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Abstract: The magnetic body forces that act on
mono-dispersed magnetic nanoparticle (MNP)
tagged biomolecules in a microfluidic system
can be efficiently used in various applications
that involve separation and detection including
DNA and protein analysis, bio-defense, drug
delivery, and pharmaceutical development.
However, for microfluidic devices to perform
such operations for point-of-care analysis, it is
often necessary to tag biomolecule of interest
with  MNPs on-chip. Tagging various fluid
contents continuously in the micro-scale is often
difficult due to slow diffusion process where
length scale of mixing is large. Therefore,
enormous time is needed for the biomolecules to
be thoroughly mixed and combined with MNPs.
In this work, we report an FEM model to
demonstrate a novel method of tagging
biomolecules with MNPs on-chip using time-
dependent magnetic field, produced due to the
electrodes embedded in the device substrate
beneath the microchannel. A time-dependent
magnetic body forces produces oscillation in
MNPs causing agitation in the surrounding fluid
that otherwise follow laminar profile and overall
speeds up the reaction kinetics of the tagging
process. This strategy is easy to implement and
can be integrated on a lab-on-a-chip system. The
model was employed to quantify the effect of
convection, diffusion, reaction and magnetic
field on the tagging performance. Overall, the
developed COMSOL model demonstrates that
time-dependent magnetic actuation is an efficient
tool to mix or tag MNPs with biomolecules in
situ for the development of efficient point-of-
care microfluidic systems.

Keywords: microfluidics, magnetic
nanoparticles, lab-on-a-chip, modeling, medical
diagnostics.

1. Introduction

Microfluidics together with nanotechnology has
played a major role in developing micro-total-

analysis-systems (WTAS) or lab-on-a-chip
systems. These miniaturized systems have found
profound application in medical diagnostics,
chemical and biological analysis, forensic
analysis and even immunoassays and toxicity
monitoring [1]-[3]. Miniaturization has offered
numerous advantages including shorter analysis
times, reduced sample and reagent volume, as
well as high selectivity and sensitivity [4].
Recently, functionalized magnetic
micro/nanoparticles [5], [6] are advantageously
combined with microfluidics for separation and
detection of biomolecules such as cells, proteins,
DNA’s and RNA’s from. It is based on very
simple principle of isolating biomolecules of
interest from the bulk mixture by attaching them
to small magnetic micro/nanoparticles and then
steering it by using an external magnetic field
[7], [8]. Numerious microfluidic systems based
on magnetic isolation techniques have been
developed in the last few years [9]-[13]. The
combination of magnetic micro/nano particles
together with microfluidic offered added
significant ~ advantages such as, easy
implementation and automation, higher surface
to volume ratio [5], [6] for chemical binding,
superparamagnetic  nature [5] i.e., zero
magnetization in absence of magnetic field helps
them to stay suspended in carrier liquid without
agglomerating, and no harmful effect on internal
solution containing biomolecules.

However, prior to separation and detection
analysis, the biomolecules should be tagged with
magnetic nanoparticles using specific antigen-
antibody chemistry [6] in-situ before realizing its
advantages in a lab-on-a-chip system typically
developed for point-of-care analysis. Tagging
involves bulk phase reaction between MNPs and
biomolecules which greatly depends on the
quality of mixing. Due to extremely small
channel size the flow regimes are typically
laminar therefore diffusion processes limit
mixing, reaction rates, biomolecule accumulation
times and ultimately, separation or detection


mailto:szhou@wpi.edu%20(Susan
http://www.comsol.com/conf_cd_2011_us

sensitivities of these devices. Therefore,
enormous time is needed for the biomolecules to
be thoroughly mixed and combined with MNPs
for further application. Numerous
external/internal actuation strategies have been
designed in order to enhance the mixing either in
an actively or passively. Some of them include
splitting and injecting of fluid flows [14],
disturbing the fluid flows with microchannel
structures [15] and confining the species in
droplets [16], [17]. Other active methods are by
inducing external energies including mechanical
[18], [19], electrical [20], acoustic [21],
ultrasonic  [22] or thermal [23] in the
microchannel flow. Although these methods
have produced excellent result but often require
complicated fabrication protocols or energies
that can potentially damage cell, biomolecules or
DNA [24].

To circumvent this problem, magnetic
nanoparticles together with local alternating
magnetic field can be used in the microfluidic
channels. This novel strategy can produce
enhanced mixing which is simple and can be
easily integrated in to lab-on-a-chip device for
tagging biomolecules of interest with magnetic
particles for further processing. However, a more
quantitative understanding of the dynamics and
kinetics involved in the time-dependent magnetic
particle actuated tagging process is required.
Therefore, in this work finite-element COMSOL
based multi-physics model is developed to
investigate a wide range of design parameters
involved in the development of novel time-
dependent magnetically actuated tagging process
on chip. It is demonstrated that a time-dependent
magnetic body forces are produced due to the
electrodes embedded in the device substrate
beneath the microchannel. These forces disturbs
the MNPs flow regime causing agitation in the
surrounding fluid that otherwise follow laminar
profile and overall speeds up the reaction
kinetics of the tagging process. This strategy is
easy to implement and can be integrated on a
lab-on-a-chip system especially for point-of-care
analysis. The model was employed to quantify
the effect of convection, diffusion, reaction and
magnetic field on the tagging performance.
Overall, the developed COMSOL model
demonstrates that time-dependent magnetic
actuation is an efficient tool to mix or tag MNPs
with biomolecules in situ for the development of
efficient point-of-care microfluidic systems.

2. Numerical model

In this work MNPs are used together with time-
dependent magnetic field to enhance the mixing
and consequently improve tagging of MNPs with
biomolecules. A schematic of the microfluidic
system together with integrated copper
electrodes for creating time-dependent magnetic
field, along with corresponding co-ordinates and
dimensions, is shown in Fig. 1.

Figure 1. Schematic of time dependent magnetic
tagging process: a) a three-dimensional conceptual
representation of the microfluidic system, b) a 2D
cross-sectional view used to develop finite element
COMSOL model, and c) binding reaction between
MNPs and biomolecule using antigen-antibody
chemistry.

On application of current in the electrodes, large
magnetic force and magnetic field gradients are
created which disturb the MNP solution flowing
within the microchannel. The disturbances are
periodically created by turning the current on/ off
through the conductors causing agitation in the
flow thereby increasing the mixing and
consequently the tagging kinetics. A simplified
two-dimensional geometry is considered for
COMSOL model focusing on the axial cross-
section of the microchannel. Although a full
three-dimensional simulation would be more
accurate but will be more memory intensive.
Moreover, qualitative trend would still be the
same. Two fluids one containing MNPs and the
other biomolecules are loaded in the
microchannel via top and bottom inlets
respectively. In all the simulations, it is
considered that the fluids flow with a constant
flow velocity from left to right with a laminar
flow. It is considered that both the magnetic
nanoparticle and biomolecule solution is
transported by convective flow towards the
outlet and is also free to diffuse. The surface
modified MNPs containing antibody as a



receptor are employed to bind with biomolecules
(receptor-antigen) by utilizing specific antigen-
antibody chemistry. In order to quantify the
tagging performance, mixing cup

concentration (C MC ) and  mixing cup

variance (V,c ) MNPs-biomolecule (MNPBIO)

complex given by Eq. 1 & 2 respectively, are
computed at the outlet of the microchannel.

qu(x, y) dxdy
Cuc =* (1)
Me Iu dxdy
A
fuCxy)~Cye)? dxdy
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A

Where, C(X,y) is the instantaneous

concentration of MNPBIO complex and U is the
x-directed flow velocity. The finite element
COMSOL model developed is based on Navier-
Stokes equations for flow, convection and
diffusion equation for concentration profiles,
bulk phase reaction kinetics for tagging process,
and Maxwell’s equation for calculating the
magnetic field and magnetic force acting on
MNPs. The finite element software package,
COMSOL™  Multiphysics (COMSOL AB.,
Stockholm, Sweden) is used to solve the two-
dimensional partial differential Equations
obtained in our model. The finite element model
consists of three  application  modes:
incompressible  Navier-Stokes mode  and
magnetostatics mode to predict the convective
velocity of fluids with and without the influence
of magnetic field force, a convection-diffusion
mode to predict the concentration of MNPs,
biomolecules, and MNPBIO complex solution
within the microchannel. A bulk phase reaction
term is used in the convection and diffusion
mode to realize interaction between MNPs and
biomolecules based on antigen-antibody
chemistry. The meshing within the microchannel

was kept at 107° except near the centre point of
inlet where point meshing parameter of

107 with growth rate of 1.1 is selected. The

model is solved in transient mode in one step
using time-dependent solver.

3. Results & Discussion

Time-dependent finite element results were
obtained using the above described model and
the performance of tagging was predicted using
both mixing cup concentration and mixing cup
variance described earlier in section 2. The
diffusivity of DNA, protein, cells, etc. as
reported in literature ranges from 10™"'-10™"* m%/s
, therefore in convection and diffusion equation,
diffusion coefficient, D=10""" m%s is used in all
the simulations. In magnetic field equation
average current of 1A with a switching
frequency, T =1Hz was considered whereas

other parameters such as fluid viscosity 77

(10’3kg/m *§) and density p (10°kg/m?*)
were kept constant throughout. Concentration
profiles of MNP-BIO complex formed due to the
bulk phase reaction between MNPs and
biomolecules having affinity constant of 10° M™!
[13] were predicted for Peclet Number ranging
from 50-300. Fig. 2 gives the concentration
profile of MNP-BIO complex within the
microchannel at different time points.
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Figure 2. Concentration Profile of MNP tagged
biomolecule complex formed during the bulk phase
reaction taken at different times with microchannel.
(a) no magnetic actuation, and (b) time-dependent
magnetic actuation

It can be seen that time-dependent magnetic
seems to enhance the tagging process as evident
from increase in formation of MNP-BIO
complex concentration shown in Fig.2b. It can
also be seen that when magnetic actuation is not
used the formation (see Fig.2a) of MNP-BIO



complex takes place primarily at the interface
(center of microchannel) of MNPs and
biomolecule fluids. This is due to low diffusivity
of biomolecules and MNPs which limits the bulk
phase reaction process. Therefore, it is evident
from these simulations that the binding
concentration is enhanced when time-dependent
magnetic field is used and illustrates that MNP
under the influence of magnetic force field
causes more mixing, disturbance and provides
enhanced tagging of MNPs with the target
biomolecules.

In order to further understand the time-dependent
magnetic field influenced tagging process,
simulations were performed to account for the
effect of Peclet and Reynolds Number on the
mixing cup concentration and mixing cup
variance at the exit of microchannel. Mixing cup
concentration is defined as the concentration of
fluid if the flow was emptied to a cup that was
well stirred basically it determines how well the
concentrations of MNP tagged biomolecule is
mixed, whereas mixing cup variance gives the
overall change of concentration within
microchannel. Therefore, smaller the mixing cup
variance, lesser will be the diffusion limitation
and better will be the mixing and eventually the
tagging process. Figure 3 provides the mixing
cup concentration of MNP tagged biomolecule
with Peclet and Reynolds Number for magnetic
and non-magnetic actuated scenarios.
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Figure 3. Mixing cup concentration variation with

Peclet and Reynolds Number, red line with circle is

when magnetic actuation was used whereas, black line
with triangle is for no magnetic actuation scenario.

Overall, the mixing cup concentration decreases
with increase in convective flow. This is true,
because MNPs and biomolecule will get less
time to react before they are pulled out of the
microchannel, resulting in decrease in formation
of MNP-BIO complex. It is found that mixing
cup concentration under the influence of
magnetic force field is always higher than no
magnetic field scenario with the effect being
more pronounced in the Pe range of 75-200.
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Figure 3. Mixing cup variance variation with Peclet

and Reynolds Number, red line with circle is when

magnetic actuation was used whereas, black line with

triangle is for no magnetic actuation scenario.

At low Peclet Number (Pe~50) we observed that
the magnetic actuation does not appreciably
influence mixing cup concentration. This is due
to the fact that at very low value of Peclet
Number convective flow is very small and
therefore diffusion dominates the advection time
as such even without magnetic field, MNPs and
biomolecule get enough time to combine.
Similar trend is observed at very high value of
Peclet Number (Pe~300). This may be due to
the fact that at very high convective flow,
magnetic field force is not strong enough to
cause cross sectional mixing and overcome
diffusion. Therefore, larger magnetic field force
will be needed for higher Peclet or Reynolds
Number. This can be done by either increasing
current or increasing the frequency of current
passed through electrodes.

In order to further understand the tagging
process, mixing cup variance was predicted as
shown in Fig.4. The concentration variation of



MNP-BIO complex is always smaller for
magnetically actuated scenario when compared
to tagging process without magnetic field force.
This proves that magnetic field actuation
provides better mixing for bulk phase reaction.
Mixing cup variance increases almost linearly
with the Peclet Number. This shows that at high
convective flow magnetic actuation is not
effective enough to overcome diffusion
limitation and enhance mixing. In order to be
more effective, magnetic field force needs to be
adjusted for higher flow rates.

From the above analysis it is found that for the
given set of conditions, magnetic actuation
technique was very effective if the microchannel
is operated at a Peclet Number of 100.Moreover,
magnetic actuation can be adjusted based given
flow rate and channel geometry. The adjustment
can be done either by changing the size or
concentration of MNPs or by optimizing current
and frequency given to the electrodes in order to
obtain time-dependent magnetic field. The
numerical simulations results report here indicate
that time-dependent magnetic actuation strategy
is a useful simple technique for increasing
mixing in microchannel, particularly for
molecules that have very low diffusivity and will
be efficient in tagging process, that can be
integrated on lab-on-a-chip systems for point-of-
care analysis.

4. Conclusions

A finite element mathematical model for
demonstrating an innovative time-dependent
magnetically actuated process based on magnetic
nanoparticles (MNPs) for enhancing the tagging
performance of a microfluidic system was
successfully developed. The effect of Peclet and
Reynolds Number on mixing cup concentration
and mixing cup variance was studied. It was
found that in order to have an effective time-
dependent magnetically actuated tagging, an
optimum convective magnetic field force in the
microchannel is required that not only depends
on applied magnetic field but also on convective
flow velocity, channel’s dimension and
nanoparticle size. Optimum Peclet Number
together with Reynolds Number, was predicted
for the given channel configuration for
efficiently tagging biomolecule with magnetic
nanoparticles. Overall, the simulation performed
using the developed COMSOL Model provided
an excellent estimate of the potential to use time-

varying magnetic field force for -efficiently
tagging MNPs with target biomolecules in situ
for further analysis and detection. The developed
model will also be very useful in designing and
developing faster integrated lab-on-a-chip
devices.
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