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We report a simple, efficient microfluidic array system for
the reliable isolation of cells. A microfluidic array chip,
integrated with a size-based cell bandpass filter, provides the
unprecedented capability of organizing single cells from a
population containing a wide distribution of sizes.

Evidence suggests that cellular heterogeneity can be critical to cell
fate; however, understanding its full physiological role is
challenging.’® Consequently, single-cell analysis is necessary to
uncover the role of cellular heterogeneity, which can be masked by
conventional ensemble measurement.* Several techniques have been
established for quantitative single-cell analysis, including flow
cytometry,® array-based methods, and microfluidics.
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Microfluidics has emerged as a promising tool for single-cell
analysis by providing capabilities of cell handling, environmental
controlling, high resolution imaging, and integration of multiple
functional components.®1° Since the first step in any single-cell
analysis is to separate cells of interest, considerable efforts have
focused on the isolation of single cells. There are several well-
established isolation techniques based on trapping forces, including
hydrodynamic,'**® dielectrophoretic,2>-?! magnetic,?? and acoustic
trapping.2® Most of the established single-cell trapping techniques
have adopted a hydrodynamic trapping method because of its
passive operation and easy parallelization. Hydrodynamic
mechanisms are based on dynamic changes in the flow field before
and after trapping, which are determined by particle size.'® Therefore,

Fig. 1 (a) A schematic view of the microfluidic single cell array chip. (b) An enlarged schematic view of the trapping site, showing 20 cell traps enclosed by
multiple bypass channels. (c) An enlarged schematic view of the area designated by the blue dash-dot box in (b), demonstrating cell filtering and single-cell

trapping processes.
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Fig. 2 Theoretical definition of the size range of cells entering into the cell-
trapping region via a cell bandpass filter.

the design of cell trap to coordinate with the size of the target cells is
critical for single cell trapping. In previous studies, hydraulic-electric
circuit analogy-based analytical methods!®1® and numerical
methods®® (such as CFD simulation) were used to design the trap;
trapping experiments were then conducted to optimize the design
based on the applied cell size. Using a well-designed cell-trapping
array, Frimat et al. reported remarkable results for trapping single
HT29 colon carcinoma cells with an efficiency of ~99%.%* However,
the efficiency for trapping SW480 epithelial cells with an identical
microchip decreased considerably (80.6%) and resulted in lower
reproducibility. This is most likely due to the larger size distribution
of SW480 cells (+3.0 um) compared to that of HT29 cells (1.1 um),
although the two cell types have similar average diameters (14.6 pm
for SW480 cells vs. 14.7 um for HT29 cells). For SW480 cells, an
insufficient increase in the hydraulic resistance of the cell trap, due
to trapping of the smallest cells, led to trapping of additional cells.®
The results indicate that single-cell array techniques utilizing
dynamic flow have an inherent performance limitation in single-cell
trapping, since many biological cell types have polydisperse
distributions.

To address the intrinsic problem, we present a novel microfluidic
approach for the reliable arraying of single cells utilizing an on-chip
size-based cell bandpass filter. The key principle to this approach is
not the optimization of a cell trap design, but rather, the regulation of
the size distribution of cells, from a bulk cell suspension, entering
trapping sites. The proposed approach revealed that the trapping
efficiency of single cells varied considerably with the band range
(i.e., size ranges of sorted cells) of the cell bandpass filter. The
trapping efficiency increased from 77.6% to 99.2% for the mouse
fibroblast 3T3-J2 cell line and from 40.6% to 95.8% for the MC3T3-
E1 pre-osteoblast cell line. In addition, intracellular esterase activity
was observed using the single-cell arrays, demonstrating capability
for quantitative real-time monitoring of single cells.

The polydimethylsiloxane (PDMS)-glass hybrid microfluidic
single-cell array chip is fabricated via a standard soft lithography
technique (Fig. 1a). The chip is composed of an on-chip pre-filter to
prevent the inflow of large cells that could potentially clog the
microchannel, as well as four parallel trapping sites. The chip also
consists of a simple design with one inlet and one outlet, facilitating
an easy operation. Each trapping site consists of 20 cell traps that are
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Fig. 3 (a) Demonstration of the filtering process for a 15-um bead via the
flow fraction-based cell filter, and the trapping process of a 25-um bead. (b)
A single-cell array containing 25-um beads. Scale bar: 200 pm.

enclosed by multiple bypass channels that act as a size-based cell
filter based on flow fraction (Fig. 1b). Figure 1c demonstrates the
mechanism for the trapping site to enhance the trapping efficiency of
heterogeneous-sized cells. Cells with radii smaller than a specific
size (wo) are removed via flow fraction through the filter channels
that intersect the main channel,?* whereas larger cells enter into the
meander-shaped cell traps. These cells are then sequentially trapped
into empty cell traps upstream, based on the dynamic change of
hydraulic resistance.

Based on our previous theoretical analysis for determining single
bead trapping conditions,'® the width (wia) of the stream after
trapping a single cell should be less than the radius (rceimin) of the
smallest cell among influent cells, thereby preventing additional
trapping of sequential cells into the cell trap. In addition, the width
(wtp) of the stream in an empty trap should be large enough to
introduce cells efficiently into the cell trap. The widths wip and wta
of the trapping stream should therefore be designed depending on the
cell size, as follows:

Wi <looy <Wip (ineqgn. 1)

Based on our previous theoretical study to determine the width
values wip and wie,® this inequation is invalid for most biological
cells due to their Gaussian size distribution. Moreover, cell size
distribution varies with cell types, signifying the limitation of the
microfluidic approach through design optimization. Therefore, our
strategy was to narrow the size distribution of influent cells into the
cell trapping region via the cell bandpass filter. Fig. 2 shows the
mechanism for the delivery of cells, ranging between two sizes, to
the cell-trapping region using the bandpass filter. The space between
the pillars of the on-chip pre-filter and the width (wb) of the stream
entering into the flow fraction-based cell filter regulate the
maximum (i.e., half of the cut-off size) and minimum (i.e., half of
the cut-on size) values of reen, respectively. To evaluate the effect of
the band range on the trapping efficiency of single cells, we designed
band ranges of 0-30 um, 16-30 um, and 18-30 pum. Details of the
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Fig. 4 (a) A single-cell array consisting of 40 cells with a trapping efficiency of 100%. Scale bar: 200 um. (b) A fluorescence image of viable cells. Scale bar:
200 um. (c) The effect of a band range on the trapping efficiency (n = 80; triplicate) of single cells. The trapping efficiency of single cells was defined as the
percentage of traps occupied with a single cell relative to the total number of cell traps after the arraying process.’” (d) Size distribution profiles of 3T3-J2 cells
(n = 670; hatched column) and filtered cells (n = 40; red solid column) via the cell bandpass filter with the 18-30 um passband. (e) Mean fluorescence
intensity profiles of six individual cells (represented by circles in Fig. 4b), and the average fluorescence intensity measurements for 3T3-J2 (n = 80) and

MC3T3-E1 (n = 80) cells over time.
design process and the chip dimensions are provided in ESIt.

Using two different sizes of microbeads (15 and 25 um in
diameter), the filtering capability of the flow fraction-based cell filter
and the trapping capability of the cell trap were examined. A droplet
of a bead mixture was applied to the chip inlet and mobilized
through the microchannel via negative pressurization that was
applied at the outlet. This procedure allows multiple experiments to
be simultaneously performed using separate chips. To quantitate the
filtering and trapping efficiencies, three individual chips with a band
range of 18-30 pum were tested. Fig. 3a shows a superimposed image
of bead filtering and trapping processes. All of the beads passed
through the pre-filter; the 15 pm beads were then filtered through
multiple bypass channels, whereas the 25 um beads entered the trap
and were trapped sequentially as shown in Fig. 3b (refer to ESIt
Movie 1). The results show that the filtering and trapping
efficiencies were both 100.

For a more detailed investigation of filtering and trapping using
this microfluidic chip, biological cell types with a Gaussian size
distribution were tested: 3T3-J2 cells (17.5 + 3.0 um; min.: ~7.0 pum,
max.: ~41.0 um) and MC3T3-E1 cells (15.2 £ 2.1 pum; min.: ~9.4
um, max.: ~24.8 um). All microfluidic chips were sterilized by
autoclaving prior to use.?® Cells were introduced into the chip by
applying low negative pressure (-2 kPa) to prevent the flow of cells
larger than the cut-off size, which could be caused by shear stress-
induced cell deformation under high pressure conditions; cell traps
were occupied within a few minutes of flow. After cell arraying, a
viability assay was carried out. A green fluorescent signal in trapped

This journal is © The Royal Society of Chemistry 2012

cells demonstrates that the arraying process was favorable to the
cells (Fig. 4b).? The trapping efficiency of single cells varied
considerably depending on the band range (Fig. 4c); the efficiencies
for 3T3-J2 cells were 73.5%, 91.7%, and 99.2% for 0-30 um, 16-30
um, and 18-30 um passbhand filters, respectively. The frequency of
multiple trapping events (i.e., trapping of multiple cells) decreased
with an increase in the cut-on size (i.e., from 0 to 18 um). The filter
with a cut-on size of 18 um efficiently prevented the inflow of the
smallest cells into the cell-trapping area by removing them via flow
fraction, whereas low trapping performance and reproducibility (i.e.,
large standard deviation) were observed without a flow fraction-
based filter. These experimental results support our claim that
regulating the size distribution of cells is crucial to single-cell
trapping. To reinforce this claim, an arraying experiment was
performed using MC3T3-E1 cells with a smaller size than that of
3T3-J2 cells (details on the size distribution of the two cell types are
provided in Fig. S1 in ESIt). Single-cell trapping efficiency using
the 0-30 um passband filter was 40.6%, while the efficiency using
the 18-30 pum passband filter was 95.8%. This demonstrates that the
design of cell trap was inadequate for trapping single MC3T3-E1
cells. However, considerable enhancement in trapping efficiency
was obtained with on-chip bandpass filtering. Based on the arraying
test of these two different cell types, it is postulated that reliable and
efficient single-cell arraying for other biological cells could also be
achieved using the microfluidic array chip with an 18-30 pm
passband. A microfluidic chip with a larger cut-on size (i.e., above
18 um) would also provide high trapping performance. However,
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this would limit the number of cell types that could be applied
because the passband would be narrowed. Fig. 4d demonstrates
highly efficient filtering of 3T3-J2 cells using the 18-30 um
bandpass filter. The results show that size distribution of trapped
cells was clearly confined by the designed band range, while the
3T3-J2 cell sample had a Gaussian distribution.

Using each single cell array of 3T3-J2 and MC3T3-E1 cells,
intracellular enzymatic analysis was conducted to demonstrate the
applicability of the chip to real-time, parallel, single-cell monitoring
under continuous flow conditions, which are normally required to
promote chemical stimuli. Immediately after cell trapping, 2 uM
Calcein acetoxymethyl ester (Calcein AM) solution was
continuously infused into the chip under application of negative
pressure (-2 kPa). In the presence of intracellular esterase activity,
non-fluorescent cell-permeant Calcein AM is converted to
fluorescent Calcein. Fig. 4e shows the fluorescence intensity profiles
of six individual 3T3-J2 cells (indicated in Fig. 4b) and the average
measurement of fluorescence intensities for 3T3-J2 and MC3T3-E1
cells over time. Variation in fluorescence intensity among individual
cells was observed. This intensity data could be converted to
quantify the abundance of intracellular carboxylesterases.?’

Conclusions

In summary, we developed a cell bandpass filter integrated with a
microfluidic chip containing a single-cell array. In contrast to
conventional approaches that involve the optimization of the cell
trap design, this novel on-chip filtering and arraying approach
provided an extremely efficient and reliable arraying performance
for two different cell types with the same design. Based on the
experiments and methods presented, other cells types can be isolated
and studied at the single-cell level using the proposed chip. The
proposed trapping site contains a network comprised of a single
channel, and thus can be easily integrated with other microfluidic
components (e.g., an upstream gradient generator) for numerous
single-cell applications. Potential future projects for this microfluidic
chip involve the sorting and arraying of cells of interest from a cell
mixture using a well-designed passband, (e.g., tumor cells
circulating with blood cells). We believe that the proposed chip will
be useful for single-cell analysis requiring reliable arraying of
individual cells.
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