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Abstract

This paper presents a droplet-based immunomag-
netic cell sorter with high cell separation efficiency
and a microfluidic cell sorter integrated with a micro-
fluidic mixer and reaction chamber that were provid-
ed for the serial cell separation. The conventional
matrix-based MACS magnetically activated cell sort-
er) separates cells with high separation efficiency,
however the tiny gaps of the steel bead matrix can
damage or trap the cells. The droplet-based MACS
(dMACS) system has a high recovery ratio with com-
parable high separation efficiency due to its non-
matrix structure. The slight agitation of cells in drop-
let, however, cause high false negative ratio. There-
fore, we added a buffer container underneath the
droplet, which improved the recovery ratio of nega-
tive cells. Agitation of the cell suspension was sup-
pressed, which in turn reduced the false positive and
negative ratio to less than 3%. The small volume of
the droplet of the dMACS limited its application;
therefore we integrated the dMACS system with a
microfluidic chip that contained a mixer and a reac-
tion chamber to allow continuous separation of the
cell suspension. The droplets of negative cells were
serially dripped down to a collection reservoir with
the addition of buffer. The cell separation efficiency
in the microfluidic chip was not as high as dMACS,
however the results demonstrated the feasibility of
continuous separation in a microfluidic chip.
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Introduction

or clinical research. Currently, there are two methods
to separate target cells. One category is using their
different physical properties including dielectrophore
sis, acoustic wave, and centrifugal fdrtewhereas
the other category is using immunoleggsed cell
separation techniqdé. The former method has
demonstrated potential applications; however it is not
widely accepted because specific cells often cannot
be separated based on only their physical properties.
The latter method implements antibealytigen reac-
tions of the surfacenarkers, and has been widely
used because of its high recovery ratio and through-
put, as well as the high purity of the cells it recotrs
Macro-sized immunologybased cell sorters, includ-
ing fluorescenceactivated cell sorters (FACS) and
magnetically activated cell sorters (MACS) have been
commercialized. Although FACS can sort cells using
multiple markers and can also provide additional
information, such as scattering and counting data, its
high price prevents its widespread use in laboratories.
Conversely, MACS requires no complex equipment
and is suitable for inexpensive cell sorting due to its
simple structure and convenient operation. Therefore,
MACS is preferable for the prompt selection of target
cells, and is already being sold by several companies,
including Miltenyi Biotec, Invitrogen, and Stem Cell
Technologies.

Because a micreized device is suitable for a small
volume of cells, microfluidic chips for MACS have
been studied by many research grédps. Most of
these chips use a magnetic field in the channel to
hold target cells that have been labeled by magnetic
beads while notiarget cells are washed out. However,
the washing flow can drag out the positive cells,
which results in an increased ratio of false negative
cells. Therefore, we have suggested the use of droplet
-based MACS (dMACS), which uses gravitational
sedimentation as a negative selection méthdthe
use of dMACS was effectively able to sort the target
cells because the precipitation of negative cells caus-
ed no shear flows on the magnetically selected cells
on the top surface. The dMACS system also has no
ferromagnetic matrix structure, which reduces the
damage to cells caused by the interaction between
cells and the matrix structure. Additionally, the con-
figuration of dAMACS is so simple that it can be easily
combined with a microfluidic circuit for sample pre-

It is often necessary to separate target cells fromparation.

blood or bone marrow when conducting biomedical

In this paper, we describe a new dMACS system
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that was designed to decrease the ratio of false nega- whereB is the external magnetic field,Ms the

tive cells, and its subsequent integration with a micro-volume of the particle, andX is the difference in
fluidic chip to increase its throughput by continuously susceptibility between the magnetic bead and the sur-
supplying the cell suspension. The reaction chamberounding medium&X=X,,—X;). Considering that a
was also accompanied by a serpentine mixer to im-number of magnetic beads are attached to the cell

prove the mixing of cells and magnetic partitié$ surface, the actual magnetic force acting on a labeled
cell, F, can be represented by equation (2).
.. F.=A.0BF 2
Principle of Droplet-based MACS =Aap " _ @)
where A is the surface area of the cdll,is the
Droplet-based Cell Separation number of specific cell surface markers per mem-

In droplet based cell separation, the positive cellsPrane surface area, agds the number of antibody
(target cells) were attached to antibamhated mag- Magnetic bead complexes bound per receptor. The
netic nanopartcles that could not react with the mag-magnetic field strength and the susceptibility of the
netic particles. The cell suspension mixture was thenmagnetic bead were the main parameters used to con-
formed into a hanging droplet under a magnet using drol the force on the cells in the suspension medium.
micropipette. While the magnetic field was applied, When the droplet was suspended by the micropipette,
the positive cells were attracted to the top surface bythe turbulent flow in the droplet swirls the cells,
the magnetic force in droplétand the negative cells ~Which resulted in some of the target cells becoming
are precipitated down by gravity (Figure 1). If the attached to the magnet and the negative cells being
droplet was divided into the upper and lower part, thefotated along the stream line. When the flow was
mixed cell suspension could then be separated. Theveakened, the remnant target cells moved up against
methods of droplet separation included dripping of the hydrodynamic flow and the negative cells were
the droplets and dividing the droplet by shear or Precipitated to the bottom of the droplet by gravity.
external force. The force acting on a single magneticAfter incubation, the positive and negative fractions

bead,F.,, can be described by equatiorf1) could be separated by cutting the droplet in two.
Thus, the droplebased cell separation requires very
_1 VDX 2 careful manipulation to ensure that no agitation of the
Fmn= OB @ . .
2 Mo separated cells occured because even a slight distur-
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bance could cause-mixing of cells. Dripping of the  fabricated device and experimental setup. First, the

droplet by increasing its weight may also cause somecell suspension and magnetic bead suspension were

turbulence within the droplet unless the feeding flows injected into inlet 1 and 2, respectively. When the

are carefully controlled. injected fluids flowed through the mixing region, the
Therefore, we modified the dripping cell separation magnetic beads and cells were mixed. Next, the flow

method® by using two droplets located in the upper was stopped to allow interaction of the cells and

and lower layer, respectively (Figure 2). The upper beads for 10 min in the reaction region. When the

container was filled with the cell suspension and thereaction was completed, the gitetermined volume

lower container was filled with buffer. Each container of fluid was transported to the separation region to

then formed a droplet with surface tension, the size ofform a droplet. At that time, the magnetic field was

which depended on the volume of fluid injected by applied to the droplet to separate the positive and

the pipette. Before the two droplets were combined, anegative cells. After 10 min of incubation, the buffer

magnetic force was applied to the hanging droplet insolution was then injected from inlet 3 to detach the

the upper container for piacubation while the cells portion of the droplet containing the negative cells.

were separated. The upper droplet was then mergedhis separation could be processed continuously until

into the lower droplet by contacting the upper and the injected fluids were consumed.

lower layers. The two fluids were then mixed, and

gravity precipitated the negative cells into the lower

container. After incubation, the fluid was divided into Results and Discussion

two drops by detaching the upper plate from lower

panel. This configuration has enough distance bet-Geometric Optimization of Droplet-based

ween the positive and negative cell region to preventMACS

external disturbance. The most important condition required for max-

imization of the separation efficiency of droplet

Continuous Cell Separation in the Microfluidic based MACS was the minimization of the effect of

Chip turbulent flow in the droplet when it is being separat-
Figure 3A shows the operation of the continuous ed. Since the disturbing flow occurs at the separation

microfluidic MACS device and Figure 3B shows the boundary, both positive and negative cells should be
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far from the separation boundary of the droplet, how- The diameter (E) of the droplet was fixed at 6 mm
ever, too great a distance causes a weak magnetito ensure that the droplet remained stable while attach
force, which decreases the negative cell separatioring or detaching the upper layer. The depth of the
efficiency. Therefore, geometric optimization was droplet (i) was determined by the injected volume,
performed by varying the heights of the containers. however the maximum depth was 3 mm because the



Droplet-based Immunomagnetic Cell Separation 169

g 15 S 15
5 | ™ g (A)
z g
—_ c .
o i - S | |[=3 5min
g 127 |c= 5min ° 1| em15min
g 15min g C——130min
= C—130 min E3
2 94 £ 94
38 @
2 S B
g 6- 2 6
8 77, g 27
g | / =
© (%2}
= 37 1 8 34 ‘
2 5 : "
T kS
T 9 c o0 '
0.5 1.5 25 5 10 15
Height of upper container {n[mm] Depth of lower container gh[mm]
5 10 5 10
c = -
s (B) = 5min s (B) = 5min
5 15 min IS 15 min
8 o 8-
5] @
E g
c £
2 67 2 ©]
© ©
(] o g
[} (4]
> =
g 4 g 4
{o2) o
() o
o g |
2 &
s 2 = 2
Y o
o
ye! 2 |
g o € o0
0.5 1.5 25 5 10 15
Height of upper container {n[mm] Depth of lower container gh[mm]

Figure 4. The separation performance of dMACS when the Figure 5. The separation performance of dAMACS when the

height of the upper container was changed: The ratio of falseheight of the lower container was changed: The ratio of false
positive cells in the upper layer (A) and the ratio of false positive cells in the upper layer (A) and the ratio of false pos-
negative cells (B) in the lower container when the height of itive cells (B) in the lower container when the depth of the

the upper container {hand the incubation time were adjusted. lower container (}) and the incubation time were changed.

extent of the magnetic force was limited. Therefore, was 15 min, the false positive ratio was less than 3%,
the droplet volume ranged from 40 to |0, depend-  regardless of f Therefore, a length of 0.5 mm was
ing on the height of the upper containep) (fThus, selected for hsince this allowed application of the
the controllable geometric parameters involved in strongest magnetic force with the shortest upper con-
optimization of the performance were the height of tainer. As the depth of bottom layer was changed from
the upper container for the hanging drople},(and 5mm to 15 mm (Figure 5), the false positive ratio was
the depth of bottom layer for the buffer reservojj.(h  less than 3% whenlvas greater than 10 mm and the
The separation performance was evaluated by deterincubation time was 15 min. Additionally, the false
mining the false positive and false negative ratio of negative ratio seemed to increase asnhreased,
cells, which are represented by the percentage ohowever it was not seriously affected by variation of
negative cells present in the upper layer and positiveh, when the incubation time was greater than 10 min.
cells present in the bottom container, respectively. Therefore, 10 mm was selected as the optimal depth.
When h was changed from 0.5 mm to 2.5 mm, the The recovery ratio of the optimized device was great-
false positive ratio was increased and the false negaer than 97% for both positive and negative cells (Fig-
tive ratio was decreased after an incubation time of Sure 6). The high recovery ratio is a feature unique to
min (Figure 4). However, when the incubation time dropletbased MACS because it causes less damage
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The mixing of magnetic beads and cells was requir-
Reynolds number

ed to ensure that an efficient reaction occurred. Be-
cause the particles could not be easily m!xed_at a IoV\Figure 7. The mixing efficiency at various flow rates: (A)
Reynolds number (Re) due to the low diffusion, we The mixing efficiency was evaluated based on the distribu-
implemented a -8tep serpentine mixer that used the tion of injected beads throughout the reaction area. (B) The
surface tension of the PDMS, which is described in mixing efficiency was plotted as a function of injected flow
detail in an earlier repdft When a suspension of 5 rates.
pm beads and a buffer solution were injected, the
mixing efficiency of the particle suspension, which
was determined using equation (3), was plotted (Fig-magnetic field of 0.7 T was applied. After 10 min, the
ure 6). buffer solution was injected from inlet 3 at various
Mixing efﬁciency [%] flow rates below GQJL/mln (Re<64) When the
droplet was fully grown, it was dripped down into a
collection chamber. After eliminating the magnetic
field, the buffer solution was again injected to collect
Efficient mixing results in even distribution of the the magnetic beads into another collection chamber.
micro beads throughout the reaction region, whichlmages of the collected magnetic and polystyrene
would provide a mixing efficiency of 100%. The beads are presented in Figure 7A. The number of
mixing efficiency monotonically increased with the beads was counted using hematocytometer, and it
Re and reached almost 100% when the Re was greatavas determined that the magnetic beads could be

__ 2 the number of beads in section
"~ the number of beads in reaction reg%)%oo 3)

than 16. successfully separated at a flow rate ofuB@min.
The separation efficiency was greater than 90% when
Separation using the Microfluidic Chip the flow rate was less than B0/min, however seri-
We evaluated the microfluidic dMACS to deter- ous turbulence caused a lower separation efficiency
mine if it could separate a mixture ofufn poly- at 60uL/min. However, the false negative ratio was

styrene beads anduin magnetic beads. After mixing less than 10% at all flow rates, with a higher ratio
was completed, the fluid was moved into the sep-being observed at higher flow rates.
aration region to form a 0L droplet, and then a Next, the microfluidic device was used to separate
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Table 1. The separation efficiency of the mixture of Jurkat (A)
cells and K562 cells when the flow rate of the dripping fluid
was changed.

Flow rate Ratio of positive cells Ratio of negative cells

in upper container in lower container
7.5uL/min 84.9% 52%
15 uL/min 89.45% 40%
30 pL/min 73.75% 35%
60 pL/min 64% 43%

a mixture of cells. Jurkat cells were used as the posi-
tive cells and K562 cells were used as the negative
cells. Magnetic nanobeads and the mixture of cells
were injected into inlet 1 and 2, respectively, at a
flow rate was 6QuL/min (Re=32) to ensure complete

mixing. The fluids passed through the mixing region
and arrived at the reaction region, at which point the
flow was stopped for 10 min to allow the reaction of (B)

100+

the magnetic particles and Jurkat cells to proceed. — ] [==Positive
The cells were then separated using the same protc | — @z Negative

col that was used to separate the magnetic beads frorS. 801
the polystyrene beads. As shown in Table 1, the
separation efficiency of the Jurkat cells (positive) was :
greater than 80% when the flow rate of the buffer was
15uL/min or less. However, the separation efficiency 4
was less than that of the previous bead separatior g

because the magnetic force on the nanoparticles wa &

smaller than it was on thepn magnetic bead and < 20-

iciency

60

ion eff

rat
o
1

the shearing effect of the injected flow on the cells

was higher. As expected, the negative separation effi- 0 % % % ,
ciency was lower than that of the dMACS because 3.8 7.5 15 30 60
the flow from the microfluidic channel sweeps out Flow rate in inlet 3jiL/min]

some of the positive cells attached on the magnet. Ir_. ) - :
ddition, the injection flow should be located on the Figure 8. The separation efficiency of the mixture of poly-
a ! .styrene beads and magnetic beads: (A) The images of the

bottom side of the droplet to decrease the false POSIhematocytometer before and after the separation, where ‘con-
tive ratio®. Adding a shallow chamber to the upper trol' indicates the mixture of beads before separation, ‘posi-
slab of the chip should greatly improve this error, andtive’ indicates the im magnetic beads, and ‘negative’ indi-
based on the results of the optimization experiment, scates the fim polystyrene beads after separation (B) the ratio
chamber of approximately 0.5 mm would be neces-]?lf magnetic beads (separation efficiency) with the change of
sary to achieve the optimum results. ow rate.

Conclusions continuous operation to overcome the limited threugh
put of the droplebased MACS system. Although the
The buffer container under the droplet of the cell separation efficiency in the negative fraction was not
suspension was effective at decreasing the falsesatisfactory, the feasibility of this system was con-
positive ratio in the lower container. The distance bet-firmed based on the separation of magnetic beads and
ween the positive and negative cells was optimizedmagnetically labeled cells. If the droplets were sepa-
by adjusting the height of the two containers to en-rated using a buffer container or the shape of the
hance the separation efficiency. The observed recovypositive chamber was modified, the efficiency could
ery ratio of greater than 95% was better than that ofbe improved. Since the dropleased MACS system
the commercial MACS system, which is based on ahas little cell loss, high separation efficiency, and
steel matrix. The droplddased magnetic cell separa- small dimensions, it may be a useful biomedical instru
tion was integrated into a microfluidic chip to allow ment for many celbased experiments.



172  Biochip Journal Vol. 1(3), 165-172, 2007

Acoustic control of suspended particles in micro flu-

Material and Methods idic chips.Lab Chip4, 131 (2004).
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erned to fabricate a master mo at was 5o ration.Applied Physics Lettei®5, 5093 (2004).
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with liquid PDMS and a PDMS channel layer was meter immunomagnetic cell selectiah.of Immun.
added to the coated substrate layer. The coated liquid Methods223 195 (1999). _

PDMS then intruded into the microchannel by capil- 9. Miltenyi, S., Muller, W., Weichel, W. & Radbruch,
lary effect. At that time, a double depth was formed A. High gradient magnetic cell separation with MACS.

by the difference of the channel width, resulting in a _ Cytometryll, 231 (1990).
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cation of magnetic microfiltration systems using soft
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mixer by generating chaotic advection. I(gggg)raphy.Applled Physics Letter80, 461-463
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tured in RPM#1640 supplemented with 10% fetal Conference on Micro Electro Mechanical Systems,
bovine serum (Gibctnvitrogen, NY, USA), 5@g/mL 530533 (2003).

penicillin, 50pg/mL streptomycin, 1 mM sodium 12, Kim, Y.H. et al., Dropletbased Magnetically Acti-
pyruvate, and 20 mM Hepes buffer (all of which were  vated Cell Separation, the 26th Annual International
obtained from Invitrogen, Carlsbad, CA). The cells Conference of the IEEE EMBS, 2575 (2004).

were maintained at 3C in a humidified atmosphere 13. Hessel, V., Lowe, H. & Schonfeld, F. Micromixers
comprised of 5% C@and passaged at ?r 3-day review on passive and active mixing principlebem.
intervals. The magnetic beads (50 nm) and micro-  Eng. Sci60, 2479 (2005). _

beads that were used for separatiopr() were pur- 14 Liu, R.H.et al. Passive Mixing in a ThreBimen-
chased from Miltenyi Biotec (BergiseBladbach, sional Serpentine Microchanndl. of MEMS9, 190

- 2000).
Germany) and DynalBeads (Invitrogen, Brown Deer, (2 L
WI), respectively. 15. Kim, Y. et al. Novel platform for minimizing cell loss
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