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ABSTRACT

Tumor treating fields (TTFields) are a type of sinusoidal alternating current electric field that has proven effective in inhibiting the
reproduction of dividing tumor cells. Despite their recognized impact, the precise biophysical mechanisms underlying the unique effects of
TTFields remain unknown. Many of the previous studies predominantly attribute the inhibitory effects of TTFields to mitotic disruption,
with intracellular microtubules identified as crucial targets. However, this conceptual framework lacks substantiation at the mesoscopic level.
This study addresses the existing gap by constructing force models for tubulin and other key subcellular structures involved in microtubule
electrophysiological activities under TTFields exposure. The primary objective is to explore whether the electric force or torque exerted by
TTFields significantly influences the normal structure and activities of microtubules. Initially, we examine the potential effect on the dynamic
stability of microtubule structures by calculating the electric field torque on the tubulin dimer orientation. Furthermore, given the importance
of electrostatics in microtubule-associated activities, such as chromosome segregation and substance transport of kinesin during mitosis, we
investigate the interaction between TTFields and these electrostatic processes. Our data show that the electrodynamic effects of TTFields are
most likely too weak to disrupt normal microtubule electrophysiological activities significantly. Consequently, we posit that the observed
cytoskeleton destruction in mitosis is more likely attributable to non-mechanical mechanisms.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0197900

I. INTRODUCTION

In the early 2000s, the discovery of specific sinusoidal electric
fields characterized by low intensity (1–3V/cm) and intermediate fre-
quency (100–300 kHz) marked a significant advancement in cancer
therapy. These electric fields, known as tumor treating fields
(TTFields), exhibited a remarkable inhibitory effect on the growth of
tumor cells.1 Notably, TTFields have gained FDA (the Food and Drug
Administration) approval as a novel therapy method for glioblastoma
(GBM)2 and malignant pleural mesothelioma (MPM).3 Despite this
regulatory endorsement and the clinical success observed in specific
malignancies, the precise mechanisms underlying the therapeutic
actions of TTFields remain elusive.

TTFields triggering the mitotic disruption of cancer cells, leading
to subsequent cell death, is widely posited as the most likely underlying
mechanism. This viewpoint seems to be supported by the following

basic logic: during mitosis, the polymerization and depolymerization
of microtubules (MTs) are more active,4 suggesting susceptibility to
the electric force torque exerted by TTFields on electropolar tubulin
dimers. Consequently, this torque aligns them parallel to the external
electric field direction, resulting in cytoskeleton destabilization.
Ultimately, this cascade effect leads to the disruption of all physiologi-
cal activities reliant on MTs, culminating in mitotic failure.5

Experimental findings, particularly anomalous cytoskeleton fluores-
cence images observed during TTFields treatment across diverse can-
cer cell lines,6,7 can serve as evidence of TTFields damaging MTs.
However, the means by which this occurs, whether through mechani-
cal or non-mechanical mechanisms, remains not fully understood yet.
Notably, these experimental phenomena do not constitute direct evi-
dence of MTs being destroyed by the electric field force and torque, as
the intricacies of MT polymerization involve not only electric field
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forces between dimers but also multifaceted biochemical factors, such
as pH values8 and ion concentrations9 within the chemical
microenvironment.

As potential therapeutic targets of TTFields, MTs assume a piv-
otal role in maintaining normal cell structure and function, including
cell migration, mitotic progression, and intracellular transport.10

Structurally, MTs are hollow cylindrical protein tubes with external
diameters of approximately 25nm and lengths extending to tens of
micrometers.11 The basic unit of MTs is a special protein dimer poly-
merized by a and b tubulin, also referred to as a and b monomers.12

Remarkably, electron crystallography measurements reveal that the
protein structures of a and b monomers exhibit nearly identical spher-
ical configurations, each possessing a molecular weight of about
55 kDa.13

Electrical activities play a significant role in many MT functions.
For instance, in intracellular substance transport, MTs act as bridges
for kinesins to walk on, facilitating their movement. Electrostatic
attractions between kinesins and MTs ensure the directed motion of
kinesins along the MTs without detachment.12 Furthermore, the
orchestrated movement of chromosomes during mitosis hinges upon
the electric attraction between microtubule ends and the centrosome.14

These electrodynamic intricacies underscore the indispensable role of
electrical phenomena in modulating key cellular processes mediated
by MTs.

To explore the electrical activities of MTs, previous studies con-
ducted meticulous examinations of the electric properties of tubulins
through molecular dynamics (MD) simulations. The findings revealed
that tubulin is highly negatively charged at physiological pH and pos-
sesses an electric dipolar nature, with an overall dipole moment of
approximately 1700 D, excluding the C-terminus of the dimer due to
its symmetrical structure offsetting the contribution to the electric
dipole moment.15,16 Moreover, this exploration extended to electrome-
chanical vibrations of MTs,17,18 interactions between external electric
fields and tubulins,11,19,20 as well as interactions between MTs and
essential cellular components such as motor proteins and kineto-
chores.4,12,21,22 These investigations revealed that the electrostatic char-
acteristics of MTs emerge as pivotal determinants governing the
aforementioned activities.

Although the hypothesis that TTFields may disrupt the orienta-
tion of tubulin dimers through electric field torque is widely acknowl-
edged in the context of tumor treating fields (TTFields) mechanisms, it
currently lacks comprehensive theoretical substantiation, even some
studies have yielded qualified results in regard to this hypothesis.23–25

This study is designed to build upon the previous knowledge
gained in Ref. 23 by conducting a more comprehensive examination of
the interaction between TTFields and MTs, as well as its potential
impact on MTs’ electrophysiological activities. We address this issue
by constructing comprehensive analytical and numerical models to
characterize and calculate the electric force and torque generated by
TTFields on tubulin, chromosomes, and kinesin. The theoretical study
indicates that TTFields manifest as weak electric fields incapable of
generating forces and torques of sufficient magnitude to disrupt nor-
mal electrophysiological activities that rely on MTs. This suggests that
TTFields might influence MT structures and functions through other
biochemical or electric mechanisms, rather than through direct
mechanical effects. These findings support the need for a different per-
spective when seeking to understand the intricacies of TTFields’

impact on MTs compared to existing hypotheses, such as TTFields
activate ion channels26 or increase the cell membrane permeability,27

resulting in microenvironmental disturbance in the cytoplasm.

II. RESULTS

This section presents the theoretical calculations and correspond-
ing simulation outcomes derived from typical model data. A more
extensive comparative analysis and discussion will be undertaken in
Sec. III.

A. Impact of TTFields torque on dimer orientation

A typical TTField comprises a sinusoidal alternating electric field
with a peak value of 2V/cm and a frequency of 200 kHz.1 While a pre-
vious study has indicated a slight decrease in the external TTFields
penetrating into the intracellular cytoplasm due to voltage drop on the
cell membrane,23 in this study, we assume an amplitude of E at 2V/cm
in the torque calculations [Eq. (2)] to establish an upper limit for
potential effects.

The initial orientations of microtubule dimers in the cytoplasm
are random due to Brownian motion. To encompass all possible sce-
narios, we calculated the torque spectrum that contribute to the rota-
tion of a single dimer within one TTFields period, as depicted in Fig. 1.
It is important to emphasize that when the initial orientation h¼ 0, in
accordance with the definition of h outlined in Fig. 6, the long axis of
the dimer is not vertical; rather, the electric dipole moment is vertical.

Figure 1 presents a torque distribution spectrum observed when
the dimers are exposed to TTFields. It becomes evident that for dimers
with various initial orientations, the range of TTFields torque spans
approximately from 0 to 1.48� 10�24 Nm (without considering torque
directions). The torque reaches its maximum when the electric field
direction is perpendicular to the dimer’s dipole moment and sinusoidal
TTFields reach their peak value (t¼T/4). A rough estimation reveals
that the maximum torque is significantly less than the thermal energy

FIG. 1. Torques contribute to the rotation of dimers caused by TTFields, and clock-
wise is defined as the positive direction. Typical values (TTFields reaches the ampli-
tude at T/4; dimer initial orientations: 0, p/4, p/3, 3p/4, and p) are marked with
white dots in the figure, and corresponding torque simulation results are also
presented.
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kBT, which is approximately 4.3� 10�21 J (where kB represents
Boltzmann’s constant, approximately 1.38� 10�23 J/K, and T repre-
sents the normal body temperature, approximately 310K). This obser-
vation suggests that the torque is unlikely to exert a substantial
influence on dimer orientations. Given the pivotal role of dimer orien-
tations in the microtubule (MT) polymerization process, it is reason-
able to suggest that the relatively subtle torque exerted by TTFields
may not significantly disrupt the dynamic stability of MT structure, for
instance, its normal extension and retraction rely on the orchestrated
disassembly and assembly of dimers.

Moreover, to intuitively assess the impact of TTFields torque on
dimer orientation, we selected a dimer with an initial orientation of 0 as
an illustrative example. We solved Eq. (4) to calculate its rotation angle
within a single TTFields period. The viscosity coefficient of the cytoplasm
was set at 2mPa s,28,29 and all other relevant parameters have been
detailed in Sec. IV. The results are presented in Fig. 2.

Figure 2 illustrates that during the first half of the TTFields
period, the rotation angle of the dimer reaches a maximum of approxi-
mately 4.9� 10�4 rad (approximately 101arc sec) and then gradually
decreases during the second half of the period. This behavior is a result
of the torque’s direction remaining consistent in the first half, leading
to an accumulated rotational effect. Conversely, in the second half of
the period, the torque’s direction reverses, causing the dimer to rotate
in the opposite direction.

It is important to emphasize that while this calculation is based
on a specific case, the result indicates that TTFields torque can induce
a rotation angle on the order of 10�4 rad in the dimer, which has an
insignificant impact on their random orientations. This outcome can
be attributed to the viscosity of the cytoplasm and the alternating
direction change of the TTFields.

B. Impact of TTFields force on chromosome traction

We solved Eqs. (5)–(8) with the finite element solution to
Eqs. (13) and (15) to assess the TTFields force on the MT end and KT
plate. The results were then compared with the inherent electrostatic
attraction force to evaluate the effect of TTFields on chromosome move-
ment. In Eq. (7), given the absence of direct experimental data on the
surface charge density r of the KT plate, we assigned a reasonable value
of 25 mC/m2, falling within the typical range of biological protein surfa-
ces.30,31 Additionally, we assigned typical values of 60 for the relative per-
mittivity and 1nm for the Debye length for the cytoplasm.32 The surface
area of the KT was approximately estimated as 0.2 lm2 (diameter
500nm), aligning with the earlier order of magnitude estimation of
�102nm. We calculated the attractive force between one MT end and
the KT plate. The results of the calculations are displayed in Fig. 3.

The data extracted from Fig. 3 indicates that the attractive
force diminishes as the distance increases. The overall values are
within the range of piconewtons to tens of piconewtons, which
closely aligns with experimental results.33 The TTFields forces on
the MT ends (denoted as FEm) and similarly on the KT plate
(denoted as FEk) are calculated to be FEm ¼ 3:6� 10�4 sinð4p
� 105tÞ pN and similarly FEk ¼ 1:0 sinð4p� 105tÞ pN. These calcu-
lated values show that the amplitudes of FEm and FEk are significantly
smaller than the normal attractive force. As a result, it is unlikely that
TTFields forces would disrupt normal chromosome movements.

C. Impact of TTFields force on kinesin-MT bonding

An important function of MT’s in intracellular substance trans-
portation is to serve as a substrate for kinesins advancing on them.
Although the mechanisms of kinesin stepping along the MT surface
are intricate and not fully elucidated, electrostatic interactions are
believed to play a pivotal role in this process.12 Figure 8 is a representa-
tion of the forces between the kinesin and MT, as well as the torque
rotation effect on kinesin diploe moment, when tumor cells are
exposed to TTFields. We calculated the attractive forces at various

FIG. 2. Rotation angle of the dimer within one TTFields period; the red line shows
the TTFields wave.

FIG. 3. The electrostatic attractive force between MT ends and KT surface; left panel: theoretical calculation results and right panel: simulation results.
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bonding strengths by setting different distances from the kinesin head
to the surface of the MT. The charge of the kinesin motor domain and
MT surface charge density are set as þ5e and �37 mC/m2, respec-
tively, in accordance with prior studies.12,30 Likewise, the Debye length
of the cytoplasm is set as 1 nm. The results of the calculations and the
results of the simulation of electrostatic attraction are presented in
Fig. 4. Moreover, to investigate whether the TTFields torque acting on
the kinesin dipole moment and the electric tension force exerted on
the C-terminus of b monomer significantly influence the attachment
of kinesin to the MT, we calculated the maximum TTFields force and
torque. Subsequently, we conducted a comparative analysis with recent
research findings.21

The data in Fig. 4 indicate that the attractive force is consistently
within the range of tens of piconewtons. Considering the known step
distance of kinesin, which is approximately 4 nm,34 we can estimate
that the motor domain area of kinesin on the MT surface is likely less
than 1.26� 10�13 m2 (assuming the domain is circular with a diameter
of 4 nm). Consequently, the maximum pulling forces generated by
TTFields on the kinesin motor domain and MT surface are approxi-
mately 1.6� 10�4 and 1.0� 10�4 pN, respectively. Therefore, the
results indicate that although the opposite TTFields force has a tearing
effect that could potentially disrupt the binding between MT and kine-
sin, it is too weak (approximately 10�4 pN vs tens of piconewtons) to
exert an effective impact. Additionally, the kinesin exhibits an overall
dipole moment of approximately 1200 D, with potential fluctuations
ranging from 100 to 400 D when subjected to electric fields of
100MV/m.21 Given that the magnitude of TTFields is significantly
lower than 100MV/m, we set the kinesin dipole moment value at 1200
D and calculated the torque using Eq. (13) to be approximately
8.0� 10�25 Nm. Similarly, this torque is substantially smaller than the
normal physiological thermal energy kBT, that is �4.3� 10�21 J. The
C-terminus of b monomer carries a negative charge of approximately
�19e,21 and the tension force induced by TTFields is estimated to be
about 6.1� 10�4 pN; however, this value is considerably less than the
normal inherent electrostatic force, which typically ranges in the tens
of piconewtons. Based on the above-mentioned comprehensive analy-
sis results, we believe that TTFields are less likely to detach the kinesin
form the MT through electric force and torque.

III. DISCUSSIONS AND CONCLUSIONS

Our investigation shows that the electrodynamic effects induced
by TTFields’ force and torque on the microtubule structure, as well as

its associated electrophysiological functions, such as chromosome driv-
ing and kinesin stepping, are exceptionally weak. In our calculations,
we have confirmed that the intrinsic electrostatic attractive forces
between microtubules and kinetochores, as well as kinesins, typically
range from piconewtons to tens of piconewtons. These values align
with typical forces observed in numerous subcellular structure interac-
tions reported in prior studies. For example, optical tweezers experi-
ments demonstrated that each protofilament’s bending stiffness could
generate a force of approximately 2.3 pN, with a total force of approxi-
mately 30 pN for the 13 protofilaments in one microtubule.22

Mechanical analysis indicates that as kinesin walks on the micro-
tubule surface, it can carry a load of up to 6–8 pN.35 In mechanical
separation experiments of DNA, it was found that the force required
to pull apart the double helix of a DNA molecule is �100 pN.36

However, the electric forces generated by TTFields on MT, KT plate,
and kinesin heads are notably smaller than the intrinsic typical values,
indeed, smaller by an order of magnitude. Therefore, based on our cal-
culations, we can reasonably assert that the strength of TTFields is
insufficient to exert direct mechanical effects on subcellular structures.

This conclusion gains further support from historical data regard-
ing external electric field strength. For instance, electro-orientation
experiments have demonstrated that alternating electric fields required
to orient random microtubules must reach approximately 105V/m.37

A previous study suggests that the tubulin–tubulin binding energy is
very high, specifically around 20kcal/mol; therefore, the lowest electric
field strength capable of electro-opening the microtubule lattice could
be approximately 10MV/m.11 Recent studies focusing on the applica-
tion of nanosecond pulsed electric fields to detach kinesin from the
MT indicate that significant detachment effects are observed when the
electric field intensity reaches tens of millivolt/meter.21,38 Furthermore,
even in a study where the electric field strength was lower than
100MV/m, it did not appear to cause any discernible effect on tubulin
structure,20 among other instances documented in the literature.

Theoretical calculations and FEM simulations are the primary
research methods employed in this work. All our calculations and
models are based on typical parameters from previous studies, experi-
mental reports, and other reliable sources. Even if there are slight devi-
ations in these parameters, they are unlikely to result in significant
differences in the results. For example, in the literature,14,15,20,30,37 the
net negative charge of a tubulin monomer ranges from a few to dozens
of electron charges. Consequently, the TTFields electric force on MT
ends will range from 10�4 to 10�3 pN, which is still much weaker than

FIG. 4. The electrostatic attractive force between MT surface and kinesin head; left panel: theoretical calculation results and right panel: simulation results.
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the attractive force (tens of piconewtons) between MT and KT plate.
The dipole moment of a single tubulin dimer varies slightly across dif-
ferent references, particularly showing a slight increase when consider-
ing the C-termini.20 Even considering the overall electric dipole
moment including the C-termini, the electric field torque is expected
to have minimal effect on the rotation of the dimer induced by
TTFields torque. Therefore, we have confidence that our theoretical
analysis results are reliable.

At the tissue level, TTFields cancer therapy demonstrates mini-
mal side effects, primarily manifesting as mild dermatitis beneath the
electrodes. Furthermore, TTFields can selectively inhibit tumor cell
proliferation while exerting minimal impact on healthy tissue.
Therefore, TTFields therapy can be a very promising modality for
tumor treatment. However, the mesoscopic mechanisms of TTFields
therapy are still elusive. In contrast to numerous previous studies on
the mechanism of TTFields, our findings lead to a different conclusion,
suggesting that TTFields are almost unlikely to directly disrupt micro-
tubule structure and its main associated electrophysiological activities
through electrodynamic impacts. Nevertheless, we must emphasize
that we are not refuting the fact that TTFields inhibit cancer cell prolif-
eration by inducing mitosis destruction. However, our research pro-
poses that the underlying mechanisms of how TTFields cause mitosis
destruction, especially microtubule structure damage and chromosome
segregation abnormalities, may be attributed to non-mechanical
effects. For instance, the concentrations of Ca2þ and Mg2þ in the cyto-
plasm are notable factors that affect MT tubulin polymerization, and
corresponding preliminary experiments have indicated significant
changes in cytoplasmic calcium ion concentration when tumor cells
are exposed to TTFields.26 In summary, the mechanisms of TTFields
remain elusive, and indirect mechanical actions like biochemical effects
may play critical roles in inhibiting cancer cell growth by disrupting
mitosis. We hope this work stimulates further research interest in
understanding the molecular-level mechanisms of TTFields.

IV. METHODS
A. Models of microtubule and tubulin dimer

MTs are approximately hollow cylinders assembled from ab
tubulin dimers, and the structure and dimensions of a single MT are
depicted in Fig. 5(a). Typically, MTs are composed of 13 protofila-
ments (PFs), with each PF consisting of tubulin dimers arranged in a
head-to-tail formation. In 1998, electron crystallography confirmed

the protein structure of ab tubulin for the first time, as illustrated in
Fig. 5(b) (downloaded from the RCSB Protein Data Bank, PDB),13 at a
resolution of 3.7 Å. The geometrical shape of a and b monomers is
approximately spherical, with a diameter of approximately 5 nm and
an axial length of about 8 nm.22,39 Therefore, the tubulin dimer can be
simply modeled as two intersecting spheres.

Regarding their electric properties, MTs generally exhibit a nega-
tive charge in the human body’s normal physiological environments
(pH � 7.2), primarily due to the residual carboxyl terminus.15 Because
the charge distribution is extremely uneven, tubulin proteins display
electropolar characteristics. Molecular simulations were conducted to
calculate the electric dipole moment of the tubulin dimer,15 and the
results are summarized in Table I. It is important to note that data in
Table I did not include the contribution of the C-termini. While this
may have a slight effect on the electric dipole moment along the long
axis (x-component) due to the symmetrical nature of the C-termini
negative charges, it significantly affects the y-dipole moment.
Incorporating the C-termini charge results in an approximately 30%
increase in the overall dipole moment of a single dimer to 2166 D.20 In
order to capture the maximum rotation torque caused by TTFields
electric force, we incorporate the overall dipole moment into our calcu-
lations when determining the TTFields torque. The coordinate system
used to quantify the dimer dipole moment is defined as follows: x rep-
resents the MT axial direction from a to b monomer, y is the radial
direction toward the MT center axis, and z represents the tangent
direction of the MT cylinder surface.

B. Model of TTFields torque effect on tubulin dimer
orientation

As shown in Table I, the tubulin dimer possesses a distinct elec-
tric dipole moment. When the electric field direction deviates from a
parallel alignment with the dipole moment of the dimer, the resulting
electric field force induces a torque on the dimer, potentially causing it
to rotate from its initial orientation. Considering the viscous nature of
the cellular cytoplasm, we take into account the viscous resistance
opposing the direction of rotation. Consequently, we formulate a force
model for a single dimer, as illustrated in Fig. 6. To simplify the model,
we omit the consideration of forces arising from random thermal colli-
sions; we will provide an estimation comparing electric torque and
thermal energy in Sec. II.

Assume the rotation center is the binding point of a and b tubu-
lin, the law of rigid body rotation yields

ME þMf ¼ Ja; (1)

where ME is the TTFields torque, Mf is the viscous resistance torque,
and J and a are the moment of inertia and angular acceleration of the

FIG. 5. Physical structures and models of MT, PF, and tubulin dimer: (a) cylinder-
like structure of the MT and spherical dimer and (b) the protein structure of tubulin
dimer.

TABLE I. Dipole moment of tubulin dimer.

Dipole moment of ab dimer Values (D)

x component 337
y component �1669
z component 198

Overall 1714
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rotation, respectively. The torques in Eq. (1) can be computed as
follows:

ME ¼ p� E; (2)

Mf ¼ 2r � f ;
f ¼ �6pr0gv;

�
(3)

where p is the overall dipole moment vector and E is the TTFields
intensity. In Eq. (3), r is the vector directed form the center of rotation
to the centroid of the tubulin monomer, the resistance force f is
achieved by Stocks equation,28 r0 is the radius of the monomer that is
approximately equal to r, g is the cytoplasmic viscosity coefficient, and
v is the linear velocity of dimer rotation and v¼xr.

Combining the geometrical conditions shown in Fig. 6, the rota-
tion angle of dimer can be determined by solving the following
equation:

d2h
dt2

¼ � 6pgr
m

dh
dt

þ 2pE
md2

cos h; (4)

where h is the dimer rotation angle form vertical position.

C. Model of TTFields force effect on chromosome
movement

During mitosis, the movement of chromosomes is primarily
orchestrated by the traction exerted by microtubules acting on the
chromosome arms or kinetochore (KT).40 This movement is fur-
ther facilitated by the driving force resulting from electrostatic
attraction.14 With a sufficiently robust attractive force, chromo-
somes undergo directed motion toward both poles and the equator
of the dividing cell, controlled by MTs disassembly (shortening)
and assembly (lengthening).

As explained in earlier studies, the attractive force can be attrib-
uted to the Coulomb force arising from the positively charged KT sur-
face and negatively charged MT plus ends.14 Consequently, when the
cell is exposed to TTFields, electric forces acting on the KT surface and
MT ends become opposing, potentially disrupting the original attrac-
tive interactions. In considering the most extreme scenario, the pulling
force reaches its maximum when the electric field is parallel to the
microtubule axis. We exclusively examine this case to assess the stron-
gest impact of TTFields force on chromosome movement. The corre-
sponding force model can be illustrated as shown in Fig. 7.

The kinetochore is a disk-shaped protein complex whose size can
fluctuate based on the cell cycle phase, typically ranging from hundreds
of nanometers (�102 nm) to micrometers (�lm).41 In comparison
with the size of the MT end (diameter �25 nm), the KT can be
approximated as a substantially large, flat plate. Assuming the KT has
a uniform charge density r on its surface, the electric field intensity
generated by the KT in the electrolyte cytoplasm is given by

Ek ¼ r
2e

e�
x
D: (5)

Considering that MT ends are consistently perpendicular to the
KT surface, it is noteworthy that only the x-component dipole
moment significantly contributes to the electrostatic attraction force
between KT and MT ends. According to the definition of electric
dipole moment, the a and b tubulin are assumed to bear an equal
quantity of heterogeneous charges to generate the x-dipole moment.
While this assumption might not precisely mirror the nuanced bio-
physical reality, it ensures mathematical consistency in maintaining
the physical effects, that is,

px ¼ q � ð2rÞ ¼ qd: (6)

Hence, the electrostatic attraction force between KT and one MT
end (typically includes 13 PFs) can be calculated as

Fmk ¼ 13rpx
2ed

e�
x
D: (7)

When the cell is subjected to TTFields, electric forces FEk and FEm
acting on the KT and MT end are

FEk ¼ rSE;

FEm ¼ 13pxE
d

;

8<
: (8)

FIG. 7. The force model of TTFields repulsion effect (red arrows) on the inherent
electrostatic attraction (yellow arrow) between MT end and KT.

FIG. 6. The force model of dimer rotation under TTFields torque (red arrows) and
viscous resistance (black arrows); the yellow arrow presents the overall dipole
moment of single dimer.
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where in Eqs. (5)–(8), e and D are the permittivity and the Debye
length of cytoplasm,42 respectively; r and S are the surface charge
density and area of KT plate, respectively; x is the distance to the
KT surface; px is the x-direction dipole moment of the single dimer;
d is the distance between monomer centroids; and E is the
TTFields intensity.

By comparing the magnitude of TTFields electric force and the
inherent attractive force, we can assess the potential electrodynamic
impact of TTFields on the chromosome motion.

D. Model of TTFields force effect on kinesin-MT
bonding

Motor proteins constitute a vital class of molecular machinery
within living cells. Kinesins belong to a superfamily of these proteins.
Kinesins facilitate the unidirectional transport of substances toward
the microtubule (MT) plus end through a head-over-head walking
mechanism along the MT surface. Previous studies12,43 have indicated
that electrostatic interactions play a pivotal role in assisting kinesin in
maintaining a secure binding configuration on the MT, preventing
derailment. Importantly, to generate electrostatic attraction, since the
MT surface exhibits a negative potential, the motor domain of kinesin
is predominantly positively charged, consistent with the electric field
computation results surrounding the kinesin,12 and the net charge of
the kinesin is negative, roughly �5e.21 To determine whether the
TTFields electric force can disrupt the binding state, we examine the
upper limit where the electric field is perpendicular to the MT sur-
face. In this configuration, TTFields will generate the maximum
electric force to repel kinesin from the MT surface. The corre-
sponding force model is depicted in Fig. 8(a). In addition to the
electrostatic attraction between the kinesin motor domain and the
microtubule (MT) surface, the collective electric dipole moment of
kinesin, along with the negatively charged C-terminus of b mono-
mer, plays a significant role in facilitating the binding of kinesin to
the MT.21 To further investigate the influence of the electric force
and torque generated by TTFields on the C-terminus of b mono-
mer and the kinesin’s dipole moment, respectively, we conducted

an analysis to determine the maximum impact on the orientation
of kinesin. This was achieved by configuring the direction of
TTFields to be perpendicular to the dipole moment, as depicted in
Fig. 8(b) within our physical model.

To calculate the electric attractive force between kinesin head and
MT surface, the MT can be simplified as a uniformly charged cylindri-
cal surface,30 and the surface electric field intensity can be obtained
from Gaussian law as

Em ¼ rm
e
e�

x
D: (9)

Similarly, the electrostatic attraction force between kinesin head
and MT surface can be calculated as

F0
mk ¼

rmqk
e

e�
x
D: (10)

The electric forces of TTFields on the kinesin motor domain and
MT can be expressed, respectively, as

F0
Ek ¼ qkE;

F0
Em ¼ rmSkE;

(
(11)

where rm is the surface charge density of MT, x is the distance to the
MT surface, e and D are the cytoplasm permittivity and the Debye
length, respectively, qk and Sk are the charge quantity and area of kine-
sin motor domain (head), respectively, and E is the TTFields intensity.

The electric force on C-terminus of b monomer and torque on
kinesin generated by TTFields can be calculated as

FbC ¼ qbCE;
sK ¼ pKE;

�
(12)

where qbC and pK are the charge of the C-terminus of bmonomer and
overall dipole moment of the kinesin, respectively, and E is the
TTFields intensity.

By comparing the forces calculated using Eqs. (9)–(12), we can
determine whether TTFields will disrupt the typical binding state of
kinesin.

FIG. 8. The physical models of the impact of TTFields on kinesin bonding to the MT. (a) TTFields electric force (red arrows) counteracts the electrostatic attraction (yellow
arrows) between the MT surface and kinesin head. (b) TTFields electric force (red thin arrow) on the C-terminus of b monomer and rotation effect on kinesin dipole moment
(yellow arrows) caused by TTFields torque (red bold arrows on kinesin).
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E. Theoretical analysis and simulation verification

We conducted a theoretical analysis to evaluate the electrody-
namic effects of TTFields concerning normal microtubule electrophys-
iological dynamics. Our calculations and comparative analyses utilized
typical data from physical models, including geometric and electrical
properties.12,15,20–23,31,41–43 To enhance the precision of our theoretical
calculations compared to previous studies such as,24 we performed
finite element method (FEM) simulations using the AC/DC module in
COMSOL. Figure 9 and Table II provide details of the corresponding
models and their parameters. With the FEM software, we simulated
the electric torque on the dimer and the electrostatic forces between
KT and MT, as well as between kinesin and MT. These more realistic
simulation results reinforce and further validate our calculated results.

In the simulations, the electric field is derived from the Maxwell
equation as

r � rE þ e
@E
@t

� �
¼ 0: (13)

The TTFields are generated by a certain boundary voltage
excitation,

u1 ¼ V ;
u2 ¼ 0:

�
(14)

The relationship between electric field and potential is

E ¼ �ru: (15)

The electric forces and torques acting on the subcellular struc-
tures are obtained from the solution of Eqs. (2), (8), (11), and (12). In
all three simulations, the mesh size consists of approximately 105

elements.

FIG. 9. FEM simulation models: (a) TTFields torque effect on tubulin dimer, (b) electrostatic interaction between MT and KT, and (c) electrostatic interaction between MT and kinesin.

TABLE II. Parameters of simulation models.

Parameters Model A Model B Model C

Electric
parameters

Conductivity (S/m) Cytoplasm 0.5 (Ref. 23) Cytoplasm 0.5 (Ref. 23) Cytoplasm 0.5 (Ref. 23)
Dimer 0.1 (Ref. 30) KT 0.1 (Ref. 30) Kinesin 0.1 (Ref. 30)

MT 0.1 (Ref. 30) MT 0.1 (Ref. 30)
Relative

permittivity
Cytoplasm 60 (Ref. 23) Cytoplasm 60 (Ref. 23) Cytoplasm 60 (Ref. 23)
Dimer 2 (Ref. 43) KT 2 (Ref. 43) Kinesin 2 (Ref. 43)

MT 2 (Ref. 43) MT 2 (Ref. 43)
Charge or dipole

moment
Dimer 2166 D (Ref. 20) KT 25 mC/m2

(Ref. 35)
Kinesin þ5e (Ref. 12)

MT �4e (Ref. 15) MT �37 mC/m2

(Ref. 30)
Geometrical
parameters (nm)

Region 50� 50� 50 Region 500� 500� 500 Region 500� 500� 500
Dimer 5� 5� 8 (Ref. 15) KT 200� 200� 10

(Ref. 41)
Kinesin 15� 10� 30

(Ref. 12)
MT 20� 20� 100

(Ref. 15)
MT 30� 30� 200

(Ref. 15)
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