNA capture kinetics have also
demonstrated that the hybridization reaction is very rapid with a time
constant of ~6 s for mRNA with a 150-base poly(A) tail, and that
short mRNA can be completely captured in less than one minute and
even 50000-base long mRNA can be captured to almost completion
within 3 minutes in a 25 pm high microfluidic chamber. By adding
fluorescently-labeled poly(dT),s oligos into the HeLa cell lysate, we
were able to simulate the capture kinetics of mRNA from single
cells. Despite the reduced effective length or saturation of the
poly(A) tails due to the hybridization of the poly(dT),s probe, the
capture kinetics is still relatively rapid, with 95% capture in less than
7 minutes.

Using two separate integrated devices, we captured and
enumerated polyadenylated mRNA molecules from 9 individual
HeLa cells. The total counts of the polyadenylated mRNA from the
individual cells are found to vary significantly from one cell to the
other with a very large coefficient of variation. The total mRNA
counts could be much lower than the true counts due to the use of the
labeled poly(dT),s for detection and other factors. Further work will
be required to improve and quantify capture efficiency and count
accuracy, and potentially to enable identification of the mRNA by
direct single-molecule sequencing.'® '” *' Overall, our microfluidic
devices and methods are designed to enable the entire workflow
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from

Lab on a Chip

single cell isolation to mRNA capture and single-molecule

imaging to be performed in a single device. The work described here

has demonstrated these capabilities and has set the stage for the

direct

digital whole transcriptome profiling of single cells using a

single integrated microfluidic device.
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