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This review presents an overview of literature that describes the applications of
microfluidics to assay individual cells. We quantify the content of an individual
mammalian cell, so that we can understand what criteria a single-cell assay must
satisfy to be successful. We put in context the justification for single-cell assays and
identify the characteristics that are relevant to single-cell assays. We review the
literature from the past 24 months that describe the methods that use
microfabrication—conventional or otherwise—and microfluidics in particular to
study individual cells, and we present our views on how an increasing emphasis on
three-dimensional cell culture and the demonstration of the first chemically defined
cell might impact single-cell assays. © 2011 American Institute of Physics.
[doi:10.1063/1.3574448]

I. INTRODUCTION

A mammalian cell contains water, inorganic ions, and a large number of small organic mol-
ecules, for example, vitamins, sugars, and fatty acids; these contents represent about 80% of living
matter by weight and water is the most abundant in that category.l The remaining 20% includes
proteins and DNA.* Together, these components represent the contents of a living cell, which is
described for our purposes as a cube 10 um on a side. The corresponding volume is ~1
X 107 mL and the corresponding weight is ~1 X 10~ g. That 20% of protein and DNA material
represents ~2 X 10710 g of the organic material of an individual cell. Given that a cell contains
several thousand different proteins (and we assign a molecular weight of 50 000 g/mol to each
protein) each cell contains about a million molecules of each fype of protein on average.
This number, of course, varies with the type of protein: actin is an abundant protein
(~5>10% molecules/cell), while the transmembrane insulin receptor protein is much less abun-
dant (~2 X 10* molecules/cell).

A mammalian cell contains several compartments that are sometimes referred to as organelles.
These compartments originate from the endosymbiosis of microsomes that contained DNA.’ Sev-
eral major organelles exist in each cell and they include the mitochondrion, the endoplasmic
reticulum, the Golgi apparatus, vacuoles, and one or more nuclei. Minor organelles include au-
tophagosomes, centrioles, cilia, lysosomes, melanosomes, myofibrils, peroxisomes, ribosomes,
and vesicles. These organelles define the locations of several types of biomolecules, for example,
proteins can bind to membranes, diffuse in the cytoplasm, or be synthesized in the endoplasmic
reticulum.

The description presented in the previous paragraphs is complicated by the reality of random
variation in the expression of individual genes. One of the important contributions of single-cell
assays to understanding the stochastic variation of gene expression was the use of a
glucocorticoid-responsive transgene that encoded ,B-galactosidase;4 the use of this expression re-
porter revealed large differences between cells in the amount of transgene that was expressed. The
assay further revealed that increasing the dose of glucocorticoid increased the probability that an

YAuthor to whom correspondence should be addressed. Electronic mail: chhkwu@ust.hk. Tel.: +852 2358-1594.
FAX: +852 2358-1594.

1932-1058/2011/5(2)/021501/9/$30.00 5, 021501-1 © 2011 American Institute of Physics


http://dx.doi.org/10.1063/1.3574448
http://dx.doi.org/10.1063/1.3574448

021501-2 Ryan, Ren, and Wu Biomicrofluidics 5, 021501 (2011)

individual cell would express the gene at a high level and not—as might be expected—result in a
linear increase in expression in each cell. This and similar experiments have focused the interest
of several groups on the problem of understanding variation between individual cells and, conse-
quently, to develop useful assays for understanding the origin of such variations. These experi-
ments are relevant to single-cell assays in two ways. First, they justify the need for single-cell
assays in understanding intercellular biochemical kinetics; and second, they clarify the challenge
for assays that seek to obtain conclusive data about a particular protein from the study of its
location in an individual cell or about the role of a single cell: it is likely that a single-cell assay
will require a large population to sample in order to describe intercellular variation that is not a
result of variation in gene expression. A better understanding of the role of noise in cellular
behavior will be an important consequence of research and development of single-cell assays;
however, that same noise will likely challenge the application of single-cell assays to understand-
ing variations in behavior between cells in a given population.

This introduction presents an elementary overview of the challenge for single-cell assays: an
individual cell contains a large number of molecules, where each category of molecules, e.g.,
proteins, can be divided into subcategories, located in several different organelles, and are pro-
duced and degraded dynamically during the cell cycle. An individual cell is a moving target for
subcellular quantitative analysis and, even if analyzed appropriately, is characterized by stochastic
gene expression, which complicates the elucidation of significant differences between cells in a
given population.

Il. JUSTIFICATION

For the purposes of this review, we define a single-cell assay as an experiment that quantifies
a function or property of an individual cell when the interactions of that cell with its environment
can be controlled precisely or can be isolated from the function or property under examination.
The practical purpose of a single-cell assay is to identify the function and behavior of individual
cells, so that we can understand what function(s) an individual cell plays in a population of cells.
We can restate this purpose quantitatively to mean the identification of the function of a family of
biomolecules that might constitute one molecule for every million other molecules in a cell as
those biomolecules are simultaneously and dynamically produced or degraded at several locations
within that cell. Knowing the function of biomolecules and how these functions vary from cell to
cell when the cells are of the same or of different type is promoted as information that is critical
to understanding normal and pathogenic conditions at the level of an organism.

The driving force for developing tools that assay individual cells is that there are no easy
methods available to distinguish the contributions of individual cells from a background signal of
millions of cells. It is worthwhile to consider, however, that the information that describes an
individual cell lacks context if the information that describes the average of other similar cells is
unavailable. We alluded to this need in Sec. I: random variation in gene expression increases the
complexity in quantifying the contribution of a given family of biomolecules to the behavior of an
individual cell and requires a large population sample to determine what is actually unique about
the cell and whether that uniqueness is due to a specific group of biomolecules. This statement
influences our design choices when fabricating single-cell assays, for example, we would prefer
assays that make it easy to obtain information about individual cells and large numbers of cells
simultaneously. This type of design is best represented by an ordered array of individual cells that
is confined to a small, planar substrate: the order in the array makes it easy to observe single cells
and the size of the substrate allows, say, a microscope to observe all the cells on the substrate.’
Such a design eliminates the need to perform two experiments: the single-cell assay and the
multiple-cell assay are performed together; however, single-cell assays that use microfluidics are
often unable to describe the average behavior of multiple cells as readily as a static array.
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lll. TRENDS

The research and development of single-cell assays is largely predicated on the notion that
genetic variation causes disease and that small subpopulations of cells represent the origin of the
disease. This perspective derives from a way of thinking about disease as being caused primarily
by one or more malfunctioning genes; however, cells in tissues exhibit plasticity in their differ-
entiated state, a fact that has been used to define a role for the extracellular matrix in normal and
pathological cell function.”” Which perspective dominates is unclear; however, the future devel-
opment of single-cell assays should emphasize the use of external stimuli to simulate the cellular
microenvironment.

A consequence of realizing that the extracellular matrix is a signaling element has been the
introduction of new methods that culture cells in natural or synthetic hydrogels or that grow
spheroid cultures of cells."™"" These methods provide one way—using materials to encapsulate
cells—to stimulate individual cells; however, to be truly useful single-cell assays that use these
materials must define the means to pattern, lyse, and collect (the contents of) individual cells from
three-dimensional matrices.

One of the most intriguing developments in recent months was the replacement of a bacterial
genome with a chemically synthesized genome.12 The notion that it might be possible to synthe-
size a cell or, at least, provide the DNA that controls what types of proteins can be produced by the
cell invites us to consider the purpose of single-cell assays when the components of the cell can be
defined a priori. Our thoughts lead us to realize that even in this circumstance single-cell assays
that determine the fate of the products from a synthetic genome might be important in the iteration
of the design of a synthetic cell.

This review will provide a description of what we consider important developments in the
application of single-cell assays to study biology during the past 24 months."> We focus on
methods that use microfabrication—conventional or otherwise—and microfluidics in particular to
assay individual cells and we categorize research in the area of single-cell assays according to the
type of information obtained from the assay; these categories are (i) assays that identify or quan-
tify compounds that are secreted from cells; (ii) assays that identify or quantify subcellular com-
ponents; and (iii) assays that identify or quantify cell-cell interactions. We will also review briefly
the methods that organize individual cells.

IV. ASSAYS OF COMPOUNDS SECRETED FROM CELLS

Eukaryotic cells secrete enzymes, surfactants, sebum, and a range of signaling molecules. The
ability to detect these molecules, to quantify their number, and even to analyze their structure
confirms their presence during a particular phase of the cell cycle and reveals the process that each
molecule undergoes inside a cell prior to delivery to the outside, e.g., glycosylation.

Schmid et al. trapped individual Schizosaccharomyces pombe yeast cells in a microfluidic
channel using negative dielectrophoresis (nDEP);'* nDEP is a noncontact method that can trap
cells in an electric field. In this instance, the cells were engineered to secrete an enhanced Green
Fluorescent Protein or eGFP protein that was detected in real-time using confocal microscopy.
This method detected 1.2 molecules of eGFP each minute; however, it is unclear if false positives
contributed to this result. Presently, the method can differentiate cells that secrete compounds from
those that do not when at least four cells are trapped.

Love et al. invented a method that uses microfabrication to fabricate an array of wells
(~50 wmona side);" the method requires the dilution of a suspension of cells, so that when the
suspension fills the wells in the array the occupancy of each well is, at most, an individual cell
(each assay contains 10*—~10° cells). Their choice of hybridomas was appropriate, because the
selection of cells that produce high-activity antibodies is time-consuming (several days). In this
method, the use of a glass slide that is placed over the wells patterns an array of physisorbed
antibodies on the slide that is indistinguishable from the pattern of wells. Subsequent analysis of
the patterned antibodies identifies the location of the well that contains the cell(s) that produces the
largest titer of active antibody. These cells can be isolated using an automated system.16
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FIG. 1. Method for detecting multiple cytokines that were secreted from T cells. (a) An individual cell is patterned in a
well and a glass substrate that contains capture antibodies forms the roof of the well. The T cell secretes cytokines that bind
to the capture sites. (b) An image of single viable cells in each microwell (left) and each subsequent column shows the
fluorescence from antibodies that bind to each type of cytokine. The brighter spots indicate the location of the well in the
array of T cells that produced the most of a given cytokine. Reprinted with permission from Q. Han et al., Lab Chip, 10,
1391 (2010). Copyright 2010 The Royal Society of Chemistry.

Cell

The method can be applied generally: the frequencies and rates of secretion of cytokines from
peripheral blood cells were quantified and might be used to identify the subpopulations of cells
within a larger set of supposedly homogeneous cells (Fig. 1)." Kim et al. used a similar approach
to quantify the amount of sialylated oligosaccharide on secreted proteins.]8 The selection of
glycoproteins with a specific glycosylation profile and the cells that produce them avoids the need
for high-throughput analysis of large numbers of proteins.

Kennedy et al. monitored the secretion of insulin from single islets of Langerhans (these are
micro-organs that contain thousands of individual cells, some of which are B-cells that secrete
insulin)." They used a microfluidic device that permitted continuous perfusion of buffer and
reagents, which appear to maintain healthy islets for at least 24 h. The device was capable of
recording levels of secreted insulin down to the nanomolar level and over periods as long as 39 h.
The device is a viable alternative to conventional insulin monitoring tools (e.g., radioimmunoas-
says or enzyme-linked immnosorbent assays) when continual monitoring and high temporal res-
olution are required.

Gillis et al. simplified the trapping of single chromaffin cells over electrodes and measured
exocytosis20 and Taboryski et al. detected less than 10 000 molecules of dopamine during exocy-
tosis from individual pheochromocytoma cells.”!

In this section, we described several methods that isolate individual cells for analysis of
secreted compounds. The use of negative dielectrophoresis presents a new way to isolate small
numbers of cells; however, this approach is unlikely to scale as efficiently as serial dilution applied
to the isolation of high-titer hybridomas. The versatility of serial dilution is revealed in its appli-
cation to detect several types of secreted compounds and its future is promising with the method
applied in later examples in this review. The extension of microfluidic devices to include analytical
capability—in this section, amperometric and capillary electrophoresis (CE) analysis were
referenced—is another trend that will be repeated in the examples that follow.

V. ASSAYS OF SUBCELLULAR COMPONENTS

Subcellular analysis can trace the location of biomolecules during the cell cycle and the effect
they have on cell function. The use of fluorescent reporters and sensitive detection tools, e.g., CE,
can reveal with sub-100 ms temporal precision this type of information.

Allbritton et al. fabricated an array of wells in photoresist on a substrate that contained
electrodes;** each row of wells was located between two electrodes, so that the application of an
electric field lyses cells (~60 ms). Each well could be addressed using a capillary and the
contents of the lysed cells were captured by the capillary using electro-osmotic flow; subsequent
analysis of the contents of the lysed cells was performed using CE. The CE analysis resolved
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FIG. 2. An individual cell can traverse a microfluidic channel that contains an array of posts that are not aligned with the
direction of flow along the channel. (a) Left: scheme of the motion of a cell that moves from one side of a microchannel
to the other. A tracer stream is added to observe the direction of flow. Only objects above a certain size move across the
channel. Right: SEM image of a microchannel that contains an array of posts that are not parallel with the walls of the
microchannel. (c) The motion of an individual E. coli cell in a microchannel that contains an array of posts; the tracer
stream in the channel is GFP. The cell contains GFP and, as it enters the region of the microfluidic channel that contains
a solution that lyses cells, releases the GFP, which travels along the microchannel. Reprinted with permission from K. J.
Morton et al., Lab Chip, 8, 1448 (2008). Copyright 2008 The Royal Society of Chemistry.

Oregon Green and fluorescein dyes in less than 2 min. This approach provides a way to isolate
individual cells, observe their behavior, and extract components rapidly from them; however, and
despite the fast lysis of individual cells, the approach is serial and cultures cells using unconven-
tional materials. The same research group modified this approach, so that a laser was used to lyse
cells;* this modified approach analyzed 1.8 cells each minute, which, when compared to conven-
tional CE (5-35 cells/day), is a remarkable achievement.

Austin et al. fabricated an array of posts in a microfluidic channel that were not aligned with
the direction of flow in the microchannel (Fig. 2).% Using three independent flow streams (buffer,
tracer, and lysis), an individual E. coli cell traversed the channel entering initially the buffer stream
and finally being lysed in the lysis stream. The asymmetric alignment of posts with respect to the
microchannel caused the cells to move across the channel as liquid flowed along the channel. The
chromosome of an individual bacterial cell that was lysed was detected using this device.

Lu et al. fabricated a microfluidic device that incorporated a valve over a microchannel that
pushed an individual cell against the lower surface of the microchannel.”” The lower surface was
a glass substrate, which was used as a waveguide for an evanescent field; this method of imaging,
known as total internal reflection fluorescence microscopy, is capable of imaging molecules at the
periphery of cells and excludes significant amounts of background interference from the image
obtained. The device flowed cells along the microchannel, restricting the passage of cells to one at
a time when the valve was actuated, and imaged part of the membrane of each cell that passed into
the evanescent field.

Single-molecule imaging of biomolecules in living cells is an exponentially growing field of
research.” Xie et al. quantified the expression of protein and mRNA in individual E. coli cells.”’
Cells were attached to a polylysine coated coverslip and imaged; the protein and mRNA copy
numbers of an individual cell were not correlated. Chen et al. showed that the serine/threonine
kinase receptors of transforming growth factor-B (TGF-B) dimerize when stimulated by
TGF—,BI.28 These results provide exquisite information that describes the behavior of individual
molecules; however, the development of high-throughput single-molecule imaging remains a chal-
lenge. Moreover, the design of assays that exploit single-molecule imaging might be an even
greater challenge.
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FIG. 3. Method for organizing individual cells in a microfluidic channel. (a) The microfluidic channel contains barriers that
trap individual, nonadherent cells. These traps reduce the effect of shear forces that cells experience in a microfluidic
channel. (b) An individual HL60 cell undergoing apoptosis over the course of 134 min. The cell was exposed to stauro-
sporine, a cytotoxic reagent, and propidium iodide, which is impermeable to membranes and therefore reports on mem-
brane integrity. Reprinted with permission from D. Wlodkowic et al., Anal. Chem., 81, 5517 (2009). Copyright 2009
American Chemical Society.

The results presented in this section highlight the creative use of microfabrication, in particu-
lar, the use of an array of posts to move a single cell across two fluid boundaries, causing cell
lysis. It is, however, unclear if these approaches to subcellular analysis can be scaled to analyze
thousands of cells in a short time, and we regard a rapid analysis of subcellular components to
remain a challenge for the field.

VI. ASSAYS OF CELL-CELL OR CELL-DRUG INTERACTIONS

The ability to observe an individual cell and its role in signaling to neighboring cells, its
response to external stimulants, and to do so in a massively parallel way could reveal precise
information that describes the interactions that compose signaling networks and the limits of a
particular drug therapy (e.g., identifying drug-resistant phenotypes). Such information would in-
form new strategies in therapeutics and provide systems biologists with data to infer signaling
networks in cellular microenvironments.

Cooper et al. used an array of microfabricated corrals in a microfluidic channel to pattern
several thousand individual and nonadherent cells (Fig. 3).” The advantages of using microfluid-
ics to pattern cells include the stimulation or labeling of the organized cells with several drugs or
fluorophores, which allow for the observation of the effects of a sequence of stimulants to be
observed; the shape of the corral minimized the effects of shear flow on the cells. The results of
the effects of apoptotic reagents on individual cells were determined and the time-dependent
relationship between exposure to these reagents and apoptosis was identified. This approach,
however, demonstrates the need for assays that enable the observation of individual as well as
average cell behavior.

Wikswo et al. modified this approach, so that the smaller and more deformable T cells could
be organized, and connected two separate devices in sequence, so that the chemicals secreted in
one array could be used to activate processes in cells in the second arlray.30 These cells were
cultured for more than 24 h and their calcium signaling pathways were stimulated using chemi-
cals, antibody-coated beads, and dendritic cells. The chaining of arrays maintained secreted



021501-7 Single-cell assays Biomicrofluidics 5, 021501 (2011)

chemicals at physiological concentrations and paracrine signaling between cells in one array and
cells in the second array was observed. This approach avoids the dilution of secreted chemicals
that occurs in conventional tissue culture dishes.

Samuels et al. created a collection of drops that contained different concentrations of a cyto-
toxic agent, which were fused with another collection of drops that contained individual U937
mammalian cells.>’ The cells in drops were incubated and tested for viability using the same chip,
so that several functions were performed using one device. The device can sample cells at 100 Hz
and the viability of cells encapsulated in drops prior to the addition of the cytotoxic reagent was
80%. This device is a step toward creating multiparameter assays using a drop-based microfluidic
device.

Hansen et al. extended the throughput of Quake’s pneumatically controlled microfluidic
device™ to perform 256 experiments in parallel that stimulated the pheromone response pathway
of Saccharomyces cerevisiae yeast cells over a range of concentrations, time intervals, and
frequencies.33

This group of research results is best characterized by the trend to incorporate several func-
tions on a single microfluidic device. For example, the ability to stimulate cells, to change the
conditions of stimulation, and to observe their behavior on a single microfluidic chip is represen-
tative of the “lab-on-a-chip” concept and the application of this concept to single-cell assays is
welcome.

VIl. METHODS THAT ORGANIZE INDIVIDUAL CELLS

There are several tens of methods available that pattern individual cells; most methods use
random allotment to trap individual or small numbers of cells in a given volume; the statistics of
successfully patterning an individual cell in each volume is described using Poisson statistics. The
probability of a given volume containing k cells is described by

N X exp(= N)/k!,

where \ is the average number of cells per unit volume.

Toner et al. developed a method that overcomes the Poisson nature of encapsulating indi-
vidual cells in small drops.34 The method flows an ordered sequence of cells along a microchannel
to a junction (which flows two streams of oil perpendicular to the direction of flow of cells) that
produces drops at a rate equal to or slightly faster than the rate of arrival of cells at the junction.
For a given ratio of drops that contain single cells to drops that contain multiple cells, the authors
show that their method produces 20 times the ratio predicted using Poisson statistics.

Ismagilov er al. described the random allotment of cells in an array of wells (or drops) as
“stochastic confinement.”* They demonstrated the use of an air bubble to confine individual P,
aeruginosa cells in wells (10 wm diameter, ~1 pL confined volume) and observed the onset of
quorum sensing in the presence of very small numbers of cells.® This observation is important
because the onset of quorum sensing was dependent only on an inherent variability in P. aerugi-
nosa: cells in different wells as well as several cells from the same wells did not initiate quorum
sensing at the same time. Moreover, quorum sensing was shown to be possibly a function of the
amount of biomass per unit volume and might not, or not just, be a characteristic of large numbers
of cells.

Individual S. aureus cells were confined to drops in a microfluidic device and assayed for the
minimum inhibitory concentration of several antiobiotics.”” The time required to detect changes in
fluorescence intensity to a viability indicator was less than 2 h, which was less than the time
required for a similar analysis using larger volumes. The microfluidic device was designed so that
several antibiotics could be screened in a single experiment and the use of blood plasma to
perform the same assays demonstrated that the device was compatible with biological liquids.

Griffiths et al. fabricated a microfluidic device that sorted individual E. coli cells by their
fluorescent activity (Fig. 4).”® The device produced aqueous drops (in an oil phase) that contained
individual cells; the drops flowed along a microchannel that contained a pair electrodes; when an
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FIG. 4. Producing and sorting drops that contained cells (image refers to drops that contain fluorescein only; see Ref. 35
for more details). (a) A microfluidic flow-focusing device is used to produce 12 pL aqueous monodisperse drops in oil. (b)
The drops could be removed to a Pasteur pipette for incubation. (c) The drops could be reinjected into a microfluidic
channel and space could be created between drops using surfactant-free oil. (d) An ac electric field can be applied between
two electrodes located near the microfluidic channel. The field caused the drops to flow into the upper channel rather than
the lower channel (inset: in the absence of an electric field the drops flow preferentially into the lower channel, because that
channel has less hydraulic resistance). The scale bars are 100 wm, except in (b) where it is 1 mm. Reprinted with
permission from J.-C. Baret et al., Lab Chip, 9, 1850 (2009). Copyright 2009 The Royal Society of Chemistry.

AC field was applied using the electrodes the drops were directed into one of two exit channels.
The rate of sorting was 2000 drops (cells)/s. This device combines the concept of a mobile
microwell—a drop that contains an individual cell—with high-throughput cell sorting; however,
the applications of the device are best suited to single-parameter assays. Static arrays of microw-
ells are more appropriate for formulating multiparameter assays.

Straightforward methods that array cells using dilution and that organize individual cells in
wells are most appealing for prototyping devices;' ™' they are also the methods that can be
integrated easily with existing technologies. Further research might realize more methods that
combine microfluidics with arraying technology; so far, this combination defined strategies that
overcome the statistical limitations of patterning individual cells in individual wells and that avoid
the dilution of secreted compounds, so that the effect of high concentrations of signaling com-
pounds secreted from cells in wells can be studied. We regard microfluidic single-cell assays as
having the greatest potential to revolutionize how we view assays: the integration of several
microfluidic modules that flow, fuse, delay, and probe drops that contain individual cells®! pro-
vides a compelling argument that several assay steps can be integrated onto a single device in the
near future.

VIil. CONCLUSION

Several trends are apparent in our review of the past two years of research in the application
of microfabrication and microfluidics to single-cell assays. The successful combination of pattern-
ing, stimulation, and analysis of a large number of cells on individual chips is exemplified by
several reports and is fast becoming a standard for consideration as a useful contribution. The
persistent challenges are also evident, namely, a method that can identify and analyze rapidly
subcellular components at scale. It is possible that CE and/or mass spectrometry could be applied
usefully to microfluidic chips to address this challenge.

The rapid development of single-cell assays provides several opportunities for new research in
biology; however, the needs of biologists are also changing rapidly. We regard the invention of
robust methods that assay individual cells in their natural microenvironment as critical to provid-
ing the best information about the role of cells in tissues. The challenges in organizing cells in
three dimensions as well as detecting responses from individual cells within a matrix will have to
be overcome to obtain this information. Finally, the insertion of a synthetic genome into a bacterial
cell is evidence that cell-based assays might mean something entirely different when we can
program the cell using synthetic DNA versus inferring what is happening inside the cell from
external observations.
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