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Three-dimensional model of cell transport in ferrofluids

Cell trajectories are simulated in three-dimensional (3D) manner by modifying previously 

developed models with a concentration profile of ferrofluids across the width of the 

microchannel.1, 2 We first calculate the 3D magnetic buoyancy force via an experimentally 

verified and analytical distribution of magnetic fields as well as their gradients, together with a 

nonlinear magnetization model of the ferrofluid. In order to simulate the magnetic field 

distribution in the channel generated from the permanent magnet, we followed the 3 steps as 

below: 

1. We experimentally measured flux density at the center of magnet’s polar surface, and 

points away from surface to obtain a flux density-distance relationship (see Fig. S1).

2. From the measured flux density-distance relationship, we determined the value of 

remnant magnetization of the permanent magnet. This value was used in the magnetic 

field simulation based on a set of governing equations,1, 3 in order to generate a simulated 

flux density-distance relationship. We compared the experimental and simulated flux 

density-distance relationship and they were within 2.6% error range.

3. The simulated magnetic field distribution (flux density, strength, and gradient) was then 

confirmed to be valid and consistent with the measured values, and used in device 

optimizations.

The magnetic buoyancy force is expressed as,

where  = 4π × 10-7 H/m is the permeability of free space, Vc is the volume of a single cell,  0

is its magnetization,  is magnetization of the magnetic fluid surrounding the body, and  is 
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the magnetic field strength at the center of the body. The magnetization of the ferrofluid 

under an external field  is a Langevin function,
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diameters of magnetic nanoparticles in ferrofluid,  is the Boltzmann constant and T is the  kB

temperature.  is the local concentration of the ferrofluid surrounding the cell, i.e., the 

concentration of the magnetic nanoparticles. Its expression is,
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where  is the original volume fraction of magnetic nanoparticles in ferrofluid, (x0, y0) is the 0

position of the mixing origin, D is the diffusivity of magnetic nanoparticles and U is the average 

velocity of the streams. 

We then derived the hydrodynamic viscous drag force with an analytical velocity profile in 

the channel. 

where η is viscosity of magnetic fluids,  is diameter of a spherical particle,  and  are pD

velocity vectors of the fluids and the particle respectively,  is hydrodynamic drag force Df

coefficient of a moving particle considering the influence with a solid surface in its  vicinity, 

which is referred to as the “wall effect”.4-6 



We finally solved governing equations of motion using analytical expressions of magnetic 

buoyancy force and hydrodynamic viscous drag force. Because of the low Reynolds number in a 

microchannel, inertial effects on the particle are negligible. Motion of a non-magnetic particle in 

ferrofluids is determined by the balance of hydrodynamic viscous drag force and magnetic 

buoyancy force.

This equation is solved by using a fourth-order Runge-Kutta time integration scheme in 

MATLAB. 

Magnetic convective mixing

To evaluate the mixing performance within the devices, we used models developed from 

literatures on magnetic microfluidic mixing.7-11 Similar to our experimental setup,10 Nguyen’s 

group used a non-uniform magnetic field to induce a body force on the ferrofluid stream and 

generate a convection of the ferrofluid into the water stream, achieving a rapid and efficient 

mixing. In our experiments, we also observed a fast mixing between the cell stream (inlet A) and 

the ferrofluid stream (inlet B) due to magnetic convection. All evidences indicated that the 

magnetic convection was much faster than diffusion, and was the dominant process in our 

devices.

To quantitatively estimate the minimal channel length Lm needed for a homogeneous mixing 

between the cell stream and the ferrofluid stream, we first used the magnetic Peclet number Pem, 

which represented the ratio of  the characteristic diffusion time over the characteristic time due to 

magnetic convection.7
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where  = 4π × 10-7 H/m is the permeability of free space, M, h, μ is the magnetization, the 0

hydraulic diameter, and the viscosity of the ferrofluid, and D is the diffusivity of the magnetic 

nanoparticles in the ferrofluid. According to Fig. S1 and Fig. S4a, B = 125 mT in the 

microfluidic device and the magnetization of the ferrofluid M = 639 A/m. The hydraulic 

diameter was estimated as the thickness of the channel h = 52 μm, and viscosity of ferrofluids μ 

= 2.92 mPa·s. The diffusivity of the magnetic nanoparticles was obtained using the Stokes-

Einstein relationship,
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where κB is Boltzmann’s constant, T is the temperature and d is the diameter of the nanoparticles. 

From TEM analysis, d = 11.24 nm. D was estimated to be 1.34×10-11 m2·s-1 in this case. Finally, 

the magnetic Peclet number Pem in our case was 3.55×104, confirming that the magnetic 

convection was much faster than diffusion, and was the dominant process for mixing in our 

devices.

We then estimated the minimal channel length Lm needed for a homogeneous mixing 

between the cell stream and the ferrofluid stream. For a complete mix between ferrofluid and 

buffer by diffusion alone, the characteristic diffusion length ld should be less than the total width 

of the channel, i.e., ld ≤ 900 μm in our devices. The associated characteristic diffusion time td was 

calculated via,
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Here, we obtained td = 6×104 s. Based on the definition of Pem, the characteristic time of 

magnetic convection tc = 1.7 s. Considering the average velocity of the flow Uf = 3.1~16.2mm/s, 



i.e., flow rate 8.5~45 μL/min, in our devices, the minimal channel length Lm needed for a 

homogeneous mixing between the cell stream and the ferrofluid stream was estimated to be 1.6-

8.3 mm. 

Verification of device optimization using cancer cell lines and red blood cells

In order to verify the device and fluid optimization, we used two cancer cell lines and diluted 

whole blood (mainly red blood cells) for verification. We used the following parameters: cell 

flow rate (15 µL/min, i.e., 0.9 mL/h), magnetic field and gradient (134 mT, 32.2 T/m), and 

ferrofluid concentration (0.26% v/v) based on optimization and calibration results. Mean 

diameters of all cells used here were measured to be: 15.5 µm for A549, 18.7 µm for MCF-7, 6.5 

µm for RBCs.

We used two types of cancer cells (A549 lung cancer and MCF-7 breast cancer) with a spike 

ratios of 100 cells/mL. Human whole blood was diluted with PBS to have a concentration of 106 

cells/mL for such experiments. Experimental results are summarized in Fig. S5 and Table S1. 

Fig. S5a shows a composite image when magnetic fields were not present, A549 cancer cells and 

RBCs were flowing near the bottom of the channel and exiting through the outlet 1, resulting in 

no separation of the two. Fig. S5b shows a composite image when magnetic fields were present, 

magnetic buoyancy forces deflected larger A549 cancer cells from the ferrofluid stream into the 

PBS buffer stream toward outlet 4. Meanwhile, magnetic forces on smaller RBCs were 

insufficient to deflect them to the buffer stream. Therefore, RBCs remained in the ferrofluid 

stream and exited through outlets 2 and 3. This was confirmed by a fluorescence image in Fig. 

S5c, where A549 cells labeled with green fluorescence were observed to exit mainly from outlet 

4. Table S1 summarizes the separation performance. The separation efficiency (defined as the 



ratio of captured cancer cells to spiked cancer cells) for A549 cells was 77±6%. The purity of 

cancer cells (defined as the ratio of cancer cells to all cell types in outlet 4) was 62.1±0.9%. 

Similar experiments were carried out to separate MCF-7 breast cancer cells from diluted whole 

blood. Its separation efficiency was 84±4%, and purity of cancer cells was 59.2±0.8%. This size-

based separation strategy performed well in separating cancer cells from diluted whole blood, 

because of significant size differences between cancer cells and RBCs. As the diameter of cancer 

cells increased from 15.5 µm (A549) to 18.7 µm (MCF-7), we observed slight increase in 

separation efficiency.  



Fig. S1. Measured magnetic field and its gradient of the center of magnet’s surface vs. distance 
away from the surface.



Fig. S2. Zeta potential of the ferrofluid was measured to be -27.2±11.4 mV.



Fig. S3. The mean gray scale intensity in the red boxes of Fig. 4(d) and (e) (main text) as a 

function of channel width.



Fig. S4. (a) Magnetizations of the original ferrofluid (blue) and ferrofluids collected from each 
outlet. Ferrofluids collected from outlets 1 and 2 (black and red) had higher concentrations of 
magnetic nanoparticles, possibly due to the attraction of the permanent magnet. Ferrofluids 
collected from outlet 3 (purple) had approximately half concentration of the nanoparticles in the 
original ferrofluid. Ferrofluids collected from outlet 4 had significantly less nanoparticles than 
the original ferrofluid. (b) Magnetization of ferrofluids collected from outlet 4. Saturation 
magnetization was measured to be 4.75 A/m, corresponding to a 0.00128% volume fraction of 
magnetic materials. For comparison, the original ferrofluid had a 0.26% volume fraction of 
magnetic materials. 



Fig. S5. Micrographs of cancer cell separation processes. (a) In absence of magnetic fields, cell 
mixtures exited the channel through outlet 1. (b) When magnetic fields were present, larger A549 
cancer cells were deflected and reached the ferrofluid/buffer boundary, exited through outlet 4 
(collection outlet), while smaller blood cells exited through other outlets. (c) Fluorescence 
images of A549 cancer cells during cell separation. A549 cells were stained by CellTracker 
Green. Dashed white lines depict the microchannel boundaries. Scale bars: 200 µm.



Fig. S6. Calibration of 15.6 µm microparticles and white blood cells (WBCs). Scale bar: 200 µm. 



Fig. S7. Representative images of microparticle separation when the magnet-channel distance 
was 1 mm, 4 mm, and 7 mm, respectively. Two types of microparticles (15.7 µm and 5.8 µm) 
were used in the calibration. Flow rates of inlet A and inlet B were fixed at 4 and 5 µL/min, 
respectively. Flow rate of inlet C was changed accordingly to adjust the buffer/ferrofluid 
boundary just right below the outlet 4. Ferrofluid with concentration of 0.26% (v/v) was used. 
Scale bars: 200 µm.



Fig. S8. Representative images of microparticle separation at different flow rates of cell inlet A. 
Numbers in each figure indicate the flow rates (unit: µL/min) of inlet A. Magnet was placed 4 
mm away from the channel and 0.26% (v/v) ferrofluid was used. Flow rate of inlet B was fixed 
at 5 µL/min. Flow rate of inlet C was changed accordingly to adjust the buffer/ferrofluid 
boundary just right below the outlet 4. Scale bars: 200 µm.



Fig. S9. Representative images of microparticle separation at different concentrations of 
ferrofluids (0.13, 0.26, and 0.39% v/v). Magnet was placed 4 mm away from the channel. Flow 
rate of inlet A and inlet B were fixed at 4 and 5 µL/min, respectively. Flow rate of inlet C was 
changed accordingly to adjust the buffer/ferrofluid boundary just right below the outlet 4.  Scale 
bars: 200 µm.



Table S1. Summary of cancer cell separation performance

Cell line No. of cells spiked No. of cells captured Efficiency No. of WBCs Purity
A549 100 77±6 77±6% 47±11 62.1±0.9%
MCF-7 100 84±4 84±4% 58±18 59.2±0.8%
100 CellTracker Green stained cancer cells were spiked into 1 mL of diluted whole blood (1000-
time dilution, mostly RBCs). Data are expressed as Mean±S.D., n=3.
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