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effectively remove CTC from the circulatory system are 
limited (Chiang and Massagué 2008). As such, the detec-
tion and eradication of CTC from the bloodstream are 
important in complementary anti-cancer therapeutic strat-
egy in which magnetic particles are utilised. Magnetic par-
ticles (Nguyen et al. 2006) can be manipulated remotely by 
magnetic forces induced by either a permanent magnet or 
an electromagnet placed in close proximity. There are sev-
eral biological-related applications for an integrated mag-
netic Lab-on-Chip (LOC) system which includes cancer 
cell destruction (Kim et al. 2010), virus detection (Lee et al. 
2008), immunoassays (Lim and Zhang 2007), protein anal-
ysis (Choi et al. 2002) and cell separation (Hejazian et al. 
2015; Inglis et al. 2004). Magnetic beads have become an 
essential part of these magnetic devices as they can be eas-
ily functionalised by tagging with desired biomolecules 
such as DNA, antibodies, proteins and cells (Gijs et al. 
2009; Pamme 2006). After which, they can be manipulated 
and separated (Choi et al. 2001; Deng et al. 2002) based 
on the behaviour of the magnetic fields applied. Magneto-
fluidic devices utilising both fluid flow and magnetic fields 
have detected and isolated magnetically labelled CTC cells 
within the bloodstream (Dolgin 2011; Nagrath et al. 2007; 
Pamme and Wilhelm 2006; Tan et al. 2009). This magnetic 
manipulation utilises external magnets that sort and detect 
magnetically tagged molecules and cells and have become a 
well-known technique in biotechnology (Roath et al. 1990; 
Whitesides et al. 1983). Magnetophoresis involves the uti-
lisation of high field gradients to drive magnetic particles 
along the gradient line, (Nguyen 2012) which is the con-
cept used in the implementation of permanent magnets in 
magnetic separation systems (Haik et al. 1999; Hatch and 
Stelter 2001; Zborowski et al. 1999). High field gradients 
drive the separation of magnetic particles, and this has been 
also reported extensively (Gijs et al. 2009; Melville et al. 
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peutic measure against cancer metastasis. In this study, 
the hydrodynamic focusing flow in microfluidic channels 
(Re ≪ 1) was considered together with the magnetophoretic 
force. The localised magnetic field was achieved through 
a passivated current-carrying multilayered microstripline, 
where the generated field gradient was used to attract the 
magnetic beads to the desired outlet. The experimental 
results show that the device is capable of isolating purely 
magnetic beads with an efficiency of 91 % while isolation 
efficiency of the magnetically tagged HeLa cervical cancer 
cells from cell suspension yielded an isolation efficiency of 
79 %.

1 Introduction

Cancer has claimed many lives leading to increasing efforts 
in cancer diagnostics and anti-cancer strategy research. 
Cancer cells can spread to secondary sites via the blood-
stream in the form of circulating tumour cells (CTC) 
(Bacac and Stamenkovic 2008) in a process known as 
metastasis. Numerous research programmes aim to identify 
the processes involved in metastasis. However, methods to 
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1975, 1982; Miltenyi et al. 1990; Oberteuffer 1973; Rich-
ards et al. 1996). Some reported the use of ferromagnetic 
structures with various geometries (Kang and Park 2007; 
Smistrup et al. 2005; Yellen et al. 2007) to generate a field 
gradient large enough to direct a stream of magnetic parti-
cles towards the desired outlet. These methods are widely 
investigated; however, an alternate method was to use cur-
rent conducting electromagnets in the form of microcoils 
(Song et al. 2009) and microstrips (Derec et al. 2009; Jiang 
et al. 2006; Joung et al. 2000; Kong et al. 2011) to generate 
a magnetic field gradient. Few have used such an approach 
to fabricate an integrated magnetofluidic device with a tun-
able current-generated field to isolate magnetic particles. 
The tunable nature of the field allows for magnetic parti-
cles to flow freely without causing agglomeration in the 
microchannel obstructing the flow of the fluid, which hap-
pens when permanent magnets are used. Isolation of parti-
cles using an integrated tunable magnetic field is scarcely 
explored.

In this study, an integrated portable magnetofluidic 
microchip was designed to isolate HeLa cells that are 
tagged with magnetic microparticles. Under the influence 
of an applied magnetic field generated by the current-carry-
ing microstripline, the HeLa cells are expected to be driven 
to the desired outlet. The movement of the cells is con-
trolled by the flow dynamics of the microchannel as well as 
the strength of the applied magnetic field.

2  Theory and simulation

In the theory of fluids at the microfluidic level, it is known 
that the mass transport within the fluid is dominated by 
the viscous effects, while the inertial effects are negligi-
ble in comparison due to the fundamental property of the 
nature of fluid flow, Reynold’s number, Re. In a microflu-
idic device, the Re ≪ 1, which linearises the Navier–Stokes 
equation to the Stokes drag equation given by

where CD is given as the dimensionless drag coefficient, A 
is the cross-sectional area of the object, ρfluid is the density 
of the fluid, and v is the speed of the object relative to the 
fluid.

In magnetic sortation theory, the magnetic force is 
a volume-based force and at the microscale, the use of a 
permanent magnet is not suitable for particle isolation as 
it causes particles to be trapped and cannot be sophisticat-
edly removed and controlled accurately. As such, electri-
cally controlled magnetic fields are preferred as it allows 
the field to be tuned accordingly. The deflection of the 
magnetic particles vdefl (m/s) can be described as the vector 

Fdrag =
1

8
CDπAρfluidv

2,

sum of the magnetically induced flow velocity of the parti-
cle vmag and the velocity due to the hydrodynamic flow vhyd: 
(Pamme and Manz 2004)

The magnetically induced flow, vmag, is the ratio of the 
magnetic force, Fmag (N), exerted on the particle by the 
magnetic field to the viscous drag force:

The magnetophoretic force on a superparamagnetic bead 
can be expressed as and utilising the vector calculus iden-
tity ∇(B · B)B = 2B× (∇ × B)+ 2(B · ∇)B = 2(B · ∇)B,

where Δχ is the difference between the magnetic suscepti-
bilities of the bead and the fluid and Vbead is the volume of 
the bead.

Magnetostatic and flow dynamics simulations are per-
formed using COMSOL Multiphysics program. The mag-
netic simulation results are shown in Fig. 1. Through the 
employment of a current through the double microstripline, 
magnetic flux is generated around it. The magnitude of 
magnetic field gradient in the y component plays the most 
significant role in the deflection of the magnetic particles, 
while the x and z components also increase the overall mag-
netic flux density of the device. The average magnetic flux 
generated by the microstripline when 0.9A current is pass-
ing through can be determined by Btotal =

√

B2
x + B2

y + B2
z  

and Btotal = 347G which according to the particle flow sim-
ulations will be sufficient to deflect the magnetic particles. 
The magnetic simulations are consistent with Biot–Savart’s 
Law (B ∝ I) as there is a proportionate relation between 
the magnitude of the magnetic flux and current. The mag-
netic particles are then attracted to the current-carrying 
microstripline given by the magnetophoretic force equation 
governed by Fmag =

Vbead�χ
2µ0

∇B2. The average magneto-
phoretic force from a 0.9A field generating microstripline 
was determined to be (7.5 ± 0.2) pN using the mentioned 
magnetophoretic force equation inputted into MATLAB.

Thermal characterisation of the device was done by 
simulation of joule heating in the microstripline. The aver-
age surface temperature was determined after 5 min of 
passing current through the double microstripline. This is 
done in order to estimate the likely real time temperature 
increase in the surface of the magnetofluidic chip. Simula-
tions were performed for different current values from of 
0.4 to 0.9 A with intervals of 0.1 A with the initial tem-
perature conditions set as 25 °C and heat transfer coeffi-
cient of copper with water interface as 13.1 W/m2K, and 
the surface emissivity of copper is 0.87. Simulation results 

vdefl = vmag + vhyd,

vmag =
Fmag

Fdrag

=
Fmag

6πηr
,

Fmag =
Vbead�χ

µ0

(B · ∇)B =
Vbead�χ

2µ0

∇B2,
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have affirmed that joule heating will not be an issue, and 
this is confirmed experimentally. External cooling was 
not required. However, in order to ensure the complete 

viability of cells, external cooling was implemented for 
the experiment conducted with cells. External cooling 
was done by incorporating a Peltier dielectric chip below 

Fig. 1  a–c Magnetic flux density distribution in the x, y and z com-
ponents for the current values 0.4 A ≤ I ≤ 1.0 A along a reference 
line of measurement at the centre of the microstripline. d Mag-
netic field gradient distribution of the y component in the double 

microstripline structure with current at 0.4 A. e Surface tempera-
ture distribution along the microstripline for current values ranging 
0.4 A ≤ I ≤ 0.9 A. f Temperature change across the microstripline 
after a period of 5 min for current values ranging 0.4 A ≤ I ≤ 0.9 A
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the magnetofluidic chip to cool the chip as shown by the 
schematic of the experimental setup, as shown in Fig. 2. In 
order to determine the effect of heating on the HeLa cells, 
cell viability for current values of 0.4, 0.6 and 0.9 A was 
determined as 92.2, 89.6 and 87.2 %, respectively. Addi-
tionally, 100 % cell viability was attained when cooling 
was implemented.

In the fluid dynamics simulation, the laminar flow pro-
file from three inputs is simulated. The flow rates of the 
three inlets are varied so as to focus the middle stream-
line close to the centre of the microchannel, and this is 
governed by the Navier–Stokes equation and the continu-
ity equation. By introducing particles in the simulation, 
hydrodynamic focusing is seen as shown in Fig. 2. Hydro-
dynamic focusing occurs when flow streams with differ-
ent flow rates come into contact with each other (Chang 
et al. 2007; Jahn et al. 2004; Morgan et al. 2003; Simonnet 
and Groisman 2005). Upon the application of a magnetic 
field, the profile of the magnetic particle stream will devi-
ate to the outlet where the magnetic field gradient points 
towards. The entire magnetofluidic device was simulated, 
and significant deflection of the magnetic beads was 
observed at 0.6 A with complete deflection of the mag-
netic beads occurring at an input current of 0.9 A. From 
the simulations and theoretical understanding, the particles 
are influenced by two forces, the drag force from the fluid 
and magnetic attraction force from the magnet. The gravi-
tational effect is neglected because it is only acting on z 
direction. The simulation of particle separation is shown 
in Fig. 2.

3  Experimental methods

3.1  Fabrication of device

The integration process involved multiple optical lithogra-
phy steps (Beebe et al. 2002). A double square meandering 
structure was fabricated for device fabrication. A square 
meandering structure (Ramadan et al. 2006b) shows prom-
ising high efficiency in the magnetic actuation process 
(Kong et al. 2011). A multilayered microstripline struc-
ture (Maloratsky 2000) is integrated into the device for 
magnetic field generation. Thermally grown silicon diox-
ide (300 nm) silicon wafer is used as the substrate for the 
microstripline fabrication. A thick positive resist AZ9260 
imaging resist (AZ electronics) and LOR-3B (Microchem) 
was spun coated onto the wafer. In order to ensure clean 
lift-off, ion milling was done to create a trench to enhance 
adhesion. A double square meandering patterned structure 
is preferred over the single meandering structure as it has 
higher efficiency in magnetic actuation determined through 
simulation.

A metallic multilayer comprising of Cr(3 nm)/NiFe/
SiO2/Cu/Cr structure is deposited on the resist-patterned 
wafer using electron-beam evaporation techniques. The Cr 
layer serves as a seed layer to enhance the bonding of the 
following conduction layer. The SiO2 layer between NiFe 
and Cu was used as a passivation layer which decreases the 
total resistance of the structure by separating the permal-
loy and the conducting Cu layer, and other alternatives such 
as photoresist could be used as the dielectric passivation 

Fig. 2  a Schematic of experimental setup of the magnetofluidic 
device on top of a dielectric Peltier cooling chip fitted with cooling 
fins for cooling down of the chip. b Simulations of magnetic parti-
cle flow in a magnetofluidic microchip for current values ranging 

0.4 A ≤ I ≤ 0.9 A, partial deflection occurs at 0.6 A, and complete 
deflection occurs at 0.9 A. The flow is governed by the Navier–Stokes 
equation, and the beads flow is forced to the central line using the 
hydrodynamic focusing approach
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(Song et al. 2009), but in this case, SiO2 was preferred. The 
Cu layer serves as the main conduction layer for the gen-
eration of the magnetic field when an electric current flows 
through it. The ferromagnetic permalloy (NiFe) was used 
to concentrate the path of the flux lines by creating a new 
low reluctance path, hence increasing the magnetic flux 
gradient and enhances the actuation of magnetic particles. 
The final Cr layer serves as a protection capping layer to 
prevent the process of oxidation to the conducting Cu layer.

After the microstripline structural deposition, a SiO2 
insulating or passivation layer is deposited using the elec-
tron-beam evaporation technique. This allows the isolation 
of the metallic microstripline structure from the liquid flow 
in the microchannel. SiO2 was used to effectively insulate 
the microstripline from the liquid. The maximum thickness 
of the passivation layer was confined to below 300 nm in 
order to maintain an effective magnetic field experienced 
by the magnetic particles. The optimised thickness of the 
passivation layer was determined to be 100 nm so that pas-
sivation and good bonding of the PDMS microfluidic chan-
nel could be effectively achieved.

The microfluidic channel (Chen et al. 2013; Ramadan 
et al. 2006a; Whitesides et al. 2001) was fabricated using 
conventional soft lithography technique (Fiorini and Chiu 
2005; Qin et al. 1998; Whitesides et al. 2001). This was car-
ried out by casting PDMS (Sylgard 184) against a master 
patterned with a thick SU8-3035 negative resist. Figure 3 

summarises the fabrication processes for the microchan-
nel and microstripline. Upon successful development of the 
essential fabrication techniques and experimental optimi-
sation of the microfluidic system and microstriplines, they 
were integrated into one compact system.

Figure 3 illustrates the integrated magnetofluidic micro-
chip which consists of the double microstripline and micro-
channel with three inlets and two outlets incorporated into 
an integrated magnetofluidic device as well as the detailed 
fabrication process of the magnetofluidic device. The over-
all dimension of the fabricated device is 35 mm × 35 mm.

4  Results and discussions

Glycerol mixture (glycerol/water = 1:1) was first used to 
simulate the viscosity of blood. Before the application of 
the magnetic field, the flow rate at the inputs is adjusted 
so as to confine the particle flow at a position just exactly 
above the centre line of the sorting chamber. Hydrody-
namic focusing happens as predicted by simulation results. 
Hydrodynamic focusing is to ensure that without the appli-
cation of a field, the particle stream will always flow into 
outlet 2. In addition, the particle stream is close to the cen-
tre of the microchannel, and the magnetic field strength 
needed to coerce the particles to flow into outlet 1 is mini-
mised. In the presence of a gradient magnetic field, the 

Fig. 3  a Design schematic of the magnetofluidic device indicating 
the flow of magnetic particles, b optical micrograph of the magneto-
fluidic device and c a prototype of the magnetofluidic microchip. d 
Overview of the device fabrication process. Processes (i)–(iv) show 
the step-by-step fabrication of PDMS microchannel. Processes (v)–

(viii) show the standard photolithography and physical vapour deposi-
tion techniques that are used to fabricate the microstripline. Processes 
(ix)–(x) show the integration of the microfluidic and the microstrip-
line
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magnetic particles will change their path of flow and switch 
to another streamline closer to the field-generating double 
microstripline. Thus, by gradually changing the flow path 
of the magnetic particles the device is able to direct the 
magnetic particles to outlet 1. Figure 4 shows the images 
of the result of sorting of the magnetic beads going through 
Outlet 1. This result is repeated with increasing current 
values from 0.5 to 1.0 A. The minimum current of 0.5 A 
would have been sufficient to generate a magnetic field to 
deflect the microbeads.

The isolation efficiency is calculated by OD
OD+ON

× 100% , 
where OD is the number of deflected particles and ON is the 
number of non-deflected particles. This was then calculated 
by post-processing the images. As control at zero current, 
the stream was adjusted to just flow close to Outlet 2, and 
when a current is applied, the beads will then be deflected 
to Outlet 1 due to the presence of the magnetic field. By 
increasing the current, the magnetic field gradient gener-
ated by the microstripline increased. As such, the isolation 

efficiency increases. At 1.0 A current, the magnetic field 
generated is sufficient to cause an isolation efficiency of 
91 %. Upon proving the concept of deflection using the 
magnetofluidic device, this similar principle is brought to 
the separation of magnetic particle tagged HeLa cells.

4.1  Magnetic particle tagging of HeLa cells

Mouse monoclonal EpCAM (C-1) antibodies [sc-25308] 
were chosen for the detection and isolation of cells in this 
study. The monoclonal antibody recognises the EpCAM 
antigen that is expressed on the HeLa cells. 2 mg of COM-
PEL™ 8-μm magnetic beads (with green fluorescence) is 
washed with 1 ml of 2-(N-Morpholino)ethanesulfonic acid 
(MES) [0.1 M, pH 5] buffer for about 3 times. The mag-
netic particles are isolated by a magnet and washed with 
PBS. The washed particles are activated by suspending 
them in MES buffer containing 10 mg of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and rolled for 

Fig. 4  Magnetic particles sorting in glycerol mixture. a When no 
current was applied, the magnetic particles flow to Outlet 2 and upon 
the activation of a minimum current of 0.5 A, deflection starts to 

show and b at 1.0 A, 91 % of the particles are deflected. c Sorting 
efficiency relationship with a controlled current
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30 min at room temperature. The monoclonal antibodies 
are then added to the activated magnetic particles and incu-
bated on a rocker overnight at room temperature. Finally, 
the mouse monoclonal EpCAM (C-1) antibodies-conju-
gated COMPEL™ 8-μm magnetic beads were resuspended 
in 100 μL PBS. 1 × 106 HeLa cells were re-suspended in 
0.9 ml of completed DMEM culture medium. 100 μL of 
anti-EpCAM antibody-conjugated COMPEL™ 8-μm mag-
netic beads in DMEM culture medium was added to the 
0.9 ml cell suspension and incubated at 37°C for 60 min. 
Binding of the anti-EpCAM antibody-conjugated COM-
PEL™ 8-μm magnetic beads to HeLa cells was verified 
using a fluorescence microscope. Figure 5 shows the effi-
cient tagging of the HeLa cells with the magnetic beads.

4.2  Sorting of magnetically tagged HeLa cells

The mixture was then pumped into the sorting chamber 
with a controlled flow rate 1 µl/min that met the hydrody-
namic focusing requirement similar to the magnetic bead 
only experiment. Video footages were taken at the centre of 
the dialyzer where magnetic field was applied. The strength 
of the magnetic field was adjusted by fine-tuning to the 
optimum field with current provided to the microstripline at 
1.0 A. As a control, zero current was applied. Sorting was 
done in a process similar to the magnetic bead only experi-
ment. The cells were then counted in Outlets 1 and Outlet 2 
at the end of the experiment. The experiment was repeated 
and the average isolation efficiency for sorting the EpCAM 

Fig. 5  High binding efficiency of the EpCAM (C-1) antibodies-conjugated COMPEL™ 8-μm magnetic beads to HeLa cells was observed on a 
optical microscope, b fluorescent microscopy, c confocal images. Multiple magnetic beads could be found attached to the cell

Fig. 6  a Sorting of HeLa cancer cells using EpCAM (C-1) antibod-
ies-conjugated COMPEL™ 8-μm magnetic beads at Outlet 1 when 
0.9 A current was applied to the microstripline to generate the mag-
netic field. Red circles indicate the tagged cells that are in Outlet 2. 
A sorting efficiency of 79 ± 1 % is consistently obtained; this effi-

ciency is calculated based on the collected cell count at outlets 1 and 
2 after 30 min. b Optical microscope image of the deflection of the 
tagged HeLa cancer cells in the microchannel when 0.9 A current was 
applied (colour figure online)
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(C-1) antibodies-conjugated COMPEL™ 8-μm magneti-
cally tagged HeLa cells were sorted into Outlet 1 is 79 %. 
The counting of the tagged cells was repeated, and consist-
ent results within ±1 % deviation were seen. Figure 6 illus-
trates the optical microscope image of the isolated HeLa 
cells in the sorted outlet and the sorting of the HeLa cells in 
the microchannel.

5  Conclusions

In conclusion, the fabricated double meandered microstrip-
line microfluidic device is capable of sorting magnetic par-
ticles tagged HeLa cells with isolation efficiency of 79 %. 
The overall sorting efficiency is governed by the binding 
affinity and the number of EpCAM (C-1) antibodies-con-
jugated COMPEL™ 8-μm magnetic beads to HeLa cells. 
This study demonstrates the capability of the integrated 
magnetofluidic chip in isolating cells, and its capability is 
applicable to other types of cancer cells, thus serving as a 
potential application of such a device in anti-cancer treat-
ment strategy through the detection and removal of CTC 
cells in the bloodstream.
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