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Abstract

Cytoskeletal microtubules have long been conjectured to have piezoelectric properties. They have
been shown to behave as nematic liquid crystals which oscillate along their director axis due to
the prevalent thermal fluctuations. In this work, we develop a theoretical model of the mechanics
of microtubules in the cytosolic space based on the buckling of its structure due to these thermal
fluctuations. This cytosolic space has been considered as a viscoelastic medium in which microtu-
bule oscillations have been considered. As a result of resilience of cytosol and neighbouring fila-
ments from the axial force due to thermal fluctuations, the surface traction acting laterally on the
microtubule structure has been further used to elucidate its piezoelectric behaviour in vivo. After
the piezoelectric properties induced by thermal fluctuations (in addition to the buckling) of mi-
crotubules have been discussed, we propose a model discussing how microtubules behave as energy
harvesters and communicate via electromagnetic radiation, with each other, in an intracellular
environment.
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1. Introduction

Microtubules are ubiquitous cytoskeletal elements that provide rigidity to otherwise blobby and gel-like living
cell. They also participate in the intracellular transport of motor proteins by acting as rail-roads for dyenin & ki-
nesin [1]. There are flexural compressions in the microtubule structure due to the transport of such proteins and
also due to the turgidity of the cytosolic surroundings along with other filamental counterparts [2]. Theoretically,
it has been proposed by Tuszynski and coauthors that microtubules possess piezoelectric properties as a result of
the coupling of electrical and elastic degrees of freedom of the microtubule structure [3]. Experimental proof of
piezoelectric properties of microtubules is yet to be obtained, as it will require intricate intracellular probing of
microtubules while they are undergoing buckling (as will happen in case of cytoplasmic streaming or during the
process of mitotic spindle formation). Thus, this work is based on the theoretical premise that microtubules dis-
play piezoelectric behaviour as discussed by Tuszynski [3].

In this work, we explore the piezoelectric properties by analogizing the microtubules with collagen type-1
protein and propose a model by which microtubules behave as energy harvesters and may communicate with
each other in a closed biological environment. For this work, we have considered the buckling behaviour of mi-
crotubules in a viscoelastic environment provided by the cytoskeletal components in addition to surrounding
cytoplasm. The novelty in this work is that we have incorporated the impact of inherent thermal fluctuations due
to the filament’s dynamic instability in calculating the piezoelectric behaviour of microtubules and the subse-
quent proposal of energy harvesting model and intracellular communication of microtubules.

Buckling and flexing of microtubules has been extensively studied [2] [4]-[15] by several groups. These stu-
dies concentrate on the continuum analyses of microtubules using shell theory [6] [8] [11], elastic foundation
[14] and beam model [4] [5] [7] [9] [10] [12] [13] [15], to name a few major tools used to study the buckling
behaviour of microtubules. Here, we would consider the analytically infinitesimal elastic behaviour to study the
effects of thermal fluctuations in addition to the regular buckling forces on microtubules acting as cellular rai-
Iroads [5] [9]. Due to the high aspect ratio of the microtubule filament structure, which is in the order of ~400
(assumed average length: 1 um; diameter: 25 nm), Euler’s buckling model (static beam theory) can be applied
for the impending analyses.

According to the Euler’s model, a filament of microtubule is considered as a very thin elastic rod which is
buckled due to the loading forces acting on it due to its functionality as a cytoskeletal element. When this buck-
ling happens, the neighbouring cytosol tries to restore the microtubule filament to its original position owing to
the viscoelastic properties of the cytosolic space. We have also considered the effect of thermal fluctuations
(Figure 1) that causes some bending which is countered by the viscoelasticity of cytosol.

Buckling force

Thermal fluctuations

Traction :
force

Figure 1. Schematic of the microtubule filament buckled under the loading (buckling) force. As a result, cytosol exerts a
restoring traction force. Thermal fluctuations also cause some bending of filament, analogous to the buckling force.
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After analyzing the traction force induced piezoelectric behaviour of microtubules, we propose a mechanism
by which microtubules can interact with each other as long as the dynamic instability process of addition of
GTP-tubulin and secession of GDP-tubulin subunits is taking place.

2. Methodology
2.1. Buckling Mechanism in Viscoelastic Conditions

Cytosol has been considered as a viscoelastic medium which retaliates to any mechanical movement inside it, as
expected. As discussed earlier, the shear traction force, Fy,cion, could be described by using Euler’s beam theory
as in Equation (1):

o*w(z,t *w(z,t

F, =EI ( )—F ( )—Zw(z,t) @)

traction 824 c azz

where E denotes the elastic modulus of the microtubule filament, / denotes the second moment of area, Z is a
measure of viscoelastic resilience of the surrounding cytosol which is approximated to 2.7 times the shear mod-
ulus of the cytosol (u,: in the order of 1 - 3 kPa). w(z, f) suggests the wave propagation along the filament due to
the application of critical buckling force (interchangeably termed as critical force in this paper), F,, hereafter.
We assume that the amplitude of wave-like perturbation due to buckling force varies only with time and is sinu-
soidal in the direction of propagation i.e. w(z, ¢) is broken into two parts by variable-separable methods as

w(z,t) = w(t)sin(kz) 2)

where £ is the wavenumber of the perturbation propagating along the filament axis (z). The assumption made in
Equation (2) reduces the Equation (1) into the following form.

Frpeion = —(EI* = F.* + Z ) w(t)sin (kz) 3)

traction

As we have mentioned earlier that the surrounding cytosol is assumed to be viscoelastic, this property either
amplifies the buckling oscillations along the filament or dampens it. Hence Equation (3) could be re-written as

F . = —(Elk4 ~-Fk’ +Z)w0 exp(at)sin(kz) 4)

traction

Here a could assume either positive or negative values that would define whether the oscillations due to buck-
ling force get bigger or accentuate with time. The significance of this parameter is discussed further in this pa-
per.

We could deduce from the Equation (4) that Fi,i0n assumes the zero value in either of the following condi-
tions:

1) kz=nm (n=--,-2,-1,0,1,2,--);
2) EIK*-Fk>+Z=0
The buckling of microtubule is restricted between certain wavenumbers k; and &, of the buckling kink, known
as critical wavenumbers. These two critical wavenumbers &, and k, are given by

. ,FC—JFCZ—4EIZ
b 2EI
F.+.F?-4EIZ
= 2E1

which are the distinct positive roots of the equation (as mentioned in the second condition discussed above)
Elk*—~Fk’+Z=0 6)

For all other wavenumbers above and below, there is no buckling as there is an inflexion in the value of the
exponential coefficient o beyond those critical wavenumbers on either side i.e.

a>0 Vk <k<k,
a<0 Vk<k &k >k,
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where a is the growth rate of perturbation that happens because of the critical force acting along the axis of mi-
crotubule, which takes care of the viscosity and shear modulus of the cytoplasm. The physical significance of
the growth rate a could be that within the limits of k; & &, the wave propagation grows exponentially with time
whereas beyond these wavenumbers on either side, temporal under-damping of sinusoidal oscillations along the
filament is expected to happen.

Previously, we stated that there is no buckling beyond k; and k, because these are the two wavenumber values
where Fipeion 18 reduced to zero. Since the expression for Fy,ion contains a minus sign (Equation (4)), indicating
that it is increasing at the first root, k;, of the Equation (6) and decreasing at the second root, k,, of the same eq-
uation ie. the traction force is positive only between k; and &, and negative elsewhere. This condition is under
the assumption that sin(kz) > 0.

2.2. Critical Buckling Force & Impact of Thermal Fluctuations

When some axial buckling force is applied on the filament due to intracellular loading processes, it is assumed
to be countered by the shear traction force due to the viscoelastic properties of the surrounding medium (Figure
1). Intuitively, we could state that there has to be a minimum amount of axial force that needs to be applied for
the buckling to take place, F.. As we could figure out, the force required to buckle the microtubule filament
would incorporate the elastic modulus of the filament, its second moment of area & shear modulus of the cytosol.
The critical force required for the buckling of microtubules housed in viscoelastic cytosol, in addition to the im-
pact of thermal fluctuations [9] [16] is given as follows:

25.[El 2048

Critical force, F, = 1+ [1 + 3TL2 } (®)
' 16 2nR 8EIm
625|3-2y—2In| — L
elastic
where,
1
. 8n( EI |*
5elastic = _[_] (9)
s\ u,

is the critical wavelength generated by the critical force F, acting on the microtubules; y ~0.577 is the Eul-
ler’s constant and R, is the radius of microtubule structure. Equation (8) incorporates the thermal fluctuations
occurring in the filament, denoted by 7. This is energy equivalent of thermal fluctuations. It is assumed that this
thermal component 7 accounts for the in vivo free energy of GTP hydrolysis, though thermal fluctuations in ab-
sence of nucleotide hydrolysis have also been reported [17].

As discussed earlier, microtubules have been predicted to possess piezoelectric properties. Due to the afore-
mentioned bending mechanisms, there would be an expected electric potential generation along the structure of
microtubules. Shao et al. [18] have proposed the continuum model of piezoelectric behaviour in ZnO nanorods.
We would extrapolate the same model to determine the potential distribution in microtubules. ZnO nanorods
have been chosen as model system to depict the cytoskeletal microtubules as ZnO nanorods grown chemically
via zinc nitrate reacting with alkali nitrate-halide salt mix at high temperatures (500°C) for substantially long
time (0.5 - 8 hours), demonstrate microtubule-like structures [19]. Thus we assume structural homology of mi-
crotubules with ZnO nanorods. We propose that the same distribution relation (as that of ZnO nanorods) holds
valid for microtubules too. The analogy is depicted as a schematic in Figure 2.

Though the piezoelectric deformation matrix elements for microtubules need to be determined using more
advanced measurements on single molecules. The model for piezoelectric potential distribution is as follows

3

F_ . 3
(0 _ _ traction (dls _d33 ){ML_%} Sin 9 Vr < RO

2ne & +eey, Ry R
0 0 0 0 (10)
Foi 2eg, 11| .
= Ztraction (g _ g (U sinf@ Vr>R
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Figure 2. Schematic showing analogy between the compressive forces applied on the ZnO
nanrods by AFM tip and the buckling force on the microtubule filament due to its cytoske-
letal functions. The traction forces thus generated, give rise to the piezoelectric behaviour in
ZnO nanorods and microtubules.

where 6 is the angle in the x-y plane, ¢ is the dielectric constant of microtubules & Ry is the radius of the micro-
tubule structure. To deduce the numerical piezoelectric characteristics of microtubules, we consider the fastest
buckling growth wavenumber

F,
ky = =
2E1

(11

and the time value to calculate the traction force viz. £ =0, 0.5/a, 1.0/a, 1.5/a & 2/a (to be put in Equation (5))
from the proposed model in this work. Time values were chosen as multiples of a to avoid calculation complex-
ity To get the numerical trends from the proposed model, we chose the following parameters:

=1.0; Rp=125%x10"m; d;s=—-03x 10> C/N; d53=0C/N; 6=3.0; g1, =1x 10°Pa; L=1x10°m; T
(m vivo AGgrp.gpp) = 8.68 x 10~ Ny EI=5%x10 % N-m%

Collagen and microtubule-associated protein tau have been demonstrated to share crystalline homology with
each other [20]. Thus we assume that the piezoelectric potential generation due to similar forces would be ana-
logous in the two proteins. Hence, the values of shear piezoelectric coefficient di5 & longitudinal piezoelectric
coefficient d;; were assumed to be in close approximation with those of the collagen fibril [21]. We define #/R,
=y & kz= /[ to getthe following relations of piezoelectric potential distribution from Equation (10).

0= 35.6(2.57—7/3)exp(at)sin@sinﬁ Vy<l1

(12)
® :ﬁexp(at)sinﬁsinﬂ Vy>1
Y

Based on the potential generated (as in Equation (12)) in the microtubules’ lattice, the energy stored (i.e. har-
vested) in it could be approximated to the energy stored in the capacitive electrical double layer (EDL) sur-
rounding the microtubules in the ionic cytoplasmic environment. It is given by the following relation (Equation
(13)) & holds valid only for values of y < 1, for it is this range in which the piezoelectric potential generation
actually takes place.

E:%cq,z (13)

Intracellular communication model applicable to microtubules has been described in detail in the next section.
Detailed mathematical analysis of the same has been discussed in reference 24.
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3. Results and discussion
3.1. Piezoelectric Potential Distribution

Equation (12) shows the distribution of piezoelectric potential inside the microtubule filament as well as outside.
The potential distribution follows a cubic trend within the microtubule structure w.r.t the distance from the cen-
tre. As we move out of the structure, the potential starts dropping as it is inversely proportional to the distance
from the centre-radius ratio. The same can be seen graphically in Figure 3.

The values shown in Figure 3 are significant because we can infer that the potential generated reaches its
maximum at the surface of the microtubule filament. This gives inherent electrical stability to the structure due
to the potential generated causing minimum damage, if any, at the core of the protein filament. This study sheds
light on the quantitative aspect of piezoelectric behaviour of microtubules.

3.2. Energy Harvesting & Intracellular Communication of Microtubules

We also propose a model via which the microtubules could harvest energy and also communicate with neigh-
bouring microtubules in the cytoskeleton. As we know, microtubules tend to display dynamic instability i.e.
random lengthening and shortening of plus-end because of either addition or secession of GTP-tubulin. When
GTP-tubulin binds to the cylindrical framework, there develops a compressive strain in the structure due to the
preferential axial orientation of GTP-tubulin (parallel to the cylindrical axis) and GDP-tubulin (tilted w.r.t. the
cylindrical axis) [22]. This strain build-up causes a voltage bias generation along the axis owing to the piezoe-
lectric behaviour. The number of times this development of strain happens in the microtubule’s cylindrical lat-
tice, it accounts for the number of cycles that would harness the energy in terms of stored charge due to piezoe-
lectricity. This would result in a perpetual device that harnesses energy from its own movement/developed strain.
As shown in Figure 4, this strain production is caused by either GTP-tubulin adding to the cylindrical structure
or falling off from it. During the process of dynamic instability in microtubules, GTP hydrolysis takes place.
The reported value of in vivo free energy of GTP hydrolysis is ~12.5 kcal/mol [23] i.e. amounting to 131.055
THz electromagnetic radiation. As per the model [24], the ZnO nanorods have been shown to behave as nano-
generators of energy which also consume energy due to inter-ZnO-nanorod communication via terahertz (THz)
range electromagnetic communication. Earlier in this paper, we have cited the structural homology of ZnO na-
norods synthesised chemically with microtubules. Microtubules have also been analysed as piezoelectric fila-
ments which are very densely packed within the cell. Hence, we propose a mechanism in which microtubules
behave as energy harvesters which also consume energy due to communication via terahertz (131.055 THz)
electromagnetic radiation. Schematic of the proposed model is shown in Figure 4. Mathematical treatise of the
model could be found in the seminal work by Jornet and Akyildiz [24]. Details of the model (within the scope of
this work) have been discussed in the next few paragraphs.

(b) at t=0 & one of the angles, p/0 = n/2, another varying as shown in legends
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Figure 3. Graphs show the gradual increase of piezoelectric potentials w.r.t. the ratio of distance from the centre-radius (y <
1) and inversely proportional to the ratio (y > 1). (a) Values of angles are fixed to /2 and the time parameter was varied to
get the different amplitudes of piezoelectric potential generated; (b) At the start of the vibrations along the filament axis due
to critical force, the values are plotted for varying angles along the x-y plane as well as on the z-axis.



A. Kushagra

® o
O @

o - o ¢ o
o® O ® ®® ®

Dynamic instability: GTP-tubulin
might attach or might fall off

Strain developed in MT lattice due to
addition or secession of GTP-tubulin

GTP-tubulin fall-off/attachment
resuluting in GTP hydrolysis.
AG® ., in vivo = 12.5 kcal/mol
ie.

N -~
J

NV

® P

Intracellular microtubule communication Energy harvesting from piezoelectric circuit

Figure 4. Schematic proposes the model indicating microtubules harvesting energy from dynamic instability process utiliz-
ing their piezoelectric property. While GTP hydrolysis happens during dynamic instability, the in vivo free energy of GTP
hydrolysis is proposed to be used for intracellular communication between the microtubules’ network. The energy of such
communications is stipulated to be ~131 THz.

Energy harvesting in microtubules could be done when electric potential is generated in its lattice due to
buckling (cytoplasmic loading & streaming, during the formation of mitotic spindles). Due to its intracellular
ionic environment and prevalent negative charge, microtubules have an EDL formed around it by the positive
ions. When the buckling happens, some amount of electric potential is generated in the microtubule lattice ow-
ing to its piezoelectric behaviour as discussed in the previous section. Henceforth we propose that this electric
potential gets stored as energy in capacitive form in the EDL formed by the positive ions around microtubules.

Intracellular communication of microtubules is proposed to happen via electromagnetic radiation. The fre-
quency of such communication is believed to be 131.055 THz. It represents the exact amount of energy that is
generated by the in vivo free energy of GTP hydrolysis during dynamic instability of microtubules. Terahertz
band, despite been absorbed by the molecules in the vicinity of microtubules causing a significant distortion (i.e.
generating noise), are proposed to support very high bit-rates (in the order of 10 terabits/sec) within the cellular
dimensions. This process would enable microtubules to faithfully transfer the information between each other to
coordinate their collective behaviour as cytoskeletal elements. Testing of such a communication model is re-
ported in detail in reference 24.

4. Conclusions

In this paper, we have studied the piezoelectric effect in cytoskeletal microtubules using ZnO nanorods as a
model system and for the first time we have generated a quantitative estimate of the buckling that happens due
to thermal fluctuations during dynamic instability i.e. GTP hydrolysis. Thermal fluctuations, as it appears from
Equation (8), have miniscule effects on the critical force required for buckling. Based on the values of various
parameters assumed, the effect comes out to be ~0.066%. Due to paucity of experimental data for microtubules,
we have used collagen type-1 fibril, which is homologous to microtubule-associated-protein tau to approximate
the shear and longitudinal piezoelectric coefficients.

We also propose a new model that describes how microtubules can function as energy harvesters and com-
municate with each other inside the cell at the expense of the in vivo free energy of GTP hydrolysis. This model
is an inspiration generated from a similar work [24] on a cluster of ZnO nanorods. Energy harvesting mechan-
ism has been proposed via the energy storage in the capacitive EDL, due to the electrical potential generation by
the piezoelectric response of microtubules due to buckling. Intracellular mechanism has been proposed to take
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place via electromagnetic radiation at a very high bit-rate. Terahertz band communication has been proposed to
faithfully transfer the information via the cytosol, despite its absorption by different molecules in the vicinity of
microtubules. It can shed some light into the hypothetical mechanisms by which intracellular components inte-
ract with each other and into the energy efficiency of living systems.
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