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By examining the hysteresis loops, the low field magnetic susceptibility (χ) was obtained as a function of MNP 
l and d for both single vortex state (dashed lines) and triple vortex state (solid lines), and tabulated in Fig. 3(c). 
The triple vortex state is a frustrated state that is found to be stable in ferromagnetic MNPs over a wide range of 
material parameters16. To obtain the single vortex state in MNPs with l � 300 nm, a clockwise bias field is initially 
applied to favor the formation of a single vortex magnetization in the MNPs. An increase in low field susceptibil-
ity as the magnetization state of the MNP switches from a single to triple vortex state at l � 300 nm is observed. 
Similarly, the remanent magnetization of the MNP is higher for the triple vortex state as compared to the single 
vortex state, as tabulated in Fig. 3(d). This increase is most significant for 150-nm-diameter MNPs, in contrast to 
ferromagnetic discs where a decrease in diameter or increase in length leads to a reduction in susceptibility27, 28. 
The magnetic torque exerted on a MNP by the applied magnetic field is given by, τ � m � μ0H � μ0MrVHsinθ, 
where Mr is the magnetic moment of the MNP at remanence, H is the applied field, μ0 is the magnetic 

Figure 2.  In vitro cell apoptosis by biaxial pulsed magnetic field. Optical image of HeLa cells and NiFe MNPs 
(a,b) no field control and (c,d) with magnetic field treatment. The cells (a,c) were stained with Trypan blue (TB) 
to obtain the dead cells count and (b,d) stained with Ethidium Bromide (EB) to observe apoptotic changes. (e) 
The quantified data from TB-stained and EB-positive fluorescent cells for frequencies between 1‒20 Hz. The 
error bars denote the standard deviation across four wells.
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permeability (µ0 � 4� � 10�7 Hm�1), and V is the volume of the MNP π
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between the applied magnetic field and plane of the MNP, which gives maximum torque when the field is at 90°. 
The force acting on the HeLa cells can be approximated by calculating the force exerted at the edge of the MNP, 
F

l
2= τ . The F/H (pNOe�1) graph shows that a 150-nm-diameter MNP is able to induce a significantly greater 

force as compared to the other MNPs, as shown in Fig. 3(e). At 140 Oe, the force for d � 150 nm, 250 nm and 
350 nm MNPs are obtained to be 88.9 pN, 27.0 pN and 19.1 pN, respectively. Although a force of ~100 pN is 
needed to rupture the cell membrane physically29–31, only 0.5 pN is needed to activate ion channels leading to cell 
apoptosis32, 33.

Next, the effects of magneto-actuated cell apoptosis are compared for d � 150 nm, 250 nm and 350 nm MNPs 
(l � 500 nm), with triple vortex states, under the biaxial pulsed magnetic field. Similar trends of decreasing effec-
tiveness at higher frequencies, with highest cell death recorded at 1 Hz, as shown in Fig. 3(f). A drop of 12% effec-
tiveness in cell viability is also observed at all frequencies for both d � 200 nm and 350 nm MNPs as compared to 

Figure 3.  (a,b) The hysteresis loop of MNPs with d � 150–350 nm and l � 200 nm and 500 nm, respectively. 
(c,d) The low field magnetic susceptibility (χ) and magnetization Mr/Ms was obtained as a function of MNP 
d � 150–350 nm and l � 50–500 nm for both single vortex state (dashed lines) and triple vortex state (solid 
lines). (e) The force exerted by MNPs with respect to applied magnetic field for d � 150–350 nm and l � 50–
500 nm. (f) The comparison of cell viability of HeLa cells after magneto-mechanical cell destruction treatment 
using MNPs with d � 150–350 nm and l � 500 nm.
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