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ABSTRACT

This letter aims to study the electromechanical vibration of microtubules submerged in cytosol. The microtubule-cytosol interface is estab-
lished in molecular dynamics simulations, and the electrically excited vibrations of microtubules in cytosol are studied based on a molecu-
lar mechanics model. The simulations show that the solid-liquid interface with a nanoscale gap significantly reduces the viscous damping
of cytosol on microtubule vibration. Specifically, as far as the radial breathing modes are concerned, cytosol behaves nearly as a rigid body
and thus has a very small damping effect on the radial breathing mode of microtubules. This distinctive feature of the radial breathing
modes arises from its extremely small amplitude (<0.1 A), and the relatively large gap between microtubules and cytosol (2.5 A) is due to
the van der Waals interaction. Such a nearly undamped megahertz microtubule vibration excited by an electrical magnetic field may play
an important role in designing microtubule-based biosensors, developing novel treatments of diseases, and facilitating signal transduction

in cells.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5097204

Microtubules (MTs) are one of the essential components respon-
sible for the structural and spatial organization of eukaryotic cells.'
They play a critical role in providing cell stiffness and facilitating cell
division, migration, and self-contraction.” > MTs are constructed by
protofilaments (PFs)®” comprising o-f-dimers with unbalanced
charge.w Lateral contacts of PFs contribute to more stable, rigid, and
structurally intact MTs. Polarized MTs vibrate under an alternating
electric field''" with the frequency up to gigahertz'* and the ampli-
tude around 0.1 nm."" The sensitivity of MT vibration to structural or
property changes opens a door to MT-based biosensors in disease
diagnostics and therapies.' "

In spite of the great potential of vibrating MTs, =~ it is argued
that cytosol damping in cells would quench the vibration when a non-
slip solid-liquid interface (see the details in the supplementary mate-
rial) is assumed for the MT-cytosol system.”'® In other words, MT
vibrations can survive in cells only when the cytosol damping is largely
reduced by the nanoscale MT-cytosol interface due to, e.g., a slipping
ionic layer near the MT surface. '*'” In addition, the solid-liquid
interface at the nanoscale is found to be different from its macroscopic
counterpart as the van der Waals (vdW) interaction at the interface is
significant due to the largely increased surface area-to-volume ratio. It
was reported in experiments that a carbon nanotube (CNT)

12,13

submerged in water can still vibrate in radial breathing modes with
frequency raised by the vdW interaction between CNT and water.'*"”
For similar reasons, a gap may exist between nanoscale MTs and cyto-
sol due to the repulsive vdW force, which would largely decrease the
cytosol damping on MT vibration. Indeed, the megahertz mechanical
vibration of MTs was already detected in the wet and noisy subcellular
environment of neuronal cells.”’ Motivated by this idea, this letter
aims to investigate the MT-cytosol interface by considering the vdW
force and the static electrical force at the interface and examine the
influence of such an interface on the cytosol damping of MT vibration.
Indeed, the unique features of the nanoscale solid-liquid interface and
its effect on the dynamic behavior of MTs are a major topic of great
interest in current research of nano- and biomechanics.

In this letter, the effect of the interface on the electrically excited
vibration of MTs in cytosol (80% water”') was investigated. Molecular
dynamics simulations (MDSs) were employed to study the interface
between MT and water. The obtained properties were then entered
into a molecular structural mechanics (MSM) model of MTs with
updated values of force constants"” to examine the effect of the MT-
cytosol interface on the collective vibration of MTs. The MT vibration
in the present study was excited by an alternating electric field from a
dipole antenna (Fig. 1).
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FIG. 1. lllustration of an individual MT and an MT-cytosol system subject to an elec-
tric field generated by a dipole antenna.

Herein, the MDSs were performed for obtaining an equilibrated
tubulin-water system which could mimic the liquid environment (i.e.,
cell cytosol) surrounding MTs (see the details in the supplementary
material). In the equilibrated system [Fig. 2(a)], a gap was found at the
tubulin-water interface. The size of the gap, i.e., the distances to water,
was measured for dimer atoms in the central rectangular region shown
in Fig. 2(b). The four sides of the rectangle are 1.2 nm (the cut-off dis-
tance for nonbond interaction)’>”’ away from the corresponding
boundaries of the simulation box. The boundary effect on the interface
interaction is thus eliminated. Figure 2(c) shows the histogram of the
distance between water and dimer atoms where the average value deq
2.494 A is obtained. Subsequently, to simulate the interaction potential
between water molecules and the dimer [Fig. 2(d)], the water block

(c) 50 d between water & dimer atoms
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FIG. 2. (a) The illustration of the interface between MT and cytosol (inset: simula-
tion box); (b) the dimer region within which the distance between water molecules
and dimer atoms is measured; (c) the histogram of the distances measured
between the dimer and water atoms; (d) the simulations on the relation between
the water-dimer distance and their interaction potential energy; (e) interface
potential energy E calculated as a function of the water-dimer distance change
Ad; and (f) the physical model for the nanoscale interface between MT and cyto-
sol (case 3).
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consisting of the water molecules on the upper half of the simulation
box is manually moved up/down, while the dimer is fixed at its origi-
nal position. The MDS was performed to acquire the interface poten-
tial energy (E) as a function of the change in the distance (Ad)
between the dimer and the water block, which is measured by the dis-
tance that the water block moves [Fig. 2(d)]. It is well-known that the
viscous damping significantly reduces the MT vibration amplitude in
cytosol.'*'***** A parametric study”” further demonstrates that even
with a largely reduced damping force due to the nanoscale interface,
the amplitude of MT vibration is only on the order of 0.01 nm. Thus,
in the present study, Ad=0.01 nm was chosen in the present simula-
tion. It can be seen that the energy-distance relation is best described
by a 2nd order polynomial at Ad < 0.01 nm [Fig. 2(e)] or even larger
deformation Ad < 0.02nm [the inset of Fig. 2(e)]. Thus, the linear
model Frompong = —0E/Od ~ —key x (Ad) (keq = 6999 nN/nm) is
adequate for the interaction between the dimer (or MT) and sur-
rounding water.

In the MSM model, an MT is considered as a framed structure of
beam elements which represent the protein interactions. The beam
stiffnesses are calculated based on the force constants of monomeric
interactions obtained in MDS."***?” In addition, in modeling MT-
cytosol interaction by using the MSM, an equivalent spring is used in
modeling protein-water molecular interaction, where the elastic con-
stant is measured by MDS [Fig. 2(f)] (see the supplementary material).
The spring represents the nanoscale MT-water interface (supplemen-
tary material) with the equivalent thickness (ie., the natural length of
the spring) of 0.2494 nm. The damping effect of the surrounding cyto-
sol [Fig. 2(f)] was evaluated by the damping force F;*** (supplemen-
tary material). In what follows, three different scenarios were
considered: case (1), an MT without the surrounding cytosol; case (2),
an MT-cytosol system with a nonslip solid-liquid interface, i.e., they
are in physical contact and there are no gap and no relative sliding/
twisting at the MT-water interface; and case (3), an MT-cytosol system
with a nanoscale MT-water interface where they are separated by a
small gap and coupled with the nonbond interaction modeled as a lin-
ear spring. As a result, there might be sliding or twisting relative to
each other at the interface. The vibrations were then excited for the
MTs by an electric field generated by a dipole antenna (see the supple-
mentary material for the demonstrated working mechanism of the
antenna-MT system).

Figure 3(a) shows that when subjected to a transverse electrical
field (TEF), individual MTs [case (1)] exhibit resonant transverse
vibrations at frequencies of 18.4 MHz and 78.9 MHz. The results for
MTs submerged in cytosol [i.e., cases (2) and (3)] are shown in Fig.
3(b) where the damping effect of cytosol is of major concern.'* " It is
noted that, due to the damping effect, the amplitude decreased mono-
tonically with the increasing frequency, at least an order of magnitude
lower than those of individual MTs [Fig. 3(a)].

In the present study, the primary goal is to examine the effect of
the nanoscale MT-water interface on the vibrations of MTs in cytosol,
ie., the difference between cases (2) and (3). The frequency of trans-
verse mode II in Fig. 3(b) is found to increase from 1.099 MHz for
case (2) to 2.188 MHz for case (3). A similar trend is also observed for
mode IIT in Fig. 3(b). In addition, at a given frequency, the amplitude
growth of case (3) relative to case (2) ranges from 26.1% to 146.5% in
the frequency range [1 MHz, 100 MHz]. It follows that the nanoscale
interface [case (3)] upshifts the frequency of the transverse vibration
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FIG. 3. The amplitude-frequency spectrum of (a) individual MT (case 1) subject to a TEF, (b) MT-cytosol system subject to a TEF with a nonslip [case (2)] or a nanoscale inter-
face [case (3)], (c) individual MT subject to an AEF, and (d) MT-cytosol system subject to an AEF with a nonslip [case (2)] or a nanoscale interface [case (3)].

and raises the vibration amplitude at a given frequency. These can be
attributed to the presence of the nanoscale interface, where the slip
boundary or the gap between MT and cytosol will largely decrease the
energy dissipation caused by the cytosol damping.

Figure 3(c) shows the spectrum of MT vibration [case (1)] excited
by an axial electric field (AEF). It is found that an AEF generates so-
called radial breathing vibration (RBV) of an MT with the associated
frequency around 53 MHz. In RBV, the « and f tubulins of the MT
oscillate in the radial direction as if the MT was breathing. In an MT
cross section, the time-dependent change in the radius (ie., radial
vibration displacement) is equal in all directions and its amplitude
[Fig. 3(c)] is found to be 3 orders of magnitudes smaller than those of
transverse MT vibrations. The vibration spectra of RBV were calcu-
lated and are shown in Fig. 3(d) for the MT-water system with the
nanoscale interface [case (3)] in comparison with those for the nonslip
interface [case (2)]. In case (2), the vibration amplitude decreases con-
tinuously with the increasing frequency. This behavior is analogous to
the transverse vibration of MTs in cytosol [Fig. 3(b)] and the vibration
of a bulk solid object submerged in water. In sharp contrast, the fre-
quency spectrum in case (3) showed a resonant vibration where the
amplitude rose suddenly when the frequency approached 53 MHz, i..,
the resonant RBV frequency. This is also observed in the spectrum of
the free RBV [case (1) in Fig. 3(c)]. These results indicate that the
nanoscale interface can largely decrease the cytosol damping and lead
to the resonant RBV of MT in cytosol [Fig. 3(d)-case (3)].

To further examine the effect of the nanoscale interface gap, we
examined the trend of the amplitude with the change in the time (at a
given frequency) for the MTs in all three cases considered. The forced

MT vibration was excited by an electric field and lasted for 9.75 peri-
ods (T) (ie., stage I). Subsequently, the excitation was removed and
the MT vibrated freely (i.e., stage II) in cytosol. The time-dependent
amplitude at the two stages is presented in Fig. 4 with three excitation
frequencies, i.e., 1 MHz, 18 MHz (i.e., the resonant transverse vibration
frequency), and 53 MHz (the resonant RBV frequency). It is noted in
Fig. 4(a), achieved by applying the TEF of 1 MHz, that an MT in case
(1) showed nearly constant amplitudes at both stages I and II and the
amplitude at stage I is found to be around 2 times greater than the one
at stage II. When the cytosol was introduced, the MT of case (2)
vibrated steadily at stage I, but the vibration was extinguished very
quickly at stage II [Fig. 4(a)]. The trend obtained for the MT in case
(3) is close to that of the MT in case (2). The difference is that, in case
(3), the MT showed a greater amplitude at stage I due to the reduced
damping effect in the presence of the nanoscale interface gap. For the
transverse vibration at a resonant frequency of 18 MHz, the amplitude
achieved in Fig. 4(b) for MT's in case (1) grew constantly at stage I and
finally reached its maximum value, which remained unchanged
throughout stage II. The inset of Fig. 4(b) shows how the amplitude of
MTs changed in cases (2) and (3), which were similar to those shown
in Fig. 4(a). These results indicated that free transverse MT vibration
cannot survive the cytosol damping even if the nanoscale interface gap
[in case (3)] is considered.

Next, the RBV of MTs excited by AEF was studied and is shown
in Figs. 4(c) and 4(d), obtained at the frequency of 1 MHz and the res-
onant frequency of 53 MHz, respectively. It is noted in the two figures
that, at the two frequencies, RBV was again quenched by cytosol (i.e.,
the amplitude faded away in a short period of time) at stage II when
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FIG. 4. Time-dependent amplitude of MT vibration excited by a TEF at frequencies of (a) 1 MHz and (b) 18 MHz and the vibration stimulated by an AEF at (c) 1 MHz and (d)

53 MHz.

the nonslip solid-liquid interface [case (2)] was assumed [the insets of
Figs. 4(c) and 4(d)]. Nevertheless, when the nanoscale MT-water inter-
face gap was introduced [i.e., case (3)], the amplitude of MT remained
nearly constant or almost undamped at stage II [Figs. 4(c) and 4(d)],
which was very close to the behavior of free RBV in case (1). At
1 MHz [Fig. 4(c)], the amplitude in case (3) was smaller than the one
in case (1) while, at a resonant frequency of 53 MHz [Fig. 4(d)], the
amplitudes in the two cases are nearly the same. Moreover, it is worth
mentioning that there exists a limitation for the amplitude amplifica-
tion at a value about 10 times greater than the current maximum dur-
ing the prolonged AEF excitation test at 53 MHz in case (3). Based on
the results, we came to the conclusion that the influence of the nano-
scale MT-water interface gap is so great that it can almost eliminate
the effect of cytosol damping on the RBV of MT. Such an influence
turned out to be even stronger for the resonant RBV of the MT sub-
merged in cytosol. The RBV of the MT with a high frequency and
small amplitude (i.e., <0.1 A, which is more than 1000 times smaller
than those in TEF) thus is under the protection of the nanoscale solid-
liquid interface gap and is promising for developing MT-based biosen-
sors in cells. In this case, there exists the conversion between the
potential energy of the nanoscale interface gap and kinetic energy of
oscillating MT, but the total energy is nearly conserved with almost no
energy dissipation via the motion of surrounding water. This can be
attributed to the fact that due to the small amplitude of RBV, the force
on the surrounding water from the oscillating MT is not large enough
to generate the radial motion of the water. In other words, the water
behaves like a rigid body with almost zero displacement and velocity.

Accordingly, cytosol damping or the energy dissipation via cytosol is
negligible.

In summary, molecular dynamics and molecular structural
mechanics simulations were performed to study the effect of the inter-
face on the electrically excited vibration of microtubules in cytosol. It
is found that a forced transverse vibration of microtubules can be
excited by a transverse electrical field whose amplitude decreases with
the increasing excitation frequency. The nonbond interaction between
microtubules and cytosol significantly raises the frequency of a vibra-
tion mode and lifts the amplitude at a given frequency. It however
does not give rise to a resonant transverse vibration of microtubules in
cytosol. In addition, the free transverse vibration of microtubules will
be wiped out very quickly by cytosol damping even if the nanoscale
interface gap is considered.

Forced radial breathing vibration of microtubules can be stimu-
lated by an axial electric field. Similar to the transverse vibration in
cytosol, no resonant radial breathing vibration can be achieved when
the nonslip solid-liquid interface is assumed. The nanoscale interface
gap, on the other hand, largely decreases the cytosol damping and
results in resonant radial breathing vibration of microtubules in cyto-
sol. The amplitude of radial breathing vibration and thus the force act-
ing on the surrounding cytosol due to the vibrating microtubule are
not strong enough to generate the significant radial displacement or
the velocity of the cytosol. Thus, during microtubule vibration, the sur-
rounding cytosol behaves as if it were a rigid body. This finally leads to
an almost undamped free radial breathing vibration of microtubules
in cytosol. These results provide important guidance for the
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development of inherent and biocompatible nanobiosensors based on
microtubules in cells that would enable noninvasive diagnosis of dis-
ease and health monitoring of cells and tissues. Such a resonant radial
breathing vibration of microtubules excited by an electrical field may
also play a role in signal transduction in cells.

See the supplementary material for the details of the models and
simulation methods.

S. Li acknowledges the financial support from the China
Scholarship Council (CSC) and the College of Engineering,
Swansea University.
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