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Abstract: Separation techniques in microfluidic devices using magnetic fields are well-known in biomedical
applications in disease diagnosis like cancer, drug delivery, and hyperthermia. In this work, a microfluidic
system is investigated. Here magnetic nanoparticles are separated from their medium using magnetic force.
The whole microfluidic device for separation of functionalized magnetic beads is composed of a fluidic part
and a magnetic part. The diameters of applied nanoparticles are 90 nm, 200 nm and 750 nm. In this method,
magnetic nanoparticles are injected into a microchannel, the permanent magnet is located under the
channel and the magnetic field which is produced by permanent magnet is applied to the nanoparticles, so
the magnetic nanoparticles are integrated above the permamnet magnet. Trajectory of particles, velocity,
and the location in which magnetic nanoparticles are captured are obtained.
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1. Introduction

In recent years, microfluidic devices have been utilized in the field of biotechnology. Trapping, sorting,
and manipulating of biological cells in a microfluidic channel is prodominant in lab-on-a-chip technology.
For separation of fluid solutions into its components for biomedical applications such as DNA
(Deoxyribonucleic acid) analysis and cell separations, using microfluididc devices is recommended.
Although magnetism and microfluidics have been recently combined; but none of them is new. Many
attentions have been received for Magnetic field-based bioseparation in microfluidic devices because of its
great applications in biomedical research, clinical diagnostics and biotechnological sciences [1]-[4]. In the
past few years, several magnetic particle-based microfluidic bioseparation systems have been developed for
separation, analysis and detection of biomolecules [5], [6]. Since the magnetic susceptibility of native
biological cells is not large or specific enough for separation, using magnetic beads has become one of the
most common methods for magnetic cell separations. Magnetic nanoparticles have remarkable advantages.
Their diameter can be controlled in the range of a few nanometers to tens of nanometers, thus they are able
to be smaller than or comparable to a cell (10-100 pum), a virus (20-450 nm), a protein (5-50 nm) or a gene
(2 nm wide and 10-100 nm long). Therefore, magnetic nanoparticles can get closer or penetrate a
biological entity. Permanent magnets or electromagnets are utilized for capturing of the functionalized
particles in chosen points in in-vivo and in-vitro applications.
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There are many researches involved in using permanent magnets for magnetic particle capturing. A
permanent magnet with 0.5 T remanent magnet, 5 cm length and 5 mm width has been used to capture 250
nm and 100 nm iron oxide nanoparticles at the distance of 1 mm away from the magnet (just below skin
depth) [7]. The principle of the biosensor based on the DNA/RNA hybridization system and liposome signal
amplification using permanent magnet is used in [8]. In most cases where a permanent magnet is used a
famous sandwich principle is used for ELISA (Enzyme-Linked Immuno Assay) [9]-[13].

In this work, nanoparticles distribution prediction is focused on which is the most important priority in
nanoparticles drug delivery modeling based on different literatures [14], [15]. But the evaluation of
nanoparticles biodistribution is complicated because of several parameters including particle diameter,
shape, surface chemistry, and local flow conditions. Size effect on distribution has been widely studied as an
important parameter. For example, nanoparticles with diameter between 100 and 200 nm are ideal for
tumor delivery due to the enhanced permeability and retention (EPR) effect [16], [17]. The influence of
some important parameters such as inlet velocities of fluid containing magnetic nanoparticles, diameter of
magnetic nanoparticles, magnetic field strength and the point of release of nanoparticles on the trapping
efficiency are investigated [18]. In another work, the manipulation of magnetic beads in a microfluidic
system that has one entrance and two channel for exit, is achieved by magnetic gradient fields resulting
from conducting lines near the microfluidic channel for 0.5 pm and 1.55 um particles [19]. Here,
nanoparticles’ trajectory is simulated. Trapping location and the influence of nanoparticles’ diameter on
trapping efficiency are investigated under the applied magnetic field using a permanent magnet. For this
purpose, we simulate the movement of three different diameters of nanoparticles in the microchannel.
Different parameters are studied which include: fluid behaviour, optimum values of magnetic field gradient,
fluid velocity and height of microchannel. The microfluidic device has been fabricated by using well-known
PDMS-SU8 method and tested by injection of nanoparticles.

2. Design of Microfluidic Device

In the magnetic separation, magnetic force is applied to the magnetic nanoparticles that move in the fluid,
magnetic force absorbs nanoparticles and then it can be separated from fluid and trapped above the magnet
in the microchannel. The design of microfluidic separation system which is used in this work is shown in Fig.
1. It consists of two different parts, microfluidic and magnetic parts. The microfluidic part includes a
microchannel with 100 pm heights and 5 mm length, the fluid flow is assumed to be laminar in the
microchannel. The magnetic part consists of a 1 mm x 3 mm permanent magnet located under the
microchannel to generate magnetic flux density around the microchannel. Relative permeability and
magnetization of magnet are chosen, 1.05 and 480 KA/m, respectively. In simulation, ten magnetic
nanoparticles are injected into the microchannel, and their movement in presence of magnetic field is
observed. In Fig. 1 magnetic flux density (Tesla) in all regions is shown by using the color bar.
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Fig. 1. Microfluidic system.
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3. Equations

3.1. Magnetic Equations and Forces

The most important parameters in nanoparticles magnetism are magnetic gradient and magnetic field.
Since a magnet is used for separation of nanoparticles and according to the Lorants rule, a magnetic force is
applied to the moving nanoparticles. The amount of magnetic field along the microchannel and in different
distances is different, but in every part, there is a relation between magnetic field (H) and magnetic flux
density (B):

H=— (1)

The applied magnetic force on nanoparticles along the microchannel depends on two factors, magnetic
moment m and magnetic flux density:

Freg =MVB (2)
m = MsV (3)

where Ms is the magnetism of magnet and V is the volume of a magnetic nanoparticle. According to (2), the
magnetic force on nanoparticle can be increased by increasing the magnetic flux density.

The magnetic flux density curve along the microchannel, is shown in Fig. 2. As shown, the maximum
amount of magnetic flux density occurs in the edges of the magnet and it is reduced in other parts.
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Fig. 2. Magnetic flux density in the microchannel.

3.2. Fluid Equations and Forces

The different forces are applied on nanoparticles in presence of magnetic flux density. One of them is
magnetic force and others are the gravity force, Brownian force and the fluid force.

In most cases, the gravity force is ignored because of the small diameter of particles. In this work, it has
not been considered too. For particles which are smaller than 90 nm, the Brownian force is ignored.
Therefore, two forces are applied on these magnetic nanoparticles. The fluid force is given by:

FFIuid = 6T[rp77(\/particle _VFIuid) (4)
where, rpis the radius of particle, Vpartice and Vrewia are the velocity of particles and fluid, respectively. By

equalizing (2) and (4), the minimum of magnetic field for trapping nanoparticles at constant flow rate can
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be obtained. Having Fmag=Fruig, the final velocity can be calculated by:

Fnag VAy

AV = =
6rr,n 67 L,

(5)

This equation shows the relation between magnetic field and flow velocity, it is seen that doubling the
diameter of the particles causes an increase in velocity by a factor of 4 (by substituting volume of sphere
particles in this equation, the term r,? is appeared). The trajectory of nanoparticles movement can be
obtained by (6). According to newton’s second law:

dv
m& = Fmag + I:Fluid (6)
4
m= ppar’[icle § Tcrps (7)

where m and v are the mass of magnetic nanoparticle and the velocity of nanoparticle, respectively.

dv
m i = Fg — 071, AV (8)

For the specific location of nanoparticle, the velocity of nanoparticles can be obtained by:

F. ( ( 6nr i )]
v(t) = — | 1—exp| ——2 9)
67Trp,, m

As shown in equations, the diameter of magnetic nanoparticles affects on absorption and velocity of

nanoparticles.

According to (9), by increasing the diameter of nanoparticles, absorption of magnetic force can be
increased.

In fluid dynamics, laminar flow occurs when a fluid flows in parallel layers. Reynolds number is an
important factor in laminar flow. If fluid flows through a straight pipe, at a Reynolds number below a critical
value, fluid motion will ultimately be laminar, whereas at larger Reynolds numbers, the flow can be
turbulent. In this work, because of the low Reynolds number, fluid flow is considered laminar.

4. Simulation of Motion and Nanoparticle Capturing in Microchannel

The velocity of laminar fluid flow is considered to be 20 pm/s. Permanent magnet is placed at 30um
under the microchannel. Ten nanoparticles are injected into the microchannel, the diameter of these
nanoparticles is 90 nm, and then simulation of the nanoparticles in presence of magnetic field is performed.

As shown in Fig. 3, only few nanoparticles in the microchannel are adsorbed to the surface of
microchannel and are captured above the magnet while others continue to move along the microchannel.
Here, each line shows the trajectory of the particles through the microchannel. The main purpose in this
work is to show how the magnetic nanoparticles diameter affects the magnetic adsorption and separation
in microfluididcs. To achieve this goal, we repeat this simulation with two different diameters of magnetic
nanaoparticles, 200 nm and 750 nm.
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Fig. 3. Trajectory of 90nm particles above the magnet.

Fig. 4 and Fig. 5 show the trajectory of 200 nm and 750 nm magnetic nanoparticles above the magnet,
respectively. It is obvious that by increasing the nanoparticles diameter, the magnetic adsorption, capturing
velocity of nanoparticles greatly increase.
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Fig. 4. Trajectory of 200nm particles above Fig. 5. Trajectory of 750nm particles above
the magnet. the magnet.

5. Fabrication

One of the most famous materials in microfluidic device fabrication is PDMS which can be patterned by
using SU8 molding technique. This method has been used in most researches and considered as a primary
method for fast, easy and reliable fabrication in microfluidic systems. SU8 was patterned on a silicon wafer
with the thickness of 100 pm. Then PDMS is poured on this mold and can be released after some curing
steps. We used corona discharge for PDMS-PDMS bonding. For magnetic part a neodymium magnet (NdFeB)
was placed under the fluid channel for trapping purposes. Here, a 3 mm x3 mm of N52 neodymium magnet
with 1 mm thickness has been chosen. This magnet is placed on a glass slide and covered by SU8. The
thickness of this SU8 layer is equal to permanent magnet thickness. This layer was used to hold the magnet
on glass and make a flat surface for fluidic part to place above it. The magnetic particles were injected to the
microchannels inlets by using a programmable syringe pump (Longerpump TS-2A). The fluids are injected
to the microfludic device via PTFE tubings.

The capturing process of 200 nm particles is shown in Fig. 6. As known from the magnetic part equations,
these particles are the most difficult ones for capturing with minimum force exerted on them because of
their sizes and magnetic susceptibilities. The side view of the particles' trajectory with our lab facilities was
not applicable for this work.
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Fig. 6. (a), (b), (c) alignment of the fluidic and permanent magnet parts; (d) 200 nm particle capturing

using permanent magnet.

6. Results and Discussion

This simulation was performed to observe the trajectory of magnetic nanoparticles with different
diameters in microchannel in presence of magnetic field. Trajectory and trapping efficiency can be
estimated by calculation of magnetic force and fluid force.

Different magnetic field patterns can be achieved by using multiple techniques in macro and micro scales.
However, it is essential to differentiate between homogeneous and inhomogeneous magnetic fields. The
density of flux lines is constant over a distance in a homogeneous magnetic field. Therefore, the gradient of
the field is zero. However, in an inhomogeneous magnetic field, there are fluctuations in the density of
magnetic flux lines over a distance. In this case, the gradient of magnetic field is not zero which is an
advantage for magnetic particle capturing. This is because of the direct relation between the magnetic force
on particles and the gradient of magnetic field which was shown in (2).

For 90 nm particles, the fluid and magnetic force were calculated and obtained, 0.02 pN and 6.4 pN,
respectively. The fluid force on nanoparticles increases by getting closer to the magnet and the laminar flow
causes the nanoparticles not to move with the same velocity, so the particles near the walls move slower
than other particles. As shown in the Fig. 2, the magnetic flux density exerted from the magnet is maximum
in the edges of the magnet, which is due to the high density of magnetic dipoles in these areas, therefore, we
expect that the most of the magnetic nanoparticles are trapped in the edges of the magnet. When the fluid
force is equal to the magnetic force (6.4pN), nanoparticles on the surface of microchannel, above the
magnet and in the inlet of the fluid, were trapped. We repeat this simulation for three different sizes of the
nanoparticles. According to the equations, the magnetic force increases by increasing the volume of a
magnetic nanoparticle (V). The maximum magnetic force on 90 nm, 200 nm and 750 nm particles were 6.4
pN, 70 pN and 3.7 nN above the edge of magnet, respectively. Trajectory of three sizes of nanoparticles is
shown in Fig. 5, Fig. 6 and Fig. 7. They show that the trapping efficiency of larger particles (750nm) was
higher than the smellers’ (200nm and 90nm) under similar condition including the applied magnetic field,
inlet velocity and the height of microchannel. This is due to magnetic force and susceptibility of magnetic
nanoparticles. The susceptibility of magnetic nanoparticles increases by increasing their sizes.

7. Conclusion

137 Volume 5, Number 2, March 2015



In this work, trajectory and capturing of magnetic nanoparticles in a microchannel of a microfluididc
system above the magnet was predicted. The influence of nanoparticles’ diameter on the magnetic
adsorption and trapping efficiency were studied. This simulation and nanoparticles trajectory prediction is
greatly beneficial for using in separation systems that are used in biomedical applications, especially in
cancer treatment. In addition, it can help to choose the optimized diameter of nanoparticles to have more
trapping efficiency for special applications. The fabricated device was also tested by using different particles
and the capturing process was observed. Furthermore the time and velocity in which nanoparticles stop
and capture in desire place in microchannel were estimated accurately.
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