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Publishing Modelling and Simulation of Particle-Particle Interaction in
a Magnetophoretic Bio-Separation Chip
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Department of Mechanical Engineering /

Southern Illinois University Edwardsville
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ABSTRACT ')\

A Lagrangian particle trajectory model is developed to ptedic ;ﬁ't‘eraction between cell-bead
particle complexes and to track their trajectories in rnagﬁytophoretic bio-separation chip.
Magnetic flux gradients are simulated in OpenFOA@FD software and imported into MATLAB
to obtain the trapping lengths and trajectories of theparticlés. A connector vector is introduced to
calculate the interaction force between cell e}d\omp exes as they flow through a microfluidic
device. The interaction force calculation Xm.p&\[ormed for cases where the connector vector is
parallel, perpendicular, and at an a IESOf degrees with the applied magnetic field. The
trajectories of the particles are simulat b?solving a system of eight ordinary differential
equations using a fourth order e-Kutta method. The model is then used to study the effects of
geometric positions and angles of the connector vector between the particles as well as the cell

r mind flow rate on the interaction force and trajectories of the
t

size, number of beads
particles. The results interaction forces may be attractive or repulsive, depending on
the orientation (:f{ﬁe connector vector distance between the particle complexes and the applied
magnetic field .When“the interaction force is attractive, the particles are observed to merge and
trap sooner than a single particle whereas a repulsive interaction force has little or no effect on the

trapping length.

-

S: lblagnetic separation, particle-particle interaction, Lagrangian particle trajectory,

Keywo
R nge—KYnta method, cell-bead particle complexes, numerical simulation.
NS
“JINTRODUCTION
Over the past two decades, microfluidic-based bioseparation devices have emerged as a viable

technology to separate specific biological entities such as cells, bacteria, DNA/RNA, and proteins
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Publishifrgin biological samples. These devices offer several advantages over conventional separation
systems such as faster analysis, precise liquid handling, reduced amounts of reagents and samples,
integration of multiple processes on a single chip, and portability. Among various microfluidic-
based bioseparation techniques, magnetic-based systems are attractive due to their high selectivity,
simplicity, and low cost. Magnetic bio-separation has been used in ldb-on-a-chip devices, cell
separators, micro-total analysis systems, and DNA/RNA isolators f#=11]. Ta_this technique, the
desired biological particles are labeled with specific magnetic beads, followed by isolating the

marked entities by the use of a magnetic separation device.

Magnetic beads are comprised of iron oxide nanoparticles encapstlated in a polymer shell [12,
13]. The surface of the magnetic beads are coated with a speeific ligand that has a strong affinity
to the receptors on the surface of the bioparticle$, The size/of target bioparticles can range from
~5 um - 50 pum for cells, 0.5 pm - 5 um for bactetia, 204am - 450 nm for viruses, and 3 nm - 50 nm
for proteins [14]. Due to a high degree of selectivity between magnetic particles and non-magnetic
biomaterials, this separation method is more, efficient than other bio-separation techniques. A
significant number of analytical and experimental studies have been performed in the field of
magnetophoretic bio-separation, A modgl has been developed by Nandy and Chaudhuri for the
magnetophoretic capture of particleés<in a microfluidic device [15]. A magnetophoretic bio-
separation chip has been deSiguned, fabricated and modelled by Darabi and Guo [16]. This chip was
developed to separate £D4+T cells from blood and was later used to separate DNA from blood
[17]. Shevkoplyas et“al.4[18] performed a force analysis on a superparamagnetic bead in the
presence of an applied magnetic field. Zhu et al. [19] fabricated a magnetic-based bio-separation
chip using emibedded permanent magnets. In a magnetic cell separation system, the cells and
magnetic Beads form cell-bead particle complexes. Since the cell size is usually larger than the
magnetics beads, several micron-sized beads can bind to the surface of the cell to form a cell-bead
complex. Depending on the number of beads attached to each cell, the effective mass, volume,
density, and radius of the cell-bead complex can be estimated and used in force calculation analysis

[20]:

Particle-particle interaction force is an important phenomenon in a magnetophoretic bio-separation

chip. This interaction can occur between particle complexes either through the magnetic
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Publishitigraction force or the hydrodynamic interaction force [21-23]. In a magnetophoretic bio-
separation technique, the interaction between particle complexes is mostly due to the magnetic
moment produced by the individual particle complexes. Hence, hydrodynamic interaction force
can be neglected. It has been reported that in a magnetophoretic bio-separation chip, magnetic

particles tend to form chain-like structures [23], sheets [24], and r?é/mbranes [25] due to the

attractive magnetic force between the particles. Thus, particle icle “ipteraction must be

considered because of its broad application in magnetic separattﬁﬂ\netic drug targeting [26],
K

and biomedical sensing [27]. Due to the interaction force bet cles, the trapping length of

a bonded particle complex is expected to be shorter than a singlepartiele. In a microfluidic channel,
the interaction force can be of a particular interest near th%it:‘mo he channel where the induced
magnetic dipole moment between the particles is lagget. So dies have been performed in the
past to reduce the effect of particle-particle intera&% El?bottom of the channel. Gao et al. [28]
developed a model for disaggregation of superparamagnetic micro-particle complex clusters at the
bottom of the channel with the help of in uce“%ﬁic dipole—dipole repulsion.

In this study, a dipole-based intera tionh&model was incorporated into the particle transport
analysis in a magnetophoretic bio—sg%ﬂ&) chip and the effect of particle-particle interaction on
particle trajectories was investig \d.\Magnetic flux gradients were simulated in OpenFOAM and

particle transport modeli s performed in MATLAB by solving a system of eight coupled
ordinary differential icij\gbng a fourth order Runge-Kutta method.

c€qua
V.
y: V.
1. THEORY

Two differentlapproacheshave been employed to obtain an analytical expression for the interaction
force benéilf etic dipoles [29]. These methods include a path integral approach and a vector
differentiati appfoach. In both cases, the inter-particle distance vector is assumed to be large
compated to f‘sle size of the dipoles. In classical electromagnetics, a magnetic field produced by a

g"r';\etio:5 1pole is given by [30]

e na=-fr ()
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Publishi##ecre m, is the magnetic dipole moment and r is the distance between the two dipoles, and p, is
the vacuum permeability. Using potential energy considerations, the force exerted by the dipole
1 on dipole 2 can be written as [31]
Fi; =V (Byp.1m,) ()
By substituting the magnetic field equation into Eq. (2), the interactioz/ rce between the
particles becomes [29] c\

= 3#0 — o\ = — o\ — — = -
Fip = AmrS (my.7)my + (M. 7)my + (My.mp)7r —

r 3)
Where F,, is the interaction force, exerted on particle 1, )ndqfiz are the magnetic dipole
—
moments of particles 1 and 2, and 7 is the connector vegtor between particles 1 and 2. Since the
magnetic dipole moment is a function of the gradieng(d.f the

netic field, it is difficult to have a
good sense about the direction of the force. However, if @e dipole moment is either parallel or
perpendicular to the inter-particle distance ve :,t}eﬁrc“é approximation will be simpler and an
analytical expression can be obtained for t e}ﬁ@\ckw force between two magnetic point dipoles
[32-35]. A schematic illustration of m, gn&@? moments (m, ,m,) of two cell-bead particle
complexes under the influence of ag&?dd is shown in Fig. 1. If the particles are assumed to
be spherical point dipoles, the ;& o\ force can be approximated by simplifying Eq. 1,
depending on the direction of th: Mic moment. It is assumed that the particles do not rotate

which is valid for cases whereithe magnetic dipole moment is either parallel or appendicular to the
direction of the applied magneticlfield. For a case where the magnetic moment is parallel to the

inter-particle dism}p dSe I}, g. 3 can be simplified as:

Fp,=— St (my.my) 4)

2mr?

The negative si Dndicated that interaction force is attractive. If the particles are aligned parallel
to the extérnal applied field (i.e. 0 = 0°), they are attracted towards each other without any rotation
becauge the m éic interaction force and the external magnetic force are both parallel to the field
direction, Wh}n the magnetic moment is perpendicular to the inter-particle distance (Case II), the

—
i eracti651 force is repulsive and is given by:

3 ~ Fip = 3ﬁ(ml-mz) 5

4mrs

In this case, the particles are repelled from each other in the horizontal direction and descend in

the vertical direction towards the bottom of the channel without any rotation because the magnetic
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Publishitig action force between the particles is only in the horizontal direction. For a case where the
magnetic moment is at an angle of 45° with the inter-particle distance (Case III), Eq. 3 can be

written as:

3

Fip = — :T‘; (0.086m,.m,) ‘/ (6)
The interaction force is still attractive but it is significantly smaller thai case I, where the magnetic
moment is parallel to the inter-particle distance. In addition, for Za, particles can rotate and

change orientation inside the channel, but particle rotation is neg’?@%

| . y i~ ]

> Case I: 9=0° Caseé Ill: 0=45°
—»
m, 3 m,
_
Fluid Flow my
>

\
= TT,‘T\‘T*BTTTTTT
Went magnets Wlth opposing poles

Figure 1 Schematic illustration o gnetlc dipole moment (my ,m,) of two cell-bead particle

Z/”
=4

zZW0n

complexes under the infl n%S[he magnetic field in a magnetophoretic bio-separation chip. The

schematic is not to S le

2 shows aschematic illustration of different forces acting on two cell-bead particle complexes in

Particle separ@sport is an important phenomenon in many microfluidic devices. Figure

f an’applied magnetic field as they move along the channel. Among the various

forces cting‘?n he particles, the magnetic force, gravitational force, hydrodynamic drag force,
a d-i?lter-p icle interaction force are the dominant forces. The effects of Brownian motion can
be 1 orez since the size of the particles in this study is in the 10-30 micron range. Van der Waals

¢ was also neglected due to the size and concentration of the particles used in this analysis

3
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subjected to an applied magnetic field. Hydrodynamic dra ce, gravitational force, magnetic

force, and inter-particle interaction force are Qﬂereain the computational analysis. The

-
schematic is not to scale. \

A solid particle suspended in a fluid e i s a hydrodynamic drag force opposite to its
direction of motion. If the Reynolds’ beris_low, which is the case with most microfluidic

\ 2

devices, the hydrodynamic drag force on aspherical particle can be approximated by Stokes’ law:

Ja=6nRn(Vy — V) (7)

—

d&xnis the dynamic viscosity of the medium, and l7f and V, are the

fluid and particle velogities,wespectively. If the flow is laminar, the velocity distribution across the

Where Ry, is the particle 1

channel can be det

ined by/so ving a steady flow between two parallel plates as follows:

\ Sy (N2
5 Vr = %hw (h (h) )L ®
olumetric flow rate, h is the channel height, and w is the channel width. Stokes

Where Q th? \4
drag fefee ¢ bednodified for non-spherical particles such as a chain of small spheres [37]. In

such case, theSdrag force equation can be written as:
ﬁ

S 7y = 6nRnk(V, - 7)) ©)
erd( is a shape factor and R, is the equivalent radius of a sphere having the same volume as

the,chain of small spheres,
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Publishing Rye = 3/?:?_2 (10)

For a cluster of n spheres,

R, = n3R, (11)

The magnetic force acting on a particle complex is a function of th netic moment of each
mlqd%ad

magnetic particle, number of beads attached to the cell, and magne c'ﬂj ients:

E, = N(,.V)B \ (12)
where 1, is the magnetic dipole moment of the bead, N is t anbqo beads, B is the magnetic

field. Magnetic moment of the beads can be written as: Q
m, = prbML

) (13)
where p;, V}, and M p are the density, volume, and&hgﬁz‘ztion of the bead, respectively. At very
low flow rates, the gravitational force can haye an effect on trapping efficiency of a particle in a
magnetic bio-separation chip. Thus, the gravitational force should be taken into account in the
analysis of particle transport. The net itatiomal force is due to the density difference between
the particle and fluid. Thus, the ne&m@ force can be written as:

\%{(Pp —Pr)vpd (14)
where p,, and py are the ities of the particle and fluid, respectively, v, is the volume of the
particle, g is the gravitdtio en‘blera‘[ion.

£

IIl. MATERIAIZS/ A ETHODS
A. Modelling Simulation

OpenFOA software was used to simulate magnetic flux gradients above an array of
external néts with opposing poles. A detailed description of the magnetic field simulations has

£

been previouslyeported and it is not repeated here for brevity [38]. The magnetic flux gradients
were.th im}orted into MATLAB to calculate the magnetic force at various nodes inside the
m roﬂulyic channel. Figures 3-5 show representative magnetic force distributions at various
‘diga.rﬁes from the surface of the magnets for an array of eight permanent magnets configured in
analternating polarity along the channel. Figure 3 shows the variation of the x-component of the
magnetic force, Fmx, along the channel at various distances from the surface of the magnets. Due

to the alternating polarity arrangement of the magnets, Fmx changes direction from one magnet to

7
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Publishigg her. This oscillatory feature of the magnetic force in x-direction is more visible near the surface
of the magnets and as the distance from the magnets increases to 800 um away from the surface,

the magnetic force becomes relatively negligible.

| o

g
J
o TV

k“’/
N
J

30

Magnetic force in x-direction (pN)
o
)
| ——

-30

£
0 2 4 6 12 14 16 18 20
Horl ONSIpos ign in x-direction (mm)

o
Figure 3 Variation of the X-compowe magnetic force along the channel at various distances

from the surface of the magnet\\

Figure 4 depicts the vari 'orﬂ\e y-component of the magnetic force, Fmy, along the channel at
various distances fro ths,su ct of the magnets. The negative sign indicates that the direction of
Fmy is towards the/surfa ofthe magnets. Furthermore, by comparing Fmx and Fmy values, it can
be concluded the“dominant component of the magnetic force inside the channel is the y
component,6f orce, which is approximately 5 times larger than Fmx. The norm of the magnetic

force alongthé ch}n el at different distances from the surface of the magnets is shown in Figure

5. Tt chn be seefifrom this figure that the magnetic force is substantially higher at the interface of
ti@ s. Due to polarity arrangement of the magnets, the force produced inside the channel is

NI
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Publishinagger than a single magnet and it provides net magnetic force on the particle at a distance of 600

um from the surface of the magnets is approximately 10-15 pN.
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Figure 4 Variation of the y-compo!@ﬁmagnetic force along the channel at various distances

from the surface of the magnet\\
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PublishiRigre 5 Variation of magnetic force norm along the channel at various distances from the surface

of the magnets.

In this work, horizontal and vertical components of the magnetic force along with the drag force,
gravitational force, and particle-particle interaction force were used to ‘p{edict particle trajectories
inside the fluidic channel. When the magnetic moment is parallel¢te.the e@nnector vector, the
motion of the particles in the channel can be predicted by applying ‘?ton’s second law in the x
and y directions as follows: -)\

Force balance for particle 1 in the x-direction: ~

= Fdlx L‘E’mlx (15)

Force balance for particle 1 in the y-direction:

dv
My = = Fdl.y%\ g1 T Fa1 (16)
.

plx

Force balance for particle 2 in the x-directi

dvp>

my, N Fdz,x + sz,x (17)
Force balance for particle 2 in w@ﬁon:
p2 2y = Fazy + Fmoy + Fgp + Fp (18)
Substituting equation§ 4-9¢an in equations 15-18, and simplifying, we can write:

V.

A -
)\ B 4 kv x = Ny (19)
Qs / ac TRy =Ny 20

\ ~ dt’ + ksz‘X = an (21)

10
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Publishin dv
g at +kvpey = nay 2)
Where

k = 61::p1n _ 611:Rp217 (23)

p1 Mp2 /

8By 0By ‘)

Npp Vp Mgt =+

iy = 20 gy St @)

mpl

N

—_—
0By OB 3
NppVp msat(a_g+a_;>+(l7p_ Pf)Vplg+2 ng‘(l')l /D|4(_m1m2) (25)
— -

Ny = - ( ~——

-

_ 36mRpnQy o %sat(%’f%) (26)
Mox = Mmpz2hw Z( K )+\\ Mp2

\<
Npp Vp msat(?*‘%,‘)szg %(_mlmﬁ 27)
. -
\$\ Mp2
Equations 19-22 constitu@m coupled ordinary differential equations (ODEs). When the

applied magnetic field's<alle o the connector vector, the coupled system of equations can be

written as:
ys V.
3N

nzy s

Avpx
B2 =y — KVpix (28)
4
o~ V.
dx
_ 5 Up1x = d_tl (29)
dv
S o ;tl,y = nyy — kvpyy (30)

11
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Publishing ay1 (31)

dvpzlx

dt = Npx — kVpZ,X (32)

d \
Vpre = \K) (33)
% =Ngy — kvpay "‘& 34)

Upzy =t s:,)
The simulations were performed using a 4t&r Runge-Kutta method. Equations 28-35 were

solved subject to initial conditions for%f x1(0), ¥1(0), x5(0), y(0) and velocity of
th:

Vp1x(0), Vp1,(0), Vp2x(0), Vpz,(0 articles. Then, the change in the vertical and

horizontal positions of the particl erc\calculated from the initial position where the particles
started their transports in the c & ermine the particle trajectories within the microfluidic
channel. Similar analyses W;r;\nxowd for cases where the applied magnetic field was
perpendicular or at an an eGhSO to the connector vector. The flowchart of the solution algorithm
is shown in Fig. 6. 4

ys V.
3N

(35)

12
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Update particle velocity )

I

Solve for particle ve\oclt
from force equatlons

Update and store particle l 3
position in an array Calculate nev{omﬁ of

particle from velocity.

Store trajectory data
and graph results

Figure 6 A floyc of numerical simulation

B. Experimental Method \&\

Since the resolution of opti icroscopy is not suitable for tracking of small and fast-moving
particles inside a micr, ui a‘c\lﬁmel, it is not possible to experimentally control and measure the
trajectories of ¢ f coyaplexes. Thus, to verify the computational model, a series of
experiments were carrigd out using 1-pum superparamagnetic beads at various flow rates and their
trapping len re experlmentally measured. The trapping length refers to the farthest distance
a particle€an travelloefore it is captured on the bottom of the channel. For example, if the channel
heigh 00 éd the particle starts its journey from the top of the channel, it slowly descends
to ar&&&tom of the channel due to the magnetic force as it travels through the channel. Once

partl e reaches the bottom of the channel, the particle is considered as being trapped. The
riz 1 distance that the particle travels from its starting position until it is trapped on the bottom

th channel is referred to as the trapping length of the particle.

13
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PublishiRigre 7 shows a photograph of the experimental setup which consists of a bidirectional MilliGat
pump with a MicroLynx controller for the sample, a syringe pump for the buffer, an optical
microscope to monitor the particle motion within the channel, and plastic tubing for the
connections between the pumps and the chip. Magnetic bead samples were prepared by washing

and diluting a 10 pL concentrated magnetic beads in 990 pL deionized water (a 1:100 dilution).

Before introducing the sample into the channel, the chip and tubin wzre hed with deionized

water and soaked with 20 % bovine serum albumin (BSA) fo%\utes and rinsed with the

into the.separation channel using a
bidirectional milliGAT pump. The flow rate was varied fro n‘lj)"’n'rL./h to 80 mL/h in 10 mL/h
increments. Each test was repeated three times and the@sv lues of the trapping length of
superparamagnetic beads were measured. C

isolation buffer. Next, the diluted bead sample was injecte

14
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Publishing

3 igure 7 A photograph of the experimental setup
£

IV. RESUL AND DISCUSSION

Figur shovéy a comparison between the experimentally measured and simulated trapping lengths
af variou rates. The simulated trapping lengths were found to be in good agreement with the
e&h;tal results confirming our modeling approach and methodology. Once the model was

idated for superparamagnetic beads, simulations were performed to determine the trajectories
of two cell-bead particle complexes for the following three cases:

1) Case I: The applied magnetic field is parallel (0°) to the connector vector.

15
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Publishi?mgCase I1: The angle between the applied magnetic field and the connector vector is 45°.

3) Case III: The applied magnetic field is perpendicular (90°) to the connector vector.

50

A

D
o

)
R ¢ )
N
N

\ ~ —Simulation
0 F \ \
0 zc% 40 60 80 100

Flow rate (mL/hr)

Figure 8 A comparis@e simulated and experimentally measured trapping length of 1-
iodeh

um superparama?,et ads at various flow rates
The 0° (para elﬁm (perpendicular) cases were selected because they represent extreme
situation hg;e pasticles either fully attract or fully repel one another. If the cell-bead complexes

N
o

Trapping Length (mm)
)
Cx

-
o
>

are aligned aliél to the external applied field, the magnetic interaction force between the
particles is atﬁpctive, causing the cell-bead complexes to merge together and eventually trap earlier
a@;om of the channel. On the other hand, if the connector vector between complexes is
erpendicular to the direction of magnetic field, the magnetic interaction force is repulsive, forcing
paticles to move away from one another. In this case, the particles do not merge and follow
their own trajectories inside the channel until they are trapped or flow out of the channel. While

one could model any angles between 0 and 90 degree, we selected for a 45 degrees angle because

16


http://dx.doi.org/10.1063/1.5022582

E I P | This manuscript was accepted by Phys. Fluids. Click to see the version of record. |

Publishithg interaction force is still attractive albeit much weaker than the zero degrees case but it results
in a shorter trapping length. The angles that results in a repulsive force do not lead to interesting
results because it has very little or no effect on particle trajectory and each particle follows its own

trajectory.

Simulations were performed to study the effects of sample flow rate siwmber ef beads per cell, and
cell size on the trajectory of the cell-bead complexes by taking into“account the particle-particle
interaction. The inter-particle distance (center to center distariee between'the particles) was also
varied to investigate its effect on the interaction force and partielé trajectories. Figure 9 depicts the
effect of flow rate on trajectories of two cell-bead particle complexes as they travel along the
channel. The number of beads per cell, cell sizef and bead size are 10, 10 pm, and 1 um,
respectively. The inter-particle distance was assufaed to be twice the particle diameter. Each set of
two lines with the same color represent the trajectoriés of two identical particles that start their
journeys from two different initial positions whilg theéy-are slowly attracted and eventually merged
together due to the particle-particle intgraction force. The point where the two lines with the same
color merge represents the position where/the. particles join together. From that point on, the
merged particles are considered as“a ‘single particle and follows its own trajectory inside the
channel. The bonded particle is obsgrved.to descend at a much steeper slope within the microfluidic
channel until it is finally trapped on the bottom of the channel. This is because when the particles
are joined together, theit magnetic moments increase by a factor of two since the magnetic moment
is linearly proportionaktotthe number of beads, but the drag force does not increase linearly. Since
the bonded partiéle 1s not spherical, a shape factor was introduced to calculate the drag force by
assuming that_the bonded particles form a chain-like cluster of spheres. A shape factor value of
k=1.12 was used in.the simulation because the chain is aggregate of two spherical particles [37].
Other patameters 6f particle modelling remains the same but the effective mass and volume are

twice that of a single particle.

Theresulfs also show that the external magnetic force is stronger than the interaction force between
the particles. For example, by the time that the particles with an initial distance of 20 um are
attracted and merged together due to the interaction force, they descend by more than 50 pm due

to the external magnetic field. The results also indicate that the particle trapping length increases
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Publishiwih increasing the flow rate. This is because as the flow rate increases, the particle velocity along
the channel increases as well, but the external magnetic force remains constant. As a result, the

particle travels a longer distance before it is trapped on the bottom of the channel.

100
e Q=25mL/hr
Q=50mL/hr
90 e Q=T 5mL/Nr
m——— Q=100mL/hr

vertical distance y(pm)

10 12
‘\ honzonlal distance x(mm)

Figure 9 Trajectorl o ce -bead particle complexes at various flow rates for a case where

complexes is

the applied ma eﬁ is parallel to the connector vector. The distance between particle
FBthe pasticle diameter (r=2D).

In a magugtophoretie bio-separation chip, the number of beads that are attached to each cell can
have afsignificant/etfect on particle-particle interaction. Figure 10 shows the simulation results for
an ig&e artic&e spacing of r=2D at various number of beads per cell. The cell size, bead size, and
flow rateslre 10 um, 1 pm, and 50 mL/hr, respectively. The particles are assumed to start from the
e herizontal position at the same time, but the first particle starts its journey from a vertical
sit%n of 100 pm while the second particle starts from a vertical position of 80 um. The results
indicate that the trapping length decreases with increasing the number of beads per cell. This is

due to the fact that as the number of beads per cell increases, the magnetic moment of the particle

18
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Publishieghplexes increase as well. As a result, the particle complexes with more number of beads are
attracted to each other at a much faster rate and bonded together sooner. Additionally, particles
with more number of beads descend at a faster rate because as shown in Eq. (12), the external

magnetic force is proportional to the number of beads.
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Figure 1@@{20 of two cell-bead particle complexes at various number of beads per cell for

T

T

1

a cas phed magnetic field is parallel to the connector vector. The distance between

part‘i&l omp xes is twice the particle diameter (r=2D).

r a given number of beads per cell, the interaction force between particle complexes is different
eming on the cell size. Figure 11 shows the particle trajectories for three different cell sizes at
an inter-particle distance of r=2D. The flow rate, number of beads, and bead size are 50 mL/hr, 10,

and 1 pm, respectively. In all cases, as the particles travel along the channel, they are attracted

19


http://dx.doi.org/10.1063/1.5022582

! I P | This manuscript was accepted by Phys. Fluids. Click here to see the version of record. |

Publishitegyards each other due to an attractive interaction force and eventually form a single bonded
particle. It is observed that as the cell size increases, it takes more time for the particles to be
trapped on the bottom of the channel. This is because the drag force is greater on a larger particle,
causing the particle to move at a slower velocity. Thus, if the number of beads per cell is kept the

same, it can be said that the particle interaction is less dominant for laiér cell sizes.
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Figure 11 Arajecteries of two cell-bead particle complexes at various cell sizes for a case where

£

the applie agnﬁtic field is parallel to the connector vector. The distance between particle

complexes isSw1 e the particle diameter (r=2D).
ﬁ
Figure 12)depicts the trajectories of two cell-bead particle complexes for a case where the applied

~n%gn ic field is parallel to the connector vector at two different inter-particle distances of =D
d r>2D. The number of beads per cell, cell size, bead size, and flow rate are 10, 10 pum, 1 pm,
50 mL/hr, respectively. The trajectory of a single particle is also plotted for comparison. Note that

for the r=D case, one particle starts its journey from a vertical position of 100 um while the other
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Publiship#ticle starts from a vertical position of 90 um. For the r=2D case, one particle starts from a
vertical position of 100 pm while the other particle starts from a vertical position of 80 um. It is
observed that for the r=D case, the bonded particle is trapped sooner on the bottom of the channel
compared to the r=2D and single particle cases. The results also indicate that as the inter-particle

distance increases, it will take a longer time for the particle complez'és to get closer and bond

together. This is because the interaction force decreases as the di nce tween the particle
complexes increases. Once the particles are pulled together an bo , the magnetic force will
be higher than the hydrodynamic drag force. Thus, the trappi bonded particle accelerate

for the r=D case. Simulations were also performed for a Case ercthe distance between particle

complexes was three times the particle diameter (i.e. r—3D) this particular inter-particle

distance, the interaction force was not sufficient t(};‘l;ll thesparticles together and each particle

followed its own trajectory. As the particles moxﬂi\aljlg‘ae channel, the inter-particle distance
e wa

was observed to decrease but the interaction ot sufficient to change the trajectories of

individual particles significantly. These re ul hown because the trajectories were similar

\\
\

to a single particle trajectory.

..\Q
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Figure 12 Trajectories of, 1 bead particle complexes at various inter-particle distances for a

case where the applie mag tic field is parallel to the connector vector. The trajectory of a single

particle is shown /‘t arl

Simulations \Qrformed for case II, where the magnetic field is perpendicular to the

istance. Figure 13 shows the trajectories of two cell-bead particle complexes for

connector yéct
an 1nter—p iole d1 ance of r=2D. The number of beads per cell, cell size, bead size, flow rate are
10, 1 pm 1 and 50 mL/hr, respectively. It is observed that the particles are not attracted to
5h1s case and each particle follows its own trajectory. This is because as shown in

E at10n55, when the connector vector is perpendicular to the magnetic moment, the interaction
e\between the particles is repulsive, causing particles to move away from each other. In this

casg, the particle-particle interaction force has a very little or no effect on the trapping length.
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Figure 13 Trajectories

o cell-bead particle complexes for a case where the applied magnetic

field is perpendicular(fo the conaector vector.

4

Figure 14 depicts‘a parison between the trajectories of particle complexes for cases where the
applied ma tig)eld is parallel (0°) or forms a 45° angle with the connector vector. A single

particle t jec}pry, hich is similar to the case where the magnetic field is perpendicular to the

connegtor, veotor (1.e. 90°) is also plotted for comparison. In all cases, the cell size, bead size,

numberxof be%ls, and flow rate are 10 um, 1 um, 10, and 50 mL/hr, respectively. The results show

,ﬁ
that the tgapping length for the 0° case is shorter than the 45° case and the 45° case is shorter than

By

4%5 particle trapping length. This is because the particle-particle interaction force for the 0°
¢ 1s much stronger than the 45° case as shown in Egs. 4 and 6. In addition, as the particle

complexes move along the channel, they are attracted towards each other and eventually stick

together. Since the manganic moment of the merged particle is larger than each individual particle,
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Publishithg descending velocity of the bonded particle increases, resulting in a shorter trapping length for

the merged particles compared to a single particle.
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Figure 14 Come/ )
trajectory for ﬁ;qu connector vector is parallel (0°) and at 45°angle with the applied
magnetic field. Fhe distance between particle complexes is twice that of the particle diameter
£
=2D).
(=20), {4

—
NCONGLUSIONS
‘fﬁ’hﬁ paper, a Lagrangian transport analysis was performed to predict trajectories of cell-bead
patticle complexes in a magnetophoretic bio-separation chip. A dipole-based model was employed
to calculate the particle-particle interaction and obtain particle trajectories within the microfluidic

device. Simulations were performed for three different cases where the geometric positions of the
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Publishipgticle complexes were parallel, at a 45 degrees angle, and perpendicular with the applied
magnetic field. The parallel and perpendicular cases were selected because they represent two
extreme cases where particles either fully attract or repel one another. While one could model any
angles between 0 and 90, a 45 degrees angle was chosen because the interaction force is still
attractive albeit much weaker than the zero degrees case. A parametric/Study was also performed
to analyze the effect of particle-particle interaction on the trajectori€s<Qf celisbead complexes by
varying flow rate, cell size, and number of beads per cell. The grappidg length was observed to
increase with increasing the flow rate and cell size while it de€reasedywith increasing the number
of beads per cell. It was found that the interaction force between-eell-bead complexes can be
attractive or repulsive depending on the angle between the magnetic moment and the connector
vector. When the applied magnetic field is parallel t0 the ‘eennector vector, an attractive force
between particle complexes are observed, causidg the particles to join together and trap sooner
than a single particle. However, if the magnetie,nomeént and connector vector are perpendicular,
the interaction force is repulsive, and theparticles are repelled from each other and follow their
own trajectories. In this case, particle-particlednteraction force has a very little or no effect on the
trapping length. It is also noticed that if the Lonnector vector forms a 45° angle with the magnetic
moment, a less dominant attractive forceds produced between the particle complexes than the case
where the magnetic moment is parallelayith the connector vector. These modeling results provide
valuable insights into a bettérunderstanding of particle-particle interaction and its effect on particle

trajectory which cannagt be‘easily pbtained from experimental observations.
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