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Magnetic force and transit time calculation. 

The magnetic force (Fm) applied to each single conjugated HUVEC can be expressed as: 

𝑭𝒎 = 𝑁(𝒎 · 𝜵)𝑩= 𝑁 
1

2µ0
𝑚𝑏𝜒𝜵𝑩𝟐         (1) 

where N is the average number of magnetic beads conjugated to each single HUVEC, which is estimated 

to be 17 from observation of conjugated HUVECs under a microscope. m is the magnetic dipole moment 

of the magnetic bead. Since the carrier fluid is non-magnetic cell culture medium with negligible magnetic 

susceptibility, the magnetic dipole moment can be written as 𝒎 = 𝑚𝑏𝜒𝑯. Here, 𝜒 is the magnetic mass 

susceptibility, which is 16×10-5 m3/kg. mb is the weight of each magnetic bead, which can be estimated as 

1.22×10-12 kg from the bead radius (4.5 µm) and density (1500 kg/m3). B is the magnetic flux density and 

can be expressed as 𝑩 = µ0𝑯, where H is the magnetic field and µ0 is the magnetic permeability constant 

equals to 1.26×10-6 N/A2. Using the method described in our previous work,[1,2] the magnetic force along 

the flow direction can be estimated by equation below: 

𝐹𝑚𝑥 = 𝑁µ0𝑚𝑏𝜒𝑀𝑠
2𝑅𝑚

4 𝑥′

2[𝑧′2+𝑥′2]3         (2) 

where x' and z' represent the distances from the origin along flow direction and perpendicular to flow 

direction. Considering the magnetic radius (Rm) as 794 µm, glass substrate thickness as 160 µm and center 

position of the fluidic channel as 20 µm, we took z' as 974 µm. The cylindrical magnetic was magnetized 

to a level of Ms (0.99×106 A/m) through its radius direction. The configuration of the device is shown in 

Fig. S-2 (A).  By using equation 2, we can estimate the magnetic force (Fmx) applied to each HUVEC 

according to its location (x') along the flow direction, as plotted in Fig. S-2 (B). By placing the magnet 500 

µm before the 1st stage counter, the maximum magnetic force can be applied to a HUVEC at the 1st counter, 

so this configuration (LM= 500 µm) was used for all of our experiments. The average magnetic forces 

applied to a HUVEC were then estimated to be to be 1.11 × 10-8 N and 5.37× 10-9 N at the 1st and 2nd stage 

counter, respectively. 

 

Fig S-2. (A) The configuration of the device. (B) The magnetic force applied to a HUVEC as a function of 

its location along the flow direction. 
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The Stock’s drag force applied to each HUVEC is induced by the velocity difference between the cell and 

the fluid, and can be calculated by equation 3: 

𝑭𝒅 = 6𝜋𝑅𝑐𝜂∆𝑽           (3) 

where 𝑅𝑐 is radius of the cell, an average value of 10.0 µm was used. 𝜂 is the dynamic viscosity of the 

water, which equals to 1.00 × 10-3 (N·S/m2). Along the flow direction, ∆𝑉𝑥 is the velocity difference (Vfx-

Vcx) between the fluid (Vfx) and the HUVEC (Vcx). Along the vertical direction we assumed Vfz =0, because 

of the laminar flow, so that  ∆𝑉𝑧= 0-Vcz. Therefore, the trajectory of a HUVEC within the microfluidic 

channel can be solved using the first-order ordinary differential equations below: 

𝑑𝑉𝑐𝑥

𝑑𝑡
=

1

𝑚𝑐
[−𝐹𝑚𝑥 + 6𝜋𝑅𝑐𝜂 (𝑉𝑓𝑥 − 𝑉𝑐𝑥)]        (4) 

𝑑𝑉𝑐𝑧

𝑑𝑡
=

1

𝑚𝑐
[𝐹𝑚𝑧 + 6𝜋𝑅𝑐𝜂 (−𝑉𝑐𝑧)]         (5) 

where 𝑚𝑐 is the weight of conjugated HUVEC. Under different flow velocity (Vfx), HUVEC velocity can 

be solved, so that the transit time (t1-t2) and vertical movement (lz) of a HUVEC were estimated and plotted 

in Fig. S-3 (A) and (B). 

 

Fig S-3 (A) The vertical movement of a HUVEC within the 1st and 2nd stage counter, under different flow 

velocities. (B) The transit time change of a HUVEC under different flow velocities. 

From Fig. S-3, we found that when the flow velocity is in the range of 0.1 m/s and 0.2m/s, a significant 

transit time change (t1-t2 >0.5ms) can be achieved and vertical movement of a HUVEC is limited (lz < D 

=35 µm). And from the experimental observations, we further confirmed that under the flow velocity of 

0.12m/s, no HUVECs were captured by the magnetic field. Therefore, based on this flow velocity (Vfx = 

0.12m/s), the microchannel length (L= 400 µm) and the calculated magnetic forces, the HUVEC velocity 

(Vcx) at the 1st and 2nd stage can be calculated to be 6.10 ×104 µm/s and 9.21 ×104 µm/s; and the transit 

times of the HUVEC at the 1st and 2nd counter are estimated to be 6.55 and 4.34ms, with a significant 

transit time change of 2.21ms. 
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