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Abstract
Methods for single-cell analysis are critical to revealing cell-to-cell variability in biological systems, such as during development or onset of disease, where the characteristics
of heterogeneity and minority cell populations are obscured by population-averaged
measurements. Analysis of individual cells has been limited due to challenges associated with small amounts of starting material, combined with the cost and throughput
required to examine large numbers of cells. Microfluidic approaches are well suited to
single-cell analysis, providing increased sensitivity, economy of scale, and automation.
This thesis presents the development and application of microfluidic technology
for single cell gene expression analysis. The foundational contribution of this work
is an integrated microfluidic device capable of performing high-precision RT-qPCR
measurements of gene expression from hundreds of single cells per run. This device
executes all steps of single cell processing including cell capture, cell lysis, reverse
transcription, and quantitative PCR. This device is further expanded upon by integrating the single cell and nucleic acid processing capabilities with final measurement
of cDNA by high-density digital PCR. The direct quantification of single molecules
by digital PCR has advantages over RT-qPCR in the measurement of low abundance
transcripts, as well as obviating the need for relative abundance measurements or
calibration standards. This technology is demonstrated in over 5,000 individual cell
measurements of mRNA, microRNA, and single nucleotide variant detection in a variety of cell types. Finally, this technology is applied to study the performance of lipid
nanoparticles in delivery of RNA, and manipulation of gene expression in cells. The
microfluidic integration of cell and nucleic acid processing established in this thesis
permits analysis of hundreds of single cells in parallel, while improving work flow and
reducing technical variation compared to samples prepared in microliter volumes. Ultimately, this advances the tools available for precisely measuring transcripts in single
cells, and has application in research and clinical settings.
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Chapter 1
Introduction1
1.1

Introduction

This dissertation describes the engineering and application of novel microfluidic devices for high-throughput single-cell gene expression analysis. In particular, work has
focused on the microfluidic integration of components for single-cell handling, nucleic
acid processing, and measurement of transcripts by performing reverse transcription
followed by polymerase chain reaction (PCR). Considerable advances have been made
in developing microfluidic technology for single-cell PCR, and in demonstrating this
technology in biological applications benefiting from single-cell analysis. Here I review literature relevant to the development of single-cell gene expression analysis
with particular emphasis on microfluidic systems. The specific aims of this thesis are
provided at the end of the chapter.

1.2

Why Measure Gene Expression?

The cells of all organisms inherit genetic instructions that govern their behaviour.
This complete set of genetic instructions (the genome) is composed of DNA and contains the code for genes. Cell differences arise in part as a result of different genes
being actively (or not) expressed. There are also regulatory mechanisms that affect
the functionality of an expressed gene. Gene expression is the process by which genetic information is transcribed from DNA into RNA, and this RNA is translated
into proteins (or processed into bioactive non-coding RNA). These proteins are chief
components of the complicated molecular interactions inside a cell, performing tasks
including catalysis of chemical reactions, intra- and extra-cellular signaling, and main1

This chapter is an updated version of the introductory chapter from Microfluidic Technology
for High-Throughput Single Cell Gene Expression Analysis, by Adam White, University of British
Columbia, 2010. This version is updated with references and discussion of recent advancements in
microfluidics and single cell analysis.

1

1.3. Transcriptional Variability Between Single Cells
taining structural integrity. In order to maintain life, the type of proteins, abundance,
and timing of gene expression is tightly regulated. A single gene can have profoundly
different functions depending on the timing, location, and amount of gene expression [1]. Gene expression is regulated at the levels of transcription, RNA processing,
translation, post-translational modifications, and degradation, allowing cells to respond to their environment. The transcriptome, encompassing all RNA transcripts
of the cell, represents all proteins that are actively being synthesized and thus provides a unique signature of cell state. Thus, measuring transcripts allows for directly
studying cellular processes and variation.

1.3

Transcriptional Variability Between Single
Cells

Much of our biomolecular knowledge of cells and cell tissue is the result of gene
expression measurements of transcription. However, transcription measurements are
traditionally performed on bulk samples of large numbers (thousands to millions) of
cells. The transcriptional variability between individual cells is obscured by ensemble
averaging. Heterogeneity is an ever present feature of biological systems, and cellular
heterogeneity has been observed in cell types ranging from bacteria to mammals. The
sources of transcriptional variability between single cells include the stochastic nature
of transcription, different stages of cell cycle, differentiation, and disease.
Although heterogeneity between two individual cells can arise through differences
in the genome, even isogenetic cells exhibit variability in transcript expression. These
differences may occur through several different mechanisms. The molecular kinetics
involved in gene expression make it a stochastic process, subject to noise [2, 3]. This
results in bursts of expression and apparently random fluctuations that contribute to
phenotypic variation through various feedback mechanisms [2, 3].
Gene expression will also naturally vary between cells in different stages of the cell
division cycle. Cell division is initiated by external stimuli such as growth factors,
and progression through the stages of division is governed by two classes of regulatory
molecules, cyclins, and cyclin-dependent kinases [4]. Cyclin-dependent kinases are
constitutively expressed in cells whereas cyclins are synthesised at specific stages of
the cell cycle [5, 6]. The duration of time spent in different stages of the cell cycle
varies, and cell populations divide asynchronously [7]. This asynchronous division
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results in transcriptional variability between cells. For this reason many studies often
go to great effort to synchronize cell cultures, or arrest cells in a specific phase [5, 8].
Transcriptional variability is also particularly significant in cells undergoing differentiation. Through differentiation, it is hypothesized that stem cells or progenitor
cells asymmetrically divide in order to generate many different cell types. For example, a single embryonic stem cell develops into a multicellular organism including
muscle cells, brain cells, and skin cells, all of which are characterized by very distinct
transcriptional programs. Asymmetric division results in cells that express different genes, giving them different behaviour and diverging fates [9]. In many cases,
the phenotype of stem cells and cells undergoing differentiation is not well defined.
For example, current state-of-the-art enrichment strategies result in a population of
hematopoietic stem cells in which approximately 50% are capable of reconstituting
the blood of mice, as determined by a functional assay [10]. Therefore, bulk analysis
of hematopoietic stem cells obscures the relevant sub population.
Transcription differences between cells can also arise due to the onset of disease.
Diseases such as cancer often have their origin in a single cell [11]. Environmental
exposures, or the accumulation of genetic mutations through multiple cell lineages
can lead to pronounced heterogeneity in the tumor cells which is manifest as aberrant
gene expression [12–14].

1.4

Types of Transcripts Defining Cellular State

The two classes of RNA transcripts that determine cell state are messenger RNA
(mRNA), which code for proteins, and non-coding RNA such as microRNA (miRNA)
which act as regulators of gene expression.
RNA is transcribed from DNA which is subsequently processed into mRNA, and
genetic information is encoded in the sequence of nucleotides. This nucleic acid
is translated into protein according to codons, consisting of three bases each, which
encode for specific amino acids. mRNA consists of a 5’ cap, a coding region containing
the codons for translation, 5’ and 3’ untranslated regions, and a 3’ poly-adenine tail.
A typical mammalian cell contains thousands of different types of proteins in varying
abundance. Proteins involved in metabolic functions, and structural integrity of the
cell are generally found in high abundance, and are often referred to as housekeeping
genes. Although less abundant, mRNA transcripts also produce proteins involved
3
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in intra- and extracellular signaling, as well as transcription factors. Transcription
factors are proteins involved in the process of transcribing DNA into RNA, and play
a significant role in regulating gene expression. Transcription factors have DNAbinding domains that give them the ability to bind to specific sequences of DNA
called enhancer or promoter sequences. Some transcription factors bind to a DNA
promoter sequence near the transcription start site and help form the transcription
initiation complex. Other transcription factors bind to regulatory sequences, such as
enhancer sequences, and can either stimulate or repress transcription of the associated
gene.
Non-coding RNAs such as transfer RNA (tRNA) and ribosomal RNA (rRNA) are
known to be essential in translating mRNA into protein. However, several varieties of
short, non-coding RNAs such as small nucleolar RNA (snoRNA), and small interfering RNA (siRNA) are increasingly being shown to play important roles in regulating
gene expression. In particular, microRNAs (miRNA) have been found to be regulators of gene expression and are drivers in development and cancer [15]. Discovered
in 1993, miRNA are a species of small (approximately 22 nucleotides) non-protein
coding RNA. Primary miRNA transcripts are transcribed as stemloop structures that
are then processed by a protein complex known as the Microprocessor complex (consisting of the nuclease Drosha and the double-stranded RNA binding protein Pasha)
into shorter structures [16]. Further processing is performed in the cytoplasm by
the endonuclease Dicer, which cleaves the stemloop to form the mature miRNA [16].
Interaction with Dicer initiates the formation of the RNA-induced silencing complex
(RISC), responsible for the gene silencing observed due to miRNA expression and
RNA interference [16]. This RISC-integrated miRNA strand regulates gene expression by binding to complementary mRNA molecules and inhibiting translation or
inducing degradation (by argonaute proteins of the RISC complex). Hundreds of
miRNA species are known in humans, and their short sequence length of the critical
5’ seed region makes them complementary to hundreds of mRNA transcripts that can
potentially be targeted for regulation [17]. Recent research has revealed tissue-specific
distributions of miRNAs appearing at different stages of mammalian development.
In particular, Chen and colleagues demonstrated that overexpression of a select few
miRNAs (e.g. miR-181a) can influence hematopoiesis [18], and Calin et al. provided
evidence for miRNA involvement in cancer by determining that miR-15a and miR16a are down regulated in over 68% of chronic lymphocytic leukemia patients [19].
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These findings suggest the potential application of using miRNA expression profiles
to identify those miRNAs involved in human cancer development. Importantly for
the current work, single cell measurements of miRNA in highly purified cell populations have been found to exhibit low cell-cell variability, suggesting that miRNA may
be a very useful biomarker of cellular state [20].

1.5

Techniques for Single Cell Measurements of
Gene Expression

Early changes in cell state are first revealed in the transcriptome, where quantitative measurements with single molecule sensitivity are possible by both imaging and
RT-PCR techniques. This section reviews the current state-of-the-art for single cell
measurements of transcription.

1.5.1

Molecular Imaging

Fluorescent in situ hybridization (FISH) is a technique for detecting specific DNA sequences in fixed cells. FISH uses fluorescent microscopy to image fluorescently labeled
probes that bind to DNA with similar sequences. In 1998, Femino et al. modified
FISH and digital imaging techniques in order to detect single RNA molecules [21].
Specifically, multiple oligodeoxynucleotide probes were synthesized with five fluorochromes per molecule. The probes, each about 50 nucleotides long, are designed to
hybridize to adjacent locations on the mRNA target such that their collective fluorescence becomes visible as a diffraction-limited spot. Single molecules are measured
by processing images acquired from a series of focal planes through a hybridized
cell. Combinations of these probes labeled with spectrally distinct colours have been
used to measure up to 11 genes simultaneously [22]. Raj et al. improved upon
this technique by probing each mRNA species with 48 or more short, singly labeled
oligonucleotide probes [23], which improved the ability to resolve single transcripts.
This technique has been applied in two studies looking at the effect of variable gene
expression on cell fate [24] and response [25]. By counting transcripts of the genes in
a network in individual Caenorhabditis elegans embryos (up to 200-cell stage), Raj
et al. showed that the expression of an otherwise redundant gene (end-1) becomes
highly variable in skn-1 mutants and that this variation is subjected to a threshold,
5
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producing an ON/OFF expression pattern of the master regulatory gene of intestinal
differentiation [25]. Beyond quantifying mRNA in single cells, mRNA-FISH reveals
the location of the transcript inside fixed cells [23]. Also, the spatial organization
of gene expression among fixed cells can be assessed. Similar hybridization techniques have also been combined with rolling circle amplification for in situ detection
of mRNA [26–28].
Although mRNA-FISH has been successfully applied [24, 25, 29], the system has
not been widely adopted. One reason for this is the difficulty in synthesizing heavily
labeled oligonucleotides [23]. Additionally, mRNA-FISH requires a long protocol involving fixing cells, hybridizing probes, washing unbound probes, and taking stacks
of images using fluorescent microscopy. This procedure requires highly specialized
and expensive equipment and reagents. Processing the stack of focal plane images requires exhaustive deconvolution and is computationally intensive [23]. Furthermore, it
is challenging to unambiguously identify all the fluorescent spots as mRNA molecules
as it is impossible to determine whether the detection of an individual probe arises
from legitimate binding to the target mRNA or from nonspecific binding [23]. The
use of multiple probes bound to a single transcript also presents challenges in distinguishing between closely related sequences. Small RNA species, such as miRNAs,
are too short to accommodate multiple probes, making them refractory to analysis
by FISH. Throughput of mRNA-FISH is limited by cost, labour intensive protocols,
and imaging.

1.5.2

RNA-Sequencing

The deep coverage provided by next-generation sequencing has recently permitted
a direct approach to single cell gene expression measurements by sequencing RNA,
known as RNA-Seq or whole transcriptome shotgun sequencing (WTSS) [30]. There
are many different approaches to RNA-Seq. In one example, mRNA is captured on
poly(T) coated magnetic beads prior to reverse transcription. The cDNA is then fragmented, size selected, and sequenced [31]. The deep coverage allows expression levels
to be estimated based on the extent to which a sequence is detected [32]. RNA-Seq
has recently been applied to single cells of the inner cell mass from human embryonic
stem cell development [33]. This study looked at expression dynamics of 385 genes
in 74 single cells [33]. Further improvements in instrumentation, bioinformatics approaches, and optimized reagent kits (such as the template-switching method from
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Clonetech) [34, 35] are rapidly establishing the coupling of whole transcriptome RNA
amplification from single cells with high-throughput sequencing [36–38]. The primary
advantage of RNA-Seq is that it permits analysis of much of the transcriptome, particularly mRNAs. The major limitation to this approach is representation bias, which
makes RNA-Seq poorly suited to diagnostics or other applications where the abundance of a given molecular species is in question [39]. Further bottlenecks in single cell
transcriptome sequencing are cost (although sequencing costs are rapidly dropping),
and sample preparation. In one of the early single cell RNA sequencing studies from
2010, small numbers of single cells were laboriously isolated by mouth pipetting[33],
limiting high-throughput application. However, droplet-based approaches and flow
sorting are increasingly addressing this limitation.

1.5.3

Quantitative PCR Methods

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) provides a
powerful and sensitive method for quantitative analysis of transcript levels, and has
been extensively applied to single cell analysis [40–47]. RT-qPCR is based on the
traditional polymerase chain reaction (PCR), which is a method for specifically and
exponentially amplifying DNA starting from as little as a single copy [48]. In RTqPCR, the first strand of DNA is synthesized from a RNA template through a process
called reverse transcription (RT). Oligonuclotides (primers) designed to be complementary to the transcript of interest are used to specifically transcribe the RNA into
a complementary DNA (cDNA). After first strand synthesis, real-time quantitative
PCR (qPCR) is performed similar to conventional PCR, however a fluorescent reporter probe is added to the reaction. During the annealing stage of the PCR, both
probe and primers anneal to the DNA target. A variety of molecular probes have
been developed for RT-qPCR including intercalating dyes [49], molecular beacons
[50], scorpion probes [51], and hydrolysis probes. Fluorescence (Forster) resonance
energy transfer (FRET) probes are perhaps the most commonly used [52]. These
probes consist of a dual labeled DNA oligo, having a fluorophore and a quencher
at the 5’ and 3’ ends respectively, that is complementary to an internal region of
the amplicon. In close proximity, the quenching molecule prevents detection of the
fluorescent molecule by absorbing energy from the reporter through a process called
Forster resonance energy transfer (FRET) [53, 54]. Following annealing, the polymerization of a new DNA strand is initiated from the PCR primers. Upon reaching
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the oligonuceotide of the probe, the exonuclease activity of the polymerase degrades
the probe, physically separating the fluorophore from the quenching moeity, and resulting in an increase in fluorescence. Fluorescence is detected through the use of
photodetectors or a charge coupled device (CCD). Monitoring the fluorescent signal
of the PCR reaction allows for quantitative measurements of transcript levels [55, 56].
The specificity, sensitivity, dynamic range, and quantitative accuracy make RTqPCR the most common technique for gene expression analysis [57]. RT-qPCR is
sensitive enough to detect transcripts at the level of single cells, and a number of
different strategies for single cell RT-qPCR have been reported [40–43, 45–47, 58].
Bengtsson et al. used RT-qPCR to reveal lognormal distributions of mRNA in single
cells of pancreatic islets of Langerhans [40]. RT-qPCR is also able to target small
RNAs, such as miRNAs, through the use of a stem-loop RT primer that yields a longer
cDNA strand for annealing qPCR primers and probes [59]. This stem loop primer
system has been used to perform highly multiplexed miRNA transcript measurements
in single embryonic stem cells [60, 61]. However, the application of RT-qPCR to large
numbers of single cells has been limited in part due to the high cost of probes and
reagents. Addtionally, laborious techniques such as mouth pippetting, micropipetting, and FACS are used to isolate single cells for RT-qPCR reactions [45, 46]. The
latter, although automated, requires careful optimization and calibration which make
it difficult or impossible to confirm single cell capture.
Microfluidic lab-on-chip technology has enabled digital PCR (dPCR), whereby
single DNA molecules are quantified by compartmentalizing a sample into thousands
of nano- or pico-liter PCR reactions. The sample is diluted such that each reaction
chamber has a high probability of containing 1 or 0 molecules. After PCR in the
presence of a fluorescent probe, each reaction chamber in the array will be either fluorescent if the PCR reaction was successful, or not fluorescent if the reaction did not
occur (i.e. no DNA template present). An end-point image of the array of reaction
chambers can be used to detect DNA in a on/off (digital) format. Digital PCR has
advantages over conventional quantitative PCR in that the measurement is absolute,
and no reference gene or calibration curve is needed for comparison. This means PCR
assays with different efficiencies can be directly quantified and compared. Furthermore, by spatially isolating each PCR reaction, contributions from contaminant or
non-specific reactions are limited. This can reduce the chance of competing reactions
leading to a false-positive in the case of interrogating a single nucleotide variant. Dig8
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ital PCR has been applied to quantify expression of transcription factors in a limited
number of single cells, following FACS isolation of single cells and RNA processing
(lysis, RT reaction) in tubes [62]. More recently, the advent of commercial devices for
performing dPCR in (nanoliter) droplets is facilitating widespread adoption of this
technique in a variety of applications [63, 64]. The small reaction volumes in dPCR
provide a 1000-fold reduction in reagent consumption cost, while providing single
molecule sensitivity. However, the bottleneck in single cell dPCR remains laborious
single cell isolation and sample preparation.

1.6

Integrated Microfluidic Technology for Single
Cell Gene Expression Analysis

Microfluidic systems offer a number of advantages for single cell analysis of gene
expression. A challenge in single cell RT-qPCR is the limited starting material [46].
Microfluidics improve reaction sensitivity by reducing the volume of reactions, thereby
increasing the concentration of template. Reducing reaction volumes also decreases
costly reagent consumption. Microfluidic devices are automatable and highly scalable,
permitting high-throughput and cost-effective application. Furthermore, the precise
fluid handling capability of microfluidic systems is ideal for delicate manipulation of
single cells and the assembly of reactions with low technical variability.

1.6.1

Multilayer Soft Lithography

The microfluidic technology developed in this thesis is based on a fabrication technique called multilayer soft lithography (MSL) [65]. In MSL, silicon wafers covered
in photoresist are exposed to UV light through a micro-patterned photomask. This
mask determines the pattern of features on the wafer after the resist is developed.
For example, a typical negative resist such as SU8 consists of a non-photosensitive
substrate, a photosensitive cross-linking agent, and a coating solvent. Crosslinks form
when the photoresist is exposed to UV light, and the resist polymerises. This exposed
photoresist is now insoluble in a developer solution, while unexposed sections of the
photoresist are subsequently washed away by the developer. Using different photoresists (and coating spin speeds), wafers can be fabricated with features of varying
heights and shapes.
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These patterned wafers are used as replica molds for slabs of polydimethylsiloxane
(PDMS) that are stacked on top of each other. Replica molding allows low cost
production of multiple chips from a single silicon master. Bonding between layers is
achieved by complementary off-ratio stochiometric mixing of the potting prepolymer
component (A) and hardener component (B) of the room temperature vulcanizing
PDMS for each slab. For example, the normal stochiometric ratio of masses A:B is
10:1. Bonding can be achieved between PDMS layers of A:B components, such as
20:1 and 5:1.

Figure 1.1: Valves in MSL. (A) A schematic profile of valve geometry in MSL devices.
(B) Applying pressure to fluid in a ‘control’ channel deflects the membrane with the
‘flow’ channel to effectively valve the ‘flow’ line. These valves can be integrated into
devices as a peristaultic pump, shown in inverse microscope images with all valves
off (C), and one valve on (D).

A simple microfluidic device can be created from a ‘control’ wafer, and a ‘flow’
wafer [65]. A thick slab of PDMS (with excess hardener) molded to the features of the
‘flow’ wafer can be peeled from the ‘flow’ wafer and bonded to a thin layer of PDMS
(with excess potting prepolymer) molded to the ‘control’ wafer. After bonding, this
double-slab of PDMS can be peeled from the ‘control’ wafer, punched with holes for
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fluid inlets/outlets, and bonded to a blank layer of PDMS to close the bottom of
the ‘control’ layer channels. Applying pressure (controlled off-chip by solenoids) on
the fluid in a control line can deflect the membrane between orthogonally crossing
channels in the adjacent ‘flow’ layer, effectively valving the flow channel (Figure 1.1).
Microfluidic devices integrate thousands of these valves (100 extmum x 100 extmum)
in order to partition channels, direct fluid flow, and build active structures such as
peristaltic pumps and mixers [65, 66].

1.6.2

Review of Microfluidic Technology for Single Cell
Analysis

The past decade has seen a surge of efforts to manipulate and analyze individual cells
in controllable lab-on-a-chip devices [67, 68]. As microfluidic technology has matured,
many of the functionalities required for single cell gene expression analysis, such as
cell trapping or nucleic acid detection, have been demonstrated in forms ranging from
proof-of-concept to commercial products [29, 69]. Fitting these pieces of the puzzle
together into a single integrated microfluidic device for high throughput, cost effective
single cell gene expression analysis remains the current challenge.
1.6.2.1

Cell Manipulation

Single cell manipulation and isolation is a task well suited to micro-scale devices,
and a number of distinct strategies have been demonstrated. In particular, physical
trapping, encapsulation in droplets, and dielectrophoresis trapping techniques show
great potential for single cell analysis.
Physical trapping of single cells in microfluidic devices has been accomplished
through integration of microwells [70], cups [71–75], weirs [76, 77], and active valving
[78–80]. Wheeler et al. designed a microfluidic device capable of passively isolating
and trapping a single cell from a bulk suspension by positioning a square-cup “dock”
with small drain channels at the stagnation point of a T-junction [75]. Similar strategies have explored different cup shapes [74, 77], and densely arraying the traps for
large-scale experiments [72]. Skelley et al. developed a device for cell pairing that
featured 6,000 physical cell traps made of polydimethylsiloxane (PDMS) [81]. The
cell traps were densely arrayed (in an area of 8 mm by 4 mm) within a flow-through
channel. Each cell trap consisted of a capture cup, and support pillars on either side
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of the capture cup to allow flow into and under the trap. The pillar heights were
designed to be slightly smaller than the cell diameter in order to trap a cell upon
entering the capture cup. The obstruction provided by a trapped cell impedes fluid
flow through the cell trap resulting in subsequent cells flowing past to be captured
by unoccupied cell traps. Skelley et al. observed that the trap spacing in the array
was critical for efficient capture without clogging. With optimal column spacing of
1-1.5 cell diameters (e20 µm), and a row spacing of 20-50 µm, Skelley et al. captured
70 - 90% of cells entering the array [81]. This physical cell-trapping array is a highly
parallel and scalable technique.
Microfluidic technology for generating monodisperse droplets of aqueous phase
solution inside an inert oil have been applied to the encapsulation of single cells.
Once encapsulated inside a droplet, the droplet acts as an individual test tube, and
reagents (other droplets) can be combined, and reactions can be carried out. Koster et
al. developed a microfluidic device to encapsulate individual cells in picoliter aqueous
drops in a carrier fluid at rates of up to 250 Hz [82]. In addition to cells remaining
viable for up to 6 hours incubating inside 33 pL droplets, the small volumes of the
drops enables the concentrations of secreted molecules such as antibodies to rapidly
attain detectable levels. One limitation to this system is variability in the number
of cells per drop due to stochastic cell loading. However, Edd et al. solved this
issue by designing a high aspect-ratio microchannel that hydrodynamically focuses
cells to be evenly spaced as they travel within the channel [83]. Thus, individual cells
enter the drop generator with the frequency of drop formation. Encapsulation of cells
within picolitre-size monodisperse drops provides new means to perform large-scale
quantitative biological studies on a single-cell basis.
Microfluidic devices integrated with active electronics have been used manipulate
cells with electric fields. This approach offers the advantage that the cells are not
physically contacted. In dielectrophoretic cell trapping, a non-uniform electric field
is generated, and the force applied to the cell depends on the dipole induced within
the cell. Voldman et al. used four monolithic pillars within a microfluidic channel as
electrodes to create a quadropole dielectrophoresis cell trap [84]. Dielectrophoresis
can be selective in only trapping particular cell types, such as selecting white blood
cells instead of erythroctyes [84]. In addition, the traps can be switched ‘on’ or ‘off’
to facilitate cell recovery or subsequent manipulation. Alternatively, optical tweezers
have also been combined with microfluidic devices for single cell manipulation [85–88].
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1.6.2.2

RNA Processing

Techniques such as RT-qPCR and sequencing often require RNA manipulations including purification or reverse transcription into cDNA before further analysis. Single
cell capture, lysis, and reverse transcription have been implimented in a microfluidic
rotary mixer that that may be injected with cell sample, reagents, and output RT
product [78]. The throughput is limited to one cell, however. Bontoux et al. applied
this system to neuronal progenitors, followed by template switching PCR in a tube,
and reported the detection of 5000 genes in each cell (corresponding to the expected
total number of genes expressed) by microarray analysis [78]. However, due to the
low reported correspondence between different cells and the lack of data analysis it is
unclear how much of this signal was specific. Interestingly, Bontoux et al. reported
that the RT reaction was more efficient in nanoliter volumes inside the microfluidic
device compared to microliter volume reactions in tubes [78].
Zhong et al. reported a microfluidic device capable of purifying mRNA from
20 single cells using oligo(dT) beads, followed by recovery for off-chip qPCR [89].
Individual cells were stochastically isolated by partitioning a cell suspension between
physical microvalves. A chemical buffer was mixed with the sample fluid to lyse the
cell. The cell lysate was pushed through a column of beads functionalized with short
sequences of deoxy-thymine nucleotides on the surface. The oligo(dT) strand binds
the poly-A tail of mRNA transcripts, thereby capturing the mRNA from the cell
while the remaining contents are washed away. By performing reverse transcription
of the purified mRNA on the microfluidic device, Zhong et al. demonstrated a e4fold increase in reverse transcription reaction efficiency (measured by cDNA yield)
compared to performing the reaction in conventional tubes [89]. Measurement of
3 transcripts in 54 single hESCs revealed a heterogeneous population [89], further
underscoring the need for discrete cell analysis. The throughput of this system is
limited by stochastic cell loading, and challenges recovering the samples from the
device for off-chip analysis.
1.6.2.3

Gene Expression Analysis

Microfluidic devices employing arrays of thousands of nanolitre micro-reactors have
been used by researchers for highly multiplexed, as well as single molecule quantitative
analysis of cDNA prepared from single cell samples. Digital PCR is performed in a
microfluidic “Digital Array” whereby a 7.5 µl sample is partitioned into 1,200 isolated
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reaction chambers (“wells”), before PCR [62]. The sample is diluted such that each
reaction chamber has high probability of containing a single template molecule, or
zero, allowing absolute quantification of single molecules by counting the number
of fluorescent reaction wells after PCR amplification. Warren et al. used FACS to
sort 116 individual cells using hematopoietic differentiation markers to select cells
representing hematopietic stem cells (HSC), common lymphoid progenitors (CLP),
two sub-populations of common myeloid progenitors (CMP), and megakaryocyteerythroid progenitors (MEP) [62]. Following off-chip reverse transcription, abundance
of transciption factor PU.1 was quantified using digital PCR. Warren et al. were able
to show differential expression of PU.1 between flk+ and flk- CMPs with single cell
(and single molecule) resolution.
Integrated fluidic circuits for digital PCR have been commercialized by Fluidigm,
which also offers a Dynamic Array chip for quantitative analysis by highly multiplexed
real-time PCR. Following conventional (off-chip) sample preparation (including reverse transcription and pre-amplification of cDNA), the Dynamic Array combines 48
samples with 48 assays, to perform 2,304 real-time PCR reactions, each 10 nL in
volume (also available as 96 samples by 96 assays). In addition to fluid handling
advantages, performing the equivalent multiplexing real-time PCR experiments in
conventional microliter volumes quickly becomes cost prohibitive. This multiplexing
allows for large-scale gene expression profiling, starting with small samples such as
single cells.
The Biomark Dynamic Array (Fluidigm Corporation) technology has been leveraged to study cellular development from zygote to blastocyst stage fertilized mouse
embryos [90]. In 2010, Guo et al. investigated expression of 48 genes in a survey of 500
single cells from 8, 16, 32, and 64 -cell stage embryos [90]. By tracking multiple expression markers, Guo et al. revealed at least three distinct developmental expression
patterns, and associate these with development of cells forming the trophectoderm
(TE), the primitive endoderm (PE), and the epiblast (EPI) [90]. Furthermore, Id2
and Sox2 were identified as the earliest markers of outer and inner cells, respectively.
These results illustrate the power of single cell gene expression analysis to provide
insight into developmental mechanisms [91], and this technique is applicable to other
biological systems [92]. The coupling of single cell isolation by flow cytometry, followed by RNA processing and final multiplexed qPCR in these microfluidic arrays
has since become well established for analyzing hundreds to low thousands of cells for
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large assay panels [93]. Importantly, these studies have uncovered clinically relevant
cellular heterogeneity in diseases such as cancer. In 2011, Dalerba et al. used singlecell microfluidic RT-qPCR to identify distinct cell populations within colon cancer
tissues, and showed that the different gene expression signatures are predictive of
patient survival and clinical outcomes [94]. Single-cell analysis has also uncovered
that a subset of breast tumor cells exhibit increased expression of genes associated
with reactive oxygen species scavenging, contributing to tumor radioresistance [95].
1.6.2.4

State of the Art: Integrated Systems for Cell Manipulation and
RNA Analysis

The above examples demonstrate the single cell handling, nucleic acid processing, and
analysis capabilities of microfluidic devices, however complete integration of all sample processing and analysis into a single device remains a pursuit of active research.
This was particularly true at the outset of the work presented in this thesis. At that
time, the only device to integrate all components of single cell isolation, RNA processing, and final measurement of gene expression was from Toriello et al., who developed
an integrated microfluidic device for single cell gene expression analysis capable of
capturing a single cell, cell lysis and reverse transcription of contained mRNA, followed by amplification and detection of product of interest [96]. The device features a
nanoliter metering pump, and DNA capture pads to catch functionalized single cells.
An integrated heating element is used for cell lysis, followed by RT-PCR. The 200 nL
PCR chamber is coupled to capillary electrophoresis for size-based measurement of
products. Each device is capable of measuring 4 single cells in parallel, and is used
to measure variable siRNA knockdown of the GAPDH gene in 8 individual Jurkat
cells [96]. Other efforts towards microfluidic integration of single cell gene expression
analysis in droplet [97] or micro-well [98] systems have suffered from lysate inhibition
of RT-qPCR reactions, reducing the sensitivity, precision, and robustness of these
measurements. These devices demonstrated the feasibility of a microfluidic approach
to single cell expression analysis, however further development was still needed for
microfluidic based methods to become routine in single cell analysis.
Here we present the first microfluidic device to achieve integration of all components for single cell gene expression analysis, such as single cell trapping, washing,
lysis, reverse transcription and quantitative PCR measurements, at high-throughput
(for the time) of hundreds of cells per run. In the course of my thesis work developing
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and applying this technology, the field of microfluidics and single-cell gene expression
analysis has advanced considerably. In particular, through publishing to disseminate
knowledge, and licensing intelectual property, this work contributed to the development of a commercial microfluidic product (the C1, from Fluidigm Corp.) that
integrates single cell trapping with nucleic acid processing with recovery of single-cell
products for downstream assessment by sequencing or highly paralel PCR (such as
on the Biomark Dynamic Array). The C1 currently has a throughput of up to 96
cells per run. The C1 device has been gaining popularity [36, 99], enabling single-cell
genomics and transcriptomics studies in a variety of applications [38, 100, 101].
In addition to integrated microfluidic devices using successive physical chambers
for reactions [102], micro-wells [103, 104] and droplet-based [105] approaches have also
made advances. In a technique called Drop-seq, thousands of cells were separated into
nano-liter sized aqueous droplets [106]. Each droplet was used to associate a different
molecular identifier, or barcode, for transcripts originating from the encapsulated cell
[107]. This allowed all of the cells to be sequenced together, while retaining transcripts’ cell of origin. Drop-seq has enabled the studies with over 44,000 single cell
transcriptomes sequenced [106], the highest throughput reported to date. Molecular
imaging techniques such as mRNA-FISH have been combined with in situ RNA sequencing to look at a highly multiplexed number of genes while preserving spatial
information of where the transcripts are located within the cell [108, 109]. These
single cell gene expression analysis methods are beginning to deliver on the promise
of single cell genomics, but improving on these techniques remains an active area of
research.
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1.7

Research Objective

Transcription measurements with single cell resolution are critical to understanding
variable responses in immunity, measuring stochastic noise in gene expression, and
assessing the disease and developmental state of heterogeneous populations. Current methods for measuring transcript levels in single cells include reverse transcription followed by quantitative polymerase chain reaction (RT-qPCR), single molecule
counting using digital PCR or hybridization probes, and next generation sequencing.
Widespread adoption of these techniques has been limited by challenges isolating single cells, high reagent costs, low sensitivity, and difficulties in accurately measuring
low abundance transcripts. Microfluidic systems offer a number of advantages for
single cell analysis of gene expression by providing economy of scale, automation and
parallelization, and increased sensitivity in small volume reactions. Furthermore, the
precise fluid handling capability of microfluidic systems is ideal for delicate manipulation of single cells.
This thesis is focused on the development of new technologies for single cell analysis with the following goals:
1. Develop a microfluidic system for PCR-based transcription measurements in
single cells.
2. Apply this technology to explore transcriptional heterogeneity in single cells.

1.7.1

Specific Aims

1. Development of an integrated microfluidic device for high-throughput single-cell
RT-qPCR
2. Development of an integrated microfluidic device for high-throughput single-cell
digital PCR
3. Application of single-cell digital RT-PCR to study the use of lipid nanoparticles
for RNA delivery.
Integrating single cell capture, lysis, and reverse transcription, with final measurement of transcripts by digital PCR will permit analysis of hundreds of single cells
in parallel, while improving work flow and reducing technical variation compared to
17

1.7. Research Objective
samples prepared in microliter volumes. Thus, microfluidic single-cell digital PCR
represents a significant advancement to the tools available for precisely measuring
transcripts in single cells, and has application in research and clinical settings.
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Chapter 2
High-Throughput Microfluidic
Single-Cell RT-qPCR1
2.1

Overview

A long-sought milestone in microfluidics research has been the development of integrated technology for scalable analysis of transcription in single cells. Here we
present a fully integrated microfluidic device capable of performing high-precision
RT-qPCR measurements of gene expression from hundreds of single cells per run.
Our device executes all steps of single cell processing including cell capture, cell lysis, reverse transcription, and quantitative PCR. In addition to higher throughput
and reduced cost, we show that nanoliter volume processing reduced measurement
noise, increased sensitivity, and provided single nucleotide specificity. We apply this
technology to 3300 single cell measurements of i) miRNA expression in K562 cells, ii)
co-regulation of a miRNA and one of its target transcripts during differentiation in
embryonic stem cells, and iii) single nucleotide variant detection in primary lobular
breast cancer cells. The core functionality established here provides the foundation
from which a variety of on-chip single cell transcription analyses will be developed.

2.2

Introduction

Single cells represent the fundamental unit of biology; however, the vast majority
of biological knowledge has emerged as a consequence of studying cell populations
and not individual cells. Inevitably, there are fundamental and applied questions,
such as those relating to transcriptional control of stem cell differentiation, intrinsic
1

A version of this chapter has been published: Adam White, Michael VanInsberghe, Oleh Petriv,
Mani Hamidi, Darek Sikorski, Marco A. Marra, James M. Piret, Sam Aparicio, and Carl L. Hansen,
High-Throughput Microfluidic Single-Cell RT-qPCR, Proceedings of the National Academy of Sciences, 2011.
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noise in gene expression, and the origins of disease, that can only be addressed at
the single cell level. For example, single cell analysis allows for the direct measurement of gene expression kinetics, or for the unambiguous identification of co-regulated
genes, even in the presence of de-synchronization and heterogeneity that could obscure population-averaged measurements. Similarly, single cell methods are vital in
stem cell research and cancer biology, where isolated populations of primary cells are
heterogeneous due to limitations in purification protocols, and it is often a minority
cell population that is the most relevant. High-throughput single cell measurement
technologies are therefore of intense interest and have broad application in clinical
and research settings.
Existing methods for measuring transcript levels in single cells include RT-qPCR[46],
single molecule counting using digital PCR[62] or hybridization probes[23, 26], and
next generation sequencing[30]. Of these, single cell RT-qPCR provides combined advantages of sensitivity, specificity, and dynamic range, but is limited by low throughput, high reagent cost, and difficulties in accurately measuring low abundance transcripts[58].
Microfluidic systems provide numerous advantages for single cell analysis: economies
of scale, parallelization and automation, and increased sensitivity and precision that
comes from small volume reactions. Considerable effort over the last decade has been
directed towards developing integrated and scalable single cell genetic analysis on
chip[67, 110]. Thus, many of the basic functionalities for microfluidic single cell gene
expression analysis have been demonstrated in isolation, including cell manipulation
and trapping[75, 81], RNA purification and cDNA synthesis[78, 79, 89], and microfluidic qPCR[90] following off-chip cell isolation cDNA synthesis and preamplification.
In particular, microfluidic qPCR devices (Biomark Dynamic Array, Fluidigm) have
recently been applied to single cell studies[20, 95]. Although these systems provide a
high-throughput qPCR readout, they do not address the front end sample preparation
and require single cell isolation by FACS or micropipette followed by off-chip processing and pre-amplification of starting template prior to analysis. The critical step of
integrating all steps of single cell analysis into a robust system capable of performing
measurements on large numbers of cells has yet to be reported. A single demonstration of an integrated device for directly measuring gene expression in single cells was
described by Toriello et al., combining all steps of RNA capture, PCR amplification,
and end-point detection of amplicons using integrated capillary electrophoresis[96].
Despite the engineering complexity of this system, throughput was limited to four
20

2.3. Methods
cells per run, cell capture required metabolic labeling of the cells, and the analysis was
not quantitative. Thus, there remains an unmet need for microfluidic technologies
capable of scalable and quantitative single cell genetic analysis.
Here we describe an integrated microfluidic device for high-throughput RT-qPCR
analysis of mRNA and miRNA expression at a throughput of hundreds of single cells
per experiment. We show that this technology provides a powerful tool for scalable
single cell gene expression measurements with improved performance, reduced cost,
and higher sensitivity as compared to analysis in µL volumes. This technology represents the first implementation of robust and high-throughput single cell processing
and amplification of nucleic acids on a chip, thereby achieving a major milestone in
microfluidic biological analysis.

2.3
2.3.1

Methods
Device Fabrication and Operation

Microfluidic devices were fabricated by multilayer soft lithography[65, 66]. Planar
silicon molds were defined by photolithography, using photomasks designed with CAD
software (AutoCAD, Autodesk Inc.), and printed on transparency films at a resolution
of 20,000 dots per inch (CAD/Art services). The control mold was fabricated using
SU8-2025 photoresist (Microchem, USA) to deposit valve features 24 µm in height.
The flow mold was fabricated with three lithographic steps. First, the channels
for reagent injection, and connections between chambers were fabricated using 13
µm high SPR220-7 photoresist (Shipley, USA). The SPR channels were rounded to
facilitate valve closure by incubation at 115 ◦ C for 15 minutes. A hard bake at
190 ◦ C for 2 hours was used to prevent SPR photoresist erosion during addition of
subsequent layers. Second, the cell trap features were defined in 14 µm SU8-2010
photoresist (Microchem, USA). Finally, the large chambers and fluidic bus lines were
constructed using 150 µm high SU8-100 photoresist. All photoresist processing was
performed according to manufacturer specifications.
Microfluidic devices were cast from these molds in polydimethylsiloxane (PDMS,
RTV615, General Electric, USA). Each device consists of a three layer elastomeric
structure with a blank bottom layer, a middle control layer with channels that act
as valves by pushing up and pinching closed channels in the above flow layer. The
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molds were first treated with chlorotrimethylsilane (TMCS, Aldrich) vapor for 2 min
to prevent PDMS from bonding to the photoresist structures. The flow layer was
made by pouring a mixture of PDMS (5 parts RTV615A : 1 part RTV615B) onto
the flow mold, degassing, and then baking for 60 min at 80 ◦ C. A thin control layer
was made by spin coating the control mold with PDMS (20 parts RTV615A : 1 part
RTV615B) at 1800 rpm and baking for 45 min at 80 ◦ C. After baking, the PDMS
of the flow layer was peeled from the flow mold and aligned to the control layer.
Following a 60 min bake at 80 ◦ C, the bonded two layer structure was separated from
the control mold, and channel access holes were punched. A blank layer (without
channels) was prepared by spinning PDMS (20 parts RTV615A : 1 part RTV615B)
on a blank wafer (2000 rpm) and baking 45 min at 80 ◦ C. The bonded flow and
control structure was mounted on to the blank layer, and baked for 3 hours at 80 ◦ C.
Finally, the three layer bonded structure was removed from the blank mold, diced
into individual devices, and these were each bonded to clean glass slides by baking
overnight at 80 ◦ C.
The device operation requires control of 9 pneumatic valves and may be operated
using a simple manifold of manual valves. For the current study a semi-automated
implementation was used in which microfluidic valves were controlled by solenoid
actuators (Fluidigm Corp., San Francisco) controlled through a digital input output card (NI-DAQ, DIO-32H, National Instruments) operated using LabView drivers
(National Instruments). Tygon tubing connected the solenoids to the microfluidic
device by 20 gauge stainless steel pins (Small Parts Inc.) fitted into the control line
ports. Krytox (DuPont) oil was used as the fluid in the control lines, and the valves
were actuated with 30 psi pressure.

2.3.2

Single Cell Transcript Measurements by Heat Lysis
and 2-step RT-qPCR

The device was primed by flowing PBS containing 0.5 mg/mL bovine serum albumin
(BSA) and 0.5 U/µL RNase Inhibitor through all channels, while keeping the RT,
and PCR chambers empty and isolated by valves. The BSA helped prevent cells from
adhering to channel walls. After priming, but prior to cell loading, all valves were
closed. A single cell suspension was injected into the device by applying pressure (∼23 psi) to microcapillery pipette tips plugged into the sample inlets. The sample inlets
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were first dead-end filled against an inlet valve to prevent air bubbles from entering
the device. The sample inlet valves, cell chamber valves and outlet valve were opened
to allow the cell suspension to flow through the sample channels. Cells were loaded
into the device suspended in culture media (directly from culture). Cell loading
concentrations were kept between 5×105 cells/mL and 1×106 cells/mL, resulting
in over 80% occupancy of cell traps with single cells in 1-2 min at a flow rate of
approximately 20 nL/s. Lower concentrations were found to require proportionately
longer times to achieve high occupancy of trapped single cells. Concentrations greater
than 2×106 cells/mL were found to occasionally clog the inlet port or the channel at
trap locations. A peristaltic pump was integrated into the device for controlling the
flow rate, however pressure driven flow was used for the current study.
After injecting the cell suspension and trapping single cells the cell sample inlet
valve was closed, and the cells were washed by flushing the line with the PBS solution
used to prime the device. This removed untrapped single cells, extracellular RNA, and
debris. Following on-chip washing, the cell chamber valves were closed to partition
the cell loading channel and isolate individual cell reactors. Visual inspection of the
cell capture chambers with a microscope was used to confirm and count the number
of cells in each chamber. The cells were lysed by placing the microfluidic device onto
a flatbed thermocycler and heating to 85 ◦ C for 7 minutes (and then cooled to 4◦ C).
Reverse transcription (RT) was performed in the device by using the ABI High
Capacity Reverse Transcription kit[59], with the addition of a surfactant to prevent
adsorption of nucleic acids and proteins to PDMS surfaces (2 µL 10× Reverse Transcription Buffer, 4 µL 5X RT stem-loop miRNA primer from ABI, 1 µL 100mM
dNTPs, 1.34 µL of 50 U/µL Multiscribe Reverse Transcriptase, 0.26 µL of 20 U/µL
RNase Inhibitor, 2 µL 1% Tween 20, 9.4 µL PCR grade water). The RT mix was
loaded into the device, and flushed through the reagent injection channels. RT reagent
was injected into the reaction by opening the valve connecting the cell chamber to the
RT chamber, and the valve connecting the cell chamber to the reagent injection line.
The RT chamber was dead-end filled before closing the connection to the reagent
injection line. A pulsed temperature RT protocol was carried out by placing the
microfluidic device on a flatbed thermocycler (2 min at 16 ◦ C, followed by 60 cycles
of 30 seconds at 20 ◦ C, 30 seconds at 42 ◦ C, and 1 second at 50 ◦ C). RT enzyme was
inactivated at 85 ◦ C (5 min), and then the device was cooled to 4 ◦ C.
The PCR reagent was prepared with 25 µL of 2× TaqMan Universal Master Mix
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(ABI), 2.5 µL 20× Real-Time miRNA assays (primers and probe, ABI), 5 µL of 1%
Tween 20, and 7.5 µL of PCR grade water. The PCR reagent was flowed through
the reagent injection channels to flush away the RT reagent. Valves were opened
and the PCR reagent was injected to dilute the RT product into the PCR reaction
chamber. After completely filling the PCR reaction chamber, the valves closing the
PCR chambers were actuated, and the device was transferred to an enclosure for realtime PCR (Prototype version of Biomark Instrument, Fluidigm CA). The real-time
PCR enclosure consists of a custom flatbed thermocycler, a xenon arc lamp and filter
set, and a charged coupled device (CCD) imager with optics for fluorescent imaging of
the entire device periodically during PCR thermocycling (see description of real-time
PCR instrumentation below). PCRs were thermocycled with the following conditions:
10 min at 95 ◦ C, followed by 50 cycles of 15 s at 95 ◦ C and 1 min at 60 ◦ C. Images
were acquired at 60 ◦ C.

2.3.3

Single Cell Transcript Measurements by Chemical
Lysis and 1-step RT-qPCR

Measurements of mRNA transcripts (SP1, GAPDH) were performed using the Cells
Direct kit (Invitrogen, USA). Operation of the microfluidic device for chemical lysis
and 1-step RT-qPCR was similar to the methods described for heat lysis and 2-step
RT-qPCR with several distinctions. The device was primed and cells were washed
with PBS containing 0.5 mg/mL BSA. Additional RNase Inhibitor was omitted as
the chemical lysis buffer (10 µL lysis resuspension buffer, 1 µL lysis enhancer solution,
Invitrogen, USA) contained RNA stabilizing agents. Cell loading was the same as in
the heat lysis and 2-step RT-qPCR scenario. Single cells were lysed by injecting a
chemical lysis buffer through the cell capture chamber and filling the 10 nL chamber
(used for RT reagent injection in the 2-step protocol). The lysis reaction was incubated at room temperature for 10 minutes, followed by heat inactivation of the lysis
reagent by placing the device on a flatbed thermocycler and incubating at 70 ◦ C for
10 minutes. The one-step RT-qPCR mix (1 µL of SuperScript III RT/Platinum Taq
Mix, 25 µL of 2X Reaction Mix (with ROX reference dye), 2.5 µL of 20X Taqman
Assay (primers and probes, ABI), 1 µL of 50 mM MgSO4, 5.5 µL of H2O, and 5 µL
of 1% Tween 20) was then combined with the cell lysate into the final 50 nL reaction
chamber. The device was transferred to the real-time PCR enclosure for temperature
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Table 2.1: Heat Lysis and 2-Step RT-qPCR Protocol
Step Description
1
Prime device with PBS 0.5 mg/mL BSA and 0.5 U/µL RNase Inhibitor
2
Inject cell suspension (passive cell trapping)
3
On chip cell washing with PBS containing 0.5 mg/mL BSA and
0.5 U/µL RNase Inhibitor
4
Close valves partitioning cell loading channel and isolating single
cells
5
Count cells by visual inspection with microscope
6
Heat lysis by placing device on flatbed thermocycler and heating
to 85 ◦ C
7
Flush fluidic bus and reagent injection lines with reagent for RT
8
Inject RT reagent through the cell capture chamber, dead-end filling the 10 nL RT chamber
9
Close reagent injection valve, creating isolated reactors combining
the cell capture chamber and RT chamber
10 Perform reverse transcription (pulsed temperature protocol) by
placing device on flatbed thermocycler
11 Flush fluidic bus and reagent injection lines with reagent for PCR
12 Inject PCR reagent through combined cell-capture/RT chamber
into 50 nL PCR chamber
13 Close valve to PCR chamber. Allow for mixing by diffusion
14 Load device into BioMark real-time PCR system and focus camera
15 Run qPCR protocol

Time
1 min
1 min
1 min
30 sec
7 mins
7 min
2 min
1 min
30 sec
2.5 hr
2 min
5 min
40 min
5 min
(varies)

control and imaging of the 1-step RT-qPCR (20 min at 50 ◦ C for RT, followed by a
hot-start at 95 ◦ C for 2 min, and 50 cycles of 15 s at 95 ◦ C and 30 s at 60 ◦ C).

2.3.4

Digital PCR Experiments

For mRNA digital PCR analysis cells were washed with PBS containing 0.5 mg/mL
BSA, lysed in chemical lysis buffer, reverse transcription was performed in tubes according to the protocol described above, and the resulting cDNA product was loaded
into digital PCR arrays. For miRNA studies, cells were lysed in PBS containing 0.5
mg/mL BSA and 0.5 U/µL RNase inhibitor. Reverse transcription was performed
using miRNA stem-loop primers (Applied Biosystems, USA) and the High Capacity
cDNA Reverse Transcription kit (Applied Biosystems, USA) in 10 µL volumes. Prior
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Table 2.2: Chemical Lysis and 1-step RT-qPCR Protocol
Step Description
1
Prime device with PBS 0.5 mg/mL BSA and 0.5 U/µL RNase Inhibitor
2
Inject cell suspension (passive cell trapping)
3
On chip cell washing with PBS containing 0.5 mg/mL BSA and
0.5 U/µL RNase Inhibitor
4
Close valves partitioning cell loading channel and isolating single
cells
5
Count cells by visual inspection with microscope
6
Inject lysis reagent through the cell capture chamber, dead-end
filling the 10 nL chamber
7
Close reagent injection valve, creating isolated reactors combining
the cell capture chamber and lysis reservoir chamber
8
Perform lysis at room temperature and heat inactivation of the
lysis reagent at 75 ◦ C by placing device on flatbed thermocycler
9
Flush fluidic bus and reagent injection lines with reagent for RTqPCR
10 Inject RT-qPCR reagent through combined cell-capture/lysis
chamber into 50 nL RT-qPCR chamber
11 Close valve to RT-qPCR chamber. Allow for mixing by diffusion
12 Load device into BioMark real-time PCR system and focus camera
13 Run RT-qPCR protocol

Time
1 min
1 min
1 min
30 sec
7 mins
1 min
30 sec
25 min
2 min
5 min
40 min
5 min
(varies)

to injection into microfluidic digital PCR arrays, RT product was added to the PCR
reagent as in the on-chip 2-step RT-qPCR protocol described above. Thermal cycling of digital PCR arrays was also performed using the same protocols as described
above. PDMS digital PCR arrays consisting of 765 2 nL individual PCR chambers,
of similar design to those described in Warren et al.[62], were fabricated by multilayer
soft lithography. After thermal cycling, positive chambers were counted and actual
molecule numbers were derived based on the binomial distribution.

2.3.5

System for Real-Time PCR

The BioMark™ Reader is a commercially available real-time PCR instrument developed by Fluidigm and designed to run Fluidigm Integrated Fluidic Circuits (IFCs).
The prototype version of this system allowed access to the flatbed thermocycler inside the enclosure, permitting the use of custom microfluidic devices in addition to
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the intended commercial IFCs. Image Resolution and bit depth: 4 Megapixel, 16
bit; Filters: FAM (Ex 485/20, Em 525/25), VIC (Ex 530/20, Em 570/30), ROX (Ex
580/25, Em 610/15), QAS (Ex 580/25, Em 680/25); Light Source: 175 W xenon arc
bulb.

2.3.6

RT-qPCR Assays

Measuring mRNA in the presence of genomic DNA requires primers designed to
specifically target mature mRNA sequences. In many cases, this can be accomplished
by designing intron-spanning primers. A specially designed stem-loop RT primer
system (Applied Biosystems) is used for the specific targeting of mature miRNAs.
TaqMan assays for GAPDH (Applied Biosystems, Assay ID Hs99999905 m1) and
miRNAs were obtained from Applied Biosystems. For GAPDH, a control experiment
omitting the reverse transcriptase was performed off-chip, in microliter volumes with
bulk cell lysate (at equivalent concentration of a single cell on-chip, 105 cells/mL),
and showed no amplification after 40 cycles of PCR.
OCT4 (POU5F1) primer sequences were obtained from RTPrimerDB and synthesized by Biosearch Technologies Inc; Forward primer: ACC CAC ACT GCA
GCA GAT CA, Reverse primer: CAC ACT CGG ACC ACA TCC TTC T, Probe:
Quasar670-CCA CAT CGC CCA GCA GCT TGG-BHQ-2, RT primer: TTG TGC
ATA GTC GCT GCT TGA T. Measurement of OCT4 in single hESCs by microfluidic RT-qPCR without reverse transcriptase showed no amplification after 40 cycles
of PCR.
BHQ-Plus probes with enhanced duplex stabilization (Biosearch Technologies Inc)
were used for SNV detection to allow for shorter sequence lengths and increased specificity. The SNV location for the SP1 locus was selected from Table 2 in Shah et al.[32].
Two hundred bp flanking this location on the hg18 sequence were used for assay design using Primer3. The resulting primer and probe sequences are as follows (the
SNV is in bold). SP1 Mutant Probe: FAM-AGGCCAGCAAAAACAAGG-BHQ1, 5’ Modification: FAM, 3’ Modification: BHQ-1 Plus, Tm = 62.7 ◦ C. SP1 WT
probe: Cal Fluor-CAGGCCAGCAAAAAGAA-BHQ-1, 5’ Modification: CAL Fluor
Orange 560, 3’ Modification: BHQ-1 plus, Tm = 62.1 ◦ C. SP1 Forward Primer:
CCAGACATCTGGAGGCTCATTG, Tm = 65.8 ◦ C. SP1 Reverse Primer: TGAACTAGCTGAGGCTGGATA, Tm = 66.0 ◦ C.
Control experiments without reverse transcriptase showed positive amplification.
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Therefore the measurement of SP1 mutant and wilde-type abundance in single cells
by RT-qPCR does not discriminate between mature mRNA transcript and genomic
DNA.

2.3.7

Image Analysis

Fluorescence images of the entire device were taken in at least two different colors
(one passive reference dye and one or more reporter dyes) after each PCR cycle and
were analyzed using custom scripts written in MATLAB (MathWorks) to generate
real-time amplification curves. Reaction chambers were segmented from the rest of
the image using the first image of the passive reference dye. The image was manually
rotated so that all of the reaction chambers were square with the edges of the image. Next, the average image intensities across each row and column were calculated
and a threshold was manually set to differentiate bright areas from background. Regions containing both bright rows and bright columns were assigned to the reaction
chambers.
All subsequent images were automatically aligned to this initial image by minimizing the absolute distance between the average row and column intensities of the initial
image, and the one being analyzed. For each image, the intensities of the reporter
and passive dyes were recorded for each reaction chamber. Real time amplification
curves were generated by normalizing the intensity of each reporter dye to that of
the passive dye. Linear components were removed from these curves by fitting the
equation of a line to the pre-exponential region and extrapolating and subtracting
the result from the entire curve. The threshold for determining CT values was automatically determined as the median normalized fluorescence value at the maximum
second derivative of all amplification curves.

2.3.8

mRNA FISH

Cells grown on LABTEK chambered cover-glass were washed with PBS, fixed in 4%
formaldehyde for 10 min at room temperature and permeabilized in 70% EtOH at 40
◦
C overnight. The next day cells were rinsed with wash buffer (15% Formamide in
2× SSC) and then hybridized with the appropriate dilution of mRNA FISH probes
specific to OCT4 (see table) in hybridization solution (dextran sulfate, Yeast tRNA,
NEB, BSA, 15% Formamide in 2 SSC) overnight at 30 ◦ C. The next morning the
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OCT4 hybridization solution was aspirated and cells were sequentially rinsed and
incubated with wash buffer at 30 ◦ C for 30 minutes then washed with 2× SSC. One
drop (25 µL) of Slowfade GOLD antifade reagent with DAPI was then added to the
cells, covered immediately with a cover slip, and imaged. Stacks of 32-64 mRNA
hybridization images (spaced by 0.5 µm) were acquired for each cell using a Leica
DMI 6000B inverted microscope with a 100 objective (N.A. 1.3) in DAPI and Texas
Red filter spectra.
Fluorescent spots corresponding to individual mRNA molecules in each image
stack were evaluated manually since automatic thresholding using previously reported
algorithms were found to be unreliable. Difficulty in automating this process was attributed to inconsistent signal to noise using reported protocols and may be related to
the thickness of hESC cells (∼15 µm). In addition, manual intervention was needed
to ascertain the boundaries of adjacent cells. To optimize the signal to noise we systematically varied the probe concentration, incubation time, incubation temperature
as well as the formamide concentration in the hybridization buffer solution.

2.3.9

Cell Culture

K562 cells were cultured in Dulbecos Modified Eagle Medium (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco). Purified RNA was extracted
from K562 cells using RNA MiniPrep (Qiagen, USA).
CA1S hESCs[111, 112] were propagated in mTeSR[113] basal medium (STEMCELL Technologies, Inc., Vancouver, BC, Canada), additionally supplemented with
antibiotic-antimycotic (100 U/mL penicillin, 100 mg/mL streptomycin and 0.25 mg/mL
amphotericin B) (Invitrogen, Carlsbad, CA, USA). Upon passaging, hESCs were
washed with phosphate-buffered saline (PBS) prior to incubating with TrypLE Express (Invitrogen, Carlsbad, CA, USA) at 37 ◦ C for 10 minutes to detach single
hESCs from 4-8 day-old cultures depending on confluency. TrypLE Express was neutralized with mTeSR supplemented with antibiotic-antimycotic and suspensions were
then transferred into new tissue culture dishes containing a precoated layer of 1:30
diluted Matrigel (Becton Dickinson, San Jose, CA, USA) and mTeSR supplemented
with antibiotic-antimycotic. For differentiation, mTeSR was replaced with Dulbeccos
modified eagle medium with 10% fetal bovine serum (FBS) 1 day after plating cells.
When harvesting hESCs for qRT-PCR, cells were incubated with TrypLE Express
(Invitrogen, Carlsbad, CA, USA) at 37 ◦ C for 20 minutes in order to produce a more
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uniform single cell suspension from 4-8 day-old cultures.
Cryo-vials of primary cells isolated from a lobular breast cancer metastasis were
provided by the BC Cancer Agency in accordance with ethical guidelines of the
University of British Columbia. To increase viability, cells were transferred to fresh
culture medium and incubated for 2 days before analyzing in the microfluidic device.

2.3.10

Transfer Efficiency Measurements

A solution containing 10 µM FAM-labeled 40-mer poly-A oligonucleotides (IDT,
USA), 0.1% Tween 20, and ROX passive reference dye (from CellsDirect kit, Invitrogen, P/N 54880) diluted 100× was loaded into the cell capture chambers and
sequentially pushed into the 10 nL and 50 nL chambers with water containing 0.1%
Tween 20, and ROX reference dye diluted 100×. Fluorescence images acquired of
FAM and ROX were used to measure the transfer of oligonucleotides from one chamber to the next. The transfer efficiency for each chamber was calculated as (Initial
Signal Final Signal)/(Initial Signal), where Signal = (FAM Intensity FAM Background)/(ROX Intensity ROX Background). A conservative estimate of the lower
bound of transfer efficiency was taken to be one standard deviation from the mean
measurement of transfer efficiency.

2.3.11

Cell Capture Measurements

A custom microfluidic device with a linear array of cell trap geometries was fabricated using protocols described above. The device was mounted on an inverted
microscope (Leica DM IRE2) and imaged in bright field using a CCD camera (Hamamatsu ORCA-ER). The device was primed with 0.05% bovine serum albumen (BSA)
(Gibco) in phosphate-buffered saline (PBS) (Gibco). Prior to loading in the device,
cells were washed twice in fresh culture media (Dulbecos Modified Eagle Medium
(DMEM) (Gibco) supplemented with 10% Fetal Bovine Serum (Gibco)). After the
final wash cells were resuspended to be at a concentration of 1 million per mL. Input sample viability was measured with the Cedex Automated Cell Counter (Roche
innovatis AG).
To measure the capture efficiency, cells were pumped through the array using a
downstream microfluidic peristaltic pump at a rate of approximately 1 nL/second
and the number of cells that bypassed each trap before a successful trapping event
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was recorded. These counts were fit using a maximum-likelihood estimator for a
geometric distribution with the fitdistr function (MASS package version 7.3-6) in R
(version 2.11.1). Efficiencies are reported as the probability of a successful capture
for each cell.
To measure cell viability after loading, cells were loaded into the array using
pressure driven flow as described above until high trap occupancy was observed.
0.2% Trypan Blue (Gibco) in PBS was then flowed over the trapped cells. Viability
was calculated as the number of unstained cells divided by the total number of cells.
Cell diameter was measured from Cedex images and images of cells trapped in
the microfluidic device using ImageJ (version 1.43u). A two sample t-test was used
to test the hypothesis that the resulting size distributions were significantly different.
The assumption of equal variance was tested using an F test. For optimized cell
trap geometries the cell trapping efficiency was improved to 87% by bringing the cup
within one cell diameter of the focuser and by including a small bypass shunt through
the cup, similar to the cup geometry presented in Skelley et al.[81].

2.3.12

Mixing by Diffusion

Mixing of solutions by diffusion was characterized in the microfluidic device by loading
fluorescently labeled 40 base poly-A oligonucleotides into the 10 nL chambers, and
pushing the contents of the chamber into the adjacent 50 nL chambers. Time-lapse
imaging was used to measure the evolution of the distribution of fluorescently labeled
oligonuceotides in the PCR chambers over time (Figure 2.1). The standard deviation
of the pixel intensities in each chamber through time was used as a metric of mixing.
The resulting curves of all analyzed chambers (N = 200) were each fit to a decaying
exponential using least squares regression to determine the characteristic mixing time
constant. This resulted in a mean mixing time of 15.2 ± 1 minutes.
Using the Stokes-Einstein relation and assuming a random coil we estimate the
diffusion constant of a 40 base oligonucleotide to be:
D=

KB T
,
6πηRh

(2.1)

where KB T is the thermal energy (4.1 pN·nm), η is the fluid viscosity (∼ 0.001
kg/m·s), and Rh is the coil hydrodynamic radius (10). The hydrodynamic radius is
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Figure 2.1: Mixing by diffusion. Plot shows the standard deviation of pixel intensity
values for a chamber as a function of time following the transfer of a solution of
fluorescently labelled 40 base pair poly-A oligonucleotide from the RT chamber (10
nL) to the PCR chamber (50 nL) by flushing with buffer. An exponential fit to
the data to each of 200 chambers yields a mean mixing time constant of 15.2 ± 1.0
minutes. A representative time-lapse series of images from one chamber is shown on
the right.

proportional to the radius of gyration Rg , and is given by
1

Rh ≈ 0.5Rg ≈ 0.5(Lp/3) 2 ,

(2.2)

where L is the contour length of single stranded DNA (40 bases × 4.3 Angstroms/base)
and p is the persistence length (∼ 40 Angstroms)[114]. This yields a diffusion value
of approximately 9.0×10−11 m2 s−1 , which is comparable to the diffusion constant
of polymerase, the largest molecule in the PCR mix. Since the template solution
constitutes only 1/5 of the final PCR reaction it must diffuse the longest distance
to equilibrate across the chamber. Therefore, the measured diffusion time of 15.2
minutes represents an upper bound to the time constant for complete mixing of all
components.
32

2.4. Results and Discussion

2.4
2.4.1

Results and Discussion
Device Design

An integrated microfluidic device that performs 300 parallel RT-qPCR assays and
executes all steps of single-cell capture, lysis, reverse transcription, and qPCR is
shown in Figure 1A. To facilitate the precise comparison of different samples and cell
types, our prototype consists of 6 independent sample-loading lanes, each containing
50 cell-processing units. We resolved previously limiting technical pitfalls by the
inclusion of design elements to 1) allow for efficient distribution of single cells without
mechanical damage, 2) minimize background signal arising from free RNA or cell
debris in the medium, and 3) avoid reaction inhibition by cell lysates in nL volumes.
In order to reduce device complexity and obviate the need for RNA purification,
we optimized our device to be compatible with commercially available assays that use
one-pot RT-qPCR protocols requiring only the sequential addition of reagents into
a single reaction vessel. Each cell-processing unit consists of a compound chamber,
formed by a cell capture chamber connected sequentially to two larger chambers for
RT and qPCR (Figure 2.2B). This simple fluidic architecture allows the implementation of either heat lysis followed by two-step RT-qPCR (Figure 2.2D-I), or chemical
Figure 2.2 (following page): Design and operation of the microfluidic device for
single cell gene expression analysis. (A) Schematic of microfluidic device. Scale bar:
4 mm. The device features 6 sample input channels, each divided into 50 compound
reaction chambers for a total of 300 RT-qPCR reactions using approximately 20 µL of
reagents. Rectangular box indicates the region depicted in B. (B) Optical micrograph
of array unit. For visualization, the fluid paths and control channels have been loaded
with blue and red dyes, respectively. Each unit consists of (i) a reagent injection line,
(ii) a 0.6 nL cell capture chamber with integrated cell traps, (iii) a 10 nL RT chamber,
and (iv) a 50 nL PCR chamber. Scale bar: 400 µm. (C) Optical micrograph of two
cell capture chambers with trapped single cells indicated by black arrows. Each trap
includes upstream deflectors to direct cells into the capture region. Scale bar: 400
µm. (D-I) Device operation. (D) A single cell suspension is injected into the device.
(E) Cell traps isolate single cells from the fluid stream and permit washing of cells
to remove extracellular RNA. (F) Actuation of pneumatic valves results in single cell
isolation prior to heat lysis. (G) Injection of reagent (green) for reverse transcription
(RT) reaction (10 nL). (H) Reagent injection line is flushed with subsequent reagent
(blue) for PCR. (I) Reagent for qPCR (blue) is combined with RT product in 50 nL
qPCR chamber. Scale bar for D-I: 400 µm.
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lysis followed by one-step RT-qPCR. A detailed description of device operation for
each of these protocols is provided in the methods section. All lanes are connected to
a common feed channel which, following the completion of each reaction step, is used
to inject the next reaction master mix through the upstream chambers, thereby diluting the intermediate product (cell lysate or cDNA) and assembling the next reaction
mixture. This parallelization of reaction assembly in a microfluidic format ensures
equal timing of all reaction steps and greatly reduces technical variability associated
with pipetting and mixing steps in µL volumes. Fluorescence measurements were
performed to ensure the efficient and reproducible transfer of reactants at each step,
showing that losses in sample transfer are below 5%. To minimize device expense and
complexity, temperature control and fluorescence detection were performed using peripheral hardware including a CCD detector mounted above a flatbed thermocycler
plate.
Figure 2.3 (following page): Precision and sensitivity of microfluidic RT-qPCR. (A)
Fluorescence image of entire device showing 300 reactions in 6 lanes. Image is taken
after 40 cycles of PCR from dilution series of purified total RNA from K562 cells.
From left to right the samples are 40 pg/chamber, 5 pg/chamber, 625 fg/chamber,
78 fg/chamber, 10 fg/chamber, and no-template control (NTC). Single molecule amplification at limiting dilution results in a digital amplification pattern for 10 fg and
78 fg lanes. No amplification is observed in NTC lane (N = 50). (B) 300 real time
amplification curves generated from processing sequences of images similar to (A).
The threshold for determining CT values is indicated by the dashed line. (C) Onchip (black) and off-chip (blue) RT-qPCR for GAPDH from a 8× serial dilution
of purified total RNA shows improved sensitivity in nL volume reactions. In the
microfluidic system, CT values for the 10 fg sample correspond to single molecule
amplifications detected in 19 of 50 chambers. The mean and standard deviation from
single cell measurements is shown in green for both on and off-chip analysis. CT
values obtained on chip correspond to a mean of 20 pg of RNA per cell. Off-chip
measurements of single K562 cells washed twice in PBS and isolated by glass capillary exhibit artificially increased levels due to residual signal from debris and free
RNA in the supernatant (red). Cells were transferred in approximately 2 µL of supernatant, which was measured to contain ∼20 pg of extracellular RNA. Error bars
represent standard deviation of measured CT values for all amplified reactions. (D)
Real-time amplification curves of GAPDH in K562 cell lysate dilutions. Inhibition
of RT-PCR occurs at cell lysate concentrations beyond 10 cell equivalents per 50 nL
reaction. (E) Measured CT values for GAPDH in dilution series of cell lysate. No
inhibition occurs for single cell lysates.
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We designed our chamber volumes to ensure sufficient dilution between each processing step to avoid reaction inhibition while at the same time maintaining high
template concentrations and assay sensitivity. Initial attempts to perform RT-qPCR
in low nL volumes were found to produce highly variable results, including nonspecific amplification and inconsistent detection of abundant transcripts[98]. Cell lysate
dilutions showed that reaction inhibition becomes significant at concentrations in
excess of 0.2 cells/nL, or 10 cells per 50 nL reaction (Figure 2.3D). On the other
hand, RT-qPCR measurement noise has been shown to become the dominant source
of variability when starting at concentrations below 1 copy per 100 nL[58], illustrating that minimizing reaction volumes is critical for precise measurements on limited
template. Finally, experiments in tubes were performed to determine that a dilution ratio of at least 5:1 (PCR mix:RT product) is optimum for PCR efficiency. We
therefore designed our combined reactors to have an aggregate total volume of 60.6
nL, consisting of a 0.6 nL cell capture chamber, a 10 nL RT chamber, and a 50 nL
qPCR chamber. These volumes allow for the reliable amplification of single molecules
(Figure 2.3A), and result in a final template concentration of 330 ng/mL when starting from a single cell equivalent of RNA (20 pg). The use of larger volume RT and
PCR chambers has the added advantage of reducing their surface to volume ratio,
thereby minimizing reagent evaporation through the gas permeable device material
(polydimethylsiloxane).
Another critical step towards integration was to efficiently distribute single cells
into each location on the array without mechanical damage. To achieve reproducible
and deterministic loading of single cells into each array element we engineered a
hydrodynamic single cell trap within each capture chamber. Cell traps consisting of
a single cup structure[71] were found to be highly inefficient, capturing less than 0.1%
of cells passing in close proximity to the center of the channel structure. To improve
capture efficiency, we incorporated upstream deflectors, located 22.5 µm from the
trap, to focus cells into the central streamlines where capture is most efficient (Figure
2.4C). Using these structures we were able to achieve high single cell occupancy of
array locations (Figure 2.4A-B). Over 8 separate experiments, a loading protocol of
∼60 seconds (106 cells/mL, 20 nL/s per lane) resulted in the successful isolation of
single cells in 1518/1700 chambers (89.3%), with a cell capture efficiency of 5.0±0.5%.
Staining with Trypan Blue™ was used to assess the viability of cells after loading and
was determined to be equivalent to the viability of the input sample (97.4% viability
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Figure 2.4: Single cell loading and transcript measurements. (A) The locations of cells
in each chamber along all 6 lanes of a device, as determined by brightfield microscopy,
are represented as white circles and overlaid on a heat map of CT values obtained
from RT-qPCR measurements of GAPDH in K562 cells. Red circles indicate NTC.
(B) Scatter plot showing CT measurements for experiment shown in (A). Histogram
(inset) shows 93.2% single cell occupancy. (C) Distribution of the number of GAPDH
transcripts measured in single K562 cells (N=233).
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of diameters of trapped cells corresponds to a mean volume of 4.2 pL with a standard
deviation of 2.0 pL.
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vs. input 96.8%). Finally, measurements of the distribution of cell diameters prior
to and after loading indicated that cell trapping did not introduce significant bias
(p=0.67, two sample t-test) in selecting cells of different sizes (Figure 2.5). This cell
trap geometry and loading protocol were used in all subsequent qPCR measurements
presented below. Further improvement of trap and deflector geometries were found
to achieve fill factors of >99% (100 single cells captured out of 100 traps analyzed)
and cell capture efficiencies of 87.0±4.5%, with cell viability again matching the input
sample (>98%) and not significantly biasing cell sizes (p=0.35, two-sample t-test),
making this method applicable to the analysis of limited quantity samples such as
rare stem cells or clinical samples.
The immobilization of cells in traps was also used for on-chip washing of cells
prior to lysis to remove free RNA, cellular debris, and untrapped cells that would
otherwise give rise to background signal or result in low single cell occupancy (Figure
2.7A-B). The efficiency of chamber washing, determined by loading purified RNA
template (36.5 ng/µL), followed by washing and RT-qPCR analysis, was >99.99%
(1.1×104 copies measured without wash, 0 copies detected after washing) (Figure
S2C). In addition, RT-qPCR measurements testing different cell loading and washing
protocols demonstrated that on-chip washing allows for loading directly from culture
medium with low background as compared to off-chip wash steps followed by analysis
in µL volumes (Figure 2.3C). Importantly, on-chip washing allows for lysis within
seconds of washing, thereby minimizing spurious transcriptional responses that may
arise from sequential medium exchange and spin steps.

2.4.2

Validation of Integrated Single Cell RT-qPCR

We first tested the sensitivity and precision of RT-qPCR in our device by performing measurements of GAPDH expression over an 8-fold dilution series of total RNA,
ranging from 40 pg (∼2 cell equivalents) to 10 fg (∼1/2000 cell equivalents). RNA
was purified from K562 cells, a BCR-ABL positive human cell line derived from a
patient with chronic myeloid leukemia (20) (Figure 2.3A-C). The efficiency of amplification was determined over the four highest template concentrations (40 pg, 5
pg, 625 fg, 78.125 fg) as the slope from a linear least squares fit of log2(C) vs. CT,
and was found to be 0.988±0.055. The standard deviation of CT values was less
than 0.15 at the three highest concentrations (s.d.=0.08, 0.10, 0.14 for the 40 pg,
5 pg, and 625 fg samples respectively), indicating uniform amplification across the
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Figure 2.6: Single-cell miRNA measurements. (A) The locations of cells in each
chamber along all 6 lanes of a device, as determined by brightfield microscopy, are
represented as white circles and overlaid on a heat map of CT values obtained from
RT-qPCR measurements of miR27a in K562 cells. Red circles indicate NTC. (B)
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Figure 2.7: On-chip cell washing. (A) Measurements of GAPDH in cells washed
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Figure 2.8: Comparison of GAPDH measurements from K562 cell lysate with RT
performed in the microfluidic device or RT performed in tubes prior to qPCR in the
device. Obtained CT values (inset) show no significant difference in efficiency.

array and technical error of less than 10% in absolute concentration, near the limit
of qPCR precision. The highest measurement variability was observed in the 78 fg
sample, where shot noise (Poisson sampling noise) is most pronounced and accounts
for approximately 50% of the measurement variance. Template amounts below 625
fg resulted in a digital pattern characteristic of single molecule amplification (49/50
for 78 fg, 19/50 for 10 fg) and consistent with the expected occupancy of chambers as
determined by a binomial distribution[62]. Based on the frequency of single molecule
detection in the 10 fg sample, we measured the average copy number of GAPDH to
be 979 ± 240 transcript copies per single cell equivalent (20 pg) (Figure 2.3). This
measurement is comparable to previous reports[79] and is in close agreement with an
independent estimate based on normalizing the dilution series to CT values obtained
for single molecules (copies/20 pg = 0.5×copies/40 pg = 0.5×(1+efficiency)(CT(40
pg) - CT(single molecule)) = 1407 ± 153 copies/20 pg). It should be noted that
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these estimates represent a lower bound since they do not account for RT efficiency;
the RT efficiency of GAPDH has been previously estimated to be ∼50%[89] but is
dependent on transcript secondary structure and assay design. A comparison of CT
values obtained from on-chip qPCR from cDNA synthesized off-chip demonstrated
that on-chip RT efficiency is equal to that obtained off-chip when working from the
same RNA concentrations (Figure 2.8). Finally, comparison of the same dilution series of RNA, assayed for GAPDH both on-chip and in tubes (20 µL volume) (Figure
2.3C), showed that on-chip analysis provides improved sensitivity.
25

24

23

Ct

22

21

20

19
N=56

N=22

N=36

N=7

1

2

3

4

N=10

N=7

5

6

7

N=2

N=1

N=1

8

9

10

Number of Cells

Figure 2.9: Measurement of miR16 in hESC cell aggregates demonstrates that the
number of cells is reflected in corresponding cycle threshold (CT) values.

We next evaluated the efficiency and reliability of on-chip cell processing by comparing our GAPDH measurements of purified RNA to measurements performed directly from single K562 cells (Figure 2.3C, Figure 2.4C). K562 cells were loaded
directly from culture medium followed by washing and analysis using a chemical lysis
and one-step RT-qPCR protocol (Cells Direct™, Invitrogen). Using a CT threshold of
31.5, corresponding to the mean CT of a single molecule of GAPDH (CT = 30.5) plus
two standard deviations (s.d. = 0.5), we observed successful amplification in 100%
of single cells (N = 233) (Figure 2.4A-B). Adjacent chambers that did not contain a
cell were clearly separated from single cell measurements with an average delta CT
44

2.4. Results and Discussion
value of 5.7 (5 empty chambers, 3 of which amplified) (Figure 2.4A-B). Consistent
with previous reports[40], we observed a log-normal distribution of GAPDH in single
cells with mean CT values of 20.3 (s.d. = 0.8) and an average of 1761 (s.d. = 648)
copies per cell (Figure 2.4C). These expression levels are consistent with previous estimates in single cells[79]. Additionally, the mean CT of 20.3 observed for single cells
matches measurements of single cell equivalent lysate (CT = 20.2, Figure 2.3D). Using digital PCR on cDNA prepared from K562 cell lysate, we measured an average of
1229±72 GAPDH molecules per single cell equivalent. We conclude that the relative
efficiency of on-chip single cell lysis and mRNA extraction/accessibility is equal to
that achieved when working from RNA purified from large numbers of cells. Finally,
as expected, RT-qPCR measurements from chambers loaded with more than one cell
show reduced variability and lower CT values (Figure 2.7A, Figure 2.9). Taken together, these results establish the precise measurement of mRNA abundance with
single molecule sensitivity and the dynamic range needed for single cell analysis.

2.4.3

Application to Measurement of Single Cell miRNA
Expression

We next applied our technology to the study of single cell miRNA expression. miRNAs are thought to provide a unique signature of cellular state and are central players in orchestrating development and oncogenesis, making them a promising class of
biomarker for single cell analysis[16, 20, 115]. Importantly, the short length of miRNAs (∼22 nucleotides) makes them difficult to detect by hybridization approaches,
so that RT-qPCR is the dominant quantification strategy. To demonstrate the robustness and throughput of our technology, we performed a total of 1672 single cell
measurements to examine single-cell variability in the expression of 9 miRNAs spanning a wide range of abundance (>16000 copies per cell to <0.2 average copies per
cell). K562 cells were again chosen as a heterogeneous population for this study since
they are known to exhibit mixed characteristics of erythrocytes, granulocytes, and
monocytes[116, 117]. We first measured the expression of miR-16, a highly expressed
microRNA that is found in many tissue types[118] and has been suggested as a suitable internal standard for normalization[60]. We found that miR-16 was log-normally
distributed across K562 cells, but with slightly lower expression and notably tighter
regulation than GAPDH, having an average of 804 (s.d. = 261) copies per cell and
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a standard deviation of 30% (mean CT = 21.4, s.d. = 0.4). This strikingly low
variability is within our estimates of cell volume differences (Figure 2.5). Matched
experiments on single cells, isolated by micropipette into 20 µL volume tubes displayed an increase in measurement variability to ∼90% (mean CT = 29.5, s.d. =
0.9), demonstrating the improved precision of parallel microfluidic cell processing in
nL volumes (Figure 2.10A). Microliter volume experiments also showed a pronounced
increase in measured CT values that results from the low concentration of template
and the large number of required PCR cycles.
To demonstrate the utility of our device for measuring differential expression in
single cells we next measured the expression of miR-223, a miRNA implicated in
myeloid differentiation[18, 117]. In contrast to miR-16, K562 cell miR-223 expression
was found to be highly variable (mean CT = 22.2, s.d. = 1.6, copy number = 513,
s.d. = 406) and was not log-normally distributed (Figure 2.10B), consistent with
the known functional heterogeneity of K562 cells. These measurements highlight the
utility of single cell miRNA expression analysis for assessing the heterogeneity of cell
populations and for identifying miRNAs that are useful biomarkers of cellular state.
To further explore this possibility we measured the expression of an additional 7 miRNAs (9 total) and plotted the patterns of single cell expression in K562 populations
(Figure 2.10C). Following the procedure described above, we used single molecule CT
values, obtained by digital PCR, to translate measured CT values to absolute copy
number. Assuming 100% efficient amplification, we observed that the copy number,
calculated as 2(CT(single cell) CT(single molecule)), was well correlated (coefficient
of 0.9932) with the average copy number obtained by digital PCR of cDNA prepared
from bulk lysates (Figure 2.10D). Single cell measurements revealed distinct patterns
of miRNA expression, with miR-16, miR-92, and miR-17-5p each exhibiting unimodal
and tightly regulated distributions, while miR-223, miR-196a, and miR-145 showed
multi-modal distributions and a high level of cellular heterogeneity. Notably, for the
lowest abundance miRNA, miR-200a, we detected expression in only a small fraction
of cells and at levels below ∼5 copies per cell. The average miR-200a copy number
over all cells was within factor of two of that obtained by digital PCR (0.2 copies
per cell). In contrast, miR-92 was found to be the most abundant miRNA and was
present at approximately 60,000 copies per cell. These measurements established
miRNA quantification in single cells with a dynamic range of greater than 104 and
at single molecule sensitivity.
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Finally, to illustrate the utility of single cell measurements in precisely assessing
differences in both the average expression and the heterogeneity between two different
cell populations, the expression levels of miR-16 and miR-223 in K562 cells were
compared to those in CA1S cells[111, 112], a human embryonic stem cell line (hESC).
Although miR-16 was found to be expressed in hESC at similar levels to K562 (∆CT
= 0.6), we observed approximately a two-fold greater variability in expression (mean
CT = 22.0, s.d. = 0.7) (Figure 2.10A). In contrast, when compared to K562, single
CA1S cell measurements of miR-223 showed strong down-regulation, with miR-223
detected in only 3.6% of cells. The absence of significant miR-223 expression in hESC
is expected due to the role of miR-223 as a differentiation-specific miRNA[18, 117].

2.4.4

Co-regulation of miR-145 and OCT4 in Single Cells

The measurement of multiple transcripts in individual cells allows for quantitative
measurements of gene co-regulation that would otherwise be masked by cellular
heterogeneity[90]. To demonstrate this capability we designed an optically multiplexed assay to study the co-regulation of miR-145 and OCT4, a known target of
miR-145[119], during the differentiation of hESCs (Figure 2.11A-C). A total of 1094
single cell measurements were performed at 0, 4, 6, and 8 days of differentiation.
Cell distributions at each time point were used to map out the evolution of these
transcripts and showed that average miR-145 levels increased approximately 20 fold
(copy numbers: D0: mean = 18.9, s.d. = 25.5, D8: mean = 380.3, s.d. = 259.4)
over 8 days. Increases in miR-145 were accompanied by progressive down-regulation
of OCT4, ultimately reaching an average of 30-fold suppression (copy numbers: D0:
mean = 755.7, s.d. = 306.4, D8: mean = 27.8, s.d. = 124.5) after 8 days (independently verified by mRNA-FISH) (Figure 2.12). Notably, single cell analysis at day 6
showed a bimodal distribution in both OCT4 and miR-145, revealing a transition of
cellular state[119] that likely reflects the spontaneous differentiation of a subpopulation of cells. The observed single cell dynamics of miR-145 and OCT4 co-regulation
are not apparent in population measurements, highlighting the use of scalable single
cell transcriptional analysis in correlating molecular signatures to cellular decision
making[90].
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Figure 2.11: Optical multiplexing of single cell RT-qPCR. (A) Multiplexed analysis
of the co-expression of OCT4 and miR145 in differentiating hESC. Points are colorcoded to represent single cell measurements (N = 547) for each time point. Crosses
represent population mean copy number. (B,C) Histograms showing the distribution
of each transcript are projected on the axes with the mean copy number indicated by
a dashed line. (D) Co-expression measurements of SP1 wild-type and SNV mutant
transcripts in primary cells isolated from a lobular breast cancer sample. Mutant SP1
is detected in 23 of 117 primary cells, and undetected in K562 cells (N=37).
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A

B

Figure 2.12: mRNA-FISH of OCT4 (red) counterstained with DAPI (Blue) in CA1S
cells (A) Representative image of mRNA-FISH of OCT4 in a CA1S cell after 7 days of
FBS differentiation. Estimate of average copy number of OCT4 mRNA as determined
by manual inspection of image stacks is 42 (s.d. = 41, N=6). (B) Representative
image of undifferentiated CA1S cells. Estimate of average copy number as determined
by manual inspection of image stacks is 988 (s.d. = 368, N = 6). Scale bar = 10 µm.

2.4.5

SNV Detection in Primary Cells

Finally, to establish the specificity of our method we used multiplexed measurements
of mRNA single nucleotide variants (SNV) to assess the genomic heterogeneity within
a primary tumor sample. A total of 117 single cells isolated from a plural effusion
of a metastatic breast cancer were assayed for the expression of a SNV mutant of
the transcription factor SP1, previously identified by deep sequencing[32] (Figure
2.11D). Primers were designed using sequences flanking the SNV location and do not
discriminate between the genomic DNA and mRNA transcript. Of the 117 primary
cells analyzed, 22 (18.8%) were heterozygous for the mutant and wildtype allele,
85 (72.6%) were homozygous wildtype, 1 (0.9%) was homozygous mutant and the
transcripts were undetected in 9 (7.7%). We did not detect the SP1 mutation in
37 control K562 cells and failed to detect the wild-type transcript in only 2 of these
cells. In the absence of copy number alterations in the primary sample, these observed
frequencies would suggest a mutant to wild-type SP1 ratio of 11.2% (18.8×1 + 0.9×2
= 20.6 mutant to 18.8×1 + 72.6×2 = 164 wild-type). However, using digital PCR
on purified DNA from the primary sample, we found the ratio of mutant to wild-type
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SP1 alleles to be 18.7 ± 2.3%, in agreement with the previously reported ratio of
21.9%, obtained by deep sequencing[32]. The lower frequency of cells expressing the
mutant SP1 allele may be due to allelic expression bias or an amplification of the SP1
mutant allele, both of which are supported by Shah et al.[32]. Regardless, given that
the frequency of tumor cells within the original sample was approximately 89%[32],
both DNA molecule counting and single cell RNA expression measurements show
that the metastasis of this tumor is derived from multiple cancer cell lineages.

2.5

Conclusion

Here we have demonstrated the first implementation of scalable and quantitative
single cell gene expression measurements on an integrated microfluidic system. The
presented device performs 300 high-precision single cell RT-qPCR measurements per
run, surpassing previous microfluidic systems by a factor of ∼100 in throughput.
Further scaling the throughput to over 1000 measurements on a device with an area
of one square inch is straightforward as each array element occupies an area of 0.6
mm2 . In terms of performance, we have established a dynamic range of at least 104 ,
measurement precision of better than 10%, single molecule sensitivity, and specificity
capable of discriminating the relative abundance of alleles differing by a single nucleotide. Compared to tube-based single cell RT-qPCR, microfluidic processing provides improved reproducibility, precision, and sensitivity, all of which may be critical
in identifying subtle differences in cell populations. Nanoliter volume also results in a
1000-fold reduction in reagent consumption, thereby enabling cost effective analysis
of large numbers of single cells.
In over 3300 single cell experiments, using adherent and suspension cell lines as
well as clinical samples, we have shown that microfluidic RT-qPCR is well-suited to
the quantitative analysis of miRNA expression and SNV detection, both of which are
difficult or inaccessible by alternative hybridization methods. Notably, our device allowed for precise comparison of the distributions of GAPDH and miR-16 expression.
miR-16 was found to be exquisitely regulated in K562 cells, a finding that is striking
given the known functional heterogeneity of this population and the high observed
variability in the expression of other measured miRNAs. We postulate that higher observed variability of GAPDH expression reflects the fundamentally stochastic process
of transcriptional bursts followed by mRNA degradation. Incorporation of miRNA
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into the RISC complex is known to provide enhanced stability so that miRNA are
inherently less subject to temporal fluctuations; miRNA are thus particularly suited
as biomarkers for assessing single cell state and population heterogeneity. We anticipate that scalable and precise single cell miRNA analysis will become an invaluable
tool in stratifying populations of mixed differentiation state[20].
Here we have established the critical element of combining all single-cell processing steps into an integrated platform. This functionality provides a solid foundation
upon which increasingly advanced microfluidic single cell transcription analysis may
be built. We anticipate that more complex fluid routing[120], to distribute cell contents across multiple chambers, will allow for the multiplexed measurements of tens
of targets across hundreds of cells, and for combining this technology with single
molecule detection by digital PCR. Alternatively, the microfluidic system described
here could be used for single cell processing and pre-amplification, with recovered reaction products analyzed by high-throughput microfluidic qPCR or sequencing. We
contend that the simplicity of device operation will soon allow for the robust and automated implementation of single cell RT-qPCR, leading to its widespread adoption
in research applications and opening the prospect of diagnostic tests based on single
cell analysis.
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Table 2.3: mRNA FISH Probes
Probe Sequence (5’ - 3’) Probe Name Position GC content (%)
tgaaatgagggcttgcgaag
OCT4 1
2
50
61
55
aaatccgaagccaggtgtcc
OCT4 2
atcacctccaccacctggag
OCT4 3
95
60
138
60
aggtccgaggatcaacccag
OCT4 4
aggagggccttggaagctta
OCT4 5
161
55
215
60
aatcccccacacctcagagc
OCT4 6
atccccccacagaactcata
OCT4 7
253
50
289
60
actagccccactccaacctg
OCT4 8
tcaggctgagaggtctccaa
OCT4 9
322
55
354
60
agttgctctccaccccgact
OCT4 10
ttctccttctccagcttcac
OCT4 11
418
50
440
60
ctcctccgggttttgctcca
OCT4 12
466
45
ttctgcagagctttgatgtc
OCT4 13
cttggcaaattgctcgagtt
OCT4 14
488
45
510
50
tgatcctcttctgcttcagg
OCT4 15
atcggcctgtgtatatccca
OCT4 16
533
50
aaatagaacccccagggtga
OCT4 17
560
50
582
45
tcgtttggctgaataccttc
OCT4 18
taagctgcagagcctcaaag
OCT4 19
612
50
gcagcttacacatgttcttg
OCT4 20
636
45
tccacccacttctgcagcaa
OCT4 21
661
55
684
35
gattttcattgttgtcagct
OCT4 22
tctgctttgcatatctcctg
OCT4 23
706
45
743
45
actggttcgctttctctttc
OCT4 24
ttgcctctcactcggttctc
OCT4 25
766
55
ctgcaggaacaaattctcca
OCT4 26
788
45
atctgctgcagtgtgggttt
OCT4 27
814
50
851
55
atccttctcgagcccaagct
OCT4 28
ttacagaaccacactcggac
OCT4 29
874
50
910
50
tagtcgctgcttgatcgctt
OCT4 30
ctcaaaatcctctcgttgtg
OCT4 31
932
45
ctgagaaaggagacccagca
OCT4 32
954
55
agaggaaaggacactggtcc
OCT4 33
976
55
atagcctggggtaccaaaat
OCT4 34
1010
45
agtacagtgcagtgaagtga
OCT4 35
1038
45
ttccccctcagggaaaggga
OCT4 36
1064
60
tgacggagacagggggaaag
OCT4 37
1086
60
agtttgaatgcatgggagag
OCT4 38
1116
45
attcctagaagggcaggcac
OCT4 39
1139
55
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Chapter 3
High-Throughput Microfluidic
Single-Cell Digital PCR1
3.1

Overview

Here we present an integrated microfluidic device for the high-throughput digital PCR
(dPCR) analysis of single cells. This device allows for the parallel processing of single
cells and executes all steps of analysis including cell capture, washing, lysis, reverse
transcription, and dPCR analysis. The cDNA from each single cell is distributed into
a dedicated dPCR array consisting of 1020 chambers, each having a volume of 25
pL, using surface tension-based sample partitioning. The high density of this dPCR
format (118,900 chambers per cm2 ) allows the analysis of 200 single cells per run, for
a total of 204,000 PCR reactions using a device footprint of 10 cm2 . Experiments
using RNA dilutions show this device achieves the shot-noise limited performance
in quantifying single molecules, and with a dynamic range of 104 . We performed
over 1200 single cell measurements, demonstrating the use of this platform in the
absolute quantification of both high and low abundance mRNA transcripts, as well
as microRNA that are not easily measured using alternative hybridization methods.
We further apply the specificity and sensitivity of single cell dPCR to performing
measurements of RNA editing events in single cells. High-throughput dPCR provides
a new tool in the arsenal of single cell analysis methods, with a unique combination of
speed, precision, sensitivity and specificity. We anticipate this approach will enable
new studies where high-performance single cell measurements are essential, including
the analysis of transcriptional noise, allelic imbalance, and RNA processing.
1

A version of this chapter has been published: Adam White, Kevin Heyries, Colin Doolin,
Michael VanInsberghe, and Carl L. Hansen, High-Throughput Microfluidic Single-Cell Digital PCR,
Analytical Chemistry, 2013.
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3.2

Introduction

Cells are the fundamental unit of biology. Despite this the vast majority of gene
expression measurements have been performed using bulk samples of RNA extracted
from large populations of cells having undefined composition and heterogeneity. Underlying the interpretation of such data is the assumption that all cells are similar,
and that the ensemble average of many individuals accurately captures the biology.
Unfortunately this assumption is often false. Significant cellular heterogeneity exists
in most samples and is manifest at multiple levels including epigenetic[121, 122] and
transcriptional states[123], protein expression[124] and post-translational modifications, growth characteristics[125], and functional responses[126]. Population measurements generally obscure this heterogeneity and muddy the biological interpretation: existing protocols for the isolation of rare stem cell populations typically
provide functional purities between 1% and 50%[10, 127, 128], resulting in significant
and often overwhelming contamination from undefined subpopulations; the analysis
of gene expression responses can be blurred by cellular asynchrony[129]; and many
fundamental biological questions, including the degree to which cells regulate mRNA
expression and processing, require measurements at the single cell level.
The development of methods to measure and understand cellular variability has
reached the point of mission critical and stands to impact a wide array of fundamental
and applied fields ranging from immunology to regenerative medicine to microbiology. In response to this need, an expanding array of single cell genomics methods
are being advanced, each appropriate to different levels of inquiry. The coupling of
whole transcriptome RNA amplification with high-throughput sequencing is now an
established method for global analysis of single cell expression profiles[130]. Although
there still remain issues of representational bias, technical noise, and sequencing cost,
the continued development of improved instrumentation, bioinformatics approaches,
and optimized reagent kits[34] is likely to bring single cell WTA analysis into the
mainstream. RT-qPCR, either in conventional[40, 58] or microfluidic[90, 94] formats,
is perhaps the most versatile method for single cell gene expression analysis[131].
Although well-suited to identifying and monitoring cellular subpopulations using established panels of genes[20, 60, 132], RT-qPCR does not provide absolute measurements and has limited precision and specificity when working with low abundance
templates. These limitations make RT-qPCR suboptimal for applications that require high-performance measurements of a small number of targets, including studies
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of transcriptional noise or allelic imbalance, single cell genotyping, and the absolute
quantitative analysis of low copy transcripts.
For such demanding applications two single molecule counting methods have
emerged: mRNA fluorescence in situ hybridization (mRNA FISH)[23, 26] and digital
PCR (dPCR)[62]. mRNA FISH has the important advantage of preserving spatial
information regarding the location of cells within a tissue and has been applied to
whole organisms. However, this method requires a lengthy sample preparation protocol, complex probe design, and the need for sophisticated image acquisition and
analysis steps. In addition, although mRNA FISH can in principal provide absolute
transcript numbers, in practice this is often limited by difficulty in resolving closely
localized fluorescent spots, interference from background fluorescence, ambiguity in
defining cellular boundaries, and a broad distribution of intensities from hybridization events. More fundamentally, the need for multiple hybridization probes makes
mRNA FISH poorly suited to measurements of small RNA species or discrimination
of transcripts with high sequence homology[26].
The alternative approach, dPCR, uses compartmentalization of single molecules
at limiting dilution followed by PCR amplification and end-point detection to enable
precise and highly specific quantification of transcripts. Although this approach has
been used to make precise measurements of single cell transcription[62], throughput is
typically restricted by the labour and cost of cell isolation and processing in conventional microliter volumes, as well as limitations in the throughput of dPCR analysis.
Microfluidic systems can address these issues by providing economy of scale, automation and parallelization, as well as increased reproducibility and sensitivity in small
volume reactions[68]. We previously developed a microfluidic device that implements
integrated RT-qPCR at a throughput of 300 single cells per run[129]. This device performs steps of cell lysis, RT, and PCR by sequentially transferring reagents through
three chambers, ending with PCR amplification of each cell product in single 50 nL
chambers. A related device, featuring additional cell processing chambers and sample elution capabilities, has recently been released as a commercial product (Fluidigm
C1™). In separate work we have also developed a dPCR format that uses surface tension partitioning to achieve planar dPCR densities up to 400,000 chambers/cm2 [133].
Here we combine the advantages of integrated single cell processing[129] and highdensity dPCR[133] to enable high-throughput single cell dPCR. Our device is capable
of processing 200 single cells per run, each of which is analyzed in an array of 1,020
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PCR reactions, each having a volume of 25 pL, for a total of 204,000 PCR reactions
per experiment. We establish the technical performance of this system using RNA
dilutions and demonstrate its use in making absolute single cell measurements of the
expression of high- (GAPDH) and low-abundance (BCR-ABL) transcripts, as well
as the abundance of a mature microRNA (miR-16). Finally we apply our system
to the measurement and single nucleotide discrimination of RNA editing of EEF2K
transcripts in single cells.

3.3

Methods

The microfluidic device presented here consists of 200 identical modules (Figure 3.1A)
divided into 4 linear arrays. Each array contains 50 modules (Figure 3.1B) with 3
chambers connected in serial, followed by a dPCR array. This architecture allows
for the implementation of a three-step protocol that requires sequential additions of
reagents without purification, followed by dPCR analysis of the resulting products.
Examples of two such protocols, one for mRNA quantification and one for miRNA
quantification, can be performed as shown in Figure 3.1C (see below for protocol
details). Cells are first trapped in the cell capture chamber (0.8 nL) using hydrodynamic traps[129] and are then washed with fresh PBS. Reagents are then introduced
through the cell capture chamber to fill the subsequent cell lysis chamber (10 nL)
and the RT chamber (50 nL). Finally, half of the product from each RT chamber
is loaded into an independent dPCR array having 1020 chambers, sufficient to accurately measure the mRNA and miRNA targets ranging from approximately 3 to
5,000 copies per cell. This section describes device fabrication and operation, as well
as experimental protocol details.

3.3.1

Device Fabrication

Microfluidic devices were fabricated using multilayer soft lithography[65], following
a similar procedure to those previously described[79, 89, 129]. The microfluidic device was designed using in-house developed software to generate a digital drawing of
the device in the Caltech Intermediate Form (CIF) file format. Further processing
was done with CleWin (Phoenix Software) to array and arrange the device to be
suitable for fabrication on 4-inch silicon wafers. Five separate 5-inch photomasks
(Microchrome) for flow and control layers were printed at 2 µm resolution using a
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Figure 3.1: Microfluidic device design and operation. (A) Layout of the microfluidic
modules for single cell digital PCR analysis. The cells are trapped, lysed and the
transcript target is reverse transcribed before being injected into a digital PCR array.
The respective height dimensions for the chambers and channels are indicated. (B)
Complete microfluidic device. Four main panels contain 50 identical modules capable
of parallel processing of up to 200 single cells. The device also contains a network
of hydration channels to prevent water loss during thermocycling. (C) Workflow
schematic for single cell digital PCR analysis of mRNA. Depending on the protocol
used for mRNA or miRNA analysis, cells are either chemically or heat lysed after
being trapped (insert, K562 cells trapped; the scale bar is 100 µm). Transcripts
are then reverse-transcribed to cDNA by mixing RT reagents using diffusion. PCR
reagents are then injected into the device, mixed by diffusion with cDNA products
and injected in to the digital PCR array using dead end filling. A fluorinated oil
(FC-40) is then used to displace the remaining PCR solution in the channels and
compartmentalize individual PCR digital chambers.
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LaserWriter (Microtech). The flow layer refers to the layer of channels used to handle
samples and reagents, while the control layer refers to the layer of channels below the
flow layer which are used to valve flow channels
The flow mold was manufactured by the subsequent layering and lithography
of four different photoresists. Fabrication using photoresists was done according to
manufacturer’s specifications. Blank silicon wafers (5 inches, Silicon Quest) were
dehydrated at 190 ◦ C for 1 hour and exposed to hexamethyldisilazane (Sigma) for
5 minutes prior any use. First, 16 µm thick valvable channels were fabricated by
spinning SPR220-7 (Rohm and Haas). After exposure and development the entire
wafer was baked at 190 ◦ C for one hour. Next, a layer of 12 µm thick SU8-3010
(MicroChem) was used to create the cell traps and channels into the digital array. A
50 µm layer of SU8-3025 (MicroChem) was then used to make the 25 pL reactors of
the digital array as well as the microfluidic channels responsible for reagent transfer
into and out of the device. Finally 150 µm high SU8-100 (MicroChem) was used to
construct the large 10 nL and 50 nL chambers. To fabricate the control mold a single
layer of 25 µm high SU8-3025 was used. After fabrication, all the molds were coated
with an ∼100 nm layer of poly(paraxylylene) (parylene C) to prevent adhesion by
polymerized poly(dimethylsiloxane) (PDMS) and increase mold durability[134].
The microfluidic devices were assembled through the subsequent bonding of three
layers of replica molded PDMS on top of a 50×75mm glass slide. Approximately 60
g of 5:1 (part A:part B) PDMS (General Electric, RTV 615) was degassed, poured on
to the flow mold and then baked at 80 ◦ C to polymerize for 60 minutes. Meanwhile
20:1 PDMS was spun at 1800 rpm for 60 s on the control molds and was left to
cure at 80 ◦ C for 30 minutes. PDMS casted onto the flow mold was then carefully
peeled off, trimmed to device size and reagent inlets and outlets were punched using
a 20 gauge coring tool (Technical Innovations). The PDMS flow layer was manually
aligned on top the PDMS coated control molds and cured for a further 30 minutes
at 80 ◦ C. While this is happening 20:1 PDMS was spun at 1800 rpm for 60 s onto
cleaned 50 x 75 mm glass slide and baked at 80 ◦ C for 30 minutes. Following bonding,
the combined two layer PDMS structure was peeled from the mold and holes were
punched to allow fluid input to the control layer. The PDMS slab was then cropped
into individual devices and deposited on the PDMS coated glass slides to complete
the devices and baked overnight at 80 ◦ C. Finally, the devices were kept in a sealed
container with 99% humidity for at least 24 hours prior to any use.
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3.3.2

Device Operation

The device was operated through control of 12 pneumatic valves, which apply pressure
(30 psi) to the Krytox (DuPont) oil used as fluid in the control lines. The device may
be controlled using a manifold of manual valves, however for current study valves
were controlled by solenoid actuators (Fluidigm Corp.) in a semi-automated fashion
through a digital input-output card (NI-DAQ, DIO-32H, National Instruments) using
a LabView program (National Instruments). The solenoids are connected to the
microfluidic device by Tygon tubing ending in stainless steel pins (20-gauge, Small
Parts Inc.) fitted into the control line ports. Reagents were injected into the device
through pipette tips (Xcluda Style G Aerosol Barrier Pipet Tips, BioRad) plugged
into device ports and applying pressure though a manifold of manual valves.
The microfluidic device was designed to be compatible with commercially available
lysis and RT-qPCR reagents. Following a common procedure for cell loading, the
microfluidic device was used to perform either chemical lysis followed by RT and
digital PCR, or heat lysis followed by RT and digital PCR. The microfluidic device
was designed to implement one-pot chemistries, by which reagents are sequentially
added to the reaction without intermediate product purification steps.

3.3.3

Cell Loading

Each cell-loading lane was primed by flowing PBS with 0.5% (m/v) bovine serum
albumin through the channel for 30 s. This treatment helped prevent cells from
adhering to the PDMS walls of the microfluidic channels. Cells were taken directly
from suspension culture and injected into the cell loading lanes. Typically 5 µL to 20
µL of cells in suspension at concentrations between 5 × 105 and 1 × 106 cells/mL were
injected into the device with a flow rate of approximately 20 nL/s. Concentrations
higher than 2 × 106 cells/mL occasionally caused clogging at the inlet port or in
the channel at trap locations. Following loading, 2 µL of the PBS solution was run
through each of the four lanes of cell traps in order to displace the culture medium
and remove any free nucleic acids that may be present. Finally valves were actuated
to isolate each of the cell traps. Manual inspection of each of the 200 cell traps was
then performed to confirm and record the number of cells present in each trap.
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3.3.4

Detecting mRNA with Chemical Lysis and RT-dPCR

For measurements of mRNA, we used the CellsDirect™ One-Step qRT-PCR kit (Invitrogen) to perform chemical lysis followed by RT and digital PCR. Lysis solution
(15 µL) was prepared according to the manufacturer and loaded into the 4 reagent
injection lanes. Lysis is performed by opening valves to the cell trap chambers and
injecting the lysis reagent through the cell trap chambers and dead-end filling the 10
nL chamber. The lysis reaction is incubated at room temperature for 10 min, followed by heat-inactivation of the lysis reagent at 70◦ C for for 10 min. Temperature
is controlled by placing the device on a flatbed thermocycler.
The one-step RT-qPCR mix [prepared as 1 µL of SuperScript III RT/Platinum
Taq Mix, 25 µL of 2× Reaction Mix (with ROX reference dye), 2.5 µL of 20× TaqMan
Assay (primers and probes, Life Technologies), 1µL of 50 mM MgSO4, 5.5 µL of
water, and 5 µL of 1% Tween-20] was then combined with the cell lysate into the
50 nL reaction chamber, and allowed to mix by diffusion for 30 minutes. Reverse
transcription was performed by incubating the device on a flatbed thermocycler at 50
◦
C for 20 minutes. The RT product and PCR reaction mix was then pushed into the
digital PCR array. After completely dead-end filling all of the chambers, fluorinated
oil (FC-40, Sigma) was used to partition the array of digital PCR chambers[133]. A
continuous flow of this oil was maintained throughout the thermocycling reaction to
ensure reaction segregation. Light mineral oil, applied between the glass substrate
and the thermocycler, was used to improve the thermal contact during thermoclying
(30 second hot-start at 95 ◦ C, followed by 30 cycles of 95 ◦ C for 3 seconds and 60 ◦ C
for 30 seconds). Commercially available primers and probes were used to measure
GAPDH (Hs 02758991 g1, Life Technologies) and BCR-ABL (Hs 03024784 ft, Life
Technologies). The procedure is summarized in the table below.

3.3.5

Detecting miRNA with Heat Lysis and RT-dPCR

The protocol for detecting microRNAs is similar to the protocol used for measuring
mRNA transcripts. Cells were trapped, washed, and isolated between valves as describe above. However, in this protocol, heat lysis (85 ◦ C for 7 minutes) was used
in the place of chemical lysis and was followed by a 2-step RT and PCR reaction
using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems) and
the TaqMan® Fast Universal Master Mix. The RT reaction was performed in the
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Table 3.1: Chemical Lysis and 1-step RT-dPCR Protocol
Step Description
1
Prime device with PBS 0.5 mg/mL BSA and 0.5 U/µL RNase Inhibitor
2
Inject cell suspension (passive cell trapping)
3
On chip cell washing with PBS containing 0.5 mg/mL BSA and
0.5 U/µL RNase Inhibitor
4
Close valves partitioning cell loading channel and isolating single
cells
5
Count cells by visual inspection with microscope
6
Inject lysis reagent through the cell capture chamber, dead-end
filling the 10 nL chamber
7
Close reagent injection valve, creating isolated reactors combining
the cell capture chamber and lysis reservoir chamber
8
Perform lysis at room temperature and heat inactivation of the
lysis reagent at 75 ◦ C by placing device on flatbed thermocycler
9
Flush reagent injection lines with reagent for RT-qPCR
10 Inject RT-qPCR reagent through combined cell-capture/lysis
chamber into 50 nL RT chamber
11 Close valve to RT chamber. Allow for mixing by diffusion (30
mins) before RT (20 mins)
12 Open valves to digital PCR chamber array, and inject RT product
(continuing to push with RT-qPCR reagent). Close all valves after
dead-end fill
13 Prime the oil fluidic bus lines, before opening valves to allow the
oil to flow through the reactors and to the output port. Place on
flatbed thermocycler with light mineral oil and tape down for thermal contact
14 Run RT-qPCR protocol

Time
1 min
1 min
1 min
30 sec
7 mins
1 min
30 sec
25 min
30 sec
5 min
50 min
3 min

8 min

(varies)
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Table 3.2: Heat Lysis and 2-Step RT-dPCR Protocol
Step Description
1
Prime device with PBS 0.5 mg/mL BSA and 0.5 U/µL RNase Inhibitor
2
Inject cell suspension (passive cell trapping)
3
On chip cell washing with PBS containing 0.5 mg/mL BSA and
0.5 U/µL RNase Inhibitor
4
Close valves partitioning cell loading channel and isolating single
cells
5
Count cells by visual inspection with microscope
6
Heat lysis by placing device on flatbed thermocycler and heating
to 85 ◦ C
7
Flush reagent injection lines with reagent for RT
8
Inject RT reagent through the cell capture chamber, dead-end filling the 10 nL RT chamber
9
Close reagent injection valve, creating isolated reactors combining
the cell capture chamber and RT chamber
10 Perform reverse transcription (pulsed temperature protocol) by
placing device on flatbed thermocycler
11 Flush reagent injection lines with reagent for PCR
12 Inject PCR reagent through combined cell-capture/RT chamber
into 50 nL mixing chamber
13 Close valve to mixing chamber. Allow for mixing by diffusion
14 Push RT product and PCR mix into digital PCR array, and partition array with oil
15 Run digital PCR protocol

Time
1 min
1 min
1 min
30 sec
7 mins
7 min
2 min
1 min
30 sec
2.5 hr
2 min
5 min
40 min
8 min
(varies)

10 nL chamber, and the 50 nL chamber was simply used to mix the RT product with
the PCR reagent prior to injection into the dPCR array. A pulsed temperature RT
protocol was carried out by placing the microfluidic device on a flatbed thermocycler
(2 min at 16 ◦ C, followed by 60 cycles of 30 seconds at 20 ◦ C, 30 seconds at 42 ◦ C,
and 1 second at 50 ◦ C). Following RT thermocycling the RT enzyme was inactivated
at 85 ◦ C (5 min), and then the device was cooled to 4 ◦ C. After injection into the
dPCR array, fast PCR thermocycling was performed as described in the protocol for
measuring mRNA, but with temperatures according to manufacturer specifications
(95 ◦ C for 30 seconds, followed by 30 cycles of 95 ◦ C for 3 seconds and 60 ◦ C for 30
seconds). Commercially available primers and probes were used to measure miR-16
(hsa-miR-16, Applied Biosystems). The procedure is summarized in the table below.
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3.3.6

Measurement of RNA Editing

The EEF2K RNA edit location (hg18 chr16:22204361, hg19 chr16:22296860) was
initially identified and validated by Shah et al. through RNA-seq on an estrogenreceptor--positive metastatic lobular breast cancer[32]. This editing location was
not predicted by Park et al. in their RNA editing analysis of the K562 ENCODE
RNA-seq data[135]. However, our inspection of their mapped RNA-seq data (GEO
GSM958729) revealed that replicates 1 and 2 had 20/57 and 15/48 mapped reads
with A to G variants, respectively, indicating that it may also be a candidate edit in
K562 cells as well.
A two-colour MGB TaqMan qPCR assay was designed to distinguish between
wildtype (A) and variant (G) (F: CCC TCC TCA AAG TGC TGA GAT TAC, R:
TTC AAT GGA ATT CAG CTC TCA CAT, WT: VIC- AGATGCTAGGTGCG,
Edit: 6FAM- ATGCTGGGTGCG). This assay was initially validated against DNA
and total RNA purified from K562 cells. After 40 cycles of PCR, the predicted edit
was not detected in either the DNA samples or the no-RT controls on the RNA
samples, but was present in all reverse-transcribed RNA samples. The cDNA product, gDNA and no-RT RNA additionally all contained only a single amplicon of the
expected length (108 bp). Probe specificity for the single nucleotide variant was confirmed by performing microfluidic digital PCR in custom chips consisting of 765 2-nL
arrays; the majority of all positive chambers (69 only variant, 406 only wildtype, 93
variant and wildtype) showed amplification in only one colour. The primer specificity
in purified total RNA and DNA, probe specificity, and detection of the variant in only
reverse-transcribed RNA strongly suggest that we are measuring true RNA editing
events.
cDNA was synthesized using the High Capacity cDNA kit (Applied Biosystems).
Final reaction brews contained 1× RT buffer, 1× RT Random Primers, 5 mM dNTPs,
0.1 % Tween-20, 3.3 U/µL MultiScribe Reverse Transcriptase and were incubated at
25 ◦ C for 10 min, 37 ◦ C for 1 hour, 85 ◦ C for 5 minutes and held at 10 ◦ C until
PCR cycling. PCR reaction brews contained 1× CellsDirect Buffer (Invitrogen), 0.1
% Tween-20, 900 nM each forward and reverse primer, 250 nM each probe and 0.04
U/µL Platinum Taq (Invitrogen) and were cycled for 2 min at 95 ◦ C, followed by 40
cycles of 95 ◦ C for 15 s, 61 ◦ C for 1 minute. All conditions for single-cell RT-qPCR
were the same, except the PCR cycling times were reduced (30 second hot-start at
95 ◦ C, followed by 30 cycles of 95 ◦ C for 3 seconds and 60 ◦ C for 45 seconds).
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3.3.7

Cell Culture and RNA Purification

K562 cells were obtained from ATCC (CCL243) and were cultured in DMEM (Gibco)
supplemented with 10% FBS (Gibco). Purified RNA was extracted from K562 cells
using the mirVana RNA isolation kit (Ambion) according to manufacturer directions.

3.3.8

Device Analysis

Microfluidic devices were scanned at 2 µm resolution using a custom built confocal
scanner (Huron Technologies International Inc.). Automated analysis of the digital
images was performed with in-house software written in C. 50 rows of 1020 chambers
of the digital PCR array (51,000 total) were analyzed simultaneously by specifying
manually control points (top left, top right and bottom left) of the region to be
analyzed. The chambers were automatically located by detecting a pre-mixed passive dye (ROX) using a previously described algorithm6. A fluorescence intensity
measurement was then calculated for each chamber by summing the pixel values the
fluorophore of interest in a 21×21 pixels square region centered at each chamber and
normalized to the overall fluorescence of the ROX. The fluorescence intensity values of
every chamber in each of the 50 sample lanes were then plotted on a single histogram,
which was repeatedly smoothened using a gaussian kernel until only one point on the
histogram remained with both neighbouring points larger than it. This minimum
point was then used as the thresholding value to distinguish positive chambers from
negative chambers and the number of positive chambers in each of the sample lanes
was written to a data file.
This data file was then further processed using SigmaPlot® software to determine
the number of transcripts present in each cell. Figures and plots were generated
using the same software. Log normal distribution curve fitting used log normal, 3
parameters with default settings.

3.3.9

Transfer Efficiency Measurements

Fluorescence images were used to measure the sequential transfer of oligonucleotides
from the cell capture chamber into the 10 nL and 50 nL chambers. The cell capture
chamber was loaded with a solution of 10 µM FAM-labeled 40-mer poly-A oligonucleotides (IDT), 0.1% Tween-20, and ROX passive reference dye (from CellsDirect kit,
Invitrogen, P/N 54880) diluted 100×, and was pushed into the subsequent chambers
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with water containing 0.1% Tween 20 and diluted ROX reference dye. The transfer efficiency for each chamber was calculated as (Initial Signal Final Signal)(Initial
Signal), where Signal = (FAM Intensity FAM Background) (ROX Intensity ROX
Background).

3.3.10

Ripleys K-Function

Ripleys K-function with the rectangular edge correction conditions described by Goreaud et al.[136] was used to assess the spatial distribution of the hits in the array.
Variance-stabilized K-function estimates for each array were given a z-score for each
distance s based on the mean and standard deviation derived from 500 randomly
generated arrays with the same fill factor.

3.4
3.4.1

Results
Device Performance

We first characterized the efficiency, and uniformity of mixing and sample transfer in
our microfluidic device using FAM labelled 40 bp oligonucleotides. Sample transfer
between the lysis chamber and RT chamber, as measured by fluorescence quantification, was found to be better than 99%; the amount of oligonucleotide remaining in the
10 nL chamber was below 1%, which is determined as the limit of detection for this
measurement based on 2 standard deviations from measured background fluorescence
(Figure 3.2A). We next assessed the mixing of reagents in the 50 nL chamber by taking time lapse images of fluorescence and calculating the variability in oligonucleotide
concentration across the chambers. Regression of the resulting data to an exponential decay curve yielded a mixing time constant of approximately 11 minutes (Figure
3.2D). Based on this analysis we implemented a 30 minute wait time in our protocol
to allow for sufficient reaction mixing. Finally, we measured the reproducibility of
transfer from the RT chamber to the digital PCR array. Fluorescence measurements
of the 50 nL chamber before and after injection into the dPCR array showed that
the fraction of solution that was injected into the digital PCR array was 50.38% (s.d.
=1.31%) (Figure 3.2E).
We next performed a series of experiments to assess the signal to noise and measurement sensitivity of our system using total RNA template purified from K562
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Figure 3.2: Characterization of the microfluidic device. (A) A solution containing 40
base oligonucleotides labelled with FAM was injected in the lysis chamber following
the normal procedure. A second solution (not fluorescent) was then used to sequentially push the first solution into the RT chamber (B), and then the dPCR array
(C). (D) Mixing by diffusion in the RT chamber (B) was monitored by measuring the
standard deviation of the fluorescent signal over time. As expected, the signal follows
an exponential decay with an averaged time constant (t) of 625 seconds (R2 =0.9999).
(N=50) (E) To measure the amount of the cell sampled by the dPCR array, the fluorescent solution in the RT chamber was pushed into the digital PCR array using a
non-fluorescent solution (C). The transfer efficiency was evaluated for 50 chambers
and found to be 50.38% (s.d.=1.31). ±3σ from the mean lines are also displayed.
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Figure 3.3: (A) End point fluorescence signal from the entire microfluidic device after
dPCR targeting GAPDH. RNA dilutions have been loaded into 4 different visible
panels and reverse-transcribed on chip. The resulting cDNA is quantified by digital
PCR where digital PCR positive hits (green) in 30 pL chambers have a high signal to
noise ratio (>30). A passive dye (red) is visible in all the chambers. (B) Histogram
of the distribution fluorescence intensity for 51,000 digital PCR chambers with 20 pg
RNA as starting material. Normalized mean and standard deviation of the bright,
or positive, chambers are indicated. (C) Randomness of the distribution of detected
transcripts within a distance s in the dPCR array assessed by using z-scores of a
variance stabilized Ripley K-function (L-function) within a 95% confidence interval.
(D) Dynamic range of the digital PCR arrays using 5-fold serial dilutions of total RNA
purified from K562 cells, looking at GAPDH mRNA. Linear regression analysis using
the experimental data was performed (parameters displayed with 95% confidence
boundaries).
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Figure 3.4: Z-scores of variance stabilized Ripleys K-function estimates for the spatial
distribution of digital counts at distance s from single cells in high (A, GAPDH,
average 60% full), medium (B, miR-16, average 30% full) and low (C, BCR-ABL,
average 2.3% full) fill factors. The 95% confidence intervals (1.96 standard deviations)
are shown in black.

cells. Using hydrolysis probes (TaqMan®), the signal to noise ratio obtained using
the 4 different assays allowed a clear and unambiguous discrimination between the
positive and negative chambers (Figure 3A). Figure 3B shows a histogram of fluorescent intensities, with a signal to noise ratio in excess of 30, obtained across 51,000
fluorescent chambers in one lane of the device measuring GAPDH transcripts (Figure
3.3A insert and Figure 3.3B).
Digital PCR requires template molecules to be randomly distributed among reaction chambers in order to accurately infer the number of molecules in the array from
the number of reaction chambers with PCR amplification. Our integrated single-cell
dPCR device mixes PCR solution with template by diffusion in 50 nL chambers prior
to injection into the array of 1020 × 25 pL dPCR chambers, having an aggregate
array volume of approximately 25 nL. We assessed the randomness of the resulting distribution of cDNA molecules across the dPCR array by plotting the z-score
of the variance stabilized Ripleys k-function[133, 137] for 50 sub-arrays in a single
lane of the device loaded with purified RNA at a concentration of ∼18 pg per array
(single cell equivalent) (Figure 3.3C), with the RNA loaded through the cell processing chambers, and subsequent processing performed in the same sequence as during
single cell analysis. This analysis shows that the distributions are not significantly
different from random and lie within a 95% confidence interval constructed around
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into a digital PCR array. The respective height dimensions
for the chambers and channels are indicated.
B. Complete microfluidic device. Four main panels contain 50
identical modules capable of parallel processing of up to
200 single cells.

ii. Reagents are sequentially injected and mixed by diffusion to perform RT
and PCR
iii. A fluorinated oil (FC-40) is then used to displace the remaining PCR
solution in the channels and compartmentalize individual PCR chambers.
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Figure 3.5: Digital PCR measurements on K562 single cells. From left to right:
(A) GAPDH mRNA transcripts abundance measurements over 3 independent experiments. The transcript abundance frequency displayed on the x-axis is binned
every 200 transcripts. (B) BCR-ABL fusion gene mRNA transcript measurement
over 3 independent experiments. The transcript abundance frequency displayed on
the x-axis is binned every 4 transcripts. (C) MicroRNA miR-16 measurements over
3 independent experiments. The transcript abundance frequency displayed on the
x-axis is binned every 100 transcripts.

the mean of 500 simulated data sets, based on a Poisson distribution of template
molecules in each chamber[137, 138]. This statistical analysis was also repeated for
single cell measurements and demonstrates that mRNA distributions are also within
95% confidence intervals under this scenario (Figure 3.4).
Finally, to verify the response and precision of the device, we measured the abundance of GAPDH mRNA from serial dilutions of total RNA purified from K562 cells
(Figure 3.3D). Measured concentrations from 5-fold RNA dilutions were in excellent
agreement with the expected template abundance and dilution factor (R2 =0.9989),
with tested values spanning a chamber occupancy rate between 0.02% and 48% (Figure 3.3A), corresponding to a range of 80 to 0.64 pg total RNA template per reaction.

3.4.2

Single Cell Transcript Measurements

We then conducted a series of single cell experiments to establish the combined capabilities of high-throughput cell processing and dPCR analysis. As a first test we
performed measurements of GAPDH transcripts from single K562 cells (Figure 3.5A).
GAPDH encodes for glyceraldehyde 3-phosphate dehydrogenase and is a commonly
used high-copy number endogenous control for RT-qPCR experiments[62, 129, 139].
Over a total of 3 device runs we observed successful amplification for 100% of isolated
single cells (N = 288). We note that the total number of cells analyzed was lower
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than the theoretical device capacity due to the use of some device lanes for controls
and sub-optimal cell trapping efficiency; these experiments were performed with an
un-optimized cell trap geometry that resulted in approximately 60% single cell occupancy. Further trap optimization has resulted in 96% single cell occupancy. However,
reaction chambers that did not capture a cell provide stringent no-cell-controls from
which to evaluate background signal in analysis. In these no-cell controls, we observed a very low frequency of mRNA detection events, with an average of 1.6 hits
per no cell (N = 106 chamber), corresponding to background mRNA contamination
levels below 0.1%. No correlation was observed between background signal and the
copy-number measured on single cells in adjacent wells.
The measured number of transcripts in single cells revealed a log-normal distribution (0.94 < R2 < 0.98) of GAPDH with an average copy number of 1,563 transcripts
per single cell. In three replicate measurements, performed on separate devices and
different cultures, the mean GAPDH expression was very reproducible, ranging from
1,412 to 1,741 copies per cell. These values are in good agreement with estimates
of 1,761 (SD = 648) copies we have previously made by normalizing single cell microfluidic RT-qPCR measurements to a standard curve calibrated by dPCR[129]. All
replicates revealed a large variability in GAPDH expression between cells, with measured values spanning approximately ten-fold in absolute copy number (∼400 to 4000
copies). This variability in GAPDH levels was also consistent between runs with an
average standard deviation of 601±24 copies per cell.
To demonstrate the use of high-throughput digital PCR in accurate quantification
of low abundance transcripts, we next measured the expression of BCR-ABL transcripts, a fusion gene resulting from a reciprocal translocation of chromosomes 9 and
22 that is associated with chronic myelogenous leukemia (CML) and is also present
in K562 cells. Over 3 runs we reliably detected the BCR-ABL fusion transcript in
every cell analyzed (N = 242), with a mean expression of 33 copies per cell, a range
spanning 25 fold in relative expression (4 to 100 copies per cell), and a standard deviation of 18.9 copies per cell (Figure 3.5B). These measurements were consistent with
an independent study based on RT-qPCR[140] which measured BCR-ABL mRNA
in single K562 cells ranging from 2 to 262 copies per cell with the majority of cells
containing approximately 40 copies per cell.
Using an alternative two-step RT-PCR protocol we next demonstrated the use
of our technology for absolute measurements of microRNA (miRNA) levels in single
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Figure 3.6: Measurement of single nucleotide RNA editing of EEF2K in single K562
cells. Single cells are binned according to abundance of wildtype (WT) or edited
EEF2K transcript. Quadrants containing homozygous wildtype, homozygous edit,
heterozygous, and not-detected EEF2K expression are indicated in colour.

cells. miRNAs are a large family of conserved short (∼22 base pairs) non-coding
RNAs that associate into the RNA induced silencing complex (RISC) and function
as post-transcriptional regulators via targeted degradation of complementary transcripts or by repressing translation[141]. miRNA are important regulators in many
biological processes, including development, oncogenesis[142], and immunity, making
them of high interest as biomarkers of disease[143]. Due their short length miRNA are
not easily amenable to single molecule analysis by RNA FISH[144] and although hybridization techniques have been used to visualize miRNAs[145, 146], single molecule
quantification of miRNA copy numbers and variability in single cells by FISH has not
been achieved. Using a commercially available RT-qPCR detection strategy, based
on miRNA-specific stem-loop reverse transcription primers[60], we measured the expression and variability of miR-16, a microRNA expressed at medium levels across a
broad range of tissues, in K562 cells. Over 3 replicates, K562 cells were found to have
a mean copy number of 675 per cell which is in close agreement with dPCR measurements performed on bulk samples[129]. The distribution of miR-16 expression was
consistent across runs, with a standard deviation of 262±44 (Figure 3.5C).
Finally, we applied our single cell dPCR device to measure the extent of single
nucleotide RNA editing. Editing of RNA molecules by nucleoside deaminases has
recently gained attention as a mechanism by which transcripts can be modified away
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from the genomic code, with potential implications for transcript stability, alternative
splicing, translation efficiency, and protein sequence. Next generation sequencing
techniques have provided strong evidence for large numbers of RNA editing events
across different tissues. These events are typically incomplete, representing a fraction
of total RNA. However, little is known regarding the variability of editing between
individual cells. Is there a subset of cells that edit all transcripts? Is the frequency
of editing similar across different cells? To investigate these questions we used the
specificity of dPCR to measure adenosine to inosine editing of position chr16:22296860
(hg19) in the mRNA coding for EEF2K in single cells. This edit was initially identified
in a lobular breast cancer[32] and found to be edited at a frequency of ∼0.33 in RNAseq data from ENCODE[147]. Wildtype and edited versions of EEF2K, differing
by a single nucleotide substitution, were simultaneously measured on single cells
using a two-color TaqMan SNV assay based on minor grove binding probes (Life
Technologies). We measured EEF2K in 221 single K562 cells and found 71/221
(32%) cells expressed both wildtype and edited EEF2K transcripts, 12/221 (5%)
cells expressed only edited transcripts, 103/221 (47%) cells expressed only wildtype
transcripts, and 35/221 (16%) cells in which neither form of EEF2K transcript was
detected (Figure 3.6). The population-averaged editing frequency was found to be
∼0.19 from single cell measurements which is consistent with our measurements on
dilutions of purified RNA, producing an edit frequency of ∼0.18. We observed no
non-specific amplification in any no-cell reactions. A control experiment omitting the
RT enzyme detected genomic wildtype EEF2K in 10 out of 228 single cell reactions
(∼4.4%) and no observed positives for the edited transcript.

3.5

Discussion & Conclusion

Single cell dPCR is particularly well suited to measurements that require high precision and sensitivity. We note that the half-sampling approach implemented here
(where we inject half of the single-cell RT product, i.e. cDNA, into the digital PCR
array) introduces additional stochastic variation in measured cDNA copy number
that is particularly important for low abundance transcripts. A theoretical analysis
of the measurement precision of digital PCR has previously been presented[148]. Following this treatment we calculated the expectation value, confidence intervals, and
coefficient of variance for our 1020 chamber dPCR array as a function of the total
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Figure 3.7: The digital array response curve. (A) Average values of the starting
molecule number m (black) are shown for the combined half-sampling and digital
quantification bounded by 95% confidence interval in grey. Values were derived using
a Monte Carlo method to simulate both half sampling and digital PCR array quantification. (B) Coefficient of variance for the quantification with (black) and without
(blue) half-sampling.
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number of molecules that are loaded into the array (assuming no losses for sampling).
In order to generate confidence intervals that also include the effect of half-sampling
we implemented a Monte Carlo method. Briefly, a starting population of m molecules
were uniformly and randomly assigned to two groups, n (sampled in the array) and o
(not sampled in the array). Each n molecules were then uniformly and randomly assigned a detection chamber, allowing for the possibility of multiple molecules assigned
to the same chamber. The number of chambers containing at least one molecule (k),
was then counted and stored in association with the starting m. This process was
repeated for 1 ≤ m ≤ 20400 a total of 10000 times each. These results were then
searched for each value of k (1 ≤ k ≤ 1020) to generate distributions for the number
of starting m molecules which led to k hits. Sample average, standard deviation and
95% confidence intervals were then calculated from these distributions. Based on the
results, summarized in Figure 3.7, half sampling is the dominant source of measurement error over the entire dynamic range of measurement (approximately 5 logs).
Nevertheless, the aggregate precision is still excellent with 93 % of the potential 5-log
dynamic range of the device has a coefficient of variance (CV) less than 0.1, and
75 % has a CV less than 0.05. We further note that incomplete sampling of single
cell products is also a feature of previously reported single cell dPCR[62, 149]. This
sampling variability could be reduced through improvements in device architecture
and/or modified protocols including pre-amplification prior to loading the dPCR array, pushing the sample into the array with an immiscible fluid to avoid dilution,
or using sequential load and mix steps to assay dilutions of a single cell product in
multiple arrays. Finally, we note that dPCR experiments should be interpreted as
measurements of absolute cDNA molecule copy number, with the direct correlation
to mRNA abundance dependent on RT efficiency which may vary between different
assays.
Here we have demonstrated the application of our system in making absolute
measurements of cDNA derived from mRNA and miRNA across hundreds of single
cells. Measurements of GAPDH transcript levels, commonly used as an endogenous
control in qPCR analysis, show that population-averaged expression measurements
are consistent across different cultures, but are widely variable (CV ∼ 40%) at the
single cell level. This highlights how the common practice of normalizing single cell
RT-qPCR expression measurements to a control gene is not advisable and is likely to
introduce additional noise. Our measurements also show that miR-16, widely used
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as an endogenous reference for miRNA analysis[60], exhibits a similar coefficient of
variation (CV ∼ 40% ) at the single cell level, although at approximately 2 fold lower
expression. As a measure of variability we calculate the Fanno factor, defined as F =
σ 2 /µ, for GAPDH and miR-16 to be 231 and 102 respectively, showing that miR-16 is
more tightly regulated in these cells. K562 cells are an inherently heterogeneous sample and much of the measured variability in both GAPDH and miR-16 may represent
differences in differentiation state, cell cycle stage, and cell volume differences.
In addition to the quantification of short transcripts such as miRNA, dPCR is
uniquely suited to the detection and quantification of transcripts having high sequence homology. Here we have demonstrated this capability in studying the single
cell distribution of RNA editing events that give rise to a single nucleotide variant
in EEF2K. Given the low copy number of this transcript it is difficult to conclude
that the noise in EEF2K measurements represents a significant difference in editing
between cells; we note that EEF2K was chosen as it was also found to be edited in
other tissues (see methods), but it is not the most abundant edited transcript in K562
cells. Further testing of differences in editing activity between cells may benefit from
overexpression of editing substrates. In an analogous application, dPCR may also
be used to accurately measure the abundance of transcripts derived from different
alleles having heterozygous SNPs, thereby allowing for the assessment of differential
allelic imbalance and/or epigenetic silencing across many single cells. Alternatively,
analysis of genomic DNA for SNVs or copy number variants may be achieved through
improved lysis and nuclei digestion, coupled with pre-amplification.
Our measurements of the BCR-ABL fusion transcript also demonstrate the reliable detection and quantification of rare targets across large numbers of single cells
with no false-positives observed in no-cell chambers. This sensitivity and specificity
may allow for expanding the range of useful single cell biomarkers, including lowcopy transcription factors, and enables the identification and discrimination of minority sub-populations in complex tissues, or the detection of rare cells harbouring
mutations for early detection in the monitoring of minimum residual disease[150]. Although increased dPCR density may be used to extend the current throughput of this
device from 200 to approximately 1000 cells per run, practical limitations in fabrication are likely to make further scaling difficult. However we believe the throughput
presented here is well-suited for the analysis and quantification of ultra-rare cells,
such as circulating tumour cells, following enrichment by FACS or immunocapture.
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Integrated single cell dPCR provides unique capabilities in terms of combined
throughput, precision, sensitivity, and specificity[129, 151]. These capabilities are
complementary to the expanding array of single cell analysis tools being developed
and applied. Here we have demonstrated how these capabilities may be used to
measure a variety of transcriptional features including mRNA expression, miRNA
expression, low copy fusion transcripts and SNV discrimination. Moving forward, we
anticipate that this single cell platform may be adapted to an expanding range of
digital single cell analyses, including analysis of single cell copy number variations or
aneuploidy, SNV genotyping, and digital protein quantification[152].
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Chapter 4
Single-Cell Analysis of Lipid
Nanoparticle RNA Delivery1
4.1

Overview

Techniques to manipulate gene expression are fundamental to probing the function of
proteins in cellular processes, and hold tremendous potential to enable gene therapies
for a wide variety of disorders. Here we use single cell analysis to investigate a method
using lipid nanoparticles (LNPs) to deliver small interfering RNA (siRNA) and messenger RNA (mRNA) to efficiently knock down, or knock in, gene expression in cell
lines including human embryonic stem cells, fibroblasts, and erythroleukemia-type
K562. LNPs were prepared using the NanoAssemblr™ microfluidic-based nanoparticle manufacturing platform, and mimic the neutral cholesterol containing structure of
low-density-lipoproteins (LDL). Uptake of siRNA-LNP in embryonic stem cells was
enhanced by the presence of apolipoprotein E4 (ApoE4), resulting in efficient uptake
after 24 hours with little apparent toxicity. We characterized the siRNA-LNP by
measuring the dependence of particle uptake as a function of ApoE, siRNA concentration and incubation time. A microfluidic device for performing high-throughput
single-cell digital PCR was used to precisely quantify knockdown of gene expression
in hundreds of individual cells. Flow cytometry measurements of LNP uptake and
eGFP translation were compared to single-cell digital PCR measurements of mRNA
delivery to characterize transfection performance. By examining the cell-to-cell variability, kinetics, and efficiency of using this lipid nanoparticle technology for nucleic
acid delivery, we provide quantitative measurements on both expression levels and
distributions which should be useful to direct the use of this technology in a variety
of applications.
1

The work in this chapter is in collaboration with Precision Nanosystems Inc.
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4.2

Introduction

In this chapter we sought to apply our newly developed single-cell transcription analysis technologies in characterizing the use of nanoparticles for manipulation of gene
expression. Lipid nanoparticles (LNPs) are currently one of the leading delivery
systems for conveyance of RNA (e.g. mRNA, siRNA) to cell cytoplasm. However,
as most studies of LNP performance have relied on bulk measurements of RNA, the
cell-to-cell variability in delivered RNA abundance and efficacy remains unknown. By
using single-cell digital PCR, we were able to address this knowledge gap by precisely
measuring the abundance and distribution of mRNA delivered to cells. Similarly,
were able to assess the efficacy of siRNA delivery to perform targeted knockdown
of specific genes by measuring the amount of the targeted mRNA in single cells.
These single-cell digital PCR measurements provide important transcript information that complements measurements of translated fluorescent proteins or delivered
dye by flow cytometry or microscopy. In this study, we combine the single-cell measurement techniques of microfluidic digital PCR and flow cytometry to characterize
the performance of a novel LNP reagent for mediating gene expression with single cell
resolution in order to inform the development and use of nanoparticles for scientific,
and potentially clinical applications.
Delivery of nucleic acids, such as mRNA and small interfering RNA (siRNA),
to cells is an important tool for altering gene expression with applications in research and therapeutics[153, 154]. In research settings, RNA interference (RNAi) is
now widely used for inhibition of gene expression in dominant hereditary diseases
(e.g. Huntington’s)[155], cancer[156], and infectious diseases, as well as fundamental studies of the effect of suppressing expression of target genes[157]. Delivery of
mRNA is less established than siRNA, however has found utility in the generation
of vaccines[158–160], and the reprogramming of cells (e.g. to pluripotency, or directed differentiation)[161, 162]. The major obstacle to RNA-based gene therapy is
efficient cytosolic delivery. Recent developments in delivery vehicles, such as the use
of lipid nanoparticles (LNPs) to encapsulate siRNA, show promise in addressing this
issue, and have now advanced to clinical trials. The past decade has seen intense
commercial interest in the development of RNA-LNPs to mediate gene expression.
In 2014, improvements in Tekmira’s small nucleic acid LNPs enabled Alnylam to
achieve 100- to 1000-fold improvements in therapeutic index with siRNA[163]. The
same year, Tekmira’s siRNA-LNPs were tested in the treatment of Ebola in non79
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human primates[164]. Pharmaceutical companies such as Merk and AstraZeneca
have invested hundreds of millions of dollars into Moderna Therapeutics, a company
that is developing mRNA-based therapies. Delivery of mRNA enables the cell to
make a wide variety of proteins itself, bypassing much of the expense and difficulty of
manufacturing protein drugs. Some of the most successful drugs today are proteins
such as Genentech’s Herceptin for breast cancer, and the therapeutic expectation of
mRNA has helped Moderna raise over $1 billion from investors and partners in the
past five years[165]. Development and application of LNPs for research and gene
therapy would greatly benefit from understanding the amount of mRNA delivered
in individual cells, and the cell-to-cell variability in delivery (or efficiency of siRNA
knockdown of targeted mRNA). Given this commercial and therapeutic interest, the
single-cell measurements reported here are useful and timely information for the development of RNA delivery technology.
Messenger RNA (mRNA) delivery has several advantages over DNA for mediating
gene expression, including the lack of any requirement for nuclear localization or transcription and the low likelihood of genomic integration[161]. Delivery of mRNA for
cell reprogramming has the advantage that the timing and dose is transient and can
be controlled. However, the labile nature of mRNA and its capacity to elicit innate
immune responses are important limitations to its application. Double- and singlestranded RNAs interact with certain pattern-recognition receptors (PRRs), including
Toll-like receptors (TLRs)[166], which detect pathogen-associated molecular patterns
as a first-line defense against microbial invasion, and activate cellular and inflammatory reactions as part of an antiviral response. Endogenous RNA molecules are distinguished from those of invading microbes by nucleotide modifications that affect PRR
engagement[167]. Recent studies have shown that by incorporating these modifications into delivered mRNA, the immune response was substantially reduced[159, 160],
and almost negligible for small doses[161]. In particular, nucleotide analogs of pseudouridine (or 2-thiouridine) and 5-methylcytidine triphosphates have been substituted during in vitro transcription[161, 168].
These advancements have assuaged a major obstacle in RNA therapeutics, however the major barrier to widespread adoption of RNA delivery in therapeutics and
research remains the need for safe and effective drug delivery vehicles[153, 169, 170].
While ‘naked’, or chemically modified mRNA has shown efficacy in certain physiological settings such as in vitro cell reprogramming[161], and in vivo delivery to liver[168],
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there are many tissues that require an additional delivery system to facilitate transfection. This is because naked mRNA is subject to degradation by endogenous enzymes,
and is too large and too negatively charged to cross cellular membranes[160, 161].
Strategies to improve mRNA delivery include chemical modifications such as conjugation of polymers or viral elements[171–174], or encapsulation within lipid nanoparticles (LNPs)[153, 175]. LNPs are made from a variety of lipid compositions and
different methods to yield different sizes and structures[170, 176, 177]. Formulation
of RNA encapsulated LNPs is one of the most widely used strategies for in vivo delivery of siRNA, and has been successfully used to silence therapeutically relevant genes
in primates[175, 178, 179] and are being evaluated in clinical trials. This chapter
describes single cell measurements aimed a characterizing a new class of LNPs that
are fabricated using a microfluidic process that was developed in a collaboration between Dr. Carl Hansen’s laboratory and Dr. Pieter Cullis’ laboratory. This process
has since been commercialized by Precision Nanosystems Inc., a University of British
Columbia startup company. The NanoAssemblr™ from Precision Nanosystems uses
a microfluidic herringbone structure[180] to enable rapid mixing of lipids in ethanol
with an aqueous phase containing RNA as described elsewhere[177, 181, 182]. This
results in the precipitation of lipid nanoparticles ∼50-60 nm in diameter. These LNPs
may be formulated at ‘limit size’ defined by the lipid composition, and exhibit low
polydispersity[177, 181].
Quantitative measurement techniques are fundamental to evaluating the efficacy
of RNA delivery and altered gene expression. To date, studies quantifying RNA
delivery tend to use PCR or molecular imaging strategies. Quantitative PCR measurements have been useful in measuring dose-response and temporal relationships
in bulk samples[183, 184], but would benefit from measurements of individual cells
in order to assess potential heterogeneity in either mRNA delivery or altered gene
expression. For example, if RT-qPCR from a bulk-sample (e.g. from hundreds to
thousands of cells) shows ∼50% knockdown of a target gene, it remains unknown
whether all cells exhibit 50% knockdown, or whether half the cells have complete
(100%) knockdown and the other half have no (0%) knockdown (resulting in the same
50% knockdown upon averaging). Single-cell analysis can answer this question and
elucidate cell heterogeneity in terms of delivery or response. Imaging techniques have
the advantage of analyzing single cells and preserving spatial information, however
are generally limited in throughput of cells due to field of view and laborious proto81
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cols. Furthermore, measurement of fluorescently labeled oligonucleotides by imaging
generally lacks the precision of qPCR or especially dPCR. This is particularly true
for measurement of siRNAs, as the short length makes labeling with multiple fluorescent probes challenging[185]. However, microscopy has been useful to examine
LNP uptake and intracellular transport[186, 187]. Considering the potential utility
of using LNPs to deliver RNA to cells and manipulate gene expression, evaluation
of the efficiency of delivery would benefit from precise quantification of RNA within
single cells.
The goal of this project is to characterize the delivery of mRNAs by LNPs through
precisely measuring the distribution of mRNA within single cells. We combine flow cytometry with microfluidic single-cell digital PCR to perform high-throughput singlecell measurements. In addition to measuring the abundance and distribution of delivered mRNA, this study also looks at conditions affecting LNP uptake, kinetics of
transfection and protein abundance, siRNA knockdown of gene expression, and cell
viability. These parameters are explored in suspension and adherent cell cultures,
with cell lines including human eurythroleukemic cells, hESCs, and fibroblasts. This
project is motivated by the potential applications of manipulating gene expression
with exogenous RNA, and in particular by the potential advantages that mRNA
dosing may provide to reprogramming somatic cells (i.e. fibroblasts) into induced
pluripotent stem cells. By characterizing the performance of LNP transfection, this
study aims to provide an informed basis for their use in a broad range of applications
requiring the manipulation of gene expression.

4.3
4.3.1

Methods
Microfluidic Single-Cell Digital PCR

Microfluidic single-cell dPCR was performed using the CellsDirect kit protocol for
mRNA developed and described in detail in Chapter 3. A TaqMan Gene Expression
Assay (primers and probe) for eGFP (Mr04329676 mr, FAM, MGB) was ordered
from Life Technologies (Cat # 4351372). The GAPDH assay (Hs02758991 g1) was
also from Life Technologies (Cat # 4331182).
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4.3.2

Cell Culture

The human embryonic stem cell line, CA1S, was used for LNP uptake and siRNA
knockdown experiments. CA1S were normally cultured in mTESR (STEMCELL
Technologies, Cat # 05850), a feeder-free maintenance medium. Wells were coated
with Matrigel (Corning, Product #354277). Medium was exchanged daily. Cells were
passaged with TrypLE (Life Technologies, Cat # 12604013).
The human newborn foreskin fibroblast cell line, BJ (ATCC CRL-2522) was used
for mRNA transfection experiments. BJ cells were cultured in EMEM (Gibco) supplemented with 10% FBS. Cells were passaged with TrypLE (Life Technologies, Cat
# 12604013).
The human erythroleukemia cell line, K562 (ATCC CCL-243) was used as a model
cell line for suspension cultures. K562 cells were cultured in DMEM (Gibco), with
10% FBS. All cell cultures were incubated at 37◦ C and 5% CO2. Cell counts and
viability staining were performed by the Cedex cell counter.

4.3.3

Lipid Nanoparticle Formulation

LNP were prepared using the NanoAssemblr microfluidic-based nanoparticle manufacturing platform[177]. LNPs prepared using the NanoAssemblr™ instrument mimic
the neutral, cholesterol containing structure of low-density-lipoproteins (LDL), which
are taken up by cells though the LDL-receptor (LDLR) in presence of Apolipoprotein
E4 (ApoE4). LNPs were labeled with a red lipophilic dye (Ex/Em = 549/565 nm) to
enable fluorescence imaging of particle uptake in cells. eGFP mRNA was purchased
from TriLink Biotechnologies (996 nucleotides, 5-methylcytidine, pseudouridine, L6101). The siRNA duplex targeting GAPDH was purchased from IDT with the sequence 5’-UGG CCA AGG UCA UCC AUG AdTdT-3’ (sense), and 3’-dTdTA CCG
GUU CCA GUA GGU ACU-5’ (antisense), where the dT represents a DNA base for
thymine (the rest are RNA).

4.3.4

Transfection

To measure the ApoE dependence of LNP uptake, CA1S cells were plated at 400,000
cells/well (6-well plates). Twenty-four hours after plating, siRNA-LNPs and ApoE
was added to the cultures (24 hours before flow cytometry). Four hours before analysis by flow cytometry, siRNA-LNPs and were added to the 4-hour cohort. Each
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experiment condition was performed in duplicate.
In the siRNA knockdown of HPRT in CA1S, cells were seeded at 150,000 cells/well
(6-well plate) in 3 mL mTESR. Twenty-four hours later, media was exchanged, and
ApoE was added to the media for a final concentration of 1.0 µg/mL. siRNA was
added to give final concentrations for a ’low’ dose of 0.1 µg/mL siHPRT, and a
’high’ dose of 1.0 µg/mL siHPRT. Medium was exchanged again 24 hours later, with
mTESR supplemented with the same amount of ApoE and siRNA as previously. 48
hours after transfection, cells were collected for analysis by single-cell digital PCR
(final cell number was ∼2×106 per well).
For siRNA knockdown of GAPDH, CA1S cells were plated at 350,000 cells/well
(6-well plates). Twenty-four hours later, ApoE (1.0 µg/mL final concentration) and
siRNA (1.0 µg/mL and 0.1 µg/mL final siRNA concentrations) were added during
media change, and incubated for 24 hours before collection for analysis. Cells were
cultured in 3 mL mTESR medium. Non-Targeting siRNA was included as a parallel
control to show that GAPDH knockdown was specific to siGAPDH.
K562 cells were transfected with siGAPDH in 96-well plates, seeded at ∼5×105
cells/mL (200 µL culture volume). ApoE was added to a final concentration of 1.0
µg/mL, and siGAPDH was added to different wells for each concentration tested.
Cells were incubated for 24 hours before measurement.
In mRNA transfections of BJ and K562 cells, cells were seeded at 400,000 cells/well
(6-well format), and transfected for 24 hours with 100 ng/mL and 500 ng/mL eGFP
mRNA. ApoE was added to the media at a final concentration of 1.0 µg/mL.
For the proof-of-concept imaging of eGFP and mCherry in BJ cells, 500 ng/mL
for each eGFP and mCherry mRNA was added to 6-well plates containing ∼4×105
cells/well (3 mL total media), and incubated for 24 hours.
To test repeated high-dosing, a transfection protocol was adapted from a commercial iPS reprogramming kit (Stemgent), and a modification to this protocol from
Warren et al.[188]. BJ cells were seeded on day 0 at low-density (50,000 cells/well;
6-well plate). Medium (EMEM) with 10% FBS was supplemented with 1.0 µg/mL
ApoE. Cells were transfected by adding LNPs to the culture after each daily media
change for two weeks. Cells were split 1/6th during passage on day 7 before becoming confluent. Over the first four days, the dosage was increasingly ramped up from
25%, 50%, 75%, to 100% of the final dose of RNA (400 ng/mL, 2 mL) by increasing
the volume of LNP-media added. This same protocol was performed in parallel on
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cells cultured with Pluriton medium (Stemgent) supplemented with B19R interferon
inhibitor (200 ng/mL), in wells coated with Matrigel (Corning).

4.3.5

Flow Cytometry

Flow cytometry was performed on a BD FACSCalibur (BD Biosciences), collecting
50,000 events, and analyzed using FlowJo (FlowJo Data Analysis Software, LLC).
Only 15,000 events were collected during the reprogramming time-course experiment.

4.3.6

Microscopy

Fluorescence microscopy was used to visually inspect transfection (LNP delivered
fluorescent dye) and eGFP in BJ cells. Cells were imaged at different locations in
the 6-well plate, in 90 minute intervals for 90 hours. The 6-well plate was on an
automated stage inside a custom build environmental enclosure for the microscope,
with the temperature at 37◦ C, 5% CO2 , 70% humidity. ImageJ was used to combine
brightfield, eGFP and DiI fluorescence images. Due to background fluorescence and
signal-to-noise issues, these images were only used for qualitative observations of cell
morphology, fluorescence signal location within cells, and time duration to see eGFP.

4.4
4.4.1

Results
ApoE-Dependent LNP Uptake

We sought to measure the uptake of lipid nanoparticles in a variety of cell tissues
(e.g. blood, hESC), and types (e.g. primary, suspension or adherent). In particular,
human embryonic stem cells are traditionally hard to transfect, and we wanted to
test the transfection performance of our LNPs in this system. In order to explore
the potential of using these LNPs in embryonic stem cell applications, we used flow
cytometry to measure the uptake of LNPs in human embryonic stem cells adapted
to in vitro culture (CA1S)[189]. The uptake of lipid nanoparticles is inferred by
measuring the intensity of a fluorescent reporter dye (DiI), which is encapsulated in
the LNPs, and can be used to trace the LNP cargo delivery in cells (Figure 4.1). This
flow cytometry measurement facilitates high-throughput single-cell analysis, however
it is poorly suited to properly assessing LNP uptake and release as cells may appear
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Figure 4.1: ApoE-dependent LNP in hESC. Flow cytometry measurements of
forward-scatter (FSC) vs. DiI (FL2), where DiI fluorescence was used as a reporter
for cellular uptake of LNPs. From left to right: siRNA-LNP dose was 1.0 µg/mL;
siRNA-LNP dose was 0.1 µg/mL; untreated control. From top to bottom: 24 hour
transfection with 1.0 µg/mL ApoE; 4 hour transfection with 1.0 µg/mL ApoE; 24 hour
transfection without ApoE. Transfection for 4 hours without ApoE showed negligible
uptake and is not shown. Experimental replicates yielded similar results (Figure 4.2).
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Figure 4.2: Replicates for ApoE-dependent LNP uptake experiment in hESC. Histogram displays flow cytometry measurements of DiI (FL2), where DiI fluorescence
was used as a surrogate for cellular uptake of LNPs (same experiment as Figure 4.1).
Untreated cells are shown in dark green; cells receiving a siRNA-LNP dose of 0.1
µg/mL shown in orange and light green; cells receiving a siRNA-LNP dose of 1.0
µg/mL shown in blue and red.
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fluorescent if LNPs are bound to the cell membrane, or if contained within endosomes.
The flow cytometry detection of this dye should therefore be seen as a metric of LNP
association with the cell, and may overrepresent the number of transfected cells.
Previous studies in the brain[190] and liver[175] have shown that LNP uptake
is facilitated by adsorption of endogenously produced apolipoprotein E (ApoE) to
the LNPs, which can then be recognized by scavenging receptors and low-density
lipoprotein receptors. This takes advantage of the property that these LNPs mimic
natural cholesterol. We hypothesized that adding exogenous ApoE to hESC cultures
would similarly increase the transfection efficiency. We measured the uptake of LNPs
after 4 hours and 24 hours of transfection, measuring approximately 15% of hESCs
containing the delivered dye after a dose of 1.0 µg/mL for 24 hours (Figure 4.1). This
measurement represents a lower bound on positive uptake, as the threshold for calling
a cell positive is set to exclude all of the untransfected negative control cell population.
Furthermore, sufficient dye must be delivered to be detected by flow cytometry. The
addition of 1.0 µg/mL ApoE increased the transfection efficiency, to 67.3%, a ∼4.4X
increase (Figure 4.1). In the presence of ApoE, cells positive for DiI continued to
increase from 32.9% at 4 hours of transfection to 67.3% at 24 hours. However, it
is notable that almost half of the transfection occurs within the first 4 hours. This
experiment delivered non-targeting siRNA (siNT) (i.e. not complementary to any
mRNA), and viability for all treated conditions matched the untreated control. These
transfection results encourage future testing of LNP transfection in primary hESC.

4.4.2

siRNA Knockdown

We next assessed our ability to knock down gene expression by LNP delivery of
siRNA. Using the previously developed microfluidic device for performing single-cell
digital PCR measurements[191] (from Chapter 3), we measured levels of the targeted transcript within single-cells undergoing a treatment of siRNA-LNP. We treated
hESC cultures for 48 hours with a low dose (0.1 µg/mL), and high dose (1.0 µg/mL)
of siRNA targeting HPRT. For a low-abundance transcript, HPRT, we observed a
distribution of transcript abundance (Figure 4.3) ranging from 0 to 25 per individual
cell, with a mean of 8.8 copies per cell (s.d. 5.6 copies, N=35). Upon treatment,
we witnessed the HPRT distribution shift towards lower copy number, with less than
10% of cells containing more than 10 transcripts, and a small percentage containing
no detected HPRT copies (mean 6.6 copies per cell, s.d. 5.0 copies, N=48). Increasing
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Figure 4.3: siNRA knockdown of HPRT in human embryonic stem cells. Histograms
showing the distribution of measured HPRT transcripts measured in single CA1S
hESC undergoing 48 hours of transfection at dose of 1.0 µg/mL (bottom), 0.1 µg/mL
(middle), and an untreated control (top).
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Figure 4.4: siNRA knockdown of GAPDH in human embryonic stem cells. Histograms showing the distribution of measured GAPDH transcripts measured in single
CA1S hESC undergoing 24 hours of transfection at dose of 1.0 µg/mL, 0.1 µg/mL,
and non-targeting siRNA (siNT) control.
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Low end of GAPDH expression following 1.0 µg/mL siGAPDH for 24 hrs
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Figure 4.5: Low-end of GAPDH expression following 1.0 µg/mL siGAPDH for 24 hrs.
This is a detailed view of the histogram information from Figure 4.4.

the siRNA dose to 1.0 µg/mL further shifted the transcript abundance to a distribution between 0 and 10 copies per single cell, with over 80% of the cells containing 0
to 4 copies (mean 2.3 copies per cell, s.d. 2.6 copies, N=99). Trypan blue staining
showed similar viability between untreated and treated cultures (∼97%). Following
a similar dosing treatment, but only transfecting over 24 hours, we measured knockdown of a highly expressed gene, GAPDH (Figure 4.4). Here we observed GAPDH
constitutively expressed in all cells (mean 2,430 copies per cell, s.d. 781 copes) .
Similar to knockdown of HPRT, GAPDH expression exhibited partial knockdown at
0.1 µg/mL siGAPDH. With a 24-hour dose of 1.0 µg/mL siGAPDH, we measured
significant knockdown of GAPDH (mean 362 copies per cell, s.d. 693 copies), with
∼89% (40/45) of cells containing less than 750 copies (see Figure 4.5 for detailed
histogram information). Remarkably, the same dose that is unable to completely
eliminate the tens of HPRT transcripts is able to knock down hundreds to thousands
of GAPDH transcripts in each cell (but still not completely eliminate it, with the
lowest measure of 8 copies per cell). The difficulty in completely eliminating such
‘housekeeping’ genes may reflect the speed at which such genes are transcribed com-
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pared to interacting with siRNA. Furthermore, nascent mRNA residing in the nucleus
is inaccessible to siRNA, and it is possible that fragments of the degraded transcripts
are still detectable RT-qPCR. Treated cultures remained viable, however significantly
higher doses targeting GAPDH will lead to toxicity, as GAPDH is needed in glycolysis. Increasing a dose of non-targeting siRNA from 0.1 µg/mL to 1.0 µg/mL did
not significantly alter the abundance of GAPDH, indicating the reduction of GAPDH
under targeted siRNA was the result of RNA interference and not due to the particles
by themselves. The abundance of GAPDH in cells treated with non-targeting siRNA
fit a log-normal distribution similar to untreated cells.
In addition to the adherent CA1S hESCs, we measured the dose-response relationship in a suspension cell line, K562 (Figure 4.6A). K562 cells are a human
erythroleukemia cell line we have previously characterized GAPDH with single cell
RT-qPCR and dPCR. Using single-cell dPCR, we measured a mean of 1,453 (s.d.
519) GAPDH transcripts 20 hours after a dose of 6 ng/mL (see Methods section for
details). Increasing the dose to 60 ng/mL did not change expression significantly
(mean 1,511 copies, s.d. 509 copies), but dramatic reduction in transcript levels
(mean 582 copies, s.d. 421 copies) occurs with a dose of 600 ng/mL, suggesting a
possible threshold of LNP delivery (i.e. siRNA abundance) before knockdown occurs
(Figure 4.6A). With a siRNA dose of 1.2 µg/mL, GAPDH levels were reduced to
a mean of 153 copies (s.d. 132 copies), a ∼90% knockdown of constitutive levels.
Notably however, GAPDH was still detected in all cells, with the minimum detected
being 1 copy. In a separate experiment repeating some of these doses, and looking at
a higher dose of 2.5 µg/mL siRNA, results showed a greater knockdown effect (Figure 4.6B). For this transfection, cells were incubated with siRNA-LNPs for 24 hours.
This extra time may have contributed to the greater knockdown, but we previously
observed the majority of uptake occurs within 4 hours. It should also be noted that
this difference may arise from using a different manufacturing batch of siRNA-LNPs,
or from a different thawed vial (and passage number) of K562 cells. In this experiment, knockdown of GAPDH was observed with a siRNA dose of 60 ng/mL, yielding
a mean of 1,063 copies of GAPDH per cell (s.d. 504, N=48). Increasing the siRNA
dose to 600 ng/mL resulted in significant knockdown, with a mean average of 132
GAPDH transcripts measured per single cell (s.d. 206, N=46). The minimum number of GAPDH transcripts detected was 5. With a treatment of 1.2 µg/mL siRNA,
GAPDH levels dropped to an average of 61 copies per cell (s.d. 64), with 1/47 cells
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Figure 4.6: Single-cell dose-response curve for siGAPDH treatment in K562 cells.
Coloured marks represent single-cell digital PCR measurements of GAPDH mRNA
copies. Black circles indicate mean. Experiments in A and B show variability in
response to siRNA treatment over biological replicates (and different LNP batches).
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Figure 4.7: Single-cell flow cytometry measurement of LNP delivery and eGFP expression in K562. Flow cytometry profiles show eGFP signal vs. DiI, where eGFP
fluorescence was used as a reporter for translation from delivered mRNA, and DiI
was a reporter of LNP uptake. From left to right: untreated control sample; 24 hour
transfection of 100 ng/mL eGFP mRNA-LNP; 24 hour transfection of 500 ng/mL
eGFP mRNA-LNP. The fluorescence signal threshold to call positive eGFP and DiI
detection was set such that it excluded signal from untreated cells.

without detected GAPDH. Increasing this dose to 2.5 µg/mL siRNA resulted in 3/49
cells without detected GAPDH. For this final dose, the mean (78 copies/cell) and
standard deviation (124 copies/cell) are increased due to the presence of seeming
outliers (Figure 4.6B). By measuring gene expression knockdown in individual cells,
these results reveal the variability in expression knockdown, and show that there is
a distribution of knockdown levels rather than a binary response with some cells
exhibiting complete knockdown while others are unaffected.

4.4.3

mRNA Delivery

Having demonstrated the ability to knock down gene expression with siRNA delivery,
we sought to expand our capabilities of manipulating gene expression to include
mediating, or knocking-in, gene expression. We chose to test our transfection system
in suspension and adherent cell culture conditions, using K562 as our suspension
condition. As proof-of-concept, we delivered mRNA encoding for green fluorescent
protein (eGFP), the detection of which was useful for reporting successful translation
of delivered mRNA. Using flow cytometry, we were able to measure LNP transfection
(or at least cellular localization) by detection of delivered dye fluorescence (Figure
4.7). We were then able to compare the single-cell flow cytometry measurements of
transfection and protein abundance, to the delivered mRNA levels in single cells as
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Figure 4.8: Single-cell measurement of mRNA delivered by LNP in suspension culture
(K562). (Top) Histogram showing the distribution of eGFP mRNA measured by
single-cell digital PCR in K562 cells administered 100 ng/mL for 24 hours. (Bottom)
Histogram showing the distribution of eGFP mRNA measured by single-cell digital
PCR in K562 cells administered 500 ng/mL for 24 hours.
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measured by microfluidic digital PCR (Figure 4.8). In K562, a dose of 500 ng/mL
eGFP mRNA-LNP for 24 hours resulted in ∼94% of cells reporting eGFP positive,
and over 99% of cells were positive for the particle dye (Figure 4.7). A dose of 100
ng/mL for 24 hours showed reduced penetrance, with ∼91% of cells transfected but
only 35% of cells positive for eGFP. Using microfluidic single-cell dPCR, we confirmed
the presence of eGFP mRNA in 100% (N=73) of the K562 cells transfected with
the 500 ng/mL dose (Figure 4.8), with a mean abundance of 201 copies (s.d. 150
copies) per cell. Interestingly, reducing the mRNA-LNP dose 5X, to 100 ng/mL,
resulted in more than a 5X reduction in eGFP transcripts measured in single-cells
(mean 23 copies, s.d. 23 copies). This supra-linear relationship between dose and
measured mRNA levels may be due the speed at which eGFP mRNA is degraded in
the cell. Inspection with microscopy revealed that LNP uptake is rapid within the
first 4 hours, and the low-dose culture condition may rapidly become LNP-depleted
compared to the high-dose condition. Compared to the flow cytometry measurement
of 91% cells transfected at the dose of 100 ng/mL, we detected eGFP mRNA in 98%
(79/81) of cells, albeit at low levels. Measurement after 24 hours was chosen as such
‘overnight’ treatments are common in cell culture experiments, and also to give time
for eGFP translation. The doubling time for K562 cells is approximately 24 hours,
which may result in dilution of eGFP mRNA or protein. Analysis of flow cytometry
measurements using different cell population gates revealed no significant correlation
between cell size and LNP dye or eGFP expression (Figure 4.9).
For adherent culture conditions, we transfected a human neonatal foreskin fiFigure 4.9 (following page): Effect of different population gates on flow cytometry
measurement of LNP delivery and eGFP expression in K562 cells. (A) A generous
gate is displayed in the flow cytometry profile of K562 cells showing granularity (side
scatter, SSC) and size (forward scatter, FSC). (B,C) The corresponding measurements of eGFP (FL1) vs. LNP dye (FL2) for 100 ng/mL and 500 ng/mL RNA
dosages, as in Figure 4.7. (D) A relatively small gate at the densest region of the
K562 cell population and the measured eGFP and LNP dye for 100 ng/mL (E) and
500 ng/mL (F) eGFP mRNA doses. (G) The smallest and largest cells are gated and
resultant eGFP vs. dye profiles are shown in H and I respectively (500 ng/mL RNA
dose). (J) Reverse-gating of cells with the highest intensity of eGFP and dye yields
a subpopulation (K) with size and granularity similar to the generous gate in A. (L)
Plot of eGFP (FL1) vs. size (FSC) shows that eGFP intensity is not proportional
cell size.
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Figure 4.10: Single-cell flow cytometry measurement of LNP delivery and eGFP
expression in BJ. Flow cytometry profiles show eGFP signal vs. DiI, where eGFP
fluorescence was used as a reporter for translation from delivered mRNA, and DiI
was a reporter of LNP uptake. From left to right: untreated control sample; 24 hour
transfection of 100 ng/mL eGFP mRNA-LNP; 24h hour transfection of 500 ng/mL
eGFP mRNA-LNP. The fluorescence signal threshold to call positive eGFP and DiI
detection was set such that it excluded signal from untreated cells.

broblast cell line, BJ. BJ cells were selected as they have been extensively used in
transfection studies to produce iPS cells, and could provide a basis for comparison
with our LNP transfection technique. In contrast to K562 cultures, BJ cells transfected with the same dose showed markedly less transfection and eGFP. Cells dosed
at 100 ng/mL were ∼71% positive for delivered dye, but no eGFP was detected
(Figure 4.10). This corresponded to 76% (42/55) of cells containing eGFP mRNA
(Figure 4.11), but RNA levels were low, with most cells containing between 1 and 20
copies (mean 6 copies, s.d. 7.5 copies). Increasing the dose to 500 ng/mL resulted
in 90% of cells positive for fluorescent dye, but only 29% positive for eGFP (Figure
4.10). Single-cell RT-dPCR revealed this population to contain eGFP mRNA in all
cells (N=86), with abundance ranging from tens to hundreds of transcripts (mean
213 copies, s.d. 220 copies). Uptake and transcript abundance is somewhat higher
in K562 cells, and this may simply be due to geometric constraints in adherent cell
culture, where only some of the cell surface is exposed to LNPs, as compared to cells
in suspension. The differences in protein abundance suggest a physiological difference
between K562 and BJ cells, and further experiments are needed to elucidate if this
difference is due to mRNA accessibility (e.g. endosome trafficking of LNP cargo), or
differences in translation kinetics. Taken together, these results could be interpreted
as suggesting a minimum of ∼20 eGFP transcripts per cell are required to detect
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Figure 4.11: Single-cell measurement of mRNA delivered by LNP in adherent culture
(BJ). (Top) Histogram showing the distribution of eGFP mRNA measured by singlecell digital PCR in BJ cells administered 100 ng/mL eGFP mRNA-LNP for 24 hours.
(Bottom) Histogram showing the distribution of eGFP mRNA measured by single-cell
digital PCR in BJ cells administered 500 ng/mL mRNA-LNP for 24 hours.
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Inducing Gene Expression with mRNA Delivery

GFP (green), Dye from LNPs (red), BJ fibroblasts
Dosed at 0 Hours with 500 ng/mL GFP mRNA LNPs (3mL culture; 6-well format)

Figure 4.12: Inducing gene expression with mRNA delivery. Time-lapse microscopy
20
imaging of DiI (red) and eGFP (green) fluorescence in BJ cells dosed with 500 ng/mL
eGFP mRNA (at 0 hours). Images suffered from high background fluorescence and
low signal-to-noise, and were used gauge the onset of eGFP signal, while flow cytometry was used to quantify eGFP and DiI in cells.

eGFP at this time point. One concern with adapting this LNP system to mRNA
delivery is that the long mRNA strands (relative to the short siRNA duplexes, ∼22
bp) may be more susceptible loss of function due to a number of factors including
fragmentation from shear stress during formulation, secondary structure, or endosomal trafficking. Also, we do not know what fraction of synthesized RNA is full
length. The result showing 94% of K562 cells positive for eGFP indicates functional
transcripts, however further verification of the state of delivered mRNA is needed.
Visual inspection of cells undergoing transfection (Figure 4.12) showed rapid and
widespread uptake of LNPs during the first 4 hours, as reported by DiI fluorescence
localized within cells. eGFP was visible after ∼10 hours, and remained in cells for
over 72 hours. In contrast to the diffuse eGFP signal throughout the cytoplasm,
DiI signal was often punctuate, suggesting the dye was contained within intracellular
membranes such as endosomes. Notably, DiI particularly accumulated in two opposite
points on either side of the nucleus. Cells exhibiting DiI uptake in endosomes, but
without eGFP expression, may reflect endosomal recycling or sequestering of mRNA
as a major factor limiting functional transfection efficiencies[186].
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Figure 4.13: Inducing gene expression with delivery two different mRNAs. Proof-ofconcept demonstration of delivering multiple RNAs, showing false-colour overlay of
fluorscence from eGFP (green) and mCherry (red), resulting in diffuse orange signal
in cytoplasm.
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Day 2

Day 5

Day 8
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Figure 4.14: Time-course measurement of mRNA-LNP performance in BJ cells with
daily doses for two weeks. Flow cytometry plots showing eGFP signal vs. DiI as
a measure of protein abundance and particle uptake (respectively). The ‘Control’
series refers to untreated (i.e. not dosed with mRNA-LNP) BJ cells in EMEM (10%
FBS). The ‘EMEM’ series refers to BJ cells treated daily with mRNA-LNP, in normal
culture conditions of EMEM with 10% FBS (and ApoE). The ‘Pluriton’ series refers
to BJ cells treated daily with mRNA-LNP in reprogramming culture conditions of
Pluriton medium and matrigel (no serum, but with ApoE).
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Figure 4.15: Distribution of delivered mRNA in BJ cells with daily doses for two
weeks. Histograms display results from single-cell digital PCR measurement of eGFP
transcripts from cells undergoing daily transfections in EMEM with 10% FBS. The
time-course is represented from top-to-bottom: day 2, day 5, day 8, day 11, day 14,
and corresponds to measurements on cells from the ‘EMEM’ series in Figure 4.14.
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One of the applications of mRNA delivery of keen interest is the reprogramming of
cells, in particular the creation of iPS cells that can then be directed in differentiation
to desired tissue types (e.g. neurons). Reprogramming fibroblasts to pluripotency
was recently demonstrated with the transfection synthetic mRNA encoding the transcription factors Klf4, c-Myc, Oct4, and Sox2 (originally achieved by Yamanaka and
colleagues by enforced expression)[188]. As demonstration of delivering more than
one mRNA at the same time, we simultaneously delivered two different mRNAs, encoding for eGFP and mCherry, and observed fluorescence from both proteins after a
dose of 500 ng/mL each (Figure 4.13). Reprogramming protocols with RNA transfections typically involve repeated high doses over multiple weeks, and we sought to
evaluate the use of LNPs for repeated mRNA delivery as required for reprogramming. For this experiment, a transfection protocol was adapted from a commercial
iPS reprogramming kit (Stemgent). Further modifications by Warren et al.[188] to
perform reprogramming in xeno-free conditions, and without feeder-cells, were also
incorporated. BJ cells were transfected by adding LNPs to the culture after each
daily media change for two weeks (details in Methods section). Cells were seeded
in 6-well plates at low-density, 50,000 cells per well, and were passaged on day 6
at ∼80% confluence. Over the first four days, the dosage was increasingly ramped
up from 25%, 50%, 75%, to 100% of the final RNA dose (400 ng/mL, 2 mL), so as
not to overdose the low cell concentration[188]. Cells were analyzed on day 2, 5, 8,
11, and 14 by measuring LNP uptake (dye) and eGFP with flow cytometry (Figure
4.14), and mRNA abundance with microfluidic single-cell RT-dPCR (Figure 4.15).
Trypan blue staining showed all culture conditions supported over 95% viable cells.
Although we previously showed incomplete penetrance of eGFP in BJ cells after 24
hours of transfection, this experiment demonstrated that nearly complete penetrance
was possible after longer time with repeated doses. Figure 4.14 shows ∼98% of cells
positive for LNP dye by day 2, and over 99% from day 5 to 14. The fraction of cells
reporting eGFP increased from 82.5% of cells on day 2, to ∼98% by day 5. The
fraction of eGFP-positive BJ cells was maintained above 95% from day 5 to day 14.
Single-cell RT-dPCR measurements in Figure 4.15 show mean abundance of delivered
eGFP mRNA to be 196 copies (s.d. 212) on day 2, rising to upwards of thousands
of copies per cell for days 5 through 11 (day 11 mean 1,002 copies, s.d. 803). Day
14 shows reduced mRNA levels compared to previous measurements, perhaps due to
increased cell numbers. This result demonstrated the performance of these LNPs in
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a long-term, high-dose, transfection protocol.
Interestingly, substitution of our normal BJ medium (EMEM, 10% FBS) for
medium designed for mRNA reprogramming (Pluriton, Stemgent) resulted in dramatically less transfection and translation. This reprogramming condition is xenofree, absent of any serum additions, and replaces the feeder-cells normally used in
Stemgents protocol with matrigel to provide a substrate and extracellular matrix.
Both media conditions were supplemented with 1 µg/mL apoE to facilitate uptake,
although the FBS also contains lipoproteins. The reprogramming culture conditions
resulted in ∼87% of cells containing DiI on day 2, increasing to ∼99% for day 5
through 14. Despite a high-percentage of cells reporting positive particle uptake,
only ∼20% of cells were eGFP-positive (with day 11 being an outlier at 43%). In
stark contrast to the hundreds or even thousands of mRNA found by day 5 in the
normal culture, cells in the reprogramming conditions continued to have only tens
to low hundreds of mRNA present throughout the experiment. Notably, the growth
rate of cells in the reprogramming condition matched normal culture conditions (with
and without transfection) for the first 7 days (Figure 4.17), but showed dramatically
reduced proliferation after cell passage (while viability remained over 95%). It is
possible the difference in plating or growth after cell passage may be ameliorated by
the addition of ROCK inhibitor (e.g. Y27632, Stemgent), but it is interesting to note
that cells in EMEM/FBS conditions did not require this. The difference in transfection and translation efficiencies between these two conditions underscores the need
to characterize (and optimize) LNP performance in application-specific conditions.
Further experiments are needed to determine whether the differences are due to the
media, lack of serum, or the matrigel.

4.5

Discussion

The study of gene expression requires the ability to both measure gene expression,
and perturb the system. LNPs, particularly the recently developed particles used in
this study, represent an effective means for manipulating gene expression through the
delivery of RNA to the cytoplasm. Combining this ability to perturb gene expression
with precise transcript measurements by high-throughput single-cell digital PCR provides an opportunity to study gene expression at the single cell level. To apply this
technology properly, LNP transfection behaviour must first be characterized in order
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Figure 4.16: Distribution of delivered mRNA in cells under mock reprogramming
conditions. Histograms display results from single-cell digital PCR measurement of
eGFP transcripts from cells undergoing daily transfections in Pluriton medium with
a substrate coated with matrigel (no serum). The time-course is represented from
top-to-bottom: day 2, day 5, day 8, day 11, day 14, and corresponds to measurements
on cells from the ’Pluriton’ series in Figure 4.14.
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Figure 4.17: Comparison of BJ cell numbers in different media conditions undergoing
daily transfections. Cells were passaged by splitting 1/6, on day 7. Red circles
represent cells undergoing daily transfections in EMEM with 10% FBS; Blue triangles
represent cells undergoing daily transfections in Pluriton with matrigel; Black squares
represent untreated cells in EMEM with 10% FBS.
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to provide an informed basis for protocol development and optimization. In this study
we have begun the important work of characterizing the use of LNP RNA delivery
to manipulate gene expression. Through the use of single-cell analysis techniques
such as microfluidic digital PCR and flow cytometry, we investigated the kinetics,
precision, variability and single cell distribution of LNP transfection performance.
Our results indicate that transfection begins rapidly after addition of LNPs to
culture media, with uptake efficiency greatly enhanced in the presence of ApoE. The
high transfection efficiency seen through DiI measurements and siRNA knockdown
effects show that 1.0 µg/mL ApoE supplement is sufficient to boost LNP uptake,
resulting in a 4X increase in our serum-free hESC conditions. Further optimization
may be possible by increasing ApoE concentrations, as seen in neuronal cultures[190].
ApoE facilitation is convenient as ApoE is endogenously synthesized by astrocytes
in the brain or neuronal in vitro cutlure conditions, and lipoproteins are also highly
abundant in common culture conditions with medium containing fetal bovine serum.
Furthermore, the results presented in this study show that siRNA-LNPs efficiently
knockdown expression of targeted genes, and mRNA-LNPs effectively give rise to
functional proteins, at dosage levels that do not lead to any observed toxicity.
One of the questions motivating single cell analysis of RNA delivery was when
bulk PCR shows partial knockdown, say 50%, does that reflect all cells with partial knockdown, or some of the cells with 100% knockdown and some with 0%? The
siRNA knockdown experiments presented here showed a shifting distribution of target
mRNA with increasing siRNA dose, rather than an all-or-nothing change of expression. This study demonstrated the potency of siRNA-LNPs, showing that a dose
of 1.0 µg/mL siRNA was sufficient to reduce GAPDH mRNA levels by ∼10-fold,
eliminating over one thousand transcripts per cell when measured 24 hours after administration. Complete elimination of such an actively expressed gene is challenging
as newly transcribed mRNA is inaccessible in the nucleus, and RT-PCR may detect
RNA fragments that no longer give rise to functional protein.
Single-cell analysis is particularly well suited to elucidating the relationship of
co-occurrences that would otherwise be masked in the averaging of bulk analysis.
In this study we use flow cytometry to measure the relationship between LNP uptake (by DiI) and eGFP protein abundance. We compare this to single-cell digital
PCR measurements of the delivered RNA, using cells from the same sample. This
transcript information revealed that different cell types (K562 compared to BJ) with
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similar amounts of mRNA, gave rise to different amounts of translated protein. This
underscores the fact that although LNPs effectively deliver mRNA to cells, physiological differences in translation activity between different cell types can still result
in different protein levels.
LNPs are an attractive transfection technology for using RNA to reprogram cells
into induced pluripotent stem cells. As opposed to conventional techniques which rely
on viruses and genomic inserts, RNA reprogramming is non-integrative and ‘footprint
free’, requiring no clean-up phase compared to DNA vectors or RNA viruses. Furthermore, RNA delivery allows for direct control of the timing and abundance of
gene expression. Here we show that LNPs provide efficient delivery to a variety of
cell types, and that LNPs potentially offer a convenient, self-contained approach to
reprogramming somatic cells to pluripotency. Previous studies have delivered mRNA
encoding for the Yamanaka factors (Oct3/4, Sox2, Klf4, c-Myc) and shown conversion
efficiencies of 1-4%[188]. Single-cell digital RT-PCR measurements of delivered RNA
can provide insight into this low efficiency by revealing the abundance and stochiometry of the different mRNAs at different points during transfection for reprogramming.
Our results showing repeated delivery of mRNA to sustain eGFP in over 95% of cells
for 2 weeks with no apparent toxicity open many possibilites for maintaining high
levels of ectopic proteins in cells, with scientific and therapeutic applications.

4.6

Conclusion

Here we have shown the utility of single-cell analysis in characterizing the performance
of LNP RNA delivery in a variety of in vitro conditions. LNP uptake was facilitated by
the presence of ApoE, and transfection was particularly efficient in situations where
culture medium contains lipoprotein-rich serum. LNPs demonstrated potent siRNA
knockdown of a highly expressed gene, and mediated functional protein expression
by mRNA delivery. We have shown the efficacy of these particles in the context
of adherent and suspension cell cultures, and under different transfection protocols.
Single-cell digital PCR measurement of RNA abundance complements microscopy
and flow cytometry techniques, and provides insight into the RNA levels required
to see functional effects. Importantly, measuring the variability in the number of
transcripts delivered to each cell elucidates the heterogeneity and extent to which
one can control transfection. By examining the cell-to-cell variability, kinetics, and
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efficiency of using this lipid nanoparticle technology for nucleic acid delivery, we
provide an informed basis for optimizing the in vitro manipulation of gene expression
in cells. This single-cell approach may be extended to wide variety of delivery systems,
contributing to the development of research tools and therapeutic strategies.
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Conclusion
In this thesis I set out to address the need for techniques enabling high-throughput
single-cell gene expression analysis. Through developing scalable microfluidic technology integrating components to perform cell isolation, lysis, reverse-transcription,
and final measurement by real-time or digital PCR, this research has contributed to
the tools available for precisely measuring transcripts in single cells. The utility of
this technology is demonstrated in measuring the cell-to-cell variability of a variety of
transcripts, and miRNAs, in tissues ranging from cell lines to stem cells and primary
breast cancer samples. Additionally, this measurement tool is used to assess another
tool - a transfection reagent - in order to help understand and improve its use and
development.

5.1

Contribution to Knowledge

This research has made an impact in three main areas: engineering technology, technology transfer, and biological findings.
Although microfluidic technology is a relatively young field, a long-sought goal in
microfluidics research has been the development of integrated technology for scalable
analysis of transcription in single cells. This project achieved this goal through development of the first integrated system for cell isolation and RNA analysis in a scalable
fashion. The core functionality established here provides the foundation from which
a variety of on-chip single-cell analyses can be developed. In particular, this stands
to impact the burgeoning field of single-cell DNA and RNA sequencing. Through
combining scalable cell processing with high-density digital PCR, this project further advanced the state-of-the-art in terms of combined throughput and precision
for single-cell transcript analysis. It was also interesting to see that this device was
well suited to characterizing the performance of other technologies, informing the
development and use of lipid nanoparticles for RNA delivery.
In addition to dissemination of this research through publications and conference
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presentations, aspects of the technology presented in this thesis will be commercialized
to facilitate its widespread adoption in research (and potentially clinical) settings.
The microfluidic systems for single-cell trapping followed by RT-qPCR or dPCR are
the subject of a patent filing (PCT/CA2011/000612) which has been licensed to
Fluidigm Corporation. Fluidigm has since released a commercial product related to
this technology for single-cell trapping, lysis, reverse-transcription, and recovery for
downstream analysis. This product represents the first major commercial foray into
integrated microfluidic single-cell devices, and has enabled single-cell studies for users
without microfluidic experience.
Finally, although this project is focused on technology development, significant
biological insights have been made through single-cell transcription measurements.
At the time of their publication, the measurements reported in this thesis were some
of the first large number (hundreds) of single-cell transcript measurements explicitly
reported in copy number (as opposed to relative vales such as ∆Ct). In addition to observing how tightly regulated certain miRNAs are, or revealing a bi-stable switch-like
behaviour in the co-regulation of a miRNA and its target mRNA during differentiation, we precisely quantify and characterize the variability that exists even in ‘housekeeping’ genes (i.e. GAPDH). These measurements of GAPDH provide an excellent
point of comparison for other quantification technologies (e.g. sequencing). The
demonstration of single-cell measurement of SNVs in a primary breast cancer sample
serves as an example of the sort of assay that may reveal important heterogeneity
within clinical cell populations (e.g. the distribution and co-occurrence of mutations). The quantification of the oncogenic fusion transcript BCR-ABL demonstrates
the potential utility of using digital PCR in the monitoring of minimum residual disease. Finally, the evaluation of mRNA and siRNA delivery efficacy may lead to new
reagents or methods for research, potentially contributing to improved therapeutic
strategies.

5.2
5.2.1

Future Recommendations
Extending Microfluidic Single-Cell Analysis

As stated before, the core functionality established here provides the foundation from
which a variety of on-chip single-cell and molecular biology protocols can be devel-
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oped.
Colleagues in Dr. Carl Hansen’s lab are currently pursuing such applications
as DNA and RNA sequencing from libraries prepared on integrated single-cell microfluidic devices. Fluidic architecture for recovery of single-cell reaction products is
readily incorporable, and represents the logical extension of our microfluidic systems
to enable further down-stream analysis. Such functionality has been demonstrated
in the C1 device from Fluidigm, which is increasingly being used for single-cell analysis by DNA and RNA sequencing, as well as epigenetic analysis. In the context of
this thesis, single-cell whole-transcriptome analysis would be useful to look at global
expression changes (e.g. off-target effects) in consequence to siRNA treatment. Performing whole genome amplification or whole transcriptome amplification in limiting
dilution ‘digital’ arrays has also been shown to reduce bias and contributions from
contaminating nucleic acids[192].
Although the microfluidic devices presented in this thesis (and the C1) make
strides in addressing the bottle-neck between cell isolation and nucleic acid processing,
issues with cell isolation remain one of the greatest limitations with this technology.
More routine still are studies coupling FACS with RT-qPCR arrays (e.g. Fluidigm
Biomark). The challenge in microfluidic isolation of single-cells with physical cell
traps is that many cell-types of interest do not readily form single-cell suspensions.
This can result in clumping and clogging. Primary cells, thawed samples, or tissues
requiring aggressive dissociation protocols, often suffer from viability and clumping
issues. Damaged cell membranes may lead to RNA contents leaking and altering
detectable abundance. Treating cell suspensions with DNase (to digest DNA clumping), or suspending them in different solutions (e.g in presence of EDTA, or Ficoll)
may ameliorate clumping of cells. Physical cell traps may be tailored to capture
cells of different size ranges, if a universal cell trap is difficult to engineer. A possible approach could be to encapsulate single cells in uniform-sized droplets or gels
before isolating with uniform traps. Upstream manipulation of cells could also include nucleus or cytoplasm isolation (or fixing cells). Ultimately, for many tissues,
researchers and clinicians would like to able to perform single-cell analysis while preserving spatial information and molecular imaging or techniques such as laser-capture
microdisection[193] or Tomo-Seq[194] remain advantageous over our microfluidic approach to single-cell isolation[195]. Having a linear array of cell traps also increases
the risk of a cell clog as the number of traps is scaled from tens to hundreds and po113
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tentially thousands, suggesting the need for improved cell bypass lanes or a parallel
loading strategy.
The device designs presented for single cell RT-qPCR or digital PCR are limited
in the number of different transcripts that can be simultaneously measured to the
number of fluorescent probes that can be spectrally distinguished. This optical multiplexing is generally limited to 3 or 4 colours (and a passive reference dye) when
using commercially available hydrolysis probes (e.g. TaqMan) and common filters.
This limitation can be overcome by splitting the template reaction into separated
assay chambers (that can be of the same probe colour), thereby spatially multiplexing the reaction. Pre-amplification of the pooled cDNA may be required to preserve
representation when partitioning into multiple assay chambers.
There are a number of further types of analyses the microfluidic single-cell digital
PCR device could be adapted to accomodate. Future work could look at the ability to
measure genomic copy number alterations, potentially with a pre-amplification step.
In the course of this work I explored the potential use of microfluidic digital PCR for
protein counting, by using a proximity ligation assay[196]. In the proximity ligation
assay, two different antibodies bind to a target protein of interest. Each antibody is
attached to a short DNA strand, and when the two antibodies are in close proximity
(as in when bound to the same protein) the DNA strands can be ligated together.
This newly combined DNA strand then forms the starting template for PCR amplification, and could be quantified with digital PCR. Performing the proximity ligation
assay in a microfluidic single-cell digital PCR device may be a direct way to combine
and correlate mRNA measurements with protein abundance[152]. The current microfluidic device for single-cell digital PCR could be easily modified with additional
chambers to perform antibody binding and ligation prior to dPCR. One of the limitations of the proximity ligation assay is the likelyhood of false-positive PCR reactions
due to ligation of DNA from antibodies in close proximity but not bound to the
same protein. This probability is reduced by diluting the bound antibodies prior to
ligation, but false-positives remain. Although single-cell digital PCR does not eliminate this issue, it does offer a chance to quantify the base level false-positives, which
can then be subtracted from single cell measurements. Ultimately, this microfluidic
approach to single-cell protein quantification lacks the throughput and multiplexing
capabilities of recently developed single-cell mass cytometry techniques[197].
Beyond genetic and transcript measurements, enzymatic assays (e.g. measuring
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telomerase activity) could be incorporated into a similar microfluidic architecture.
Cell trapping upstream of analysis could be further utilized to briefly expose the cells
to stimuli, before measuring responses in the transcriptome. A more thorough image
analysis of isolated cells prior to lysis could also be used to compare morphologies
with intracellular contents. The trap and assay architecture of the devices could
be used to expose cells to chemical stimuli (e.g. drugs, siRNA, antibodies) prior to
rapidly lysing and measuring gene expression (or other molecules of interest). The
microfluidic architecture for single-cell molecular biology protocols could also be integrated downstream of cell culture arrays, enabling automated genomic or transcript
analysis after testing different culture conditions and treatments.

5.2.2

Further Experiments and Applications for Lipid
Nanoparticle Delivery

The use of LNPs to mediate gene expression should be studied further. The ApoE
facilitation of LNP transfection warrants further investigation into the mechanism of
receptor mediated transport. What is the receptor density of different cells? Can
cells be cholesterol starved to stimulate production of more LDL receptors, and does
this increase LNP uptake? Future experiments could investigate the effect of incubating the LNPs with ApoE prior to transfection. One potential concern is the
addition of ApoE may cause unwanted environmental stimuli in cases where cells are
delicately sensitive to culture conditions (e.g. ESC, iPS conversion). In such situations it may be worth exploring alternative protocols such as transfection during cell
passaging (adherent cells could be temporarily incubated in suspension with a shakeflask), or pre-mixing LNPs with the plate coating substrate (e.g. Matrigel). The
microfluidic single-cell digital PCR device is well suited to investigate the time-scales
involved in lipid nanoparticle uptake. For example, single-cells may be isolated in cell
traps within the microfluidic device prior to briefly washing them with a solution of
mRNA-containing lipid nanoparticles. Cells can then be processed within minutes (or
hours) to examine the kinetics of transfection. Using fluorescence microscopy, future
experiments could also measure DiI and eGFP in cells trapped in the microfluidic
device and directly correlate dye and protein abundance with measured transcript
abundance within each cell. Protein abundance could be further quantified with
single-cell proximity ligation assay[152].
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It would be useful to measure both the delivered siRNA as well as the targeted
mRNA in each cell to properly assess the dose-response relationship. This can be
measured in the microfluidic single-cell digital PCR device by designing a stem-loop
RT primer and TaqMan qPCR assay[59] allowing optical multiplexing[129, 191]. Further experiments testing increased doses and/or transfection times should investigate
the feasibility of completely suppressing a highly expressed gene such as GAPDH
by siRNA, as RNAi machinery may not be able to keep up with constitutively active transcription. This also raises the question of at what point does siRNA potency become RISC abundance-limited. siRNA is already known to cause off-target
down-regulation, and by overwhelming the RNAi machinery exogenous siRNA may
further disrupt gene expression regulation by out-competing natural microRNAs for
incorporation in RISC[198]. Single-cell RNA sequencing would be useful to asses the
genome-wide effect of siRNA transfection. RISC-incorporated RNA could be assessed
following antibody pull-down of RISC, and compared with free miRNAs and siRNAs.
In characterizing the performance of LNPs, we sought to understand how well
we could control transfection efficiency and how precisely we could control the abundance of delivered RNA to each cell. We have started to explore this with different
doses of RNA, and different transfection protocols. However future pulse-chase type
experiments are needed to explore the effect of different dosing regimes, for example,
the affect of short vs. long transfection times (pulse-width), and high- compared to
low-dose (pulse amplitude) on the precision of delivered RNA. Pulse-chase experiments will also be useful in measuring the time between transfection and translation
(e.g. eGFP), and the duration of sustained effect. For example, is it possible to
sustain low levels of transcripts delivered to the entire cell population?
In investigating how well delivered RNA abundance can be controlled, it would be
useful to test delivery of two different mRNAs at different ratios of abundance, and
see if this ratio is preserved in delivery. While different RNAs could be combined and
encapsulated at different relative abundance during LNP formulation, keeping them
individually packaged allows for more control in how they are combined and used. By
transfecting with equal amounts of mRNA encoding for two different colours, but with
a similar length and sequence (e.g. eGFP and YFP), one could look at the variation
in delivery compared to variation in functionality (i.e. translation to protein). It
may also be possible to attenuate the noise, or long tails of low-abundance (or highabundance) proteins by co-delivering microRNA or siRNA targeting the delivered
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mRNA.
Chapter 4 focused on the PCR measurement of RNA however a similar analysis
could be extended to characterize the delivery or affect of other cargo, such as DNA,
proteins, or small molecules. In particular, LNPs could be harnessed to deliver guide
DNA strands for CRISPR gene editing. This can be used for applications ranging
from editing mutations in genes related to cancer, to antiviral treatments. For example, the CRISPR/Cas9 system can be adapted for antiviral treatment in human cells
by specifically targeting the genomes of viral infections[199, 200]. Measurement of
delivered DNA is not subject to reverse transcription efficiencies, and could provide a
useful surrogate measurement of RNA (or other species) delivery as it could be continually used without re-designing new primers each time the LNP cargo is changed.
This study focused on characterizing the performance of a particular LNP reagent,
however the single-cell analysis methodologies employed here, namely flow cytometry
and single-cell digital PCR, could be used to asses the performance of other transfection methods. Ultimately, the LNP system used in this study should be compared
to alternative transfection reagents such as the commonly used Lipofectamine (Life
Technologies).

5.3

Final Remarks

Recent years have seen rapid development of single-cell and fluidic technologies, and
the work in this thesis may ultimately be integrated into larger work-flows and devices. In particular, micro-wells, integrated electronic components and sensors in
microfluidic devices, droplet dispensers for printing arrays of reagents and cells are
all exciting technologies pushing the capabilities for single-cell analysis. Advances
in 3D printing may be used to construct microfluidic devices (either directly, or as
moulds), potentially democratizing microfluidic prototyping.
The development and demonstration of microfluidic single-cell analysis reported
here, and in other applications ranging from human haplotyping and drug discovery,
to stem cell development and cancer progression, should lead to widespread adoption
of this technology.
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Appendix A
Design Considerations
A.1

Single-Cell Digital PCR Prototype with
Alternative Approach to Mixing

Digital PCR requires template molecules to be randomly distributed among reaction
chambers in order to accurately infer the number of molecules in the array from the
number of reaction chambers with PCR amplification. If the number of molecules
in the array is significantly less than the number of chambers compartmentalizing
the solution, then most of the chambers will contain either one or zero template
molecules. In this case, the number of positive wells (with amplified product) at
the end of PCR gives a count of the number of molecules in the sample to a close
approximation. However, if the number of template molecules is not small compared
to the number of chambers, many chambers will contain more than one template
molecule. This results in the number of positive reaction chambers being significantly
less than the number of molecules in the sample. However, as long as the array is not
fully saturated, template abundance can still be estimated based on the statistical
relationship between the number of molecules and the expected number of positive
wells.
In integrating digital PCR with the cell processing previously established, one of
the challenges is ensuring the sample is thoroughly mixed prior to dPCR compartmentalization. In conventional dPCR, a solution that is already completely mixed
is simply injected into a dPCR array, or partitioned into droplets. In our single-cell
RT-qPCR device, chemical reactions are assembled on-chip by diluting a sample into
a larger chamber with the required reagent. Some mixing of solutions occurs through
advection, however the majority of the combined solution is mixed by diffusion. An
initial prototype attempted to solve this problem by pushing template solution with
PCR reagent into a dPCR array consisting of a bifurcating structure of channels
that can partitioned with valves into dPCR chambers. However, prior to compart141

Prototype: Integrated Microfluidic Device for Single
Cell Digital PCR

A.1. Single-Cell Digital PCR Prototype with Alternative Approach to Mixing
Digital PCR Array
(2000 × 1 nL)

Peristaltic
Pump

Cell Capture
Lysis (12 nL)

…
Reagent
Injection

Reverse
Transcription
(60 nL)

Similar to RT-qPCR
with digital
Figuredevice
A.1:butDesign
schematic of an early prototype single cell digital PCR device.
PCR array as final
This design is based on physical valve partitioning of channels into digital PCR chamchamber.
bers, and requires a much larger footprint compared to the surface tension partitioning
with oil strategy presented in Chapter 3. This architecture incorporates a peristaltic
pump to create a rotary mixer in the array to completely mix the solution before
partitioning. Valve (or ‘control’) channels are indicated in red.

mentalization, the injected PCR and template solution can be mixed by using valves
to pump the solution around the ring of dPCR channels (Figure A.1). This rotary
mixing reduces diffusion times by wrapping the template and PCR solutions within
each other to decrease characteristic diffusion distances. In practice, this approach
still required long mixing times and was further limited in dPCR chamber density as
it used mechanical valves to partition the channels into dPCR chambers.
The high-density planar emulsion dPCR arrays previously developed by Heyries et
al. overcome the large footprint of conventional valve-based dPCR arrays. However,
this approach requires a pre-mixed PCR/template solution to be injected as the dPCR
array is dead-end filled, preventing any rotary mixing and imposing long diffusion distances between far chambers of the array. In order to incorporate high-density planar
emulsion dPCR arrays, the prototype single-cell dPCR device mixes PCR solution
with template by diffusion in a 50 nL chamber (see Chapter 3). This mixed PCR solution is then pushed (with unmixed PCR reagent) into an array of 1020 × 25 pL dPCR
chambers which accommodates approximately half of the mixed PCR/template solution. This strategy of sampling half of the pre-mixed PCR/template solution, and
the architecture of the mixing chamber, accomplishes injection of a completely mixed
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A.1. Single-Cell Digital PCR Prototype with Alternative Approach to Mixing
PCR solution into the dPCR array. The disadvantage of this approach is the entire
content of the cell is not analyzed, limiting the precision and sensitivity of the device,
particularly in cases where transcript abundance is less than 6 copies per cell. Potentially, the mixed PCR/template solution may be pushed with an immiscible phase
fluid such as oil or a gas in order to facilitate fluid transfer between chambers without
dilution or an unmixed front of solution.
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Appendix B
Protocols1
B.1

Fabrication

After fabricating the molds described in the methods section of chapter 2, multilayer soft lithography is used to create microfluidic devices. This protocol uses
polydimethylsiloxane (PDMS): specifically RTV615. The device uses a ‘push-up’ geometry, with the valve/control channels in the layer underneath the flow channels
(for sample and reagents). This information is contained in Chapter 2, however is
presented here in expanded form with greater detail.
Before coating with PDMS, treat wafers with TMCS (trichloromethylsilande).
Seal wafers in a box containing a beaker of TMCS. TMCS is volatile and will coat
wafer to prevent PDMS from sticking to the photoresist (freatures).

B.1.1

Flow Layer

1. Mix Flow layer (thick) (5:1 A:B). Use 50 g A and 10 g B per wafer.
2. Pour 5:1 mixture on the top layer wafer in foiled dish.
3. Use pipette tips with bigger side down to centre flow wafer and push it down
to release bubbles from under wafer
4. Degas the mixture/wafer by placing in vacuum for minimum 1 hour.

B.1.2

Control and Blank Layer(s)

1. While degassing, mix Control and blank layers (thin) (20:1 A:B). Use 20g A
and 1g B per wafer (40 g A and 2 g B for both control and blank if being used)
2. Place control wafer on spinner and pour 20:1 mixture on about 2/3 of wafer.
1

Parts of this protocol are reproduced from Microfluidic Technology for High-Throughput Single
Cell Gene Expression Analysis, by Adam White, University of British Columbia, 2010.
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3. Spin cycle:
• Ramp 10s to 500 rpm, hold 5s
• Ramp 5s to 1800 rpm, hold 60s
• Ramp 5s to 0 rpm
4. When finished spinning, place in a dish and close lid (can put wafer on lid
because its flatter)
5. Repeat for blank(s) and then set aside blank layer.

B.1.3

Bake Flow and Control Layers

1. When there are only a few bubbles left on flow layer, remove from vacuum
chamber, use pipette tip to drag bubbles off the features, and push wafer to
bottom.
2. Bake Flow Layer 80◦ C, 60 Min.
3. Wait 15 min and then bake Control Layer 80◦ C, 45 Min (this way you can
remove both layers from oven at the same time)

B.1.4

Align Flow Layer to Control Layer

1. Remove both layers from oven and allow to cool for a couple minutes
2. Cut on the inside of the flow wafer for a clean lift off. Cut multiple times to
ensure there is no debris that might fold under flow layer and prevent proper
bonding to control layer. Peel flow layer off of wafer.
3. Immediately after peeling flow layer, place it on top of control layer to minimize
chance of debris getting between the 2 layers.
4. Align flow layer to control layer (still on wafer).
5. Use tape (scotch) to clean off top of the chip
6. Bake Flow and Control layers for 1 hour at 80◦ C.
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B.1.5

Ports

1. Peel combined flow and control layers off of wafer. Make multiple cuts to ensure
a clean lift off.
2. Punch holes in devices (bonded Control and Flow layers).
3. When you think you are 45 min away from finishing punching holes, bake blank
layer for 45 min at 80◦ C
4. Clean bottom of bonded layers vigorously with tape. Remove blank layer from
oven and place bonded layers control and flow layers onto the blank layer. Be
sure the control (thin) layer of the bonded layers is down. Check for collapsed
valves and use syringe to suck them out if necessary. Try to avoid bubbles.
Clean top surface with tape.
5. Cook overnight at 80◦ C. Mimimum 3 hours.

B.1.6

Mounting Individual Devices

1. Dice Chips
2. Place chips on glass slides. Be sure to clean slides with water and IPA first.
Clean chips with tape (bottom before fastening to slide, top after fastening).
Make sure plug holes are up (blank and thin on the bottom, thick on top)
3. Bake slides with chips at 80◦ C over night. Be sure to label the slides with
information about chip, fabrication date, etc.

B.1.7

General Considerations

1. RTV stands for room temperature vulcanization. Do not let RTC A:B sit for
too long ( greater than 4 hours).
2. RTV A : RTV B, 10:1 is the stoichiometrically equivalent ratio.
3. Use Nitrile gloves since Latex gloves contain sulfur that may react with Pt
catalyst in RTV.
4. Check that layers have baked properly before alignment (touch edge of wafers
with a tweezer.
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B.2

Device Operation

The first device operation protocol presented is for a heat lysis, followed by a 2-step
RT-qPCR with seperate reverse transcription (RT) and qPCR steps. This protocol
was used with miRNA and mRNA assays. Alternatively, a chemical lysis followed
by 1-step RT-qPCR protocol is also presented. This protocol is faster, however did
not work for miRNA assays, and was applied to measurements of GAPDH and SNV
measurements. Krytox oil is used as the fluid in the control lines.

B.2.1

Cell Loading, Washing, and Heat Lysis

1. Device is primed with PBS containing 0.5 mg/mL BSA and 0.5 U/µL RNase
Inhibitor. The bovine serum albumin (BSA) prevents cells from sticking to
channel walls.
2. Cells loaded into device suspended in culture media (directly from culture).
Optional off-chip wash. Cell suspensions may be drawn into microcapillery
pipette tips, and plugged into the sample inlet ports. The pipette tip is released
from the pipette and air pressure is applied to opening. We used PDMS plugs
to seal the pipette tips around the applied air pressure line. Alternatively, the
cell suspension may be drawn into tygon tubing with a steel pin on the end of
it, which is in turn plugged into the microfluidic device. Cell loading works best
at concentrations between 5x105 and 1x106 cells/mL. Lower concentrations will
work but it will take longer to achieve high occupancy of trapped single cells.
Higher concentrations may lead to clogging in the inlet port or at the traps.
Load cells at approximately 2 psi. Optionally, the peristaltic pump may be used
for gentler and controlled cell loading.
3. After loading cells, perform on-chip wash to remove untrapped cells and extracellular RNA. Cells are washed with the same solution that primes the device.
4. Close valves to partition cell loading channel in order to isolate cells in capture
chambers.
5. Using microscope, confirm and count which chambers contain cells (enter into
spreadsheet).
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6. Acutate valves to isolate cell capture chamber. Place device on flatbed thermocycler for heat lysis at 85◦ C for 7 minutes; followed by 4◦ C hold.

B.2.2

Reverse Transcription

1. Using the ABI High Capacity Reverse Transcription kit, the RT solution prepared as below (modified from ABI protocol).
• 10x RT Buffer: 2.00 µL
• 5x RT primer: 4.00 µL
• dNTPs: 1.00 µL
• Multiscribe RT Enzyme: 1.34 µL
• RNase Inhibitor: 0.26 µL
• Tween 20 (1%): 2.0 µL
• H20: 9.4 µL
2. Reverse transcription mix is loaded into the device and flushed through the
reagent injection channels.
3. RT reagent is injected into the reaction by opening the valve connecting the
cell chamber to the RT chamber, and the valve connecting the cell chamber to
the reagent injection line. RT chamber is dead-end filled, and then the reagent
the connection to the reagent injection line is closed.
4. The device is placed on a flatbed thermocycler for a pulsed temperature RT
protocol.
• 16◦ C x 2 min
• 60 cycles of (20◦ C x 30 s, 42◦ C x 30 s, 50◦ C x 1 s)
• 85◦ C x 5 min
• Hold 4◦ C

B.2.3

Real-Time Polymerase Chain Reaction

1. The reagent mix for the PCR reaction is prepared using the ABI Taqman Universal Master Mix.
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• 2x Taqman Universal Master Mix (ABI): 25.0 µL
• 20x Real-Time Primer/Probe: 2.50 µL
• Tween 20 (1%): 5.0 µL
• Water: 7.5 µL
• RT product (already in device): 10.0 µL
2. Flush reagent injection lines prior to injecting PCR reagent into reaction chambers (similar to RT injection). Input pressure may be increased to increase
dead-end filling rate. Pressure should not be decreased as this may result in
back-flow from the reaction chambers, and could lead to cross-contamination.
3. One the PCR reaction chamber is filled, the valves closing the PCR chambers are
actuated. The rest of the control lines may be removed (cut away or unplugged)
to facilitate placing the device into the custom flatbed thermocycler apparatus
for imaging the qPCR reaction.
4. The thermocycler controls termperature cycling for the PCR protocol
• 95◦ C Hot Start for 10 mins
• 50 cycles of 95◦ C x 15 s (denature) and 60◦ C x 1 min (anneal/extend)

B.2.4

Chemical Lysis and One-Step RT-qPCR

The chemical lysis followed by one-step RT-qPCR protocol is based on the Ivitrogen
CellsDirect One-Step RT-qPCR Kit.
1. For device priming and cell loading, follow steps 1-5 from the heat lysis protocol.
2. The lysis buffer is prepared following the CellsDirect kit instructions.
• Resuspension buffer: 30 µL
• Lysis enhancer solution: 3 µL
3. The lysis buffer is injected into the 10 nL chambers used for reverse transcription
in the other protocol. This follows the same procedure of flushing the reagent
injection lines prior to opening valves to permit dead-end filling.
4. Incubate lysis reaction for 10 minutes at room temperature.
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5. Place device on flatbed thermocycler for heat inactivation of lysis reagent, 10
minutes at 75◦ C.
6. Prepare RT-qPCR reagent as instructed in CellsDirect kit, with addition of
Tween 20 surfactant.
• SuperScript III RT/Platinum Taq Mix: 1.0 µL
• 2X Reaction Mix (with ROX Reference Dye): 25 µL
• 20X Taqman Primers/Probes 2.5 µL
• Magnesium Sulphate: 1.0 µL
• Tween (1%): 5.0 µL
• Water: 5.5 µL
• Lysate (already in device): 10 µL (equivalent)
7. RT-qPCR reagent is injected into device similar to final PCR steps in the heat
lysis protocol presented above, and the device is placed in the custom flatbed
thermocycler and imaging apparatus.
8. A one-step RT-qPCR reaction is performed by RT followed by qPCR without
interruption or addition of reagents.
• 50◦ C for 15 minutes
• 95◦ C for 2 minutes
• 40-50 cycles of 95◦ C x 15 seconds and 60◦ C x 30 seconds
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