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Single cell study is gaining importance because of the cell-to-cell variation that exists within cell
population, even after significant initial sorting. Analysis of such variation at the gene expression level
could impact single cell functional genomics, cancer, stem-cell research, and drug screening. The on-chip
monitoring of individual cells in an isolated environment would prevent cross-contamination, provide high
recovery yield, and enable study of biological traits at a single cell level. These advantages of on-chip
biological experiments is a significant improvement for a myriad of cell analyses methods, compared to
conventional methods, which require bulk samples and provide only averaged information on cell
structure and function. We report on a device that integrates a mobile magnetic trap array with
microfluidic technology to provide the possibility of separation of immunomagnetically labeled cells and
their encapsulation with reagents into picoliter droplets for single cell analysis. The simultaneous reagent
delivery and compartmentalization of the cells immediately following sorting are all performed seamlessly
within the same chip. These steps offer unique advantages such as the ability to capture cell traits as
originated from its native environment, reduced chance of contamination, minimal use of the reagents,
and tunable encapsulation characteristics independent of the input flow. Preliminary assay on cell viability
demonstrates the potential for the device to be integrated with other up- or downstream on-chip modules

www.rsc.org/loc

Introduction

Technological developments over the past several decades
have played a major role in driving basic biology research and
advancements in biomedical sciences. While cell and mole-
cular biology techniques have laid the foundation of present
diagnostics and therapeutic systems, most of these methods
rely on ensemble measurements obtained from heterogeneous
cell populations." However, it has been demonstrated in
different systems that even within an isogenic cell population,
stochastic gene expressions exist among cells.”” Analyzing an
ensemble of cells at an individual level with high spatiotem-
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to become a powerful single-cell analysis tool.

poral resolutions can thus lead to a better understanding of
such cell-to-cell variations.® Two key processes required prior
to performing single-cell analyses are (i) the sorting of cells
into subpopulations and (ii) the compartmentalization of
these cells of interest with dedicated reagents into individually
isolated environments.

Sorting techniques

Different sorting techniques have been developed over the past
decade.” " For example, conventional flow cytometry®'" sorts
cells based on their sizes and biological signatures. While it is
a well-developed and commercially available technique, this
approach requires expensive instrumentation. Hydrodynamic
techniques'*™"” sort objects based on their sizes without the
need for external forces or pre-labeling of biological entities.
Electric-field-based techniques such as optical trap,***°
dielectrophoresis'®* and electrokinesis®* utilize the dielectric
property or charge of the objects to be sorted. However, these
schemes generally have strict requirements on the optical and
ionic properties of the surrounding fluid, and challenges such
as heating and electrolysis (bubbling) need to be addressed. In
contrast, magnetic-field-based sorting, achieved by the intrin-
sic or extrinsic (through marker-specific magnetic bead
labeling) magnetic moment of the cells,” serves as an
inexpensive technique without the same difficulties that
plague its electric counterparts. Schemes such as external
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magnets,”**>  ferromagnetic channels,®® ferromagnetic

strips,** ¢ and periodic ferromagnetic patterns®’~*° have been
shown to generate the magnetic field gradient required to
manipulate magnetic objects to desired locations.

Compartmentalizing techniques

Compartmentalization of the sorted cells of interest into
individually isolated environments is a crucial step towards
single-cell analysis. Various schemes have been utilized for the
purpose of compartmentalization. For examples, array of wells
on a proprietary chip? and microfluidic chambers* ™ act as
containers for single cells while delivering reagents through
pumps and valves. However, the nature of these rigid
confining structures limits the ability to scale up (provide as
many compartments as possible) and could potentially be
contaminated or worn off over multiple uses. In contrast,
compartmentalization based on microfluidic droplet devices
serves as an alternative technique**™° where the containers
(droplets) are created anew during the encapsulation of single
cells. The number of droplets generated by the device is
practically unlimited, allowing easy scale-up.

Integration of sorting and compartmentalization on a chip

In order to compartmentalize the cell while it still maintains
the property as derived from the native heterogeneous
environment, it is advantageous to perform the compartmen-
talization immediately following sorting in the same setup.
However, existing work on single-cell analysis generally require
transfer between instruments” or containers® from one step to
another, or purification of the samples elsewhere prior to
introducing them onto the compartmentalization plat-
forms.*'"*31%% These steps could potentially lead to contam-
ination during transfer, sample loss through non-specific
binding, and denaturation. While each of the chip-based
sorting techniques mentioned above has its own merits, so far
none has yet provided an on-chip mechanism for the
compartmentalization of the sorted entities. Although sorting
after compartmentalization exists in droplet microfluidics, e.g.
post-encapsulation processing of droplets through hydrody-
namic sorting,’® detection-based electric sorting®®*’ and
droplet splitting,*®*”°* unwanted effects and chemicals
secreted from other cells could not be removed from the
droplets through such sorting or splitting.

In this paper, we integrate for the first time, the magnetic
sorting capability of previously developed mobile magnetic
trap array>® immediately before the compartmentalization of
cells provided by droplet microfluidics on the same device.
This integration not only eliminates the steps needed between
sorting and compartmentalization, but also offers the com-
bined advantage of low cost, biocompatibility and ease of
scaling up. The rationale behind choosing mobile trap array
over other chip-based sorting technologies for the integration
are

1) well-defined pick-up and drop-off locations compared to
external magnet based schemes,

2) active separation against the flow compared to the passive
ferromagnetic strips, channels or hydrodynamic sorting, and

3) tolerance on the ionic content of the liquid environment
compared to electric field based techniques.
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These unique features couple well with the dropletization by
continuously guiding magnetically labeled cells across a zero-
or reverse-flow zone, leaving behind unwanted chemicals from
other cells, and into an independently controlled reagent flow
for encapsulation. The streamed output of droplets containing
cells separated afresh from their heterogeneous environment
serves as a production line ready for further integration with
other on-chip analysis techniques such as single-cell polymer-
ase chain reaction and electrical measurements. As proof of
concept, preliminary assay on the viability of encapsulated
cells through fluorescence detection was demonstrated.

Experimental

Device fabrication

A mask design with transparent pattern of disk arrays and
microchannels was produced on a chromium-on-quartz plate
(Advance Reproductions Corporation). As shown in Fig. 1a, an
array of permalloy (Ni, gFe,,) disks with 10 um diameter, 15
pm centre-to-centre spacing and 84 nm height were imprinted
onto a Si substrate by contact photolithography using the
mask aligner followed by sputter deposition and lift-off. A final
deposition of 100 nm SiO, on the entire surface served as a
protective layer. The same photolithography was used to create
microchannel molds (SU-8 2025, MicroChem) on the Si
substrate. Polydimethylsiloxane (PDMS) (Dow Corning
Sylgard 184) was mixed with curing agent at 10: 1 ratio,
poured onto the microchannel mold, cured at room tempera-
ture for 2 days, peeled from the mold, cut to desired size and
punched with holes at the end of the channels for tubing
connection. The resulting PDMS channel, with layout as
illustrated in Fig. 1b, was permanently bonded to the disk
array substrate to form the integrated device shown in Fig. 1c
by the following procedure: The channel side of the PDMS as
well as the SiO, surface of the disk array were treated with UV-
ozone (UVO Cleaner 42, Jelight Company Inc.) at ~1 cm
sample-lamp distance for 3 min, aligned and attached to each
other using ethanol as a temporary lubricant in between, and
then baked at 80 °C for 30 min. To facilitate droplet formation,
the channel surface was made hydrophobic prior to the
experiment by treating the channel inner surface with
Sigmacote (SL-2, Sigma-Aldrich) for 5-10 s followed by baking
at 110 °C for 30 min. Channel dimensions are: height 30 pm,
width of Q, flow 400 pm, left width of T;-T, channel 200 pm,
right width of T,-T, channel 100 pm, length of T,-T, channel
500 pm, width of Qz flow 50 um, and narrowest width of Q,
flow 30 pm.

Microfluidics

Fluid flow in the microfluidic channel were remotely con-
trolled by computer program coded in LabVIEW (LabVIEW,
National Instruments Corporation), which interfaced with
syringe pumps (PHD Ultra Syringe Pump, Harvard Apparatus)
mounted with 25 or 50 pL syringes (7636-01 and 7637-01,
Hamilton Company). Polyethylene tubings (inner diameter
0.40 mm, 720191, Harvard Apparatus) connected between the
syringes and channel ports transferred fluid to and from the

This journal is © The Royal Society of Chemistry 2013
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Fig. 1 Device layout and system setup. (a) Microscope image (top) showing the channel layout on an array of permalloy (Nig gFeg ») disks and a schematic side view of
the device (bottom). Fluid flow rates Qq, Q,, Q3 and Q4 are indicated at corresponding channels while the three T-junctions are labeled with T4, 7> and Ts. (b)
Schematic of full layout of the microfluidic channel. (c) Photograph of the device. (d) Photograph of the system consisting of four electromagnets and a solenoid that
apply external magnetic field on the device. Tubings connected to computer-controlled syringes transfer fluid to or from the microfluidic channels of the device
situated within the setup. Note the fifth tubing has not been connected yet to the droplet collection port in the picture.

microfluidic device as shown in Fig. 1d. Unless otherwise
noted, temperature fluctuation around the tubings was
minimized (thereby stabilizing the flow) by wrapping
Kimwipes (Fisher Scientific) around them and utilizing cool-
ing fans. As there are a total of 5 ports on the channel, flow
rates are controlled only at 4 ports (flow Q,, Q,, Q3 and Q, in
Fig. 1a and b) through 4 individual syringe pumps; flow rate at
the fifth port (droplet collection port) is given by Q; — Q, + Q3
+ Q4. The solutions sent into or out of the channel ports are
detailed below.

Magnetic and nonmagnetic input (flow Q,). Experiments on
bead separation and encapsulation were performed with a
mixed magnetic and non-magnetic bead solution that contains:

1) 7.9 pm diameter superparamagnetic microspheres
(UMC4N/10150, Bangs Laboratories, Inc.), and

2) 3.34 pum diameter nonmagnetic beads (CP-30-10,
Spherotech, Inc.).

Above beads were suspended in 0.1% Triton X-100 (X100,
Sigma-Aldrich) at final concentrations of roughly 1.8 x 10°
and 6.4 x 10° beads mL™" for the magnetic and nonmagnetic
beads respectively.

Suspension for cell experiments contained a mixture of:

1) Human breast cancer cells BT-474 labeled with 2.8 pm
magnetic particles (Dynabeads M-280 Streptavidin, Life
Technologies Corporation) functionalized with anit-HER2
antibodies (Life Technologies Corporation), and

2) red blood cells (RBCs).

These cells were suspended in phosphate buffered saline
(PBS) with 5 mg mL™" Pluronic F-68 (P1300, Sigma-Aldrich), 5
mM ethylenediaminetetraacetic acid (EDTA) and 1% bovine
serum albumin (BSA). Final cell concentrations used in
separation and encapsulation experiment were roughly 5 x
10° cells mL ™" (BT-474) and 1 x 10’ cells mL™" (RBCs), while
final concentrations used for the cell viability experiment were
2.5 x 10° cells mL ™" (BT-474) and 2 x 10° cells mL™" (RBCs).
The average number of beads labeling a BT-474 cell was 1.5

This journal is © The Royal Society of Chemistry 2013

with standard deviation 0.8 (out of 485 cells) after an
incubation time of ~30 min. This labeling yield could
increase over time as the bead-to-cell (BT-474) ratio in solution
was intentionally made higher than ~10 beads cell™" for
maximum labeling.

Non-magnetic output (flow Q,). Although flow Q, withdrew
fluid from the microfluidic channels, a buffer solution same as
that used in flow Q, to suspend beads or cells was infused into
the non-magnetic output channel (along with flows Q, Q3 and
Q, from other channels) during the initial phase to fill the
entire channels with fluid. After air had been removed from all
the channels, Q, was set to the desired withdrawal rate.

Reagent solution (flow Q;). Three types of solutions were
used for the reagent channel, i.e. flow Q; in Fig. 1a and b,
depending on the experiment conducted:

1) 0.1% Triton X-100 in de-ionized water for magnetic bead
separation and encapsulation experiments,

2) PBS with 5 mg mL ™" Pluronic F-68, 5 mM EDTA and 1%
BSA for cell separation and encapsulation experiments, or

3) PBS with 1% BSA and 1.5 uM PI (propidium iodide) for
cell separation and encapsulation followed by droplet collec-
tion and fluorescence analysis of cell viability.

The continuous phase solution (flow Q,). Mineral oil (0121,
Fisher Scientific) with 0-15% Span 80 (sorbitan monooleate,
S6760, Sigma-Aldrich) as emulsifier was used as the contin-
uous phase that surrounds the aqueous droplets.

Droplet collection output. The output port of droplet
collection channel was not connected to any tubings during
the initial air-removal phase. After removal of the air and
stabilization of droplet generation, a small segment (several
centimeters long) of tubing was then connected to this port for
the collection of droplets.

Magnetic manipulation

As shown in Fig. 1d, four electromagnets (OP-2025, Magnetech
Corp.) and a solenoid provided in-plane (H, and H,) and out-
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of-plane (H,) components of the external magnetic field: Hey =
(Hy, Hy, H;). A LabvVIEW program controlled the current driving
the electromagnets and solenoid, allowing fields up to ~150
Oe to be produced and remotely tuned. Magnetic trap array
(local energy minima on the edges of the imprinted permalloy
disks that attract magnetic objects) was mobilized with respect
to the fixed disk array by application of a sequence of magnetic
fields: rotation of the in-plane field, ie. Hey = (Hy'cosg,
Hy-sing, H,), ¢ = 0° to 180°, followed by reversing the
orientation of H,.** These steps resulted in the transport of
magnetic beads or labeled cells around the disk periphery (e.g.
from —x end to +x end) during the field rotation phase
followed by its hopping to the adjacent disk (e.g. from +x end
of one disk to —x end of next) when H, was reversed. One
period of the transport cycle consisted of the rotation time (z/
2) and wait times before (t/4) and after (z/4) the inter-disk
hopping was completed. The rate of transport is hence defined
as f=1/t, i.e. the number of disks traversed by the object per
unit time. With the ratio of |H,| to H; set fixed at 1.5 to 1, the
two central parameters for magnetic manipulation are the
magnitude of the in-plane field |H;| and the transport rate f.

Imaging

The sequence of events was observed through an optical
microscope (Leica DM2500MH) with a 10 x objective lens and
recorded with a digital camera (QImaging Retiga EXi)
interfaced with LabVIEW at a frame rate of 10-20 fps. The

View Article Online
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fluorescence signal from the PI dye was picked up with Leica’s
Texas Red Filtercube (TX2).

Results and discussion

Experiment overview

Magnetic and non-magnetic beads or cells were sent down the
input channel at flow rate Q; while withdrawn at a rate Q,
same as Q; as shown in Fig. 1a and b. As an example, Fig. 2a
shows magnetically labeled and unlabeled cells entering the
input channel on the left. While the unlabeled ones followed
the flow down the channel as shown in Fig. 2b, the labeled one
was magnetically manipulated to the far right of the disk array,
mixed with the reagent flow (Q3), and subsequently encapsu-
lated into a droplet with the reagent as depicted in Fig. 2c-e.
High purity can be achieved, prohibiting unlabeled cells into
the separation channel between junctions T, and T,, by
increasing Q, slightly (~10 nL min~") higher than Q;. As a
preliminary viability assay on the encapsulated cells, the
droplets were transferred down the output channel (Fig. 2f),
collected in a tubing and then re-dispersed onto a glass
substrate for the fluorescence detection of PI (propidium
iodide) inside the encapsulated cells (Fig. 2g). Video 1 and
Video 2 in the Electronic Supplementary Information show the
process of separation and encapsulation of magnetic beads

Labeled BT-474 cell

b

Unlabeled red blood cells

10,

f O, Epm

Droplets containing labeled cells 100 pm

Labeled cell

Fig. 2 Snapshots showing the process of magnetic separation, encapsulation, droplet collection and analysis. (a) At time t = 0 s, one magnetically labeled BT-474 cell
and two unlabeled red blood cells are indicated by boxes and enlarged as insets, where an additional inset on the right shows a typical labeled cell in higher
resolution (scale bar is 10 um). The cells enter from the top left branch of the channel with flow rates Q; = Q, =75 nL min~', Q3= 15nL min~" and Q4 =30 nL min~".
(b) At t = 53.3 5, movements of the three cells from t = 0 s are traced with lines. The labeled cell magnetically separated to the right is indicated by the box. (c-e)
Sequential snapshots taken at t =57.2, 57.4 and 57.6 s show the encapsulation process of the same labeled cell (indicated by the box) mixed with the reagent solution
from flow Qs. (f) Snapshot taken from a separate experiment than that of (a-e) showing droplets being transferred down the output channel. Droplets contain
solution of PI (propidium iodide) at 1.5 pM concentration, and those encapsulating labeled cells are indicated by the boxes. (g) Droplets collected from (f) are placed
between a glass substrate and cover glass for detection of fluorescence signal from the PI dye. Size variation on the droplets is a result of droplet merging and
breaking during the transfer step.
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Experiments Manipulation rate In-plane field Flow rates (nL min ")

S (Hz) H, (Oe) Q1 Q2 Qs Q4
(i) Bead separation vs. Qq 5 100 150-700 ~Q; +10 100 “
(if) Bead separation vs. H, 2 20-100 250 260 100 “
(iii) Bead separation vs. f 0.5-50 100 250 260 100 “
(iv) Bead encapsulation vs. Q 5 100 50-250 Q1 15 30
(v) Cell separation and encapsulation vs. Q, 1 100 50-125 ~Q; +10 15 30
(vi) Cell separation, encapsulation and analysis 1 100 50 Q; 100 50

“ Flow not controlled.

and labeled cells. Table 1 lists all the experiments conducted
in this work and the respective parameters used.

Quantification of device performance with magnetic beads

Separation efficiency. Separation of targeted magnetic
entities is achieved by the sequence of external magnetic

g *
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Vbead 0.4 <
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+0
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. /(Hz) .
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Fig. 3 Quantification of the separation efficiency ypeaq for 7.9 pm diameter
magnetic beads. ypeaq is plotted as a function of (a) input flow rate Q4, (b) in-
plane field strength H and (c) rate of transport f, corresponding to experiments
(i), (i) and (iii) in Table 1 respectively. Data points (filled diamonds) are based on
measured number of separated magnetic beads over a single run of experiment
for each plot. Vertical bars at the data points represent the effect of flow
fluctuation discussed in the text (not measurement errors). The number of
magnetic beads counted range from 200 to 450, yielding an estimated
statistical error of ~200"/2/200 = 7.1% due to finite sample size.
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fields (described in the Experimental Section). An important
parameter characterizing separation efficiency of the device is
defined by:

number of objects separated to junction 7>
number of objects entering the disk array

Yobject = (1)

where object can be magnetic beads or labeled cells. In this
study magnetic and nonmagnetic bead solutions
(Experimental Section) were used to evaluate peaq. The smaller
nonmagnetic bead (3.34 um) compared to the magnetic bead
(7.9 um) allowed visualization of the flow and distinguish-
ability between the two types of beads. Based on prepared bead
concentration, we found the recovery rate of magnetic beads
entering the disk array to be 58% as some beads may settle on
tubing surface. As summarized in Fig. 3, the influence of the
input flow rate Q4, in-plane magnetic field strength H, (|H,| =
1.5 H;) and transport rate f on the separation efficiency ypeaq
were investigated.

For fixed H; = 100 Oe and f = 5 Hz, Fig. 3a depicts that high
separation efficiency (ypeada > 90%) was maintained until the
input flow rate Q, exceeds ~300 nL min~*. Beyond this
threshold, ypeaq steadily decreases to less than 10% at Q; >
600 nL min~'. As an increasing hydrodynamic drag force
could account for the decrease in ypc.q, We estimate the force
required to detach a bead, with typical magnetic susceptibility
of 0.1 (see footnote}), off the magnetic trap to be ~100 pN.
This corresponds to a flow rate of Q; = 970 nL. min~ "' based on
Stokes law (neglecting near-wall effects). However, the
observed flow rate at which ypeaq Starts decreasing from its
high value of > 90% is ~300 nL min ', which is much lower
than the estimated flow rate (970 nL min~"). Our observation
suggests other explanations for the decrease in ypeaa as Q:
increases: Higher Q; results in

1) higher bead throughput and therefore fewer vacant disks
on the array to accommodate incoming beads into the T;-T,
channel,

2) less time for beads floating above the array surface to be
pulled towards the disks by the magnetic trapping force or
gravity, and

3) possibility for the bead to miss the next disk during the
hopping phase of magnetic manipulation.

1 Based on susceptibility measurement on 8.18 pm diameter beads from the
same company (UMC4F/9560, Bangs Laboratories, Inc.) and scaling by the ratio
between their magnetic contents, 4%:2.4%.
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As expected, Fig. 3D illustrates that a greater magnetic field
strength (H;) results in an enhanced magnetic force and
therefore higher ypeaq for a given flow rate Q; and transport
rate f.

Fig. 3c illustrates that increasing the transport rate f while
keeping other parameters fixed yielded more effective separa-
tion for fup to ~5 Hz. In this case, rapid transport of the
beads into the separation channel yielded more vacant disks to
accommodate incoming beads, hence the increase in ypeaq for f
in the range of 0.5 to 5 Hz. Transport rates higher than 5 Hz
become less effective at separation since (i) motion of the trap
against the flow (Q;) during the field rotation cycle decreases
the minimum flow rate required to detach the bead from 970
nL min~" (f=5 Hz) to 480 nL min " (f= 25 Hz) and to zero (f=
50 Hz) according to calculation, and (ii) too short a wait time
(t/4 < 10 ms) during the inter-disk hopping phase may result
in stalling (inability to hop to the next disk) of the bead. The
optimal manipulation rate of f = 5 Hz implies a maximum
separated bead throughput of about 30 beads/s, assuming that
all the disks (~ 6 rows) are outputting beads into junction T, at
a maximum occupancy with 1 bead per disk. This yielded an
estimate on the maximum bead concentration for effective
separation to be ~7.2 x 10° beads/mL for Q; = 250 nL min "
Though this limitation on the separation throughput is an
inherent property of the manipulation scheme, increasing the
number of rows of the disk array could potentially enhance the
throughput.

We found that flow fluctuation due to temperature variation
(from heat generated from the electromagnets) around the
tubing plays an important factor in separation efficiency. In
the experiments performed in Fig. 3, ie. (i), (ii) and (iii) in
Table 1, thermal insulation was not applied on the tubings,
and the amount of fluid flowing unwantedly in the T,-T,
channel ranged from none (when the electromagnets had not
been turned on) to about 7 nL over a time scale of 10 s
(maximum fluctuating flow rate of ~40 nL min~ ') after
extended use of the electromagnets (~1 h). The effect of such
flow fluctuation on the separation efficiency is best reflected
by the vertical bars drawn on the data points in Fig. 3: The
upper bound of the vertical bar on the data point takes into
account magnetic beads that were successfully separated into
the T,-T, channel but pushed off into the nonmagnetic output
channel due to flow fluctuation; similarly, the lower bound is
set by excluding magnetic beads that were pushed into the 7,-
T3 channel by flow fluctuation without being magnetically
manipulated. The observed flow fluctuation was able to
occasionally overcome the reverse flow of Q, — Q; = 10 nL
min~" at the T;-T, channel to have a significant impact on the
separation efficiency under very high and very low manipula-
tion rates as depicted by the large vertical bars at f= 0.5 Hz and
f=50 Hz in Fig. 3c. This can be reasoned as the following: At
very low f, manipulation rate cannot keep up with the bead
input, and the disk array is jammed with magnetic beads such
that those untrapped are easily pushed by flow fluctuation; at
very high f, stalled magnetic beads (discussed earlier) are
easily knocked off or pushed forward by flow fluctuation. Flow
stabilization by thermal insulation on the tubings
(Experimental Section) was applied for the experiments in
the later sections, i.e. (iv), (v) and (vi) in Table 1, where the
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fluctuation was reduced to much less than 10 nL min~
facilitate the low-rate encapsulation process.

Due to the huge parameter space available for exploration,
we will qualitatively discuss other factors that could affect the
separation efficiency. For examples, the higher placement of
the disk array with respect to the channel in Fig. 1a compared
to the lowered one in Fig. 2a allows greater chance of the
magnetic objects to be separated into channel 7;-T,, but it
may also cause piling up of these objects as they hit the tilted
upper channel wall if the objects tend to stick. Same device
was used within each set of experiment, and the quantitative
effect of different disk array-channel alignments on the
separation efficiency is not investigated here.

The size of the magnetic beads was chosen to be comparable
to that of the disk size and gap. Much smaller beads are
oversensitive to localized fields and may not be able to hop
from one disk to the next, whereas oversized beads average out
the energy landscape to experience little manipulation force
compared to the drag force.

To summarize, achieving high separation efficiency for the
magnetic beads used in this device requires:

1) low input flow rate (Q; < 250 nL min™ "),

2) high field strength (H; > 100 Oe),

3) optimal manipulation rate (f ~ 5 Hz),

4) low bead concentration (< 7.2 x 10%/mL),

5) optimal bead size (comparable to disk size and spacing),

6) thermally insulated tubing, and

7) optimal disk array shape and position for increased
accommodation in channel T;-T, while avoiding piling up.

Separation purity. Purity of separation is defined as the ratio
of number of nonmagnetic objects entering the nonmagnetic
output channel (flow Q,) to that of the total number of
nonmagnetic objects entering the disk array. We found two
major factors contributing to the purity:

1) the amount of reverse flow (Q, — Q) at channel T;-T5,
and

2) the amount of flow fluctuation.

Under a fixed reverse flow of Q, — Q; = 10 nL min ™', purity
was found to be 100% with stabilized flow but 98% when
without, as flow fluctuation (discussed in the previous
subsection) could occasionally overcome the reverse flow.
For zero reverse flow (Q; = Q,), purity was found to be 96%
even with stabilized flow. Each of the percentages above were
obtained through counting >500 nonmagnetic beads.

Encapsulation characteristics. To quantify the encapsula-
tion aspect of the device, the same magnetic bead solution
described above (see Experimental Section) is used. As shown
in Fig. 4a, droplet throughput, i.e. droplet generation rate, is
maintained at 5-8 droplets per second, while the separated
bead throughput (entering the dropletization junction Tj) is
varied from 1 to 6 beads per second by tuning the input flow
rate Q; (note Q, is set equal to Q). This feature enables the
number distribution of magnetic beads encapsulated within
the droplets to be manipulated as shown in Fig. 4b.

The encapsulation can be approximated as discrete inde-
pendent events that occur randomly in time. The probability
for a droplet to encapsulate k beads is given by the Poisson
distribution function P(k):>>

This journal is © The Royal Society of Chemistry 2013
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Fig. 4 Quantification of the encapsulation characteristics with 7.9 pm diameter
magnetic beads. (a) Separated bead (filled circles) and droplet (filled diamonds)
throughputs as a function of input flow rate Q. Experimental parameters are
given by (iv) in Table 1. (b) Extracted from the same experiment as in (a), fraction
of droplets (corresponding to the left vertical axis) containing various number of
beads are plotted as dots with underlying color-coded bars at flow rates Q; =
50, 150 and 250 nL min~". Dashed curves at each Q; represent Poisson
distribution function (egn (2)) with mean value 4 set by the measured average
number of beads per droplet (plotted as filled diamonds with values
corresponding to the right vertical axis). Total number of droplets taken into
account ranges from 840 to 1251, and an estimate on the statistical deviation
due to finite sample size is ~840'2/840 = 3.5%.

P(k) = Ake k! )

where 1 is the mean of P(k), i.e. average number of beads per
droplet. It has long been a challenge in microfluidic-based
approaches to overcome the inherent Poisson statistics in
typical encapsulation processes and to achieve single-cell
encapsulation.”®>* As an example of the limitation imposed by
Poisson statistics, taking the derivative of eqn (2) with respect
to 4, one finds that the percentage of single-object droplets can
be maximized to P(1) = 36.8% at . = 1; however, this is
accompanied by a comparable number of empty droplets (also
36.8%) and multi-object droplets (26.4%). On the other hand,
reducing . (average number of objects per droplet) could
increase the ratio of single- to multi-object droplets but at the
expense of having a large fraction of empty droplets, e.g. at 4 =
0.1, P(1)/(P(2) + P(3) + P(4) + ...) = 9.0%/0.47% = 19 but P(0) =
90.5%.

Fig. 4b illustrates that the number distribution of beads in a
droplet at each flow rate Q, largely follow Poisson distribution
based on the measured average number of beads per droplet.
Interestingly, the fraction of single-bead droplets in our study
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exceeds that imposed by Poisson statistics by a small yet
observable amount of ~11% (greater than the estimated
statistical error of 3.5%) at Q; = 150 and 250 nL min~ ' in
Fig. 4b. We attribute this to the fact that at higher throughput,
i.e. shorter bead-to-bead distance, a rotating magnetic field
with |H,|/H; = 1.5 results in repulsive dipolar interactions
between the beads travelling from junction T, to T3, causing
them to self-arrange into a more evenly spaced configuration
before being encapsulated. This feature increases the fraction
of single-bead droplets. Increasing the length of channel T,-T3
could potentially further enhance the fraction of single-bead
droplets.

Separation and encapsulation of labeled cells

A heterogeneous mixture of labeled BT-474 and unlabeled red
blood cells (RBCs) described in the Experimental Section
served as a sample solution to demonstrate the separation-
encapsulation function of the device. RBCs were chosen as
unlabeled cells due to their lack of HER2 expression and the
distinctive smaller sizes compared to the labeled BT-474 cells,
offering visualization on the flow. Other cell types or
concentrations are not investigated in this paper but could
potentially be used in the device, provided they do not adhere
to surfaces of the channel or disk array to hinder device
function. Based on prepared concentration, recovery rate of
the labeled cells used in this study entering the disk array was
found to be 39% since cells have a higher tendency to adhere
to tubing surface. A high separation purity of 100% (out of
>1200 red blood cells) was achieved with flow stabilization
and reverse flow at channel T;-T, (see discussion in previous
section). As shown in Fig. 5a, due to the lower magnetic
moment of the labeled particle, larger cell size and propensity
to aggregate, the optimal flow rate to achieve efficient
separation of the cells (yeen > 75%), was at Q; < 50 nL
min~" while the optimal transport rate was f ~ 1 Hz. Both the
size and shape of the cells or aggregates affect the separation
efficiency. Non-aggregating or smaller single cells have a
higher y..;; than aggregates or larger cells due to smaller fluid
drag force; linear chain-shaped aggregates tend to orient
parallel to the flow direction and thereby experience less drag
force when compared to round-shaped aggregates. Although
the number of beads attached per cell (labeling yield) was
maximized for optimal separation, it differed from cell to cell
(Experimental Section) due to the amount of receptors present
on cell surface; higher labeling yield could increase the
magnetic force for a given cell size and therefore higher
separation efficiency. To summarize, the marker-specific
separation scheme presented here is also selective based on
variation of cell size, shape and extent of cell aggregation as
well as the amount of receptors expressed per cell.
Encapsulation of labeled cells proves to be fundamentally
different from encapsulating magnetic beads. The reduced
flow rate for effective separation, the tendency of cell
aggregation and the adhesion to surfaces, lowers the separated
cell throughput to below 0.15 cells per second and an average
of lower than 0.1 cells per droplet at flow rates of Q; = 50-125
nL min~". Although at such a low 4 value of 0.1, Poisson
statistics predicts a high single-cell to multi-cell droplet ratio
of 19 (see previous section), the observed difference between
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Fig. 5 Separation efficiency (ycen) and encapsulation characteristics of labeled
BT-474 cells. (a) ycen is plotted as a function of input flow rate Q4. Experimental
parameters are given by (v) in Table 1. Each cell aggregate is counted as one
entity, where single-cell (filled circles) and multi-cell (filled diamonds) entities are
plotted separately. Total cell entity counts range from 33 to 58 for each Q4, and
the estimated statistical error due to finite sample size is ~33'2/33 = 17%. (b)
Extracted from the same experiment as in (a), fraction of droplets containing
various number of cells are plotted as dots with underlying color-coded bars at
flow rates Q; = 50, 75, 100 and 125 nL min~". Bottom plot is a log-scaled plot
with droplet fraction ranging from 10™% to 10~". Dashed curves at each Q,
represent Poisson distribution function with mean value 2 set by the measured
average number of cells per droplet. Total number of droplets taken into
account ranges from 230 to 2400, and an estimate on the statistical deviation
due to finite sample size is ~230"2/230 = 6.6%.

single-cell and multi-cell droplet fractions still falls within an
order of magnitude as depicted in Fig. 5b. This can be
understood from the assumption of the encapsulation process
as independent random events in Poisson statistics — a feature
that becomes less valid due to the tendency for a cell to carry
other cells into the same droplet through aggregation. As
shown in Fig. 5b, measured multi-cell droplet fractions are
indeed higher than those predicted by the Poisson distribution
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functions P(k) (k = 2, 3), whereas measured single-cell droplet
fractions are lower than P(1) at corresponding flow rates. Such
deviation from Poisson statistics may offer opportunities for
investigating the probability of time-correlated events and
insights on cell-cell interaction.

While high throughputs have been achieved in existing chip-
based sorting techniques (e.g. ~10" cells s~' with dielectro-
phoresis®® and >10° cells s~' with ferromagnetic strips**) and
microfluidic encapsulation devices (>100 droplets/s*®™*°), the
novelty of the work presented here lies not in achieving high
throughput of cells or droplets but rather the coupling of the
twoj; challenges such as flow stability exist at low rather than
high droplet generation rates. The ability of the presented
device to down-tune droplet generation rate below 10 Hz to
match with the low separated cell throughput has the
advantages of increased single-cell droplet fraction, minimized
reagent consumption and reduced chance of cell rupture due
to strong shear flow. This feature of coupling a large input flow
of cells to a slow dropletization is particularly suitable for the
processing of rare cells.

Preliminary cell staining and viability assay

The unique channel layout of the device shown in Fig. 1 opens
up a broad range of downstream applications after the
encapsulation of selected cells. The reagent flow (Q;) from
the branch channel (Fig. 1b) not only draws the separated
magnetic object from junction T, to T;, thereby facilitating the
encapsulation process, it also offers several advantages:

1) Separated objects enter a fresh chemical environment of
the reagent several seconds before encapsulation, reducing
contamination from the non-separated objects and degrada-
tion of the reagent over time.

2) Minimal use of the reagent, ie. all fluid from flow Qs
(except a slight reverse flow into channel T,-7T,) is encapsu-
lated in the droplet.

3) Different surface chemistries can be introduced via flow
Q; than to Q;. For example, while a hydrophilic surfactant is
desirable in Q, as it reduces cell adhesion to the surface, it
hinders the stability of water-in-oil droplets if encapsulated.
The reagent channel therefore allows the chemistry surround-
ing the separated cells to be switched from adhesion-
prevention (with 5 mg mL™' Pluronic F-68 surfactant) to
droplet-friendly solvent (no surfactant).

As a proof of concept, Fig. 6 demonstrates a preliminary
assay on the viability of encapsulated cells at a raised
temperature of 55 °C by utilizing the reagent channel to
transfer PI dye. PI is generally excluded outside the membrane
by live cells, and since the fluorescence intensity of PI
increases by many fold when it enters a dead cell to bind
with nucleic acids, it serves as an indicator of cell viability. 31
labeled BT-474 cells were observed to be magnetically
separated from red blood cells and encapsulated in droplets
containing PI within the presented device using parameters
given by (vi) in Table 1. Due to the difficulty in processing
small amount of droplets with this preliminary method, Q3
and Q, were increased for more droplets. Subsequent
collection of the droplets in the tubing and re-dispersion onto
a glass substrate mounted with a cover glass allowed for
preservation and ease of observation as shown in Fig. 6a-c.
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Fig. 6 Cell viability detection with PI (propidium iodide) fluorescence of the
encapsulated cells at 55 °C. (a—c) Droplets (appearing as circles ranging between
10 pm and 150 pm in diameter) surrounded by mineral oil solution as the
continuous phase are placed between a glass substrate and cover glass, and
heated at 55 °C for 15 min. Photographs of four droplets encapsulating labeled
BT-474 cells (indicated by the arrows) are enlarged (d-g) with their respective
fluorescence images (h-k) of the PI dye. (I-0) Fluorescence images taken at 35
min after heating.

Though these transferring steps resulted in large shear flow
that merged and broke about 33% of droplets into larger and
smaller sizes, four droplets containing 1, 2, 2 and 3 cells were
observed (Fig. 6d-g), yielding a recovery rate of 8/31 =~ 26%
from the device. Prior to and within the first 25 min of heating
at 55 °C, only 1 out of the 8 encapsulated cells appeared to be
alive based on their PI fluorescence retention as shown in
Fig. 6h-k. After 35 min of heating, the fluorescence image
shown in Fig. 61-o compared to those in Fig. 6h-k indicates
eventual death of the one live cell (top cell in Fig. 6f). Both the
recovery rate (~26%) and portion of recovered live cells
(~12.5%) were not ideal in this preliminary assay. However,
we believe that through integration with suitable on-chip
observation platforms after the encapsulation step, the device
has the potential to offer high recovery yield of live cells and
allow detection on cell-to-cell variation with high spatiotem-
poral resolution.

Potential modules for integration

We envision other useful experimental modules that could be
integrated with the separation and encapsulation functional-
ities of the device:

1) Analysis techniques such as single-cell PCR (polymerase
chain reaction) for the amplification and detection of rare
biological signatures of individual cells could be realized by
introducing temperature zones on the microfluidic channels.

2) Electrical measurement could be performed by replacing
mineral oil with, for example, the conductive ionic liquid for
determining properties as the conductance or stiffness of the
cell or detecting the change in surrounding solvent.
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3) On-chip labeling, upstream of separation, through
properly designed channels to mix the functionalized mag-
netic particles with cells would reduce the preparation time
and amount of reagent needed for the immunomagnetic
labeling of targeted cells.

4) Overcoming the Poisson statistics of encapsulation by
incorporating real-time feedback on the rate of transport (f): By
monitoring the traffic of magnetic objects in channels T;-T,
and T,-T3, one could achieve a more uniform throughput of
separated objects and thus encapsulating a more consistent
number of objects per droplet.

Conclusions

We have presented a scheme which integrates mobile
magnetic trap array with droplet microfluidics that allows
on-chip separation of magnetically labeled cells from a
heterogeneous population, immediately followed by the
encapsulation of these cells into droplets with the reagents.
The portable device can be fabricated at low cost and requires
small (~microliters) fluid volumes, thereby permitting fast
processing and solution analysis. With the remote, program-
mable and simultaneous transport on multiple cells, we
demonstrated separation of breast cancer cell line (BT-474)
with greater than 75% separation efficiency under optimal
flow rates and 100% purity (no unlabeled cells were
encapsulated), achieved by flow stabilization and the active
magnetic separation against a reverse flow. Preliminary cell
viability assay subsequent to encapsulation was also demon-
strated, permitting analysis on a single-cell basis rather than
averaging properties over bulk populations. This separation—
encapsulation functionality could become a key component in
future single-cell analysis platforms with prospect to impact
biomedical applications, cancer research, stem cell biology
and immunology.
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