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Vesicle biomechanics in a time-varying magnetic
field
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Abstract

Background: Cells exhibit distortion when exposed to a strong electric field, suggesting that the field imposes
control over cellular biomechanics. Closed pure lipid bilayer membranes (vesicles) have been widely used for the
experimental and theoretical studies of cellular biomechanics under this electrodeformation. An alternative method
used to generate an electric field is by electromagnetic induction with a time-varying magnetic field. References
reporting the magnetic control of cellular mechanics have recently emerged. However, theoretical analysis of the
cellular mechanics under a time-varying magnetic field is inadequate.
We developed an analytical theory to investigate the biomechanics of a modeled vesicle under a time-varying magnetic
field. Following previous publications and to simplify the calculation, this model treated the inner and suspending media
as lossy dielectrics, the membrane thickness set at zero, and the electric resistance of the membrane assumed to be
negligible. This work provided the first analytical solutions for the surface charges, electric field, radial pressure, overall
translational forces, and rotational torques introduced on a vesicle by the time-varying magnetic field. Frequency responses
of these measures were analyzed, particularly the frequency used clinically by transcranial magnetic stimulation (TMS).

Results: The induced surface charges interacted with the electric field to produce a biomechanical impact upon the
vesicle. The distribution of the induced surface charges depended on the orientation of the coil and field frequency. The
densities of these charges were trivial at low frequency ranges, but significant at high frequency ranges. The direction of
the radial force on the vesicle was dependent on the conductivity ratio between the vesicle and the medium. At relatively
low frequencies (<200 KHz), including the frequency used in TMS, the computed radial pressure and translational forces on
the vesicle were both negligible.

Conclusions: This work provides an analytical framework and insight into factors affecting cellular biomechanics under a
time-varying magnetic field. Biological effects of clinical TMS are not likely to occur via alteration of the biomechanics of
brain cells.
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Background
Cellular physiology is modified in the interaction be-
tween cells and an electric field. Cells receive mechanical
signals that activate a biochemical cascade of events and
produce various biological responses. Evidence of the ef-
fects of an electric field on cellular mechanics is abun-
dant in the literature. As reported, cell membrane could
be deformed inside an electric field [1,2]. Cell elonga-
tion perpendicular to the electric field has also been ob-
served in human adipose tissue-derived stem cells [3].
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An external electric field could generate undulation on
a poorly conductive membrane [4]. Finally, electric fields
generated by a microelectrode could induce stress in the
cell membranes, leading to tension and poration [5].
To investigate the mechanisms underlying field-induced

biomechanics on the cell membrane, closed pure lipid
bilayer membranes (vesicles) were used for electrode-
formation experimentation [6] [7]. Vesicles exposed to
a direct-current (DC) electric pulse could be deformed
into elliptical [8] or cylindrical shapes [7]. Recent interests
included the use of a substantially strong DC field to in-
duce vesicle deformation [9]. Paralleled with experimental
approaches, theoretical works have also been proposed to
quantitatively reveal the biomechanical mechanisms of
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membrane deformation under these conditions. For ex-
ample, Grosse and Schwan [10] resolved the membrane po-
tential for a spherical cell when an electric field has been
imposed. Hyuga et al. [11] used Maxwell stress tensor to cal-
culate the normal component of the force on the cell mem-
brane in a DC field. Their model considered the dynamic
deformation of the vesicles by assuming a permeable, con-
ducting membrane. Others [6] modeled the effects of alter-
nating current (AC) electric field on the vesicle, and
investigated the impact of field frequency on cell deform-
ation. Considering the balance of electric, hydrodynamic
bending, and tension stresses exerted on the cell membrane,
the vesicle showed various frequency – dependent kinematic
changes in the AC electric field including deformation,
orientation, translation (dielectrophoresis), and rotation [12].
Orientation of the cells can be predicated by the calculated
torque on the cell, and this method has been used to explain
the electro-orientation of erythrocytes [13]. Collectively,
these works share insight about the forces involved in
deforming the membrane, which rely primarily on the inter-
action between the electric field and the free charges (ions)
that accumulate on the membrane surface of the cell.
Magnetic fields have also been shown to affect cellular

mechanics. Previous investigations have reported a myriad
of responses in support of magnetic field effects on cellular
dynamics. For example, pulsed electromagnetic fields
caused long-term morphological changes in cultured hu-
man chondrocytes [14]. In one study, a force between the
action currents in a nerve and the static MRI magnetic
field caused the nerve to move [15], while in another, mo-
tion induced by a magnetic field on a magnetic particles or
magnetizable material (magnetophoresis) was used for the
isolation of blood cells [16] and extracellular vesicles [17].
However, the most prevailing usage of the field in clinical
treatment is the transcranial magnetic stimulation (TMS),
in which an electric field is induced inside the brain for the
treatment of depression [18], seizures [19,20], Parkinson’s
disease [21], and Alzheimer’s disease [22]. Literature re-
garding the magnetic field’s biomechanical effects on single
cells is limited. A theoretical analysis of time-varying mag-
netic field on cellular mechanics could provide insights
into the possibility of magnetic control of cellular physi-
ology. In the context of TMS practice, it is unknown if the
parameters implemented by TMS would cause membrane
deformation or any biomechanical alterations.
We have recently studied the excitability of the cells by

computing transmembrane potential on a spherical soma
[23], an axon [24], and internal organelle such as a mito-
chondrion [25] under the stimulation of a time varying
magnetic field. In this paper, we computed the pressures,
forces, and torques generated by a time-varying magnetic
field on a simple vesicle model, and estimated the extent
to which magnetic fields used in TMS practice could affect
these measurements.
Methods
Spherical vesicle model in a low frequency magnetic field
Figure 1 shows the basic geometry of the modeled vesicle lo-
cated between a pair of a Helmholtz coils. Two coordinate
systems were utilized to represent the vesicle and the coil, re-
spectively. The spherical vesicle was represented in a spher-
ical coordinate system (r, θ,ϕ), centered at point O. The
dielectric permittivities and conductivities inside and outside
the vesicle were εi, εo and σi, σo, respectively. The vesicle had
a radius of R. The bilayer thickness was appropriately 5 nm,
thus on the length scale of a cell-size vesicle (radius ~
10 μm), the bilayer membrane can be regarded as a two-
dimensional surface. As in the literature [9,26], the thickness
of the membrane was considered to be zero, and the electric
resistance of the membrane was assumed to be negligible.
The magnetic field was represented in a cylindrical co-

ordinate system (r ',ϕ ', z '), with the axis of the coils over-
lapped with the OZ’ axis. The distance between the center
of the cell (O) and the axis of the coil (O ') was C. The ex-
ternally applied, sinusoidally alternating magnetic field
was symmetric about the O 'Z ' axis in this coordinate sys-
tem. Mathematically, the magnetic field could be repre-
sented as B

⇀ ¼ Z
⇀
B0ejωt , where Z

⇀
the unit vector in the

direction of O ' Z ' and ω the angular frequency of the
magnetic field, and j ¼ ffiffiffiffiffiffi

−1
p

the imaginary unit.

Governing equations for electrodynamics problems
A time-varying magnetic field induces an electric field.
Assuming the presence of the model vesicle did not
affect the distribution of the induced field, we used
Faraday’s law to compute the induced electric field:

∮ E
⇀
⋅d l

⇀ ¼ −∬
∂B

⇀

∂t
⋅ d A

⇀ ð1Þ

E was in the φ ' direction in the cylindrical coordinates
(r ', ϕ ', z '). By integration,

2πCE ¼ −jωB0πC
2

, we had the intensity of the induced electric field

E ¼ −jωB0C
2

ð2Þ

For the two representative field frequencies that were
analyzed in this paper (10 KHz and 200 KHz), the induced
electric field was 120 V/m (C = 1 cm) at point O for 10
KHz (TMS). At this field intensity, cell migration has been
observed [27]. In order to cause vesicle deformation, an
electric field would be as large as 240000 V/m [7].

Laplace equation
The presence of the vesicle in the space introduced free
charge distribution. The electric field induced by the
time-varying magnetic field around the vesicle was



A

B

Figure 1 A vesicle model under a spatially uniform, time-varying magnetic field. A. A magnetic field generated by a Helmholtz coil pair and the
location of the targeted vesicle. The current flowing in the coil generated a sinusoidally alternating magnetic field, which in turn induced an electric field
around the vesicle, along the x-axis. The small sphere represented a vesicle that centers at point O, a point close to the center axis of the Helmholtz coil
pair (O’Z’). The distance between the center of the vesicle (O) and the common axis (O’Z’) of the Helmholtz coil pair was C. B. Transverse view of the
model showing a simple sphere that represented the vesicle in a spherical coordinates (r, θ, φ). The externally applied magnetic field was in spherical
coordinates (r ', θ ', φ '). The zoomed region illustrated the lipid bilayer structure of the membrane. The induced electric field (E) oscillated along the x-axis.
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E
→¼ −jω A

→
−∇V ð3Þ

where A
⇀

was the magnetic vector potential induced by
the current in the coil. The potential V was the electric
scalar potential due to charge accumulation that appears
from the application of a time-varying magnetic field. In
spherical coordinates (r, θ, ϕ), ∇V ¼ ∂V

∂r ;
1
r
∂V
∂θ ;

1
r sinθ

∂V
∂ϕ

� �
.

For low frequency stimulation, we used quasi-static ap-
proximations. In charge-free regions, V was obtained by
solving Laplace’s equation

∇2V ¼ 0 ð4Þ

Magnetic vector potential A
→
in spherical coordinates (r, θ, ϕ)

When the center of the magnetic field was at point O ',
B
⇀

was in the direction of Z
⇀
. This is because

B
⇀ ¼ ∇� A

⇀ ð5Þ

, where vector potential A
⇀

was in the direction of ϕ
⇀

(Figure 1). In cylindrical coordinates (r ',ϕ ', z '), the mag-
netic vector potential was expressed as (Appendix A):

A
⇀ 0 ¼ −

r0B0

2
ejωt ϕ

⇀ ð6Þ

In order to calculate the potential distribution in the
model vesicle, one needs to have an expression for A

⇀
in

spherical coordinates (r, θ, ϕ). By coordinate transform-
ation (Appendix B), we obtained the magnetic vector po-
tential A

⇀
in spherical coordinates (r, θ, ϕ):

A
⇀ ¼ r⇀Aor þ θ

⇀
Aoθ þ ϕ

⇀
Aoφ ð7Þ

The vector potential components in the r
⇀
; θ
⇀
;ϕ
⇀

direc-
tions were:

Aor ¼ B0

2
C sinθ cosϕ ð8Þ

Aoθ ¼ B0

2
C cosθ cosϕ ð9Þ
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Aoϕ ¼ B0

2
r sinθ−C sinϕð Þ ð10Þ

Induced surface charges
At the boundary that separates the media with different
electrical properties, free charges presented and caused a
discontinuity in the normal component of the displace-
ment vector.

ρs ¼ n
⇀
• εoE

⇀

o−εiE
⇀

i

� �
at r ¼ R ð11Þ

where n
⇀

denoted outward unit normal vector and ρs
charge density.

Boundary conditions
Four boundary conditions were considered in the deriv-
ation of the potentials induced by the time-varying mag-
netic field. 1. The potential was continuous across the
boundary of two different media. Vo =Vi at r =R as in the
previous works [9,26]. 2. Conservation of electric current
at the interface requires the normal component of the
current density to be continuous across two different
media. For materials such as pure conductors, it is equal
to the product of the electric field and the conductivity of
the media. During time-varying field stimulation, the
“complex conductivity” (defined as S = σ + jωε) was used to
account for the dielectric permittivity of the material
[28-30]. Here, σ was the conductivity, ε was the permittiv-
ity of the tissue, and ω was the angular frequency of the
field. Therefore, on the vesicle/medium interface

SoEor ¼ SiEir ð12Þ
where So = σo + jωεo and Si = σi + jωεi were the complex con-
ductivities. 3. The electric field at an infinite distance from
the cell was not perturbed by the presence of the vesicle,
and 4. The electric potential inside the cell (r= 0) was finite.

Force and torques generated on the vesicle
The force generated on the vesicle was a result of the
interaction between the free charges and electric field.
The electric traction on the vesicle surface had radial
and tangential components. The tangential force gener-
ated the rotational torque.

Model parameter and simulation
Table 1 lists the parameters used for the model. To quan-
titatively investigate the amount of forces and torques
generated on the vesicle, we chose their geometrical and
electrical parameters (standard values, the lower and
upper limits) from the literature [29]. The frequency range
of interest was determined to be between 2 kHz -
200 kHz. The upper limit was determined by calculating
the reciprocal value of the rising phase of a current pulse
during peripheral nerve stimulation [31,32]. Most fre-
quencies used in the experimental practices were lower
than this value [33]. The intensity and frequency parame-
ters were picked to represent a brain neuron under trans-
cranial magnetic stimulation (TMS), with the field
intensity of 2 Tesla. The standard frequency of the mag-
netic field was estimated to be 10 kHz, as the rising time
of single pulses was ~100 μs during TMS. This yielded the
peak value of dB/dt = 2 × 104T/s.

Results
Electric field induced by the time-varying magnetic field
In spherical coordinates (r, θ, ϕ), the solution for Laplace’s
equation (4) was written as

Vn ¼ Cnr þ Dn
1
r2

� �
sinθ cosϕ ð13Þ

where Cn,Dn were unknown coefficients (n = o and i).
These coefficients were solved with the given boundary
conditions (Appendix C).

Vo ¼ jωB0C
2

R3

r2
So−Si

2So þ Si
sinθ cosφ ð14Þ

V i ¼ jωB0C
2

So−Si
2So þ Si

r sinθ cosφ ð15Þ

Using equation (3), we obtained the expression of the
magnetically-induced electric field around the vesicle

Eor ¼ −
jωB0C

2
1þ 2R3

r3
Si−So

2So þ Si

� �
sinθ cosφ

¼ −
jωB0C

2
3Si

2So þ Si
sinθ cosφ

ð16Þ

(when r = R)

Eoθ ¼ −
jωB0C

2
1−

R3

r3
Si−So

2So þ Si

� �
cosθ cosφ ¼

−
jωB0C

2
3So

2So þ Si
cosθ cosφ

ð17Þ

(when r = R)

Eoφ ¼ jωB0

2
C 1−

R3

r3
Si−So

2So þ Si

� �
sinφ−r sinθ

� �

¼ jωB0

2
C

3So
2So þ Si

sinφ−R sinθ

� � ð18Þ

(when r = R).
Electric field distribution inside a vesicle was

Eir ¼ −
jωB0C

2
3So

2So þ Si
sinθ cosφ ð19Þ

Eiθ ¼ −
jωB0C

2
3So

2So þ Si
cosθ cosφ ð20Þ



Table 1 Model parameters

Parameters Standard value Lower limit Upper limit

Medium conductivity (σo, S/m) 0.3 (1) 0.01 (1) 1.2 (1)

Cytoplasmic conductivity (σo, S/m) 0.3 (1) 0.2 (1) 1.2 (1)

Vesicle radius (R, μm) 10 (2) 5 (2) 100 (2)

Magnetic field frequency (f, kHz) 10 2 200 (3,4)

Coil axis - cell distance (C, cm) 1 0 10

Medium dielectric permittivity (εo, As/Vm) 6.4 × 10− 10 (2) - -

Cytoplasmic dielectric permittivity (εo, As/Vm) 6.4 × 10− 10 (2) - -

Magnetic field intensity (B0, Tesla) 2 - -

1 In [28].
2 In [29].
3 In [32].
4 In [31].
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Eiφ ¼ jωB0

2
C

3So
2So þ Si

sinφ−r sinθ
� �

ð21Þ

Surface charge induced by the time-varying magnetic field
Surface charge density on the vesicle was

ρs R; θ;φð Þ ¼ εoEor−εiEir ¼ −
jωB0C

2
3 Siεo−Soεið Þ
2So þ Si

sinθ cosφ

ð22Þ

The density of the induced electric charges (ρs) was
independent of cell size (R), but was dependent on the
dielectric properties of the cell’s vicinity and its relative
orientation to the magnetic coil (Figure 2A). The sur-
face charges only accumulated on the boundary of the
two inhomogeneous media (Figure 2B). We computed
the maximal intensity of the surface charges with pa-
rameters provided in Table 1, and the frequency de-
pendency of surface charges was illustrated in Figure 3.
An increase in field frequency caused an increase in
surface charges (Figure 3A1 and A2), and a decrease in
the phase (Figure 3B). These changes were more prom-
inent when field frequency exceeded 100 K Hz. At f =
10 kHz, the TEM frequency, the induced surface charge
density was ρs = 4.0 × 10− 7C/m2, and at f = 200 kHz, the
induced surface charge density was ρs = 8.0 × 10− 6C/m2.
Induced charge density was significantly smaller than
the intrinsic charges carried by the proteins on the cell
under physiological conditions [34].
The net induced charge on the vesicle was

Qs ¼ ∬
θ;φ

ρsda ¼ ∬
θ;φ

ρsR
2 sinθdθdφ ¼ 0 ð23Þ

It yielded a value of zero because the induced charges
could not leave the vesicle surface [35]. Here, dȃ = R2 sin
θdθdφȓ was a surface element in the ȓ direction.
Radial pressure due to interactions between the
magnetically-induced electric field and the induced
charges ρs
We next analyzed the surface biomechanics of the spher-
ical vesicle including: pressure for pulling and compression,
forces for vesicle translation, and torques for rotation.
We first calculated the pressure on the ȓ direction that

could compress or expand the vesicle surface. The force
generated on a surface charge equals the product of the
charge and the average of the electric field on both sides
of the surface [36]. Pressure (force per unit area) on the
vesicle surface was:

Pr ¼ 1
2

Eor þ Eirð Þρs ¼ −
9
8
ω2B2

0C
2 So þ Sið Þ Siεo−Soεið Þ

2So þ Sið Þ2 sin2θ cos2φ

ð24Þ
Equation 24 illustrated the steady part of the surface

pressure on the vesicle. The oscillatory part was illus-
trated in equation (A-7) by the term ejωt , where ω was
the angular frequency of the externally applied magnetic
field. The vesicle was under the oscillatory pressure with
the same frequency of the applied field. Based on equa-
tion (24), the maximal pressure was at θ ¼ π

2 ; ¼ 0 . In
the case of a biological cell, the difference between the
dielectric constants of the cytosol and the cell environ-
ment could be very small (εo = εi). Therefore, the sign
(direction) of the pressure depends on the conductivity
ratio between the cytoplasmic and the extracellular
media. Figure 4A plots the case that σ i

σo
< 1; when the ra-

dial pressure compressed the cell on its equator.
Whereas, Figure 4B plots the case that σ i

σo
> 1; when the

radial pressure stretched the vesicle on its equator.
Figure 5 plots the frequency dependency of the radial

pressure. An increase in the frequency (above 10 KHz)
could cause an increase in the magnitude in radial pres-
sure and a slight phase change. At 10 KHz, the max-
imal radial pressure was 2 × 10− 4N/m2, and at 200 KHz,
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Figure 2 Surface charge distribution induced by the time-varying magnetic field. A. The plot demonstrated an instant pattern of surface
charge distribution. The orientation of the vesicle to the coil was the same as that shown in Figure 1B. The color represented the amount of the
charge density (C/m2) calculated with the standard parameters in Table 1. Field frequency was 10 KHz. σo = 1.2S/m. σi = 0.3S/m. B. There was no
accumulation of surface charges if the two media were set to be electrically identical (σo = σi and εo = εi).
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Figure 3 Frequency dependence of surface charges on the vesicle under the time-varying magnetic field. The figure plotted the absolute
value of the amplitude of the surface charge density at the location (π/2, 0). Notation and parameter values were the same as in Figure 2A. A. Maximal
amplitude of surface charges ρs as a function of the field frequency in a linear plot (A1) and in a log plot (A2). B. Phase of ρs as a function of the field
frequency. Phase lag was defined between the phases of the magnetic field and ρs.
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Figure 4 Distribution of the instant radial pressure on the vesicle surface and its dependency on the media conductivities. A. Radial
pressure compressed the cell if the extracellular conductivity was greater than intracellular conductivity (σo = 1.2S/m, σi = 0.3S/m). B. Radial
pressure stretched the cell if the intracellular conductivity was greater (σi = 1.2S/m. σo = 0.3S/m). The color represented the amount of the charge
density (C/m2) calculated with the parameters in Table 1. Field frequency was 10 KHz.
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the maximal radial pressure was 8.4 × 10− 2N/m2. These
calculated pressures are sufficiently smaller in comparison
with the ones that are used for mechanical deformation of
the cell membrane, including atomic force microscopy,
micropipette aspiration, magnetic bead mocrorheology
(twisting and pulling), or optical trapping [37].

Translation forces due to field-charge interactions
After transformation from spherical to rectangular coor-
dinates, we obtained the expressions of the electric field
in (x, y, z) directions.

Eox

Eoy

Eoz

#
¼

sinθ cosφ cosθ cosφ − sinφ
sinθ sinφ cosθ sinφ cosφ
cosθ − sinθ 0

2
4

3
5 Eor

Eoθ

Eoφ

2
4

3
5

2
64 ð25Þ

Immediately outside the vesicle, we found
Eox ¼ −
jωB0C

2
ð sin2θ cos2φ 3Si

2So þ Si
þ cos2θ cos2φ

3So
2So þ Si

þ sin2φ
3So

2So þ Si
Þ þ jωB0R

2
sinθ sinφ

ð26Þ

E0y ¼ −
jωB0C

2
sin2θ sinφ cosφ

3 Si−Soð Þ
2So þ Si

−
jωB0R

2
sinθ cosφ

ð27Þ

E0z ¼ −
jωB0C

2
3 Si−Soð Þ
2So þ Si

sinθ cosθ cosφ ð28Þ

The overall force that translated the vesicle in the x, y
and z directions was:

Fx ¼ ∬
θ;φ

Eoxρsda ¼ 0 ð29Þ
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Figure 5 Frequency dependence of the radial pressure. Absolute value of the amplitude of the radial pressure over the vesicle was plotted.
Notation and parameter values were the same as in Figure 2A. A. The overall radial force as a function of the field frequency in a linear plot (A1)
and in a log plot (A2). B. Phase of the radial force as a function of the field frequency. Phase lag was defined between the phases of the
magnetic field and the radial pressure.
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Fy ¼ ∬
θ;φ

Eoyρsda ¼ εiSo−εoSi
Si þ 2So

ω2B2
0R

3Cπ ð30Þ

Fz ¼ ∬
θ;φ

Eozρsda ¼ 0 ð31Þ

Therefore, the forces generated by the interaction be-
tween the induced surface charges and the field could the-
oretically contributed to the translational movement of the
cell. The force was dependent of both the frequency and
conductivity ratios. Figure 6 illustrated the frequency de-
pendency of the translation force. Higher field frequency
was associated with larger translational force. However,
these forces were quantitatively trivial to introduce vesicle
movement. For TMS frequency of 10 KHz, the translational
force was 1.1 × 10−16N. At 200 KHz, the translational force
was 4.2 × 10−14N. A force of 10−9N to 10−5N is needed for
cell migration to occur in the electric field [37].
5. Rotation Torques due to field-charge interactions.
Rotation of the cells could be established by comput-

ing the torque on the cell [12] [38]. The tangential θ
⇀

and φ
⇀

components of the coulomb forces could
potentially generate rotational torques on the vesicle. As
illustrated in Appendix D, the overall torque generated

by the force in the θ
⇀

direction was

T
⇀

θ ¼ ∬
θ;φ

R R
⇀� �

� Eoθρsda θ
⇀� �

dθdφ ¼ 0 ð32Þ

The overall torque generated by the force in the
⇀
φ dir-

ection was

T
⇀

φ ¼ ∬
θ;φ

R R
⇀� �

� Eoφρsda φ
⇀

� �
dθdφ ¼ 0 ð33Þ

Therefore, the interaction between the induced charges
and the field was not likely applying rotational torques.

Discussion
An analytical, three-dimensional modeling of the inter-
action of time-varying magnetic fields with cells and vesi-
cles is valuable because it would provide benchmarks for
the validation of more general numerical solutions to such
problems. Our paper provides the first analytical expres-
sions for surface charges, radial pressure, translational
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electric forces, and rotational torques generated by a time-
varying magnetic field on a model vesicle. The induced
surface charge, generated by the inhomogeneity between
the vesicle and the medium surrounding the vesicle, inter-
acted with the electric field and produced a biomechanical
impact on the vesicle. Four major discoveries were gener-
ated from this model. First, distribution of the induced
surface charges depended on the orientation of the coil to
the vesicle, and the density of these induced charges could
be trivial at low frequency range. Secondly, direction of
the radial pressure generated on the vesicle depended on
the conductivity ratio between the vesicle and the media.
Thirdly, the magnetic field could generate translational
force but not rotational torque. Lastly, both the compres-
sing pressure and the translational force were trivial at all
frequency ranges considered. These data imply a safe clin-
ical application of TMS with its current parameter setup.

Similarities and differences to electric stimulation
Our analysis of vesicle biomechanics under time-varying
magnetic stimulation revealed several commonalities and
differences to those under electric stimulation. The build-
up of electrical pressure was due to the interaction be-
tween the electric field and the induced charges on the
vesicle surface. In electric stimulation, this is achieved
through directly applied electric current via electrodes.
However in magnetic stimulation, electric field is pro-
duced by electromagnetic induction. Both mechanisms
have been shown to affect cellular physiology, such as
causing membrane depolarization [23]. In this paper, we
found that the induced surface charge and electric pres-
sure were both dependent on the medium/cytoplasm con-
ductivity ratio, which complies with the results from
simulation works in electric stimulation [6,39].
Stimulation of vesicles with time-varying magnetic field

is unique in two aspects. First, as a non-invasive method,
magnetic stimulation was achieved by current induction
inside the tissue, which prevented direct contact with the
electrodes and introduces minimal discomfort. Second,
the frequency responses of the pressure, force, and torques
were different under the two stimulation protocols. In AC
electric stimulation, magnitude of the field was constant
and independent of its frequency. In magnetic stimulation,
however, the magnitude of the induced electric field was
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proportional to the frequency of the magnetic field
(Faraday’s law). Consequently, alternation in the field
frequency could affect the vesicle biomechanics in a much
more complex manner. As seen, the frequency response
of the pressure in the magnetic stimulation (Figure 5)
was dramatically different from those proposed for
the AC electric field [6,39]. It is unlikely that theories
designated for an AC electric field could provide a com-
plete insight to the vesicle biomechanics under a time-
varying magnetic field. The following sections will provide
more detailed discussion on the biomechanical differences
between magnetic stimulation and electric stimulation.

Surface charges and its frequency dependency
Surface charges and the force generated by the externally
applied electric field have been recognized as the basis of
cell electrophoresis [40], surface deformation [41] and
bending [42]. Furthermore, surface charges have been pro-
posed as the underlying mechanism of fast, cathodal galva-
notaxis of rat prostate cancer cells [43]. Here, we show the
surface charges (with their density ρs) were generated on
the vesicle under a time-varying magnetic field on the inter-
face of the vesicle and the medium, which represented a
boundary of two media with different electrical properties.
Two recent theories have attempted to investigate the

surface charge distribution on the vesicle under electric
stimulation ([11] for DC, and [6] for AC). Both theories
stem from the fact that free charges (ions) could accumu-
late at the interfaces separating the media with different
electrical properties. In both works, the surface charge
was a function of the conductivity ratio and the proper-
ties of the field. Our analysis on the magnetic field
agrees with these conclusions in that the polarity of the
charges depends on the conductivity ratio. Moreover,
we show that the surface charge distribution depended on
both the orientation of the cell to the magnetic coil and the
properties of the field (frequency and magnitude). Under
magnetic stimulation, the frequency response of the charges
was a quasi-linear relationship because surface charge dens-
ity is dependent on the frequency of the external field.

Radial forces and its dependency on conductivity ratio
and frequency
In addition, we demonstrated that the direction of radial
pressure on the vesicle depended on the conductivity ra-
tio between the medium and the cytoplasm (equation 24
and Figure 4), which is compatible with several previous
theoretical works on electrodeformation. The dependent
nature of the radial pressure applies to several different
field types. For DC pulses, the ratio between the con-
ductivities of the inner and outer vesicle solutions dic-
tated the shape deformation induced on lipid vesicles
[11]. Sadik et al. [9] found that a strong DC electric field
caused giant unilamellar vesicles to prolate elongation
along the direction of the electric field when the Intra/
extra ratio = 1.92 to 53.0. The similarities between mag-
netic and electric stimulation could be tested with ex-
perimental approaches using these giant vesicles.
The frequency dependency of vesicle deformation under

magnetic field stimulation is significantly different from that
under AC electric field stimulation. Previous work on elec-
trodeformation indicated the existence of a “critical fre-
quency” around which vesicles switch from elongation to
compression [6,7]. Under magnetic field protocol, however,
we did not find evidence of this “critical frequency”. Rather,
direction of the radial pressure was consistent across large
frequency range (Figure 5). Higher field frequency has al-
ways implied larger surface pressure. The discrepancy be-
tween the magnetic field and the electric field is derived
from evidence that magnetic field intensity is proportional
to field frequency. This model predication could be tested
with giant vesicle experiments under strong, high frequency
magnetic field.

Translational force and rotational torque
An electric force can induce cell migration. Publications
regarding this phenomenon can be retrieved as earlier as
the 1920s [44], and they have served as a useful tool for
the control of cell migration [40,45]. Here, we show that
it is possible to generate translational forces with a time-
varying magnetic field, with the translational force as
non-zero in the y-direction (equation 30, Figure 6), be-
cause of the asymmetrical distribution of the induced
charges on the vesicle (Figure 2) and the uneven electric
field around the vesicle (Eq. 2). However, further analysis
revealed these forces to be significantly small in com-
parison to the force involved in cell migration.
The torque on the cell is related to the orientation of

the cells [12,38]. Interestingly, we found the net rotational
torques on the vesicle to be zero because torque in the
whole vesicle surface was canceled out. It should be noted
that both the small translational force and the zero torque
computed in this paper are consequences of assuming that
force/rotation torque are generated solely by induced sur-
face charges. Theoretically, charged proteins embedded in
the cell membrane could also contribute to the translation
force and rotation torque [46].

Implication for the transcranial magnetic stimulation (TMS)
At 10 KHz, a frequency that corresponds with the rising
time of the electric pulse used in clinical TMS, electrical
compression pressure was insignificant. Under this fre-
quency, the magnetic field generated only 2 × 10−4N/m2 of
radial pressure. It should be noted that even this value
could be a consequence of overestimation in the magnetic
field intensity (B0), since intensity of the field generated by
a coil could decay quickly in the tissue far away from the
coil [47]. The duration of the stimulation time was also
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likely overestimated. During TMS, neuronal responses are
induced by pulses as opposed to the mathematically more
tractable sinusoidal stimuli used in this model. In this sce-
nario, the magnetically-induced electric field in the tissue
(essentially the radial force) is determined by dB/dt, which
means that the radial force can only be induced during the
rise time (and decay time) during a step in the magnetic
field. Indeed, rise times of the field affect stimulation in
clinical practice with a faster rise time pulse resulting in
greater efficiency [48]. Therefore, it is unlikely that the
TMS radial force is significant enough to have any physio-
logical implications. To our knowledge and based on a
Medline search, there have been no reports on cellular
mechanic effects in TMS practice. We do not exclude the
possibility that the radial pressure could be large enough
to generate compression and become involved in
biomechanically-triggered intracellular signaling if much
higher field frequencies are implored (i.e., in MHz range).

Future directions
To simplify the calculation, several assumptions have to
be made in this model work. The model did not consider
several important biomechanical factors (hydrodynamic
force, bending, tension stresses, viscosity and temperature)
that may also contribute to vesicle deformation. It also did
not explicitly consider the capacitive properties of the
membrane compared to fluid-fluid interface, and the volt-
age across the vesicle surface was assumed continuous. As
covered by our analysis, this is valid only if the field fre-
quency is significantly greater than the inverse of the
membrane capacitor charging time (above 1–10 KHz).
Our previous publication [25] that investigated the
“shielding” effect of the cell membrane on the internal or-
ganelles indicated that above 1 KHz, the magnetically-
induced electric field could start to penetrate into the cell
membrane, suggesting a continuous potential distribution
across the cell membrane above this frequency. Further
work will include the capacitive membrane in the model.
Our paper only investigated induced surface charges

where the intrinsic surface charge density was assumed to
be zero. While this is likely applicable to the vesicles, since
they were usually formed with neutral molecular such as L-
a-phosphatidylcholine [7,9,49], biological cells may also con-
tain surface charges such as charged proteins, which reside
in the charged lipid headgroups within the membrane itself
[46]. Both cationic and anionic functional groups contained
in the lipid headgroups contribute to the net electric field at
membrane surfaces. The net effect of the relative accumula-
tion of anionic phospholipids in the plasma membrane is an
electric field of 105 V/cm, capable of strongly attracting cat-
ionic proteins, peptides, and ions [50,51]—a basis for protein
targeting and intracellular signaling. It should be noted that
the distribution of the surface proteins could be geome-
trically inhomogeneous, and may also be involved in cell
deformation in rare cases. For example, isolated outer hair
cells of the cochlea vibrate under the influence of a trans
cellular oscillating electric field, which is theoretically due to
the interaction between the field and the charged proteins
embedded in the cell membrane [52]. In addition, surface
charges may undergo a dynamic change in pathological situ-
ations. An increased negative surface charge is known to be
associated with malignant cancer cells [53,54]. These dy-
namic changes were shown to affect membrane potential,
ion channel distribution, and other cellular activities [55],
and should be considered in future studies on cellular bio-
mechanics under magnetic field stimulation.

Conclusions
We have provided the first analytical solutions for the
surface charges, electric field, radial pressure, transla-
tional force, and rotation torques of a vesicle under a
time-varying magnetic field. The frequency responses of
these quantities to the magnetic field were different from
that under an AC electric field. At a relative low fre-
quency (10 KHz) similar to that used in clinical TMS,
the computed radial pressure, translational forces, and
torques on the vesicles are negligible, suggesting that the
biological effects of the time-varying magnetic field are
not likely caused by alteration of cellular biomechanics.

Appendix

A Expression of vector potential
⇀
A in cylindrical

coordinates (r ', ϕ ', z ')
In cylindrical coordinates (r ',ϕ ', z ') centered at O ', we had

∇� A
⇀ ¼ 1

r′
∂Az0

∂ϕ 0 −
∂Aϕ0

∂z0

� �
r
⇀ 0 þ ∂Ar0

∂z0
−
∂Az0

∂r0

� �
ϕ
⇀ 0

þ 1
r0

∂
∂r0

r0Aϕ0
	 


−
1
r0
∂Ar0

∂ϕ0

� �
⇀
z
0

ðA� 1Þ

The magnetic vector potential A
⇀

induced by an exter-
nal coil current was

A
⇀ ¼ μ

4π
∭
J
⇀
dv
Rc

ðA� 2Þ

where J
⇀

was the current density in the coil, Rc was the
distance between the current element in the coil, and
the target tissue where A

⇀
was evaluated. dv was the vol-

ume of the element carrying current density J
⇀
, and μ

was the magnetic conductivity. A
⇀

was in the direction of
ϕ
⇀ 0 and was symmetrical about the O ' Z ' axis.

Ar0 ¼ 0;Az0 ¼ 0;Aϕ0 ¼ A ðA� 3Þ

Substituting (A-3) into (A-1), we had
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∇� A
⇀ ¼ 1

r0
∂
∂r0

r0Aϕ0
	 


z
⇀ 0 ðA� 4Þ

Also:

∇� A
⇀ ¼ B

⇀ ¼ z
⇀
B0e

jωt ðA� 5Þ

From (A-4) and (A-5), we had

Aϕ0 ¼ 1
2
r0B0e

jwt þ CO
r0

ðA� 6Þ

where CO was a constant. Since the current was symmet-
rical about the Z ' axis. Aϕ ' (r ' = 0) = 0. So CO = 0. Therefore,

Aϕ0 ¼ 1
2
r0B0e

jωt ðA� 7Þ

B Coordinate transformation from spherical coordinates
(r ', θ ',ϕ ') to (r, θ,ϕ) in the computation of the
magnetic vector potential A

⇀

In spherical coordinates (r ', θ ', ϕ ') with origin at o ',
from equation (A-7), we had

A
0
r0ð Þ ¼ 0 ðB� 1Þ

A
0
θ0ð Þ ¼ 0 ðB� 2Þ

A
0
ϕ0ð Þ ¼ r0B0

2
ðB� 3Þ

Here, we have omitted the time factor ejωt to simplify
the calculation, which allowed us to investigate the “in-
stant” effects of the magnetic field on the vesicle. The
vector potential was expressed in a Cartesian basis using
a matrix transformation,

A0 x0; y0; z0ð Þ ¼
sinθ0 cosϕ0 cosθ0 cosϕ0 − sinϕ0

sinθ0 sinϕ0 cosθ0 sinϕ0 cosϕ0

cosθ0 sinθ0 0

2
4

3
5 0

0
r0B0

2

2
64

3
75

¼
−
B0r0 sinϕ0

2
B0r0 cosϕ0

2
0

2
6664

3
7775 ¼

−
B0y0

2
B0x0

2
0

2
6664

3
7775

ðB� 4Þ

In Figure 1, since x ' = x, y ' = y − c, z ' = z, the vector po-

tential
⇀
A could be expressed in (x, y, z) coordinates as

A x; y; zð Þ ¼
−
B0 y−cð Þ

2
B0x
2
0

2
6664

3
7775 ðB� 5Þ

Expressed in spherical coordinates (r, θ, ϕ),
Aor

Aoθ

Aoϕ

2
4

3
5 ¼

sinθ cosϕ sinθ sinϕ cosθ
cosθ cosϕ cosθ sinϕ − sinθ
− sinϕ cosϕ 0

2
4

3
5 −

B0 y−cð Þ
2

B0x
2
0

2
6664

3
7775

¼

B0

2
C sinθ cosϕ

B0

2
C cosθ cosϕ

B0

2
r sinθ−C sinϕð Þ

2
66664

3
77775

ðB� 6Þ

C Determining unknown coefficients Cn,Dn in equation
(13) using boundary conditions

Since V was bounded at r = 0 and r→∞, from equation
(13) we had Co = 0 and Di = 0. Therefore, expressions for
the potential distribution in the extracellular media and in
the vesicle cytoplasm were:

Vo ¼ Do

r2
sinθ cosφ ðC� 1Þ

V i ¼ Cir sinθ cosφ ðC� 2Þ

We substituted A0r (equation 8) and the r
⇀

compo-
nents of ∇V in the two regions into equation (3) to yield
the expressions of the normal components of the electric
fields in the two regions:

Eor ¼ −
jωB0C

2
sinθ cosφþ 2Do

r3
sinθ cosφ ðC� 3Þ

Eir ¼ −
jωB0C

2
sinθ cosφ−Ci sinθ cosφ ðC� 4Þ

Following boundary condition (1),

Do

R2 ¼ CiR ðC� 5Þ

We then used the boundary condition (2), that the
normal components of the current densities were con-
tinuous between two different media, to obtain the fol-
lowing equation:

So −
jωB0C

2
þ 2Do

R3

� �
¼ Si −

jωB0C
2

−Ci

� �
ðC� 6Þ

We solved (C-5) and (C-6) to obtain the last two
coefficients:

Do ¼ jωB0C
2

R3 So−Si
2So þ Si

Ci ¼ jωB0C
2

So−Si
2So þ Si

D Calculating the rotation torque in equation (32)

Since R
⇀ � θ

⇀ ¼ φ
⇀

and φ
⇀ ¼ − sinφ⌢x þ cosφ⌢y ;
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Tθ ¼ ∬
θ;φ

R R
⇀� �

� E0θqρsda θ
⇀� �

dθdφ

¼ ∬
θ;φ

RE0θqρsR
2 sinθ φ

⇀
dθdφ

¼ ∬
θ;φ

RE0θqρsR
2 sinθ − sinφ⌢x þ cosφ⌢yð Þdθdφ

¼ ∬
θ;φ

R3q −
jωB0C

2
3S0

2S0 þ S2
cosθ cosφ

� �

−
jωB0C

2
3 σ2ε0−σ0ε2ð Þ
2S0 þ S2

sinθ cosφ

� �
sinθ

ð− sinφ⌢x þ cosφ⌢yÞdθdφ

¼ −R3q
ωB0C
2

� �2 9S0 σ2ε0−σ0ε2ð Þ
2S0 þ S2ð Þ2

½ ∬
θ;φ

sin2θ cosθ cos2φ − sinφð Þ⌢xdθdφ

þ ∬
θ;φ

sin2θ cosθ cos2φ cosφdθdφ⌢y� ¼ 0

Abbreviations
Bo: Intensity of the time varying magnetic field (Tesla); E: Intensity of the
electric field induced by time-varying magnetic field (V/m); ρs: Surface
density of induced surface charges (C/m2); Qs: Net induced surface charges
(C); Eox, EoyEoz: Intensity of electric field in the medium (V/m) at

⇀
x;

⇀
y; and

⇀
z

directions, respectively; Eix, Eiy, Eiz: Intensity of electric field inside the vesicle
(V/m) at

⇀
x;

⇀
y; and

⇀
z directions, respectively; Pr: Surface pressure (N/ m2);

Fx, Fy, Fz: Translation force (N) applied to the vesicle in
⇀
x,

⇀
y, and

⇀
z directions,

respectively; Tθ: Tφ, Torques (Nm) generated on the vesicle in
⇀
θ and

⇀
φ

directions, respectively.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
HY and AC derived the equations. HY ran the model simulation and drafted
the manuscript. Both authors read and approved the final manuscript.

Acknowledgements
The authors thank the Research Support Grant from Loyola University
Chicago. We also thank the valuable comments from the two anonymous
reviewers during the revision of the manuscript. Amanda Steiger assisted
with the revision of the manuscript.

Author details
1Department of Biology, Loyola University Chicago, 1032 W. Sheridan Rd,
Chicago, IL 60660, USA. 2Departments of Physics, Loyola University Chicago,
1032 W. Sheridan Rd, Chicago, IL 60660, USA.

Received: 28 October 2014 Accepted: 8 December 2014

References
1. Bryant G, Wolfe J. Electromechanical stresses produced in the plasma

membranes of suspended cells by applied electric fields. J Membr Biol.
1987;96:129–39.

2. Engelhardt H, Sackmann E. On the measurement of shear elastic moduli
and viscosities of erythrocyte plasma membranes by transient deformation
in high frequency electric fields. Biophys J. 1988;54:495–508.

3. Tandon N, Goh B, Marsano A, Chao PH, Montouri-Sorrentino C, Gimble J,
et al. Alignment and elongation of human adipose-derived stem cells in
response to direct-current electrical stimulation. Conf Proc IEEE Eng Med
Biol Soc. 2009;2009:6517–21.
4. Sens P, Isambert H. Undulation instability of lipid membranes under an
electric field. Physical Review Letters 2002, 88

5. Bae C, Butler PJ. Finite element analysis of microelectrotension of cell
membranes. Biomech Model Mechanobiol. 2008;7:379–86.

6. Vlahovska PM, Gracia RS, Aranda-Espinoza S, Dimova R. Electrohydrodynamic
model of vesicle deformation in alternating electric fields. Biophys J.
2009;96:4789–803.

7. Riske KA, Dimova R. Electric pulses induce cylindrical deformations on giant
vesicles in salt solutions. Biophys J. 2006;91:1778–86.

8. Riske KA, Dimova R. Electro-deformation and poration of giant vesicles
viewed with high temporal resolution. Biophys J. 2005;88:1143–55.

9. Sadik MM, Li J, Shan JW, Shreiber DI, Lin H. Vesicle deformation and
poration under strong dc electric fields. Phys Rev E Stat Nonlin Soft Matter
Phys. 2011;83:066316.

10. Grosse C, Schwan HP. Cellular membrane potentials induced by alternating
fields. Biophys J. 1992;63:1632–42.

11. Hyuga H, Kinosita K, Wakabayashi N. Deformation of Vesicles under the
Influence of Strong Electric-Fields. Japanese J Appl Physics Part 1-Regular
Papers Short Notes Review Papers. 1991;30:1141–8.

12. Foster KR, Sauer FA, Schwan HP. Electrorotation and levitation of cells and
colloidal particles. Biophys J. 1992;63:180–90.

13. Miller RD, Jones TB. Electro-orientation of ellipsoidal erythrocytes. Theory
and experiment. Biophys J. 1993;64:1588–95.

14. Jahns ME, Lou E, Durdle NG, Bagnall K, Raso VJ, Cinats D, et al. The effect of
pulsed electromagnetic fields on chondrocyte morphology. Med Biol Eng
Comput. 2007;45:917–25.

15. Roth BJ, Luterek A, Puwal S. The movement of a nerve in a magnetic field:
application to MRI Lorentz effect imaging. Med Biol Eng Comput. 2014;52:491–8.

16. Darabi J, Guo C. On-chip magnetophoretic isolation of CD4 + T cells from
blood. Biomicrofluidics. 2013;7:54106.

17. Momen-Heravi F, Balaj L, Alian S, Mantel PY, Halleck AE, Trachtenberg AJ,
et al. Current methods for the isolation of extracellular vesicles. Biol Chem.
2013;394:1253–62.

18. Epstein CM, Davey KR. Iron-core coils for transcranial magnetic stimulation. J
Clin Neurophysiol. 2002;19:376–81.

19. Anninos PA, Tsagas N, Sandyk R, Derpapas K. Magnetic stimulation in the
treatment of partial seizures. Int J Neurosci. 1991;60:141–71.

20. Anninos PA, Tsagas N, Jacobson JI, Kotini A. The biological effects
of magnetic stimulation in epileptic patients. Panminerva Med.
1999;41:207–15.

21. Sandyk R, Anninos PA, Tsagas N, Derpapas K. Magnetic fields in the
treatment of Parkinson’s disease. Int J Neurosci. 1992;63:141–50.

22. Cotelli M, Manenti R, Cappa SF, Zanetti O, Miniussi C. Transcranial magnetic
stimulation improves naming in Alzheimer disease patients at different
stages of cognitive decline. Eur J Neurol. 2008;15:1286–92.

23. Ye H, Cotic M, Carlen PL. Transmembrane potential induced in a spherical
cell model under low-frequency magnetic stimulation. J Neural Eng.
2007;4:283–93.

24. Ye H, Cotic M, Fehlings MG, Carlen PL. Transmembrane potential generated
by a magnetically induced transverse electric field in a cylindrical axonal
model. Med Biological Eng Computing. 2011;49:107–19.

25. Ye H, Cotic M, Kang EE, Fehlings MG, Carlen PL. Transmembrane potential
induced on the internal organelle by a time-varying magnetic field: a model
study. J Neuroeng Rehabil. 2010;7:12.

26. Hyuga H, Kinosita K, Wakabayashi N. Deformation of Vesicles under the
Influence of Strong Electric-Fields .2. Japanese J Appl Physics Part 1-Regular
Papers Short Notes Review Papers. 1991;30:1333–5.

27. Meng X, Arocena M, Penninger J, Gage FH, Zhao M, Song B. PI3K mediated
electrotaxis of embryonic and adult neural progenitor cells in the presence
of growth factors. Exp Neurol. 2011;227:210–7.

28. Kotnik T, Bobanovic F, Miklavcic D. Sensitivity of transmembrane voltage
induced by applied electric fields - a theoretical analysis. Bioelectrochem
Bioenerg. 1997;43:285–91.

29. Kotnik T, Miklavcic D. Theoretical evaluation of voltage inducement on
internal membranes of biological cells exposed to electric fields. Biophys J.
2006;90:480–91.

30. Polk C, Song JH. Electric fields induced by low frequency magnetic fields in
inhomogeneous biological structures that are surrounded by an electric
insulator. Bioelectromagnetics. 1990;11:235–49.

31. Krasteva VT, Papazov SP, Daskalov IK. Peripheral nerve magnetic stimulation:
influence of tissue non-homogeneity. Biomed Eng Online. 2003;2:19.



Ye and Curcuru BMC Biophysics  (2015) 8:2 Page 14 of 14
32. Ruohonen J, Panizza M, Nilsson J, Ravazzani P, Grandori F, Tognola G.
Transverse-field activation mechanism in magnetic stimulation of peripheral
nerves. Electroencephalogr Clin Neurophysiol. 1996;101:167–74.

33. Mansfield P, Harvey PR. Limits to neural stimulation in echo-planar imaging.
Magn Reson Med. 1993;29:746–58.

34. Lipman KM, Dodelson R, Hays RM. The surface charge of isolated toad
bladder epithelial cells. Mobility, effect of pH and divalent ions. J Gen
Physiol. 1966;49:501–16.

35. Voldman J. Electrical forces for microscale cell manipulation. Annu Rev
Biomed Eng. 2006;8:425–54.

36. Griffiths DJ. Introduction to Electrodynamics. 3rd ed. 1999.
37. Roger Kamm JLaMM. Cellular Nanomechanics. In: Springer Handbook of

Nanotechnology (ed) B Bhushan. 2010.
38. Jones TB. Basic theory of dielectrophoresis and electrorotation. IEEE Eng

Med Biol Mag. 2003;22:33–42.
39. Peterlin P. Frequency-dependent electrodeformation of giant phospholipid

vesicles in AC electric field. J Biol Phys. 2010;36:339–54.
40. Mehrishi JN, Bauer J. Electrophoresis of cells and the biological relevance of

surface charge. Electrophoresis. 2002;23:1984–94.
41. Zhang PC, Keleshian AM, Sachs F. Voltage-induced membrane movement.

Nature. 2001;413:428–32.
42. Tajparast M, Glavinovic MI. Elastic, electrostatic and electrokinetic forces

influencing membrane curvature. Biochim Biophys Acta. 1818;2012:411–24.
43. Djamgoz MBA, Mycielska M, Madeja Z, Fraser SP, Korohoda W. Directional

movement of rat prostate cancer cells in direct-current electric field:
involvement of voltage-gated Na + channel activity. J Cell Sci.
2001;114:2697–705.

44. Coulter CB. The Isoelectric Point of Red Blood Cells and Its Relation to
Agglutination. J Gen Physiol. 1921;3:309–23.

45. Li L, El-Hayek YH, Liu B, Chen Y, Gomez E, Wu X, et al. Direct-current
electrical field guides neuronal stem/progenitor cell migration. Stem Cells.
2008;26:2193–200.

46. Goldenberg NM, Steinberg BE. Surface charge: a key determinant of protein
localization and function. Cancer Res. 2010;70:1277–80.

47. Tofts PS, Branston NM. The Measurement of Electric-Field, and the Influence
of Surface-Charge, in Magnetic Stimulation. Electroen Clin Neuro.
1991;81:238–9.

48. Barker AT, Garnham CW, Freeston IL. Magnetic nerve stimulation: the effect
of waveform on efficiency, determination of neural membrane time
constants and the measurement of stimulator output. Electroencephalogr
Clin Neurophysiol Suppl. 1991;43:227–37.

49. Pasenkiewicz-Gierula M, Takaoka Y, Miyagawa H, Kitamura K, Kusumi A.
Charge pairing of headgroups in phosphatidylcholine membranes: A
molecular dynamics simulation study. Biophys J. 1999;76:1228–40.

50. McLaughlin S. The electrostatic properties of membranes. Annu Rev Biophys
Biophys Chem. 1989;18:113–36.

51. Olivotto M, Arcangeli A, Carla M, Wanke E. Electric fields at the plasma
membrane level: A neglected element in the mechanisms of cell signalling.
Bioessays. 1996;18:495–504.

52. Jen DH, Steele CR. Electrokinetic model of cochlear hair cell motility. J
Acoust Soc Am. 1987;82:1667–78.

53. Carter HB, Partin AW, Coffey DS. Prediction of metastatic potential in an
animal model of prostate cancer: flow cytometric quantification of cell
surface charge. J Urol. 1989;142:1338–41.

54. Carter HB, Coffey DS. Cell surface charge in predicting metastatic potential
of aspirated cells from the Dunning rat prostatic adenocarcinoma model. J
Urol. 1988;140:173–5.

55. McLaughlin S, Poo MM. The role of electro-osmosis in the electric-field-
induced movement of charged macromolecules on the surfaces of cells.
Biophys J. 1981;34:85–93.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Methods
	Spherical vesicle model in a low frequency magnetic field
	Governing equations for electrodynamics problems
	Laplace equation
	Magnetic vector potential A→ in spherical coordinates (r, θ, ϕ)
	Induced surface charges
	Boundary conditions
	Force and torques generated on the vesicle
	Model parameter and simulation

	Results
	Electric field induced by the time-varying magnetic field
	Surface charge induced by the time-varying magnetic field
	Radial pressure due to interactions between the magnetically-induced electric field and the induced charges ρs
	Translation forces due to field-charge interactions

	Discussion
	Similarities and differences to electric stimulation
	Surface charges and its frequency dependency
	Radial forces and its dependency on conductivity ratio and frequency
	Translational force and rotational torque
	Implication for the transcranial magnetic stimulation (TMS)
	Future directions

	Conclusions
	Appendix
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References

