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We describe a microfluidic system that uses a magnetic field to sort paetindzpads by deflecting
them in the direction normal to the flow. Our experiments systematatallly the dependence of the
beads’ deflection on: bead size and susceptibility, magnet strength pieid and viscosity, and device
geometry. We also develop a design parameter that can aid in the design otiidicroévices for
immunomagetic multitarget sorting.

with different properties experience in a continsiow
Introduction microfluidic magnetic multitarget sorter. We analytically derive

separation from a solution by applying a magnetic fiekhe how many targets there are and where they exit the channel. Our

targets .ar.e ,Ce"S’ protefiiy gnd othgr b'0|09',ca| components. results are in good agreement with other experimental results in
Microfluidic immunomagnetic collection of a single target from a the literature

solution of many targets has been studied extensively and applied

to biomedical procsses such as capturing specific c&fls, (@)

cleansing blood of pathogefiand thedetectimm of diseases such

as cancef® In these applications, the targets and magnetic beads Ei‘

flow through a microchannel, where an applied magnetic field L mg%@ e E— : -ij:t;Et
produces a forc¢hat causes the beads and their cargo either to Ve semlnShans. g
migrate to another streamline or to become captured. Theoretica

models of bead trajectories and capture efficiencies have alsc
been developet!’ To date, these models and experiments
demonstrate that microfluidic immunomagnetic systems can
collect a single target from a solution of many targets.

Pamme et 4af'® experimentally demonstrated that
microfluidic magnetic systems can potentially sort multiple A
targets. Paramagnetic beads of different radii and susceptibilities v;
flowed through a microchannel with an applied magnetic field

and exited through different oatk. Simiar designswith an = -
expanded number of outl®ls and diferent magnet l
configuration"* were demonstrated more recently. It has also (c)
been shown that when distinct solutions of different cell types are s
incubated withparamagnetic beads for different amounts of time, y 5 |[Vm

L . ) . N S
then upon mixing the different solutions and flowing them }x &
through a microchannel with an applied magnetic field, the 2 N W by

n

different cells can be. separal?éd. X . . Figure 1 (a) Schematic design of a microfluidic metiirget sorter. Inlets 1 anc
These examples illustrate that microfluidic immunomagnetic are flowfocusing fluid inlets. A suspension of beads flows through inleEhg

systems have the potential to continuously sort multiple targets irbeads flow through (b) the separation channel, passing permamgmtits,

. . . Approximate magnetic field lines amedicated. Multitarget sorting relies on t
a parallel fashion. However, until now, there hasnbétle fact that different types of paramagnetic beads exit at differenndestg., away
insight from the standpoint of modeling of the physics involved from the channel centerline. To illustrate the mtatget sorting, we havehowr
in controlling the sorting of different beads and targets. In Ourtrajectorles of two different beads. (c) The dimensions of the ma@br(on

line)
work, we identify variables that control the deflection that beads
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Figure 2 Frames taken from higspeed videos near the end of the separation chaah€lontrol experiment with no magnetic field; 1.4 pm radiead are focused to tl

center of the channel and flow horizontally at approximately 10°triTlse same beads, flomg at (b) 2 cm$and (c) 1cm s' are deflected from the centerline whe

magnetic field is applied. The flow is from left to right, apis measured from the centerliagthe end of the chann®eads out of focus appear larger.

40 calculatey later by comparing with our model.

Experimental Applied magnetic fieldsH (A m™), are supplied by permanent
magnets. We usdd,Fe ,B magnets (KJ Magnetics, Jamison, PA,
USA) having a magnetizatiol = 1 A m™. The magnets are
cubes of 3.175 mm side length. We change the length of the
magnetstack,{,, in our system from 6.4 to 9fAm by stacking

A schamatic diagram of the microfluidic device that we
fabricated and tested is shown in Figure 1(a).
Polydimethylsiloxane (PDMS, Sylgard 184 silicone elastomer kLts

» Dow CO”"“Q' Midland, M, ,USA) layers are .made USING two or three magnets togethdhe magnets are always aligned
standard softithography technique®. A 1.5 mm thick PDMS from pole to pole

layer containing the channel patterns is bonded to a 1.5 mm thick Figure 1(b) is a schematic diagram of the separation channel of

patternless PDMS layer, which encloses the channels. Athe microfluidic sorting device. The geometrical variables we

rectangular slot is cut adjacent to the separgtlon channel sfoo\';ary are: the length of the staok magnets{,, and the distance
10 placement of the magnets. The two 1.5 mm thick PDM®@rs

from the centerline to the center of the magwpgt,The length of

are bonded together with th? ch_annels enleosed in the middle _scﬂe separation channé, and the distance from the centerline to
that the permanent magnet is situated adjacent to the separatign, .-nnel wally,, are both held constant in our experiments.
channel, with the channel at approximately the midpoint betweer\we measure the exit piion of the beadsy, with respect to the

the top and bottom of the magnet. This minimizes théices y-axis. Table 1 is a summary of the variables and their ranges in
1s component of the magnetic forces on the beads. A glas%urexperiments

microscope slide (Dow Corning, Midland, MI, USA) is then
bonded to the patternless PDMS layer by plasma treatment. Th@ariable  y,(mm)  uo(cmsY)  tu(mm) a@m)
channels are all 50m in height, and the separation channel iSgzseline 3 10 5.4 05 > 5% 107
615 um in width and 20 mm in length. Range 3-45 _1-15 64-95 05-14 2.0-2.510?
20 The device has three inlets and one outlet (see Figure 1(a)

L )fable 1Baseline and ranges of values used in the experiments. The valuygdfor
fluid is pumped at a constant flow rate (Harvard Apparatus, : ges ot values used in the exper! 'he valyugsio
60'a, andy alter between the extreme values indicated in the tableries between 1

Holliston, MA, USA) through the outer two inlets and a and 15 cm$ in a stepwise mannerThe values of were determined by comparing
suspension of beads, at a bead number density ofB eads  with our model.

mL?, is pumped through the inner inlet. We vary the average
25 fluid speed in the separation chanoglin our experiments from Results and discussion
1-15cm s. A hydrodynamiefocusing® configuration has been _
adopted since a straight line of beads entering the separatioI?IXpenmental results
channel will result in the best possible control of the exit position.The images in Figure 2 are representative frames taken from
A Phantom V9 (Vision Research, Wayne, NJ, USA) video high-speed videos of the experiments. Here, 1.4 pm radius beads
30 camera recording at 3000 fps is used in combination with brightare initially focused to the center of theparation channel. The
field microscopy (Leica Microsystems, Wetzlar, Germany) to beads flow from left to right, passing the permanent magnet(s)
capture the motion of the paramagnetic beads. placed adjacent to the channel. The average deflections of the
Paramagnetic beads (Life Technologies, Carlsbad, CA USAparamagnetic beads right before exiting the outfgt, are
made with a polystyrene matrix embedded with,(ze  measured relative tthe exit positions of the beads in control
ss nanoparticles are suspended in deionized water (densityexperiments (with no applied magnetic field):
p = 10° kg m®, and dynamic viscosity; = 10°kg m* s¥) and  y =y (H)-y.(H =0). As we would expect, due to the flow
flow through the microfluidicdevice. The bead radii= 0.5 and  focusing, VS(H =0)~ 0. The spread in deflections measured
1.4 ym.We do not initially know the value of the susceptibility;s about this mean was 8 um. The average deflections of the
X but we assume that they are constant for each bead size and Weads are recorded each time as we decrease the average fluid

2 | Journal Name, [year], [vol], 00-00 This journal is © The Royal Society of Chemistry [year]



speedy,, from15to 1 cm &. As the fluid speed is decreased, the of the beadsD (m? s?), due to thermal fluctuations. In our setup,
beads exit closer to the channel wall, away from the centerline. D = kgT/6zpa = O(10'3 m? s?, where k, is Boltzmann's
The large distributions ofxé positions for the beads in casess constant (1.3& 102 m? kg s% K™) andT (293K) is temperature.
where the magnetic field is applied and when the flow speed i§he characteristic length a bead moves due to thermal
s low (Fig. 2) highlight the need to focus the beads at the channdluctuations, while it is in the separation channel, is
inlet. Without focusing, the distribution of beads at the exit would (Déy/u,)*? = O(10") pm <<y, which allows us to neglect the
be even larger. effects of thermal fluctuation®Ve also choose to neglect bead
The average deflections of the beads are plotted versus ihbead hydrodynamic interactions based on the assumption that we
average fluid speeds in Figure 3. Here, the baselite points  begin with a dilute suspension of beaBhe effects of bead
10 are obtained with 0.5 pm radius beads, with~ 3 mm and bead hydrodynamic interactions in high bead density microfluidic
{, ~ 6.4 mm. Subsequent data poiate results from changirgg immunomagnetic systems have begiscussed in the work of
¥, Ym and/ort,, according to the values in Table 1. Generally, as Mikkelsenet al'®) The dominant forces on the beads are Stokes
the speed of the fluid is increased, the residence time of the beadsag, F4) and magnetic forceF(,). Thus,
in the applied magnetic field decreases. Since the magoetie f
15 on the beads is the same regardless of the fluid speed, the beads

will deflect less as the fluid speed is increased. F,+F_ =0. )
150 : . . , : 5
A o Baseline Stokes dragFq = — 6mra(v — u), occurs due to the relative
° Y 1 movement of a bead to the fluid. The force on a spherical
ot paramagnetic bead in an external magnetic ¥feld* is F, =
100 L . az i Ama®uo(xl(+3)) VH . Here,v is the velocity of the beagn s?),
. * azy, ss U is the velocity of the fluid (m™Y, W, is the permeability of free
. a zt, space (1.257 x 10m kg s A), andH is the external magnetic
Yo fpm A ] field (A m™). The drag on the bead is proportional to the bead
. radius and the velocity difference between the bead and the
30 - ma 7 surrounding fluid. The magnetic foras proportional to the
A .I s0 Volume of the bead, its magnetic susceptibility, and the gradient
<N 2 . | of the square of the magnetic field.
}i *s; S . Rearranging equation (1) gives us the velocity of the bead,
L]
N AL CPIE A ; M
0.00 0.05 o, 0o 0.15
u /ms
’ ® 2ud x
Figure 3 The exit podion of the beadsz is plotted againsthe average flui V=t VH u. (2)
3 n y+3

velocity, u,. The plot shows that the exit position is determined by a comp:
between magnetic and viscous forces. As the bead size is decreased, rtéic
strength decreases and the beads exit at a position closer to the ce

Conversely, as fluidpeedis reduced, the drag force is decreased, and the .. 3
exit at a distance farther from the centerline. Error bars indibatdistribution ¢~ 70 1he magnetic field scales abl ~ (lmehmM) ( Y.~ Y) .

beal exit positions. The legend denotes the variables we have changedirs The derivative of H? with respect toy, scales as
to the ranges shown in Tablelead radiusa) and susceptibilityy), average flui du? 2 2,2 .2 7 . 0
speed(u,), the length of the magneté,) and thedistance between the magnet Tay ~ (ZmehmM ) ( Yo = y) ' However, microfluidic
the channely,). channels used for immunomagnetic sorting are typida(i00

um) in width (the largest possible value gf ) and the length of
The experimental results show that the 1.4 um radius bead#hie permanent magnets usgd,are usuallyO(1 mm), sp we can
for the most part, have larger deflections than the smaller 0.5 prmake the reasonable assumptioff- ~ (£w'nim 2)/2 y ).

20 radus beads, which indicates that larger beads experience &incey. is dependent on the time the bead is exposed to the
stronger magnetic force. Increasidg from 6.4 to 9.5 mm  magnetic field, we approximate a characteristicestetime for
increases the magnetic moment of the magnes ¢ w_h_ M, flow in the channel asAt ~ {,/u,. Thus, dividing they-
increasing the force on the bead and the deflection. Chapginge component of equation2 by y. gives usa prediction of the
from 3 to 4.5 mm dramatically reduces the deflection of thedimensionless exit position, yé :Ve/ Y., based on a

25 beads. dimensionless design paramei@r,

Scaling analysis

The Reynolds number of the beads during flow in oug

experiments is given byRg, = p a7 @)/n. Here, 7 =u, /h is y, = Yo _ K0, (3a)
a typical shear rate experiedcby the beads, artd= 50 um, so Ye
w0 Re =(pu, f)/n)( z;( H’ _ C(_lo’z)for our experiments, and so 4 AWM
we may safely neglect inertial forces in our model. where Q= e, (3b)
The Stoke<Einstein equation predicts the diffusion coefficiento x+3 Y 4, Y.,

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3



andx is a dimensionless scaling constant.

Equation(3), which is derived from a balance of magnetic and
fluid forces, agrees qualitatively with what is observed
experimentally. The result shows that when the magtietae

s increases, the beads exit farther from the center@methe other
hand, when the fid velocity and viscosity terms increase, the
magnetic beads exit close to the centerline. Our scaling analysis
reveals a linear dependence between the exit posiy'gnand
the design parameter). The scaling analysis reveals sale

10 important geometrical variables as well. The exit position of the

beads depends significantly on how far the magnet is from the

centerline,y,. The length of the magnet stadk, is also an o

important geometrical scale because it determines how lang th
magnetic force is exerted on the beads.

In the literature, several theoretical papet§'® that study
capture efficiencies of microfluidic magnetic devices also

15

develop dimensionless parameters from a balance of magnetisith H'=|H'(x,y, 7, L,

and fluid drag forces. Sinhat al,’ through dimensional
reasoning, identify a parameter that characterizes the critical
20 magnetic bead entrance position at which eventual bead capture
takes place before the channel exit. Their parameter is equivalent
to Q, albeit modified by the inverse aspeatio y/¢,, which
reinforces our more detailed scalitagv argument. We note that,
although they assume a podtipole magnet for their setup, they

80

dimensionless version of equation (2) is then

dx{) 12
=l — ’ )
dt X Ny H=Ch X %, 9
d , aH 12
D _ g0 ’ (%)
dt N lxy.=%.x % 9
dz, oH"?
=SR2 ' ©
dt 07 |y y. =%, ¥ §.
W, H,Y,Y)| and
7 7

y, \A

5 (7)

C247°CWN 247 °WPH?

2s measure the critical bead entrance position for complete- beadlypically Y, is small (for our experimentg, = 0.05) so we may

captureyen, and obtain an experimentaygerlaw, Yey o« %%,
for small values of2, which is close to our scaling predictiongs leading

Detailed calculations

30 In a detailed calculation to obtain a value for the coefficiemte
choose the origin of our coordinate system to lie at the centerof

exploit this small paranter by considering the system) (Gt
conditions

order in Y, subject to the initial
y,(0),Z2(0))=(0,00 This provides the bead

trajectory

the entrance of the channel as depicted in Figure 1(b) and non Xt; (t') =1, (&)
dimensionalize the system via
'~ 2
v oH (t,0,0,L. W_,H_ Y , -
» i () = 28] ( - 9 df,  (8b)
¢ M = »
(xy.2)=¢, (X y,2), t="t, H=—H/, 4)
o 4z z (t)=o0. (&)

40
The dimensionless magnetic fielt ', at a position(x’, y, Z)
may be determined analytically for a thidienensional
rectangular magnet of dimensiong,gk wy, X h,, and magnetized
in the x-direction (as shown in Figuré&(c)) in terms of the
4s dimensionless parameters

100

105

>

oy, =2
L

m

L

C

m
PR
m

, H

m

= = YC:

¢
- +(5)
lm

~
3 |3E

Ye
50 lm

110

which characterize the geometrical properties of the magnet antthe detailed calculation has allowed us to determine an explicit
expression for the coefficient, in terms of the geometrical
We denote the dimensionless position of the bead in theproperties of the system. For the system we study, we calculate

channel. (See Appendix for calculation.)
55
channel by (x,y,Z)=(x(t),yy(1, z( 1)), where the 1sx~0.01
different scaling fory, reflects the fact that deflections in the
y-direction occur on the scale of the channel width, The

L. oH'(,0,0,L,
<= A, °

(We note thataH'z/az' =0 on Z =0 w0 that the righhand
side of (&) is identically zero to all orders ilY.) Hence the
dimensionless magnetic bead exit position scaled with given
by ¥ = ¥, (L) = k2 where

2
W, H..Y,.0 i

’

©
oy

We plot in Figure 4 the dimensionless exit positi;q;nagainst

4 | Journal Name, [year], [vol], 00-00
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the design paramet&?. The solid line indicates the relationships Appendix
predicted by our model, with the slope~ 0.01 predicted by the
detailed calculation. Note that in the experiments we have varie
bead radiusg) and susceptibility i), the magnet stack length

s (¢4, average flid velocity Uy), and the normal distance between
the magnet and the channej,)( By comparing the experimental
data with our theory we find the magnetic susceptibilities of ttie
0.5 um and 1.4um radii beads, respectiyely = 2.5 x 102

this section, we calculate the magnetic field generated by a
threedimensional, rectangular magnet of dimensignsw,, x hy,
and magnetized in thedirection as shown ifrigure 1(c). The
magnetic vector potentia, is given by

(+/- 5 x 10% and 2 x 1¢ (+- 3 x 10%. The magnetic Uy cop M T uMe
10 susceptibilitiesof the beads vary between batches during the A__4” .m. r2 dv . AL (10)
manufacturing process and the values we obtain are within a
factor of 10 of those reported in the literattfre?” (They also *
vary by up to a factor of 10W/e find that the data collapses onto where
the theoretical curvey, = €. o
050 ; - A L — dxdyclz
o Bascline A 50 ez T (f(—X') +(S/— y') +(~Z— z)
c ¥y 1 (12)
&t 100
" ay F:r/|r|, r=(x-x,y-y,z- %), X represents the unit
® aypy .t A vector in thex-direction, and we have natimensionalized as in
y ol A art i 55 (4) and ).
¢ " Vo= k0 The integral (10) may be evaluated analytically, though the
" result is lengthy so we do not write it down here. Once
" a determined, the magnetic fieldd ' (x',y, Z, L, W, H , Y., Y)
-’i R 1 is then given by the relation
A 60
O
0.00 A . 1 : uH =V xA (12)
0 5 50
7 HalwhM
Q=T
X+3 yaquy, es Which provides an explicit expression for the dimensionless
Figure 4 Dimensionless exit positiory’e plotted versus the dimensionless de magnetic field,H ', nondimensbnalized as in (6
parameter2. The theoretical model equatiory,; = k€2, is plotted with a solid Acknowledgements
line, wherex ~ 0.01. The data for the exit position collapses onto the theo
curve. We are grateful to the National Science Foundai@®mant# and
. NSF#) for providing funding for our research. We also thank J.
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In this paper, we present experiments that show the variables thf@r €arly inspirations of this project.

control the exit positions of paramagnetic beads in a microfluidic

magnetic multitarget sorter. The important variables we find are: NOtes

bead size andusceptibility, magnet size amgagnetization, fluid  agengol of Engineering and Applied Sciences, Harvard éJsity,
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that predicts the exit position of the paramagnetic beads, and is itMathematical Institute, Universityf Oxford, Oxford, 0X1 3LB,
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different sizes and susceptibilities. The cells that present antigeRO!: 10.10396000000x/
specific to antibodies coated on particular beads will bind to those
beads. Flowing the soluton through the microfluidic References
immunomagnetic muliarget sorter we present here will result in
a0 the different cells exiting at different positions in the channel.
The dimensionless design paramerwe describe in this paper
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immunomagnetic mukiarget sorters in choosing beads, magnets,
flow rate, as well as geometry.
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