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Abstract

Cytoskeleton is a structure that enables cells to maintain their shape and internal
organization. The proper functions of cytoskeleton depend crucially on the
mechanical responses and properties of its component filaments (e.g., microtubules
and actin filaments). Thus, an in-depth understanding of cytoskeletal filaments
mechanics is essential in revealing how cells fulfil their biological functions via
cytoskeleton, stimulating the innovative idea in designing biomimetic structure or
materials and facilitating to develop novel techniques in disease diagnosis and
treatment. This thesis thus focuses on studying the inherent and environmental
factors that determine the nanomechanics of cytoskeletal components, i.e., the
monomeric feature of cytoskeletal filaments at microscale, the relation between the
helical structure and the mechanical properties, and the interaction between the
protein filaments and the surrounding environment, such as cytosol, filamentous
proteins, electrical fields, etc.

The thesis starts with a comprehensive review of the existing cytoskeletal
filaments models. It is followed by the molecular structural mechanics models
developed for microtubules and actin filaments. Subsequently, the models with
monomeric feature were employed to identify the origin of the inter-protofilament
sliding and its role in bending and vibration of microtubules.

After that, helix structure effects on the mechanics of cytoskeletal filaments
were explored. A three-dimensional transverse vibration was reported for
microtubules with chiral structures, where the bending axis of the cross-section
rotates in an anticlockwise direction and the adjacent half-waves oscillate in different
planes. The tension-induced bending was also studied for actin filaments as a result
of the helicity.

Then, the subcellular environment effect on the filament mechanics was
explored. Attempts were also made to reveal the physics of the experimentally
observed localized buckling of microtubules and the crucial role of the cross-linker
in regulating microtubule stiffness. Also the role of actin-binding proteins in
determining the stiffness of actin bundle was examined during the formation of
filopodia protrusion.

Finally, the studies were carried out for the microtubule vibration excited by the
alternating external electric field. Strong correlation was achieved between the
tubulin interaction and the frequency shift. Meanwhile, the unique feature of
nanoscale microtubule-cytosol interface was studied in detail. Large reduction of the
viscous damping of cytosol was achieved in the presence of the nanoscale
solid-liquid interface.

At the end of the thesis, the contributions of the dissertation research were
summarised and remarks were given on future research directions.

Keywords: cytoskeleton, nano-filament, microtubule, actin filament, monomeric
feature, helical structure, electromechanical vibration
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Chapter 1 Introduction

1.1 Brief review of CSK filaments

Cells are the fundamental component of tissue. Their dynamic, living feature
endowed them with the ability to change in accordance with their functional state and
response to stimuli within the environment [1]. The cytoskeleton (CSK) is a structure
that enables cells to maintain their shape and internal organization. The mechanical
support provided by CSK enables cells to perform essential functions such as
division and motility. The CSK is a network of several different subcellular
components [2]. The basic subcellular components are three types of filamentous
proteins, i.e., microtubules (MTs), actin filaments (F-actins) and intermediate
filaments (IFs). MTs are the largest filament, with a diameter of about 25 nm, and
they are composed of a protein called tubulin. F-actins are the smallest type, with a
diameter of only about 7 nm, and they are made of a protein called actin. IFs, as their
name suggests, are mid-sized, with a diameter of about 10 nm. Unlike F-actins and
MTs, IFs are constructed from a number of different subunit proteins. Along with
these three major classes of filaments, there are a host of adaptors, regulators,
molecular motors, and additional structural proteins [3] which allow the CSK to form
various subcellular structures. Although distinct in their properties and the types of
network they form, the filaments of the CSK are intricately linked together [4]. The
organization of these links and the resultant architecture of the CSK networks plays
an important role in cell mechanics [4]. Scaffold formed by MTs, F-actins or IFs
interact with each other and other subcellular structures either nonspecifically
(through steric interactions and entanglement) or specifically (through proteins that
link one filament type to another) [4]. This interconnectivity creates continuous
mechanical coupling through the CSK, providing a means for internal or external
forces and fluctuations to be distributed throughout the cell [4]. It is also worth

mentioning that there are different cell types and each type of cells is specialised to



carry out particular functions which involve the biological processes associated with
the CSK filament mechanics. For instance, in muscle cell, F-actins and myosin
filaments allow muscle contraction by sliding past one another [5-7]. The production
of mechanical force in muscle is believed to be the result of a dynamic interaction
between the proteins [5-7]. And in neurons, one of the major intracellular transport
systems is the MT-based transport system along which kinesin and dynein motor
proteins generate force and drive the traffic of many cellular components [8]. In
epithelia, keratins IFs can form junctions that hold cells together (desmosomes), or
attach cells to matrix (hemidesmosomes) [9].

Since many biological processes depend crucially on the characteristics of CSK
and their components (e.g., materials properties, architecture, dynamics, etc.), the
experiments have been conducted with their focuses on CSK mechanics [1, 10]. The
experiments are important for knowing how much we can probe the CSK with
current characterisation techniques. For instance in the researches for measuring the
flexural rigidity of individual filaments [11], fluorescence microscopy was utilised to
record the fluctuating shapes of the microtubule. Also in measuring the mechanical
properties of F-actins, optical/electron microscopy and fluorescence light microscopy
were proven to be useful in capturing the thermal fluctuation shapes [11-15].
Moreover, other experimental techniques to measure the mechanical properties of
individual filaments were also reported, to name a few, the optical diffraction method
[16], polarized fluorescence [17] and optical trapping technique [18]. The application
of the optical diffraction method on the electro-optic effect of F-actin in muscle
fibres can reveal the bending mode and estimate the flexural rigidity of the filament
[16]. The polarized fluorescence and micro-needle technigque can probe the force and
displacement produced by single heads in synthetic myosin filaments interacting in
the correct orientation with the actin filament [17]. With an optical trap, the force on
single F-actins in a motility assay can be measured [19]. Also with an optical trap,

the torsional rigidity can be measured directly by visualizing the torsional Brownian



motion of a single filament [18]. Moreover, extremely precise manipulation of the
filament can be achieved with the atomic force microscopy, which can yielded a
shear modulus that was 2—3 orders of magnitude smaller than the Young’s modulus
of the filaments [20, 21]. And in identifying the role of the larger scale filamentous
system of actin cortex in regulation of cell surface tension, the scanning electron
microscope can be used to characterise the cortices of different stages of cell [22].
Those experimental works have also offered an extensive knowledge of the
mechanical properties of cells, as well as their response to different chemical and
mechanical stimuli [1]. Based on these research outcomes various in-silico
mathematical frameworks have been developed to interpret the data collected in
experiments and provide insights on cell mechanics. The following section gives an
overview of the development history of the mechanics models for CSK filaments and

other subcellular structures.

1.2 Mechanics models of CSK filaments

1.2.1 Individual biopolymers models

In this section, the mechanics models achieved so far for the three main
component filaments in CSK, i.e., MTs, F-actin and IFs, will be reviewed in terms of
the development history and the major research focuses. The microscopy illustrations
of the F-actins and MTs and their distribution in cell was provided in Fig. 1.1(a) [23].
It is seen from Fig. 1.1(a) that the length scale of the filaments are similar to the scale
of cell (um scale) but the diameters of the filaments are in nanometre scale which is

far less than the cell size.
1.2.1.1 F-actins

F-actins are long filamentous polymers acting as basic structural components in
eukaryotic cells [24, 25]. Owing to the unique molecular structures, F-actins exhibit

the ability to perform a broad range of essential cellular functions in cell motility as



well as in locating and transporting protein complexes in cells [26].

Other than the basic continuum mechanics theory in organizing the
experimental results of F-actins [11], the ratchet model (Fig. 1.1(b)) was developed
by Peskin et al. in 1993 [27] to describe the force generation during the cellular
protrusion by actin polymerization. The ratchet model is an active model based upon
the idea that chemical reactions generate cellular protrusive forces during F-actin and
MT polymerization, via rectifying Brownian motion. Few years later, Mogilner and
Oster [28, 29] generalized the rigid polymerization ratchet theory. This model was
developed for rectified diffusion to the situation when the polymerizing filaments are
flexible, so that their thermal fluctuations are sufficient to create a monomer-sized
gap to permit polymerization. The model is able to identify the dependency of the
load-velocity relationship on the length of the filaments and the magnitude of the
applied force. Later, to better account for the rapid elongation and substantial force
generation by CSK filaments, the modified models such as the end-tracking motor
model [30] were developed. In the end-tracking motor model, the filament
end-tracking proteins advance on filament ends and facilitate rapid elongation and
substantial force generation by persistently tethered filaments.

Until 1995, analyses of the mechanical properties of actin have largely relied on
simple homogeneous cylinders models. To study the unique features of 3D atomic
structure (e.g., motions and flexibilities), a normal-modes analysis (NMA) model [31]
was developed to analyse the dynamical spectrum of F-actin. The model considered a
short segment of F-actin with a highly simplified representation without considering
any internal flexibility within the actin monomer. The simulation based on the model
proceeds from the atomic level. Relying on a single fitting parameter, it can
reproduce many experimental data, such as persistence lengths, elastic moduli, and
contact energies.

In 1996, The wormlike chain (WLC) model was utilized to characterise e.g.,

thermal fluctuation of F-actin [32, 33]. In the WLC model the polymer is considered



as a differentiable space curve and the conformations of polymer chains is quantified
by quantifying distribution function of end-to-end distance.

As reviewed above, effort has been devoted to studying the growth, mechanics
and conformations of F-actins. In 2001, the interest of investigation was transferred
to the process of spontaneous nucleation. Sept and McCammon explored the
thermodynamics and kinetics of F-actin nucleation with a Brownian dynamics (BD)
model [34]. The basis of the BD simulations is the solution of the equation that
relates position of the protein, diffusion constant, time step and temperature. The
model was applied to find out the binding free energies of the structures along the
nucleation pathway in this study. Furthermore, the BD models were also used to
investigate the remodelling processes of actin dynamics [35].

MT (c) Atomic actin F-actin

f gﬂ@%
(b) mwer \ CG actin/
> ¢ o

A III »
A force \ A
A »
A

o

barrier

F-actin

(a) Merge

(e

Atomistic model for [Fs
in MD simulation

Equivalent shell / Y

Figure 1.1 (a) Microscopy illustrations of F-actin and MTs [23], and examples of
schematic representations for (b) a Ratchet model of F-actin [27], (c) Molecular
dynamics (MD)/ coarse-grained (CG)-MD model of F-actin [36], (d) a Shell model
of MT [37] and (e) an MD model of IFs [38]

To overcome the size limit of existing models for F-actins, Ming et al. [39]
developed an analytical method called the substructure synthesis method (SSM) in
2003. The basic concept of the SSM model is to treat the motions of a given structure

as a collection of those of an assemblage of substructures. The choice of

substructures is arbitrary and sometimes quite natural, such as domains, subunits, or
5



even large segments of biomolecular complexes. The authors applied the SSM
technique to analyse the vibration of F-actins whose lengths ranged from 2 to 27
substructures (4.6 pm) [40].

In 2005, it was realised that the existing models were unable to delineate the
effect of detailed structures in subdomains of actin on structural and mechanical
properties of F-actins. Therefore, Chu and Voth [36, 41] utilized the molecular
dynamics (MD) simulation and the coarse-grained molecular dynamics (CGMD)
method to examine the influences of atomic monomer conformation (Fig. 1.1(c)). In
the most MD simulations, the trajectories of atoms and molecules are determined by
numerically solving Newton's equations of motion for a system of interacting
particles, where forces between the particles and their potential energies are often
calculated using interatomic potentials or molecular mechanics force fields. CG
models could provide a promising approach to increasing the timescale/scale by
treating small groups of atoms as single particles. In Chu’s study, CG actin molecules
were joined to construct the filament model with a temporal scale at which their
molecular structure changes according to atomic motion is negligible during the
investigation into characteristics such as macroscopic stiffness. The model is able to
determine the persistence length of F-actin and relate the conformation of the DNase
I-binding loop and the intermonomer interactions. Several years later, the MD
simulation was further utilized by Matsushita et al. [42] to evaluate the extensional
and torsional stiffness of F-actin. It is worth mentioning that a multi-scale model
with the combination of MD and NMA was also developed by Deriu et al. [43] to
study the relationship between the mechanics of F-actin and its molecular
architecture. Moreover, the CGMD method was also applied in subsequent studies of
F-actin to identify the heterogeneous mechanical properties of F-actin due to the
difference in G-actin subunit structures [44-46].

In addition to the models mentioned above, models with particular

considerations were developed, able to explore mechanical behaviour of actin CSK



at the fundamental filament-level. For instance, in 2010 the Cosserat continuum
model of an F-actin proposed by Yamaoka and Adachi [47] considered the F-actin as
an elastic rod with mismatch between centroid and central axis. The mismatched
structure may lead to the coupling between the axial stretch and bending deformation
as well as the connection between the axial stretch and twisting deformation. Very
recently a molecular structural mechanics (MSM) model for F-actin has been
developed by Li et al. [48]. This model is used to characterise the reinforcing effect
of the actin-binding proteins (ABPS) on single F-actin during filopodial protrusion.
The model could describe the nanoscale protein interactions. And it enjoys the highly
improved efficiency and the expanded scope of the research as compared with
formidable MD simulations and difficult nanoscale experiments. However, it is
expected that the non-linear large deformation behaviour of the F-actin could be

better addressed in the future version of the model.

1.2.1.2 MTs

MTs are a structural element and primary organizer in the CSK of eukaryotic
cells [49]. They form “tracks” on which motor proteins transport organelles and
construct the spindle apparatus to facilitate cell division [50]. They are also
responsible for maintaining the shape and providing the rigidity of the cells.

Similar to the research focus on the force generation during the cellular
protrusion by actin polymerization, the force-velocity relationship during the
polymerization of MTs also attracted the attention of early researchers. In 1997
Dogterom and Yurke [51] measured the force-velocity relation generated by a single
MT and described the mechanism by the polymerization ratchet model [27]. Later,
the Ratchet model was further generalized by Mogilner and Oster [52] to delineate
the growth of MTs to take into account the “subsidy effect” that arises because an
MT consists of 13 protofilaments (PFs). The model is able to predict the length

dependent growth rate and force of MTs and estimate the MT driven deformation of
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liposomes observed in experiments and features of filopodial protrusion.

In terms of the other mechanical issues of MTs, such as the simulations of
vibration, buckling and thermal fluctuation of MTSs, the researchers would always
take the structure of the MTs into consideration. Chré&ien et al. [53, 54] have given
precise descriptions of MT structures in terms of a surface lattice composed of
tubulin monomers in the lattice accommodation model. Inspired by the lattice model,
a two-dimensional lattice model for MT vibration was developed by Portet et al. [55]
in 2005. It considers dimers as points at their centres of mass. The pitch of helices
that run around the MT wall is proportional to the equilibrium distance between
adjacent dimers along a PF. The model is able to make predictions regarding the
vibration dispersion relations as well as vibration propagation velocities, and it could
relate the vibration frequencies and velocities with the elastic constants and the
geometrical characteristics of the MTs.

Also, based on the assumptions that the MTs could be equivalent to continuum
structures, the continuum mechanics theory was widely used to explain the
experimental results of MTs [11, 21, 56]. Theoretical investigations were also
conducted in studying the natures of MTs which the experimental techniques have
limited power to provide insights. To characterise the acoustic vibration behaviour of
MTs, a continuum shell model was developed by Sirenko et al. [57]. The MTs were
modelled by thin elastic cylindrical membrane shells, and it is able to derive the
eigenfrequencies and eigenmodes of the confined elastic vibrations in a shell-fluid
system. Then the continuum mechanics model (CMM) experienced a further
development by the work of Ru’s group, including the shell model (Fig. 1.1(d)) [37,
58-61] and the beam model [62]. The beam model for MT can also be found in [63,
64]. These models are capable of characterising various features of MTs such as
non-local effect and buckling. It is worth mentioning that there also exist other
CMMs for unique mechanical features of MT such as size-effect for buckling

[65-68].



However, the efficient CMMs are oversimplified in view of the detailed
molecular structure of monomers of MTs, which could exert influence on the
properties of MTs. To overcome this limitation, the MD simulation technique was
applied by Deriu et al. [69] to characterise the monomeric information of MT and a
mesoscale spring model was proposed based on the information obtained. Four years
later, based on Deriu’s work and additional information, Ji and Feng [70, 71] further
developed CG mechanochemical model to study the dynamic behaviour of MT. The
interactions among tubulins are taken into account from the molecular basis. The
model is able to characterise the conformations of sheet-ended MTs, the structural
evolution and to further simulate the radial indentation process of an MT. It is worth
mentioning that similar to the history of the MD models for F-actin, an anisotropic
elastic network model (ANEM) with the combination of MD and NMA was also
developed by Deriu et al. [72] to study the MT mechanics. This technique could
enjoy higher computational efficiency compared to MD and describe systems of
hundreds of interacting tubulin monomers. Thus the MT macroscopic properties such
as bending stiffness, Young modulus, and persistence length could be estimated.

Moreover, the WLC model mentioned for F-actins could also be applied to MTs.
In 2008, the WLC model was utilized by Taute et al. [73] to address the dynamics of
thermal shape fluctuations of MTs. The worm-like bundle (WLB) model [74] could
also describe the MTs, which explicitly accounts for the discrete character of the
internal architecture of the MT as a bundle of PFs, and its internal deformation
modes. Unlike WLC, the model could exhibit a state-dependent bending stiffness
that derives from a generic competition between the bending and twist stiffness of
individual filaments and their relative motion mediated by the stiffness of the
crosslinkers. The model is able to predict the relationship between the effective
bending rigidity of MTs and the number of PFs.

Later other models for MTs were also developed to take more detailed features

of MTs into consideration at lower computational cost, such as the



atomistic-continuum model and the MSM model. In 2011, an atomistic-continuum
model was developed for global buckling of MTs, which was also used to study MT
vibration [75, 76]. In the atomistic-continuum method, material properties and
continuum energy are evaluated based on atomic interactions. It has the ability to
overcome computational size limitations without losing inter-atomic information. In
2014, the MSM model was applied to MT to study the mechanical properties [77].
The MSM technique can establish the equivalence between the deformation of the
molecular structure of MTs and the deformation of structural frame representation of
MTs, and it is able to extract the materials information from MD simulation. The
robustness and efficiency of the MSM model have been demonstrated in studying the

different mechanical feature of MTs such as vibration and buckling [56, 78-82].

1.2.1.31Fs

Compared with the various models on MTs and F-actins, the modelling effort on
exploring another major component of the CSK in eukaryotic cells, IFs, is relatively
scarce. IFs, are crucial in defining key biomechanical functions of cells such as cell
migration, cell division and mechanotransduction, and have also been referred to as
the “safety belts of cells” to prevent exceedingly large cell stretch [83-85]. The MD
and CG models (Fig. 1.1(e)) were employed by Qin et al. [38] to give a quantitative
comparison to experimental results of the IF nanomechanics. The model is able to
probe the response of the IF under mechanical tensile stretch. And it enables a new
paradigm in studying the biological and mechanical properties of IFs from an
atomistic perspective, and lays the foundation to understanding how properties of

individual protein molecules can have profound effects at larger length-scales.

1.2.2 Subcellular structures models

In this section, the models of the subcellular structures which are composed of

interconnected individual filaments (MTs, F-actin and IFs) will be reviewed. It is
10



clear that in understanding cell mechanical properties, it is essential to have a good

representation of the subcellular structures such as the actin networks [86].
1.2.2.1 Actin network

Regarding the subcellular structures, major concern of the modelling studies has
been placed on actin networks. Actin networks are networks of cross-linked and
bundled F-actins[87]. They have numerous functions within the context of cell
mechanics and the CSK, such as the pivotal role in motility and mechano-protection
[87, 88].

During the early days of modelling actin network, the energy description was
favoured by the researchers. In 1995, MacKintosh et al. [89] developed an
energy-based model for crosslinked gels and sterically entangled solutions of
semiflexible biopolymers to explain the elastic properties of in vitro actin networks,
and successfully showed that the elastic properties of network depend on the
concentration of actin solution. One year later, also with an energy description of
biopolymer, Kroy and Frey [90] used a WLC model to find out the entanglement
transition and plateau modulus of actin networks. The WLC description was used by
Gardel et al. [87] in 2004 to delineate the role of entropic effects in network elasticity
and to connect the mechanical properties of individual filaments with the elastic
behaviour of network. Also by applying the WLC description, in 2008 Palmer and
Boyce [91] were able to propose a detailed microstructurally-informed CMM and
capture the stress-strain behaviour of the network. Later in 2011, with the help of the
WLC description, Broedersz and MacKintosh [92] were able to generate a phantom
network model to study the effects of motor generated forces on the mechanics of
networks. Then in 2013, following the approach of Palmer and Boyce [91], a
micro-sphere model for cross-linked actin network was developed by Unterberger et
al. [93] with the support of the well-known WLC model describing single filament
properties. The model is able to build a stable framework for solving more complex

boundary-value problems such as the simulation of the indentation of an AFM
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cantilever tip into a surface.

When subjected to deformation, the actin networks will experience strain
hardening responses and enhance the energy needed for further deformation [94].
Such strain hardening responses could be characterised by the early proposed open
cell foam model [95]. In 1997, with an open cell foam model [96, 97], Satcher et al.
[98] described the deformation of actin networks induced by filament bending
twisting and sliding. In this model, the actin network is described as a rigid
cross-linking of beamlike structures, of which the shape is either cuboid,
dodecahedron, tetrakaidecahedron, or icosahedron, with bending and twisting of the
struts as the major stress-generating component. With this model, the mechanical
properties of networks could be computed and compared to the experimental results,
and the model is also able to predict the strain hardening under compression for the
adherent cells exposed to local mechanical perturbations [95]. The models for
strain-stiffening characteristics of actin networks experienced further development in
terms of the features like non-affine deformation. In 2007, Huisman et al. [86]
presented the first computational studies of the large-strain mechanical response of
discrete, 3D networks of cross-linked F-actin (Fig. 1.2(a)). The networks are
generated by a procedure inspired by MD, after which they are deformed using an
updated-Lagrangian finite-element model of beams. The model is able to
demonstrate the relationship between the 3D network architecture and the non-affine
behaviour of network. Then in 2008, Astrém et al. [99, 100] developed an elastic
network model using Euler-Bernoulli beam to describe the segments, and using
springs to describe the cross-links at intersecting locations. By applying simulations
with stiffness matrix method, complicated behaviour of network could be explored,
including strain hardening, avalanches of cross-link slippage and spontaneous
formation of stress-carrying fibre bundles. In combination with the WLC model,
Huisman et al. [101-104] used a Monte Carlo scheme to generate thermalized

networks. Starting from a random, isotropic network, Monte Carlo moves that alter
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the topology of the network are performed to minimize the free energy of the
network. Subsequently, segments are cut until an average filament length is obtained,

which results in a disordered network of curved filaments. The model can explore the
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Figure 1.2 The examples of schematic representations for (a) cross-linked beams
model of actin network [86], (b) a rigid rods model of actin network [105], (c) a
bead-spring model of MT bundle [106] and (d) a suspension bridge model of
cross-linked MTs and F-actins [68]

unique characteristics of network such as nonlinear stiffening behaviour and
non-affine bending regime. Later a CG Monte Carlo model for F-actin network was
utilized by Kang et al. [107] to simulate the response of network under cyclic
stretching. The model is in principal suited to understanding how mechanical
stimulation influences actin CSK structure and dynamics. The Monte Carlo
technique could also be incorporated into network models to simulate active
performances. Such as the microscopic dynamic model provided by Wang and
Wolynes [108] in 2012 which is able to simulate active contractility that combines
the motor-driven stochastic processes with the asymmetric load response of
individual F-actin, or the finite element (FE) based discrete network model combined
with stochastic crosslink scission kinetics [109] that can model the rate-sensitive
stiffening-to-softening transition in F-actin networks induced by crosslink unbinding.

The dynamic behaviours of actin networks such as growth and
13



symmetry-breaking also attracted adequate attention in modelling works. Those
active behaviours are crucial in cellular activities. For instance, the growth of actin
networks plays a critical role in the crawling mobility of almost all eukaryotic cells,
and it is able to provide the force necessary for extending cell protrusions such as
lamellipodia, as well as for propelling intracellular pathogens such as Listeria
through the cytoplasm [110, 111]. The individual F-actin in the networks could be
modelled as dynamic ‘ratchet’ [27-29] , which has been proposed to describe the
effect of the filamentous polymerization. For example in 1999, van Oudenaarden and
Theriot [112] developed a stochastic model for actin network, in which F-actins are
modelled as elastic Brownian ratchets, which quantitatively accounts for the
experimentally observed emergent symmetry-breaking behaviour. Several years later,
the early researchers of the ratchet model further developed the ratchet model to a
‘tethered ratchet’ model [113], which explored the situation when the filaments are
attached to the surface by assuming that the filaments attach to the surface transiently.
In addition to the ratchet models, the dynamic behaviours of actin networks could
also be achieved by other models. In 2001, to simulate the growth of branched actin
networks against obstacles, Carlsson [110, 114] developed an ‘Autocatalytic
branching’ model. It assumes that filaments branch off the sides or ends of existent
filaments with the rate proportional to the number of the existent filaments. This
model is capable of predicting whether the load force is dependent on the protrusion
velocity. Then in 2004, Alberts and Odell [115] developed a ‘nano-propulsion’ model
to study Listeria propulsion in realistic 3D geometry by numerically simulating every
filament and all microscopic mechanical interactions in the comet-like actin tail.
They modelled the molecular mechanics of the growth/disassembly of an actin
network as it interacts with a moving rod-shaped bacterium. This in-silico
reconstitution could produce persistent bacterial motion and actin tail morphology
and explains how the observed ‘runs-and-pauses’ movements can emerge from a

cooperative binding and breaking of attachments between F-actins and the bacterium.
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In 2012, a hybrid mesoscopic model for actin-based propulsion was developed by
Zhu and Mogilner [116] to explain the observed bistability of the orientation of the
ellipsoidal beads propelled by actin tails. The model incorporated both arrays of
dynamic F-actins at the surface-tail interface and the bulk deformable actin gel
behind the interface, which can explain both the concave-up and concave-down
force-velocity relations for the growing actin networks depending on the
characteristic time scale and network recoil.

The properties and behaviours of cell under the influence of the cell-generated
forces have always been an intriguing topic in exploring cellular nature. For instance,
such forces could drive changes in cell shape and Extra Cellular Matrix (ECM)
remodelling, and contribute to the control of cell growth and function, as well as
tissue patterning and mechanotransduction at the organ level [117, 118]. Specifically,
the pre-stress existing in the actin networks could exert influence on cell, thus a
significant development in the network modelling technique is to include the
pre-stress. And the pre-existing stress is believed to be induced by activities like the
contraction of cell components or cell distension on the substrate [119]. In 2003,
Coughlin and Stamenovi¢ [119, 120] applied a prestressed cable network model [121,
122] on the actin network to model its deformability. The model is a network
constituted of tensile cable elements (linear-elastic springs) without the balanced
compression in the MTs. The model is able to obtain quantitative predictions of cell
elastic properties. Another type of prestressed network model is the tensegrity model
[121, 123], which was applied by Luo et al. [124] in 2008 to predict mechanical
behaviours of actin networks in cell. The tensegrity model employs a discrete
network of self-stabilizing pre-stressed tension bearing components which are
balanced by locally compressed units, each subjected to mechanical equilibrium and
geometric deformation. The mechanical behaviours that can be characterised by this
model include viscoelastic retraction, fibre splaying after severing, non-uniform

contraction, etc.
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The mechanotransduction involves the conversion of physical force into
biochemical information, which is fundamental to development and physiology [125].
It provides a simple means by which cells and organisms can ensure structural
stability, as well as a way to regulate morphogenetic movements to generate precise
3D structures [125]. And one of the versatile functions of actin networks is to play an
important role in mechanotransduction in cell. Shafrir and Forgacs [126] constructed
the network of F-actin with rigid rods connected with springs to study the
mechanotransduction through the CSK. The model was submitted to either shock
wave-like or periodic mechanical perturbations. The energy transfer properties of the
actin network could be studied with this model. Later in 2012, Zeng et al. [127]
developed a 3D random actin network model with randomly distributed linear
Hookean springs. The model could be used to predict the deformation of the nucleus
when mechanical stresses applied on the plasma membrane are propagated through
the random cytoskeletal network to the nucleus membrane.

Besides the simulations mentioned above, there also have been numerous efforts
to characterise mechanical responses of actin networks in models with different
features. For instance in 2003, the network models of rigid rods mentioned earlier for
mechanotransduction were utilized by Head et al. [128, 129] to study the regimes of
elastic response and deformation modes of cross-linked networks. In the same year,
the rigid network model was also utilized by Wilhelm and Frey [130] to characterise
the scaling regimes of elasticity. The rigid rods model (Fig. 1.2(b)) could also be
applied to the study of stress generation by myosin minifilaments in random actin
network [105]. And recently, the effect of changes in F-actin length on cortex tension
[22] was also identified by the rigid rods model. The similar type of models but with
the filaments represented by elastic rods could also be applied on mechanical
responses of actin networks. For instance in 2005, the transition from a
bending-dominated response at small strains to a stretching-dominated response

was explored by Onck et al. [131] using a 2D network model of filaments as elastic
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rods. In 2008, Roy and Qi [132] developed a micromechanical model to predict the
average macroscopic elastic properties of the network. The model employs a unit cell
consisting of four semiflexible chains and four equivalent axial-bending springs. The
proposed unit-cell-based micromechanical model represents a statistically average
realization of the actual network and gives the average mechanical properties, such
as the shear modulus. In 2009 a kinematic model for describing turnover and
reorientation of actin stress fibres (SFs) was developed by Kaunas and Hsu [133,
134]. The model is able to describe experimentally measured time courses of SF
reorientation perpendicular to the direction of cyclic uniaxial stretch, as well as the
lack of alignment in response to equibiaxial stretch. Four years later, a form finding
model for F-actin network was proposed by Gong et al. [135] to explore the filament
re-orientation under stretching. The analyses were carried out with large deformation
nonlinear FE analysis with beam and cable elements used to model the F-actins and
their cross-linkers. The model is able to predict experimental observations of
filament re-orientation, and study the effects of the filament relative density, the
filament length, and the relative density of filament cross-linkers on elastic modulus
of the network. In 2014, a 2D network model of randomly oriented springs was
applied to network mechanical responses [136]. It can link active self-organization of
the actin network to the stiffness of the network and the traction forces generated by
the network, and it is able to examine the response of adherent cells to stretch and
changes in substrate stiffness [136]. In the same year, Li et al. [137] employed highly
CG MD model developed earlier for actin network [138] to study the mechanisms of
the compressive responses of F-actin networks. The model introduced the crosslinker
unbinding mechanism dominated by deformation and is able to identify the
dependency of network response on strain rate. Recently, a multiscale FEM model
comprising the interaction of the actin network and cytosol was developed by Klinge
et al. [139]. The model could be used to explore the filament orientation and its

influence on the mechanical responses of network.
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The cell’s ability to perform its function depends on its shape, which is
maintained through structural stiffness and rheology. The role of actin network
mechanics and rheology is important in accomplishing biological functions such as
angiogenesis, wound repair, disinfection. To characterise the rheology of networks,
researchers also proposed a wide range of computational models. For instance, in
2007, Kroy and Glaser [140, 141] introduced a Glassy WLC model, which is
obtained from the common WLC by an exponential stretching of the relaxation
spectrum of its long-wavelength eigenmodes. The model is able to give predictions
such as the dynamic structure factor, and the microrheological susceptibility exhibit
the characteristics of soft glassy rheology and compare favourably with experimental
data for reconstituted cytoskeletal networks and live cells. Another example is the
cross-link-governed dynamics model which used a combination of Monte Carlo
simulations and an analytic approach [142]. The model could characterise long-time
network relaxation controlled by cross-link dynamics by describing the structural
relaxation that results from many independent unbinding or rebinding event. More
detailed review of cytoskeletal network rheology could be found in [143], which
brings together the primary experimental methods and theoretical and computational
models regarding cytoskeletal rheology and mechanics.

It is worth mentioning that besides the categories of models introduced earlier,
there also exist a variety of network models focused on particular issues which could
be served as the references for the development of the future modelling techniques.
For instance, the BD utilized in the modelling of single filament could also be
applied on the investigation of morphology of actin network. The BD simulation
model introduced by Kim et al. [144, 145] in 2009 could achieve the investigation of
various actin-related phenomena such as analysing the effects of various system
parameters on the growth and morphology of network and comparing the relative
importance of unbinding and unfolding of actin cross-linking proteins in the dynamic

properties of the network. Based on Kim’s research, the later proposed 3D model
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with same foundation of BD [146] could simulate active cross-linked actin networks
as systems that generate force as well as sense surrounding mechanical conditions. In
2013, an MD model for network restructuring was used by Alvarado et al. [147]. The
model is able to examine the hypothesis that the stress-dependent binding kinetics
allows motor activity to drive initially well-connected networks down towards a
critically connected state. One year later, Alonso et al. [148] proposed a
particle-based model for network based on the flocking theory, which could be
understood as a distributed Kelvin-Voigt particle model. In this model, polymer
chains are considered as point particles, while cross-linkers are represented as
potential functions. This model can simulate a range of mechanical behaviours
including strain hardening, viscoelastic creep, stress relaxation, network rupture, and
network reformation. The viscoelastic Kelvin-Voigt element could also be coupled
with the cross-bridge cycle of myosin motors to construct a Kelvin-\Voigt-Myosin
(KVM) model [149], which could be used to explain the dependence of cell
fluidization on the stretching protocol, more specifically the contrast between the
stretch-compress and compress-stretch manoeuvres. Later a thermodynamically
consistent constitutive model was proposed by Fallgvist and Kroon [150] to explore
the microstructure determined mechanical behaviour of networks. The model could
predict many experimentally observed characteristics of networks, such as strain

hardening, network rupture with subsequent softening and viscoelastic deformation.

1.2.2.2 MT bundle

Compared with the intensive focus on modelling the behaviours of actin
networks, the investigations into MT/IF networks are relatively scarce. As mentioned
earlier, MTs are essential components for cell. MT networks/bundles are subcellular
structures of cross-linked MTs by MT-associated protein (MAP). And the
network/bundle of MTs plays important roles in providing cell stiffness, intracellular

organization, cell division, cell morphogenesis. Especially, a variety of neurological
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functions are mediated by the MT bundles, including maintaining mechanical
integrity and shape of the axon, promoting axonal growth, and facilitating cargo
transport [8, 151]. Therefore, the modelling of them also attracted research attention.
Buxton et al. [152] developed a stochastic model of MT network which describes the
mechanics and kinetics of individual MTs, while at the same time presents the
diffusion of tubulin and tau (proteins that stabilize MTs) concentrations. This model
could include the effects of tau concentration and the hydrolysis of guanosine
triphosphate-tubulin to guanosine diphosphate-tubulin and exhibit the emergence of
MT dynamic instability. Another example is the bead-spring model (Fig. 1.2(c))
employed by Peter and Mofrad [106] to characterise the mechanical behaviour of
axonal MT bundles in tension. The model could characterise the details of stiffening
behaviour of MT bundle in tension and identify the primary deformation modes of
bundle. Few years later, Allain and Kervrann [153] used particles to define a
discretized connected MT network and simulated their mechanical dynamics using
Newtonian mechanics. Euler Bernoulli theory was used to derive an elastic force that
is applied at each node to account for the rigidity of MTs. The overall model enables
linking cytosol to MTs dynamics in a constant state space thus allowing the use of

data assimilation techniques.

1.2.2.3 IF network

The IF networks are subcellular structures of cross-linked IFs. The cell-specific
IF network is often pictured as an integrator of F-actins and MTs via a complex set of
cross bridging proteins [154]. Each specific IF network could integrate the
cytoskeletal system of each cell into tissues and organs [154]. Ackbarow et al. [155]
modelled a larger-scale network deformation of an IF model structure with a CG
multi-scale model of alpha-helical protein domains using MD simulations. The
model could relate the characteristic properties of networks to the particular
nanomechanical properties of their protein constituents, and identify the role of
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proteins in protecting the network against catastrophic failure. Bertaud et al. [156]
also utilized an empirical CG computational model of the IF network in eukaryotic
cells. The study approximated the nonlinear force-extension behaviour of IFs under
tension by a multilinear model and identified the significant role of IF in the cell
mechanical behaviour at large deformation, and revealed the mechanistic insight into

cell deformation under varying IF densities.

1.2.2.4 MT with F-actin

Researchers also attempted to model the MT linked with F-actin. The ability to
sustain tension and compression offers the cell rigidity and maintains its structural
stability [157]. It is generally admitted that F-actins could undergo tension while
MTs are always compressed [157]. In 2011, Mehrbod and Mofrad [68] described a
model of cross-linked MTs and F-actins (Fig. 1.2(d)). The overall configuration of
the actin-MT connection resembles the deck-main cable connection in a suspension
bridge. The model is able to simulate the semi-discrete loading pattern that mimics
the filamentous environment around the MT filament instead of an elastic continuum

environment [158].

1.2.3 Summary

Among the three major filaments of CSK, the modelling efforts are mainly
placed on F-actin and MTs. The early ratchet model developed for F-actins
concentrated on simulating the force generation during the cellular protrusion by
actin polymerization and the early experiment applied the simple homogeneous
assumption to model the structure of F-actin. Later in revealing the potential of
various behaviours of F-actin that result from the particular 3D structure, models like
NMA model and BD model were developed. And with the development of
computational capability, MD/CGMD simulations were conducted to delineate the

effect of detailed structures in subdomains of actin on structural and mechanical
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properties of F-actins. Moreover, efforts were also invested to improve
computational efficiency for large scale F-actins in techniques like SSM model and
MSM model.

Similar to the research focus on the force generation during the cellular
protrusion by actin polymerization, the force-velocity relationship during the
polymerization of MTs also attracted the attention of early researchers. Dynamical
features such as length dependent growth rate and force could be predicted by such
model. Investigation into other mechanical issues of MTs relies on the information of
structure of MTs. The MTs had been treated as structures like shell, beam or lattice to
characterise vibration and buckling behaviours. MD model could reveal the atomic
information and give reasonable delineations in structural evolution or mechanics of
MTs. The well-known WLC model exhibited its advantage in physics like thermal
fluctuation of MTs. Moreover, the later developed atomistic-continuum model and
MSM model could take more detailed features of MTs into consideration at lower
computational cost.

Compared with the huge amount of models on MTs and F-actins, the models for
IFs are relatively scarce. One example is the MD and CG models of IFs which could
probe the response of the IF under mechanical tensile stretch.

Regarding the subcellular structures, the major concern of the modelling studies
has been placed on the actin networks. The energy-based models were favoured by
the early researchers. They could capture a variety of features of the actin networks
as elastic properties, entanglement transition, motor-generated forces. The main
focuses of a wide range of modelling approaches were placed on a limited number of
topics like strain hardening and pre-stress. For instance, the strain hardening
responses could be characterised by the open cell foam model, the
updated-Lagrangian FEM model, elastic network model or WLC model. The
dynamic behaviours of actin networks like growth and symmetry-breaking were

simulated by the ratchet model, the ‘Autocatalytic branching’” model or the
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‘nano-propulsion” model. In modelling the pre-stress, mechanotransduction and
mechanical response, models like the tensegrity model, the rigid rods model and the
form finding model were successfully applied. In addition, there are versatile models
developed later, such as thermodynamically consistent constitutive model which
could simulate a series of network behaviours. It is also worth mentioning that the
networks rheology was characterised by models as the Glassy WLC model and the
cross-link-governed dynamic.

Comparatively, the models for other subcellular structures are relatively scarce.
However, those components like MT bundles/network are vital in biological
processes of organisms. The few examples of those models in this topic are described
in the present section. For example, the stochastic techniques, bead-spring model,
particles model could be applied to mechanics and kinetics of MTs network/bundles.

The IF network deformation was implemented with the CGMD model.

1.3 Motivations of the research

The field of CSK mechanics has undergone rapid development with great
amount of effort into modelling of CSK filaments. In spite of the works achieved by
the existing modelling studies, challenges still exist in the mechanical modelling of
CSK filaments. More importantly, to facilitate the development of the CSK
filament-based biosensor and biomimetic nanomaterials, it is crucial to further
investigate the inherent (e.g., monomer interactions, helical structure) and
environmental factors (e.g., surrounding proteins, cytosol, physical field) which can
determine the nanomechanics of CSK filaments.

In theoretically characterising the mechanics of the CSK filaments, the models
in the framework of continuum mechanics are unable to describe the monomeric
features and the structural details of CSK filaments which may exert substantial
influence on the overall mechanical behaviour of the protein polymer. Thus, MD

technique and CG models were employed to study the monomeric features. However,
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with the introduced monomeric feature, largely reduced amount of calculation and
improved computational efficiency are still needed to further explore the behaviours
of large-scale filamentous structures, such as actin bundles and networks. Thus it is
important to develop a cost-effective model for interpreting monomeric features of
CSK filaments in a relatively larger scale (e.g., um level).

Another fundamental issue in CSK mechanics is the relation between the CSK
filaments structures and their mechanical behaviour and properties, namely,
investigating the effect of unique helical structure on CSK filaments mechanics. This
however has not been examined in detail until the development of a computational
model of filaments with the feature of adjustable structural details. Fortunately, a
recent study on the elastic properties of MTs based on a recently developed MSM
model allows us to account for the structural details of CSK filaments at a low
computational cost [77]. For example, the MSM simulation of the deformation of an
MT composed of thousands of monomers only needs a personal PC with 4 cores to
run less than one second, while the MD simulation of the deformation of a dimer
composed of only two monomers needs a cluster with 56 cores to run more than one
day. By utilizing, optimizing and upgrading the MSM techniques, it is expected that
the finding of the effect of the unique helical structure of the filaments could be
achieved.

In the current investigations about the CSK filaments, the individual filament
itself can be well described and the consideration of surrounding liquid was also
achieved in different studies. However, the filaments in CSK are not only in contact
with the cytosol but also linked by other filaments. Thus, when studying the
mechanics of individual CSK filaments, it is important to consider the influence of
filamentous surrounding environment, which may lead to considerable changes in the
mechanical behaviours. For instance, it was observed that MTs in vivo possess a
critical buckling force higher than those in vitro, which could be attributed to the

effect of the cross-linked status.
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An eternal motivation of fundamental research is to find a possible solution for
converting the physical inspirations into a potential application. The mechanical
features of CSK filaments could be used as biomarkers when possible changes of
them are induced by physiological or pathological processes. Therefore, a coupled
research of the interaction between the external physical field and the filaments is
required, that could help us explore the possibility of utilizing CSK filaments as a

non-invasive biosensor and provide a new avenue to a non-contacting technique.

1.4 Thesis outline

In this thesis, Chapter 1 reviewed the basic knowledge of CSK filaments and
was devoted to summarise and classify a wealth of computational models for them,
with concentrations on their functions and applications. The modelling techniques
reviewed in the present thesis could deepen our understanding of the nature of CSK
filaments and facilitate the development of novel diagnostics or biomimetic
materials.

In Chapter 2, the basic concept for MSM models was introduced, followed by
the modelling technique for MT-MSM model. Moreover, the validation of MT MSM
model was also presented. Then an MSM model for F-actins in cells was developed,
where the force constants describing the monomer interaction were achieved using
MD simulations. After that, the mechanical properties measurements indicated that
the obtained mechanical properties of the developed F-actin-MSM model were found
to be in good agreement with existing experimental data.

Chapter 3 started to investigate the PF sliding and its effects on MT mechanics.
It explored the structure-property relation for MTs and examined the relevance of the
beam theories to their unique features. An MSM model was used to identify the
origin of the inter-PF sliding and its role in bending and vibration of MTs. The beam
models were then fitted to the MSM to reveal how they cope with the distinct

mechanical responses induced by the inter-PF sliding. This study could reflect the
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distinct deformation mechanisms between an MT and its equivalent continuous body.

Chapter 4 studied helix structure effects on the mechanics of CSK filaments. A
3D transverse vibration was reported based on the MSM model for MTs, where the
bending axis of the cross section rotates in an anticlockwise direction and the
adjacent half-waves oscillate in different planes. A close correlation was confirmed
between the rotation of the oscillation planes and the helical structures of MTs,
showing that the 3D mode is a result of the helicity found in MTs. In addition, the
tension-induced bending was studied for F-actins as a result of their helical structure.

Chapter 5 investigated the subcellular environment effect on the filament
mechanics. The model of the cross-linkers system supporting MTs and the model of
F-actin supported by the actin-binding proteins (ABPs) were developed based on the
individual filament models introduced in Chapter 2. Then the effects of the
cross-linkers on the buckling of MTs in cells and the effect of ABP on filopodial
F-actin were examined. The study could demonstrate the important role of the
cross-linker in regulating CSK filaments stiffness, reveal the physics of the
experimentally observed buckling phenomena and pave the way to a new
multi-component mechanics model for whole cells.

Chapter 6 explored electromechanical vibration of CSK filaments. The vibration
of polarized MTs was excited by an alternating electric field (EF) and the EF-induced
vibration modes as well as the associated frequency for MTs were captured. The
frequency shift and stiffness alteration of MTs were also examined due to the
possible changes of the tubulin interactions in physiological or pathological
processes. Then the effect of nanoscale solid-liquid interface between MT and
cytosol on the damping of electromechanical vibration of MTs in cytosol was
explored. The strong correlation achieved between the tubulin interaction and MT
vibration excited by EF could provide a new avenue to a non-contacting technique
for the structural or property changes in MTs, where frequency shift is used as a

biomarker. Meanwhile, the effect of nanoscale interface was found to reduce the
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damping and it may play an important role in designing MT-based biosensors and
facilitating signal transduction in cells.
Chapter 7 summarised the contributions of the thesis and discussed the future

research directions.
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Chapter 2 Molecular structural
mechanics models

2.1 Introduction

The pivotal roles played by CSK depend crucially on the mechanical
responses/properties of CSK filaments. For example, MTs are a structural element
and primary organizer in the CSK of eukaryotic cells [49]. They form “tracks” on
which motor proteins transport organelles and construct the spindle apparatus to
facilitate cell division [50]. They are also responsible for maintaining the shape and
providing the rigidity of the cells. F-actins are another main type of long filamentous
polymers acting as basic structural components in eukaryotic cells [24, 25]. Owing to
the unique molecular structures, F-actins have the ability to perform a broad range of
essential cellular functions in cell motility as well as in locating and transporting
protein complexes in cells [26].

The mechanics of MTs [11, 61, 63, 79, 159-163] and F-actins[11-18, 164, 165]
has been studied extensively in the last two decades, where the mechanical features
of them are interpreted primarily via the CMMs. An in-depth understanding of CSK
filaments mechanics is essential in revealing how cells fulfil their biological
functions via CSK and offering new design of biomimetic structure/materials by
mimicking the mechanical characteristics of CSK filaments. However, the CMMs
models are unable to describe the structural details of CSK filaments which may
exert substantial influence on the overall mechanical behaviour of the protein
polymer [15]. Thus, MD technique and CG models were employed to study the
monomeric features [36, 41, 43, 72, 166]. However, with the introduced monomeric
feature, the largely reduced amount of calculation and the improved computational
efficiency are still required in filament models to further explore the behaviours of
large-scale filamentous structures, such as actin networks. Thus it is urgent to
develop a cost-effective model for interpreting monomeric features of CSK filaments
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in a relatively larger scale (e.g., um level). Compared with the dynamics simulations,
the molecular structural mechanics (MSM) model is characterised by the static
equilibrium feature. As a result, the MSM model is able to largely reduce the amount
of calculation and improve computational efficiency, which is essential in the study
of large-scale filamentous structures, such as actin bundles and MT CSK. Recently,
the MSM modelling technique was applied in studies of the elastic properties of MTs
[77]. In particular, the robustness and efficiency of the MSM model have been
demonstrated in studying the mechanics of MTs [77, 78, 167]. And in the present
chapter, the details of the MSM model for MT will be introduced.

Similar to MTs, F-actins are also a group of CSK components composed of
individual filaments constructed by connecting protein monomers. The difference
between MTs and F-actins lies in the overall configurations, i.e., an MT is a hollow
cylinder formed by (say 13) filaments while an F-actin is a helical bundle made of
two stranded protein filaments. Due to the efficient application of MSM model to
MTs and the similarity between MTs and F-actin, it is of great interest to further
extend the model to the mechanical behaviour of F-actin. Thus, in this chapter an
MSM model for F-actins shall be developed where the force constants describing the

monomer interaction are achieved using MD simulations.

2.2 MSM model for MT

2.2.1 MT structure

MTs are long tubular structures with neighbouring PFs shifted relatively to each
other longitudinally, which results in helical structures as shown in Fig. 2.1 [168].
The basic components of MTs are o—f3 heterodimers [169] , which stack head to tail
to form the PFs. MTs are finally constructed by a number of the PFs bonded laterally
to form a cylindrical surface [170, 171]. MTs have various architectures
characterised by the PF number N and the helix-start number S. For most MTs, N=13

and S=3 [172], but those with N = 8 to 16 and S = 2 to 4 are also reported in the
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literature. In particular, the latter lead to misfit in MTs and accordingly, generates a
skew angle between the PF and axis of the MTs. [49, 54].
Fig. 2.1(a-c) showed the parameterized MTs structure characterised primarily by

N and S, which satisfy the equations below [49, 77, 78, 173]:

Sa
T = Tm -oxtan(6,,)

Sa,, tan (0,, )+Nox
R:
27
Herein an is the subunit repeat, ry, is the subunit rise, R is the radius of the tube, ox is

(2.1)

the PF separation, and 6, is the skew angle of PF relative to the direction of the
rolling axis of MT. The values of PF separation, subunit repeat and skew angles of

various MTs are present in Table 2.1 and considered in the simulations of the present

study.
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Figure 2.1 (a-c) Parameterized MT structure and (d) its MSM model; Here an is the
subunit repeat, ry, is the subunit rise, R is the radius of the MT, dx is the PF separation
and Oy, is the skew angle of PF relative to the direction of the axis of the MT. Vertical
blue lines represent the intra-PF bonds of the MT and beam 1 of the MSM model,
and the red ones denote the inter-PF bonds of the MT and beam 2 of the MSM model.
(e) the deformation patterns of the tubulin bonds of the MT and (f) the space beams
of the MSM model

2.2.2 MSM model for MT

To account for the structural details of MTs an MSM model [77] was developed

for MTs. Similar techniques were also applied to the carbon nanotubes (CNTs) [174].
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The MSM model was further employed in the present study due to its high
computational efficiency and capability of accounting for the structural details of
MTs. In particular, the MSM method was efficiently used to characterise the
mechanical responses of MTs and found to be in good agreement with available

experiments or atomistic simulations [77, 167].

Table 2.1 The structural details of various MTs [49]

Parameter | Sym Value
Proto-
filament N 12 12 13 13 14 14 14 15 15 16 13"
number
helix-start S 2 3 2 3 2 3 4 3 4 | 4 | 0
number
Proto-
Filament (r?r);) 5.18 | 5.27 | 502 | 5.13 | 508 | 5.16 | 5.05 | 5.07 | 506 | 5.19 | 5.13
separation
Subunit am

405 | 404 | 407 | 405 | 406 | 405 | 405 | 4.05 | 4.04 | 4.04 | 4.05
repeat (nm)
skew
angle On(9 | -1.02 | 0.85 | -1.64 0 -234 | -0.68 | 0.87 | -1.33 | 1.81 | 1.17 0

* Imaginary (non-helical) MT

The space structure of MTs is shown in Fig. 2.1, where the intra-PF of
interactions, i.e., bondl (represented by the blue lines in Fig. 2.1(c)), are modelled as
the elastic space beam 1 and the inter-PF aa (Bp) interaction, i.e., bond 2 (denoted by
the red lines in Fig. 2.1(c)), are treated as the elastic space beam 2. Following
previous studies [77, 78, 175], the small difference in ao and PP interactions is
neglected. Such a frame structure consisting of the space beams is then obtained as
an MSM model for an MT.

In molecular mechanics, the force field is expressed in the form of steric
potential energy. The major parts of the steric potential energy of an MT structure
include the bond stretching energy U, the angle bending energy UY and the
dihedral angle torsional potential energy U:. The total potential energy U of an MT
reads
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Ubonds= (z U;JFZ Uy +Z Up) (2.2)

i=1,2
where i denotes the types of bonds mentioned above (i=1 for the intra-PF bonds and
i=2 for the inter-PF bonds). The expressions for the three types of bond energy are as

follows.

U; =%k?(Ar,-)2, Uz”=§k?m¢,.>2, U; =%k§(ml-)2,<z‘=1,2) (2.3)

Here, Ar; is the change of bond length, Ag. is the change of in-plane bond angle,

A®; is the change of out-of-plane angle, &; is the force constant for bond stretching,

k! is the force constant for bond angle bending and 4 is the force constant for bond

torsion. The values of these force constants can be obtained in atomistic simulations

or experiments.

In addition, the total potential energy of the MSM model can be written as:
Unean= Y. (D U+ Y UM+ > U] (2.4)
i=1,2
where, U7 is the strain energies of a beam in tension. UY is the strain energy due
to bending and U? is the strain energy due to torsion. Here i specifies the quantities

of beam i (i=1 for longitudinal beams and i=2 for lateral beams). The beam energy

can be calculated by using the formulae below.

Yid, 1Y, 15,
—— (ALY, U'=5==(20a)", Ui =5==(88)",(=1.2) (25)

1
UZAZE i
Here, A/; is the length change of the beam, Aq; is the bending angle, Ag. is the
torsion angle, Y; 4; is the extensional stiffness, Y; /; is the bending stiffness S;J; is
the torsional stiffness of the beam.

The equivalency of the MT structure and its MSM model can be established
when the corresponding energy in Egs. 2.3 and 2.5 are equal, which leads to the
following relationship between the force constants of the bonds and the stiffnesses of
the space beams.

. Y

Y, Sili .
] =ki, l_:k?’ ] =k;,(i=1,2) (2.6)
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In the MSM model the values of k;, k¥, k. were obtained from the MD
simulations [70, 77, 167], ie., K;/=3nN/nm, kJ=2nN-nm, kj=0.04nN-nm ,
Ky=14nN/nm, k5=8.5nN'nm, k5=0.17nN-nm. The mass of monomer was taken as
Mmono= 55kDa [78, 176].

Subsequently, the stiffness matrices K can be constructed for the whole frame
structure of MT (see details in Sec. 2.2.3) and its static deformation can be calculated

by using the stiffness matrix method based on the following equation
Ku=F (2.7)

where u is the global nodal displacements and F is the nodal forces acting on the

boundary of an MT.

2.2.3 The mass matrix and stiffness matrix for MSM model

In the present MSM model, the mass for beam element was calculated as
M, = ppApl,, Where p, is the density of the beam element A, is the area of the
beam and |y, is the length of the beam.

Then the element mass matrix M® is calculated as per FE method and is given

by:
1 0 0 0 0 0 0 0 0 0 0 O
01.0000O0UO0OO0TO0 O
001 00 0O0O0OO0O0 O
0000 0O0O0O0O0O0O0 0
Moooooooooooo
e Mcfo 0000000 O0O0O0OTO0OO
M=210 00000100000 (2.8)
0000 0O0O0OT1TO0O0TO0O0
0000 0O0O0UOT1O0O0O0
0000 0O0O0UO0O0O0O0 0
0000 0O0O0UO0O0OO0O0 0
0 000 0OOO OO0 0 0 O

The element elastic stiffness matrix K€ of the MSM model is calculated as:

_ Kaa Kab] (29)
Ky Ky

e

where the sub-matrices are obtained via the following equations and the beam
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stiffnesses YA, Yl, SJ given by Eq. 2.7.

YA/ 0 0 0 0 0
0o 12viP° 0 0 0  6YIr
| o 0 Y o -eYur 0
Ka=| 0 0 SII 0 0 (2.10)
0 0 6YIF 0 4YI 0
N 4/ 0 0 0 4y1/1
YA/l 0 0 0 0 0
0 -12YIP° 0 0 0 6 Y/
0 0 12YIP 0 -6YIP 0
Kap= 0 0 0 ST/l 0 0 (2.11)
0 0 6 Y1/l 0 2YlI 0
0 -6YI/F 0 0 0 2Y1/1 -
YA/ 0 0 0 0 0
0o 12vi° 0 0 0  -6YI/
0 0 Ry o ey 0
K= 0 0 0 SHl 0 0 (2.12)
0 0 6YI/F 0  4YII 0
0 -6YI/F 0 0 0 4yl |

The assembling procedure from the elemental matrices (M°, K®) to the
structural mass matrix M and the structural stiffness matrix K follows the

node-related technique in the FE method [177].

2.2.4 Validation of MT MSM model

In this section, the validation of MSM model for MT will be introduced [77].
The MSM simulations were carried out with a desktop computer with 4 cores. The
MSM model for MT was validated by measuring the mechanical properties of MTs,
and by comparing the obtained results with the experimental data [77]. The
free-fixed end conditions (i.e., one end is free and the other is fixed) were considered
for the sample MTs unless otherwise specified [77]. The Young’s modulus of the
sample MTs was measured firstly in tensile test, where the free end of the MTs was
subject to an axial force [77]. The Young’s modulus rises and falls around a mean

value 0.83 GPa with the maximum value around 0.85 GPa and the minimum value
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around 0.8 GPa [77]. It is found that the mean value of Young’s modulus 0.83 GPa
predicted based on the MSM model for different MTs agrees well with 0.8 GPa
obtained in an experiment [178] (the relative difference 4 %) and 0.9 GPa calculated
for 13-3 MTs based on the AENM [72] (the relative difference around 8 %) [77].

Then the shear modulus of MTs was measured based on the MSM model [77].
In this test, a torsional moment was applied to the free end of an MT and the
generated torsional angle was recorded to compute the shear modulus [77]. Here,
47.1MPa was achieved for 13-3 MTs based on the MSM maodel, which is more than
two orders of magnitude lower than the Young’s modulus 0.83GPa [77]. The result
agrees well with 47MPa [179] and 50MPa [72] reported in other studies [77].

Finally, the MSM model was utilized to measure the effective bending stiffness
of MTs [77]. In this case, a transverse force was applied to the free end of the MT to
generate the deflection at the same place [77]. The bending stiffness of such a
cantilever beam can then be evaluated. The obtained bending stiffness fall in the
range of [2.2 x 107N m?, 20.2 <10 %*N m?] [77], which is in perfect agreement

with [1.9 x1072*N m?, 21.5 <10 % N m?] reported in experiments [11, 162, 180].

2.3 MSM model for F-actin

2.3.1 The structure of F-actin

F-actins are long filamentous polymers acting as basic structural components in
eukaryotic cells [24, 25]. The filamentous structure is established via an assembly
process from monomeric globular (G) actin subunits to fibrous (F) actin [181]. The
twist of the actin helix determines how the subunits are positioned with respect to
each other [182]. Though there exist various twists, the most frequently reported is
the twin strand of beads with an angular separation between the subunits in the helix

[182, 183].
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2.3.2 MSM model for F-actin

The structure of a single F-actin was illustrated in Fig. 2.2(a) where the building
blocks are G-actin monomers. X-ray studies revealed that, in most cases the angular
separation 6, in F-actins varies from 167.14 to 166.15<[182]. Accordingly, the two
typical structures of F-actin were considered in the present study, which were

associated with the angular separation ¢, = 167.14<and 166.15< respectively. The

F-actin ~ MSM model
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Bond 2 (Helical) <% = .
i L) - ﬁ/Bcam 2 (Helical)

o

a v

(c) Interactions (d) Beams
deformation deformation

LA/
”’Q —
‘g(/)l A((;,”/Pa’
S

by
A o)

\\ 4

Figure 2.2 (a) Structural representation of an F-actin with monomer interactions 1
and 2, (b) the MSM model developed for the F-actin with elastic beams 1 and 2
characterising interactions 1 and 2, respectively, the deformation patterns of (c) the
monomer interactions of F-actin and (d) the elastic beams 1 and 2 of the MSM
model.
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difference between these two typical cases thus showed the maximum influence of
the variation of angle separation on the mechanical behaviour of F-actin. The subunit
rise of F-actin ry was reported as 2.73 nm [182]. Different diameters D, of F-actin
were reported in the literature. In this study, D, = 7 nm was selected [184], which
yields the area of cross-section around 19 nm? close to 18 nm? previously used [11]
in calculating the mechanical properties of F-actin. In the MSM model (Fig. 2.2(b))
of the present study, the cross-section was modelled as two tangent circles as the
resultant helical geometry is a helix consisting of two strands of head-to-tail stacked

monomers [26]. Moreover, the helical repeat of F-actin is denoted as ‘cross-over’
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where the number of subunits varies with the angular separation 9, [182].

The equivalency of the F-actin structure and its MSM model (Fig. 2.2(b)) can be
established with the same methods as indicated in Sec. 2.2.2 for MT MSM model
(Fig. 2.2(c-d)), which also leads to the following relationship between the force

constants of the actin interactions and the stiffnesses of the space beams.
Y4, Yil;
l; l;

1) Sl‘]l T .
—k, 22— (1=1,2) (2.13)

i
(24 ll'

Thus, the structural stiffnesses can be obtained via Eq. 2.13 once the values of

k", k/, k' were obtained for F-actin based on MD simulations. The mass of

monomer was taken as Mmono= 42kDa [185].

2.3.3 MD simulations on protein interaction

In this section, we obtained the force constants for the protein interactions of
F-actin based on MD simulations. After that, the structural stiffnesses of the space
beams required in the MSM model can be determined based on Eq. 2.13. The MD
simulations and the experimental setup used are introduced briefly in this section. As
shown above, F-actins are helical linear polymers composed of G-actin subunits
[182]. Following the previously used numbering method, each subunit is labelled by
an integer, n-1, n, n+1 or n+2 (Fig. 2.3(a)) from the barbed-end side of the filament
[26]. The intra-strand interaction (interaction 1) of G-actins was defined as
longitudinal interaction and the inter-strand one (interaction 2) as the helical
interaction. Both intra- and inter-strand interactions comprise of two different
interactions, such as the interaction between two monomers at their interface and the
interaction inside individual monomers.

To characterise these interactions, an AFM-like MD approach was applied [186].
The atomic structure of monomeric actin labelled by PDB ID code 1J6Z [187] was
considered in the development of the model. The details of the structure can be found

in the RSCB Protein Data Bank [188]. Herein, two different molecular systems
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shown in Fig. 2.3(b-e) were generated, i.e., the intra-strand (n~n+2) interaction and
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ntl Fixed Pulled
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. tion "‘é%;%
e
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Figure 2.3 Schematics of an F-actin structure showing (a) numbering method of the
monomers and the deformation patterns of the monomer interactions including (b)
the interaction stretching and (c) interaction bending in the helical direction, and (d)
the interaction stretching and (e) interaction bending in the longitudinal direction.

the inter-strand (n~n+1) interaction, each of which consists of two monomers. The
filament model by Egelman et al. [182] was employed to describe the initial
organization between monomers. The structural data of globular (G-) actin are used
in the present MD simulations to represent those of F-actin with conformation or
filamentous state different from that of G-actin [187]. Such a replacement was
applied successfully to characterise F-actin in previous studies [36, 41]. The
characterisation of the inter-strand monomer interaction (between the monomers n
and n+l (Fig. 2.3(b-c))) was performed via MD simulations where a group of
C,-atoms of the residues in monomer n + 1 (denoted as Pulled-G) were pulled by an
external load (Fig. 2.3(b-c)), while another group of C,-atoms of the residues from
monomer n (denoted as Fixed-G) were fixed. Similar techniques were used for the
intra-strand monomer interaction (between monomers n and n+2 (Fig. 2.3(d-¢))). In
this case, the Pulled-G and Fixed-G were chosen from monomer n+2 and monomer n,
respectively. Herein, the Pulled-G and Fixed-G were chosen from the residues

involved in the interactions between the actin monomers in F-actin structure by
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following Ref. [26]. In addition, more detailed study was conducted to examine the
influence of different choices [26] of the groups. It was found that the
force-displacement relation only changes slightly when different groups were
selected. Thus, the results based on the selected Pulled-G and Fixed-G in the present
work should be reliable. The entire system was solved by water molecules,
neutralized with Potassium chloride [41], and then energy minimized, heated to
310K and equilibrated for 5000 ps in order to stabilize the structure [189]. Then the
Pulled-G were pulled by connected springs with a preliminary assigned elastic
constant kes= 6.948 nN/nm. The selected value of ke represents a compromise
between low kes values that make the MD simulations very time consuming and high
kes Values which allow faster simulations but introduce large uncertainty in the force
values. The Langevin dynamics was specified as inactive during the steered MD
(SMD) simulations in order to disturb the movement of the atoms as little as possible.
In the tensile and bending tests, the free end of a spring was moved at a constant rate
[69]. It is noted that the force-deformation behaviour of proteins (e.g., collagen triple
helix) may show the strain rate-dependence in tensile test [190]. Thus, in this study
we examined the influence of strain rate on the force constants. It was found that the
equivalent force constant converges when the rate is under 110 nm/ps. Hence, in
what follows the rate 5x10° nm/ps was used in the simulations. Three replicas of
simulations were then performed for each interaction system. The values of material
property were calculated as the average value of the material property achieved in the
three simulations.

More technical details of the MD simulation are presented in the following
paragraph.

The MD simulations were carried out in a cluster computer with 56 cores. The
MD simulations were performed based on NAMD package (a parallel molecular
dynamics code designed for high-performance simulation of large biomolecular

systems) [186]. The NAMD package has been widely used to make breakthroughs in
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understanding the structure and dynamics of various large biomolecular complexes
[191]. The CHARMMZ22 force field was employed in the simulations which could
provide a consistent set for condensed-phase simulations of a wide variety of
molecules of biological interest [192]. The CHARMMZ22 force field is widely used in
the protein simulations with water involved and is proven to be accurate in predicting
SMD results [193]. The cut-offs used for the non-bond interactions (van der Waals
and electrostatic) were set to 1.2nm which was reported as the convergence for the
cut-offs of non-bond interactions [194, 195]. Smoothing functions are applied to both
the electrostatics and vdW forces. The time step was set to 2fs for all the MD
simulations. The structure was centred in a rectangular box of size 12.3>8.2x10 nm
with periodic boundary conditions imposed. The rest of the box was filled with about
25000 transferable intermolecular potential 3P(TIP3P) [196] water molecules to
model water in the system. To balance the charge and neutralize the whole system
with ions, Potassium chloride was added to the solution [41]. In the box, there were
about 88000 atoms in the system. The entire system was heated to 310 K and the
temperature was controlled by Langevin Dynamics. Meanwhile, Particle Mesh
Ewald (PME) method was introduced to deal with electrostatic interactions in the
system with periodic boundary conditions. Then the system was energy minimized
for 20 ps and left to equilibrate for 5000 ps in order to stabilize the structure in terms
of temperature and energy oscillations. The equilibrated structure was the basis for
all further dynamics done for the mechanical characterisation. The mechanical
properties of the equilibrated systems were tested using the SMD simulation. It
should be noted that the systems were still solvated by water and neutralized, and the
number of atoms was also about 88000. Two groups of C,-atoms were chosen as the
fixed group of atoms and the pulled group of atoms. The equilibrated system was
energy minimized again for 20 ps before the pulling procedure. Then the constant
velocity pulling method was applied and the pulled group of atoms were pulled by

connected springs with a preliminary assigned elastic constant kes= 6.948 nN/nm.
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The pulling direction was given as the normalized direction between the pulled
atoms and the fixed atoms. To determine the pulling velocity one should consider the
balance between the accuracy and the computer power available. Therefore, the
tensile simulations were performed on the inter-strand system with different
velocities (from 2.5x10™ nm/ps to 5>10"° nm/ps) to find out the appropriate velocity
(convergence) to do the simulations on the rest of the systems. When determining the
range of tested velocity, a reference velocity of 5x10™ nm/ps [69] from the pulling
simulation of a similar system was taken into consideration. Finally, the velocity of
5x10° nm/ps was used in the simulations of other systems and 3 replicas of
simulations were performed for each interaction system. From the generated data of
SMD simulation, the trajectory of the atoms and the force applied to the pulled group
of atoms could be extracted. In order to obtain the force in the direction of pulling,
the dot product of the force and the normalized direction of pulling was calculated.
Finally, the force-displacement figure could be plotted based on those data.

The results from the AFM-like MD simulations were shown in Fig. 2.4
describing the relation between the load on the Pulled-G and their displacement
along the pulling direction. Following previous MD simulations [69], the maximum
displacement 0.5nm or 1nm is considered for the tensile and bending tests of the
monomer interactions. This displacement range is selected as it reflects the range of
displacement of subcellular components observed experimentally in Refs. [11, 13,

15]. From linear fitting to the data in Fig. 2.4(a-b), the force constants of actin

stretching were obtained, .., k7€M — 088953 nN/nm for helical

helical

interactions and kTt — 313099 nN/nm for longitudinal interactions. It is

longitudinal —
worth mentioning that the linear interaction assumption is adopted to facilitate the
development of the MSM for constituent protein monomers of F-actin. Such an
assumption was efficiently used previously in developing models for and
understanding the experimentally observed mechanical behaviour of protein

filaments [11, 69, 70, 77, 161, 162]. The assumption is necessary here as it can
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greatly improve the computational efficiency of the MSM and at the same time,
maintain the accuracy in solving the mechanical problems with relatively small
deformation. On the other hand, in future efforts should be invested to improving the
MSM model by considering the non-linear monomeric interaction and enabling the
use of the MSM in large deformation problems of F-actin.

In the simulation of bending, the distance between the Pulled-G and Fixed-G
was obtained as 6.046 nm and 8.644 nm in the helical and the longitudinal directions,
respectively. When the translational displacement of Pulled-G is 1.0 nm in bending,

the interaction angle changes yneiica=0.16559 rad and yiongitudinal = 0.11575 rad were
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Figure 2.4 Force-displacement relation obtained for Pulled-G in pulling direction for
interaction stretching along (a) the helical and (b) the longitudinal directions, and
interaction bending in (c) the helical and (d) the longitudinal directions.

obtained, respectively. Herein, the bending energy is calculated by

1, bending 2 bendlng 2 bending .
U= zktranslatlonal(Alp) or U= 2 angular() where ktranslational is the

interaction constant that can be directly obtained from Fig. 2.4(c-d), Al, is the

displacement of Pulled-G in pulling direction, y is the change of interaction angle

and koroond s defined as the force constant for the bending. Based on information

. . bending __ ; bending (Alp)? bending __
shown above we finally arrived at kg, ;)10 = ktmnslatmnalw and k0. =
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2.43112 nN /nm for the helical interactions and k2¢"%"9 = 726357 nN/nm

longitudinal
for longitudinal interactions. It is noticed that the torsion of G-actins is difficult to
simulate with the AFM-like MD simulation method. Thus, following the empirical

treatment in Ref. [70], the force constants for the torsion of the two interactions were

set as kLoysion — gbending ;5o gnq ptorsion . pbending 54 The force

helical hellcal longitudinal longitudinal
constants were summarised in Table 2.2, which are obtained for the interactions
between two adjacent G-actins. The stiffness of a system of four G-actins was also
evaluated in Ref. [138]. Using the MSM technique, the equivalent stiffness of the
four G-actin systems can then be estimated based on the force constants obtain for
the two actin systems in the present simulations. The result 6.67 nN/nm is found to
be within the range of [4.16, 67.7 nN/nm] achieved in the previous MD simulations
[138]. Also, as will be shown later, the mechanical properties of F-actin given by the
MSM model based on the obtained force constants match with many existing

experimental data [11-18, 182, 184, 197-217].

Table 2.2 The force constants of interactions between monomers of F-actin

Description Constant symbol Value
Longitudinal tensile Koretoara (K1) 3.13 nN/nm
Longitudinal bending Kerstonal (K 7.26 nN nm/rad?
Longitudinal torsion kf;:;',‘t’u”dma, (k) 0.145 nN nm/rad?
Helical tensile ke (k) 0.890 nN/nm
Helical bending kPsnemd - (kJ) 2.43 nN nm/rad?
Helical torsion ke (k2 0.0486 nN nm/rad’

2.3.4 Validation of F-actin MSM model

Based on the MSM and the obtained force constants, we performed tensile,
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bending and torsion tests for F-actin. The goal is to calculate the corresponding
elastic properties of F-actin and examine the effect of actin structure on the
properties. In measuring Young modulus, one end of the F-actin was fixed, i.e., all
degree of freedom was constrained to zero, while an external force F; is applied to

the other end which is pinned to a roller free to move in longitudinal direction (Fig.

2.5(a)). The value of the Young’s modulus Y can then be obtained by Y = ZlL/;Ll“, in
0

which Ag is the area of the cross-section, Lo is the initial length and AL is the
elongation in the axial direction. The torsion simulation was also performed for the
F-actin (Fig. 2.5(b)), where cantilevered F-actin was considered and a torsional
moment M was applied to the monomer of the free end. The torsional rigidity «' was
computed as k7 = MLy/v.or [218] Where yor Was the torsional angle generated by
M. A cantilevered F-actin was also considered in the bending test as shown in Fig.
2.5(c). Here the bending stiffness (EI) is calculated by (EI) = F,L3/(3w) [218]
where F; is the transverse force on and w is the resulted deflection of the free end.

()
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Figure 2.5 Experimental setup in the MSM simulations for (a) tensile, (b) torsion and
(c) bending tests of a cantilevered F-actin.

Based on the MSM and the achieved force constants, tensile tests were
performed for F-actins. The length of the simulated F-actins ranges from 500 to

50000 nm, while their angular separation equals to 166.15<0or 167.14< The obtained
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Young’s modulus was plotted in Fig. 2.6(a) against the length. It can be seen from the
figure that Y decreases slightly with growing length for relatively short F-actins with
length smaller than 5000 nm. The length dependence however decreases with the
rising length and vanishes when the length is greater than a critical value of 10000
nm. The effect of the angular separation is also observed, i.e., when the angle
decreases from 167.14°to 166.15°the Young’s modulus changes slightly from 1.922
GPa to 1.915 GPa. The average Youngs modulus obtained here was about 1.92 GPa,

in good agreement with the values 1.8 to 2.6 GPa reported in the literature [11,

197-199].
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Figure 2.6 The length dependence of (a) Young’s modulus Y, (b) torsional rigidity '
and (c) flexural rigidity (EI) calculated for F-actins with angular separation of 166.15<
and 167.14< respectively.

The torsional rigidity ' of F-actins is also calculated for the F-actins with
different angular separations. For a given L the 166.15°F-actins exhibits «' higher
than that of the 167.14° F-actins. The variation of x' however is small (< 2.2%)
leading to an average value around 2.36>102° Nm? right in the range of [0.2x107%,
8.5%102® Nm? ] achieved in the literature [18, 182, 200-213].

The flexural rigidity (El) is an important structural property of F-actins which

measures their ability to resist the bending deformation and the structural instability
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of F-actins. In particular, the substantial length-dependence of (EI) was
experimentally observed for MTs [20]. Similar feature was also reported for short in
silico MTs whose length is smaller than 400 nm [77]. It is thus of great interest to
examine the unique feature of (EI) and calculate its value for the F-actins. To this end,
the MSM was used to perform bending tests for the cantilevered F-actins with the
length ranging from 200 nm to 2000 nm. The results were shown in Fig. 2.6(c) which
indicated that though (EI) fluctuated slightly with the length change, there did not
exist a clear trend for (El) to change with the length L or the separation angle. In
other words, F-actins behave like Euler beams with nearly constant bending stiffness
about 10.84>102° Nm?. This is different from the behaviour of relatively short MTs
whose (El) increases with rising length as a result of the inter-PF sliding [82]. It
should also be mentioned that the reported values of (El) are in the range between
1.7x10%° Nm? and 11x10%° Nm? [11-18, 184, 197, 214-217], which is again in good
agreement with the average value 10.84x102° Nm? calculated in Fig. 2.6(c) based on
the present MSM model. Overall, the mechanical properties given by the MSM
model for F-actins are in accordance with existing experimental data. This
comparison between the present MSM and existing experimental data show clear
evidence of the relevance of the MSM model to the mechanics of the F-actins.

It is worth mentioning that the estimation method for the force constants in
Table 2.2 is different from the experimental setup in Ref. [69] where an external
force is assumed to act at the monomer centre (instead of the residues involved in the

interactions between monomers). Under this assumption, the force constants for

interaction stretching k>5.¢““"™9 can be obtained as follows.
1 _ 1 1 1
stretching — sttretching + stretching + 2kstretching (214)
origi‘n, monomer new monomer

where kjree™9 s the coefficient in Table 2.2, and kyypnomer’ = 4.98733 nN/

nm is the force constant for monomer stretching. The values of Y, ' and (EI) were

obtained based on this method for a 5um-long F-actin (166.159. The obtained x' =
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2.43x10% Nm? and (El) = 12.47>x10%° Nm? are similar to the values shown before,
whereas Y = 4.82 GPa achieved here is substantially greater than the 1.92 GPa
obtained previously. Since the loading condition considered in the Section 2.3.3 of
model development is more practical in experiments, the force constants in Tables

2.2 were used in the present simulations.

2.4 Summary

In this section, the MSM model for MT was introduced firstly. The equivalency
of the MT structure and its MSM model can be established when the energy of
monomer interactions deformations and the energy of the beam deformations are
equal, which leads to a relationship between the force constants of the interactions
and the stiffnesses of the space beams. The MSM model enjoys highly improved
efficiency and expanded the scope of the research as compared with formidable MD
simulations and difficult nanoscale experiments.

MD simulations were then performed to obtain the force constants between the
monomers of F-actin. Subsequently, an MSM model was first obtained for F-actin
based on the structural mechanics theory and the force constants obtained. Based on
the MSM, the effect of the structure on the elastic modulus and structural stiffnesses
was investigated for F-actin. Meanwhile, the validation of F-actin MSM model can
be performed. The obtained average effective Young’s modulus Y = 1.92 GPa,
torsional stiffness «' = 2.36x10%° Nm?, and bending stiffness (E1) = 10.84x10% Nm?
were found to be in good agreement with existing experimental data. The results
demonstrated the reliability and robustness of the present MSM model in
characterising mechanical behaviour of F-actins. Herein, it is highly expected that the
present MSM model can be further extended to more complex filamentous systems
and thus, is able to expand the scope of research to the higher order cytoskeletal
structures composed of cross-linked F-actin bundles, such as the stress fibres or actin

meshwork.
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However, there still exists room for improvements about the MSM models. For
instance, it was reported that the accuracy of the model depends on the loading
modes and the model should be used carefully when the non-linear large deformation
Is considered [219]. Thus, future efforts could be invested in the following aspects to
improve the MSM model. 1. The force constants could be optimized for different
loading situations and validated through the experimental data. 2. As far as a case
with non-linear large deformation is considered, the non-linear feature could be
achieved through various optimisations on the model. For example, the
strain-dependent constants for basic elements, the additional structural elements
between the two nodes of a beam to represent the nonlinear feature, etc. 3. Since the
nano-filaments are influenced by the heat in the environment, it is necessary to
include heat induced strain in the model.

In spite of this, there is no doubt that the MSM model has the proven ability to
correlate MT structures to the elastic properties [77], mechanical behaviour [78, 167]
at relative small deformation. Thus it could be efficiently applied in studies such as
inter-PF sliding, eigenvalue buckling/vibration analysis, small amplitude vibration,

etc.
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Chapter 3 Protofilament sliding and its
effects on MT mechanics

3.1 Introduction

The mechanics of MTs [11, 61, 63, 79, 159-163] has been studied extensively in
the last two decades, where the length-dependency of equivalent bending stiffness
(El)eq Was captured as a unique feature of MTs and interpreted primarily via the
CMMs.

The Euler beam (EB) model was the first CMM used for MTs [11, 51, 161,
220-223]. In 1993, Gittes et al. measured (El)eq for MTs by fitting the beam model to
experiments [11]. In 2002, using this technique Kis et al. [21] first reported the
length-dependence of (El)eq for MTs and attributed it to their low shear modulus G.
This theory [21] was then used by Kasas et al. to study the effect of anisotropy on
MTs via the FE method [65]. Pampaloni et al. also employed the theory to
understand the length-dependent (El)eq achieved experimentally [20].

In 2006, Ru’s group developed an orthotropic shell model for MTs [37, 59] and
later compared it with the EB model [61]. The length-dependent (El)eq Was found to
be a result of the extremely low G relative to the axial Young’s modulus [61].
Subsequently, Ru and his co-workers [62, 224] confirmed the relevance of the
Timoshenko beam (TB) model to MTs by comparing it with the shell model [37, 59].
The length-dependence of (El)eq was also predicted by the TB model via the low
G-induced transverse shear. In addition, a higher order shear deformation theory was
used by Tounsi et.al. [160] to understand the length-dependent (El)eq 0f MTs. This
unique feature was also explained by Gao et. al., [63] and Fu and Zhang [225] via the
nonlocal elasticity and the couple stress theory, respectively.

A CMM or an improved-CMM [75, 76] is often chosen by researchers for a
nanostructure primarily due to the similarity between their overall geometric
configurations. However, the deformation mechanisms of discrete nanostructures
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may not be correctly reflected by that of a continuous body. This, in fact, forms a
fundamental issue in nanomechanics. Specifically, the inter-PF sliding was observed
experimentally for MTs [49, 53], which originates from the weak inter-PF interaction
and is thought to be responsible for the length-dependent (El)eq [20, 21, 73]. Effort is
thus required to further confirm this theory and examine the relevance of the CMMs
to the inter-PF sliding of MTs.

The present chapter aims to investigate this issue for the classical and nonlocal
beam models [21, 61, 63, 65, 160, 225]. In doing this, an MSM model was employed
to characterise the inter-PF sliding [49, 53, 82] and compared with the beam models
in studying the vibration and bending of MTs. The idea is to examine whether the
effects of inter-PF sliding can be captured by the continuum beam and nonlocal
mechanics theories. The MSM model shows proven ability to correlate MT structures
to the elastic properties [77], mechanical behaviour [78, 80, 167] and particularly, the
inter-PF sliding [82]. In this chapter the MSM related characterising techniques will
be introduced, the numerical results obtained by the model will be presented and a

critical analysis based on the results will be carried out.

3.2 Characterising techniques for MTs

3.2.1 The vibration and static deformation of an MT with MSM model
The vibration equation of the above frame structure is as follows [226, 227]
Mx+Kx=0 (3.1)
where M denotes the global mass matrices, K denotes the stiffness matrices, ¥
denotes the acceleration vector and yx denotes the nodal displacement vector. For the
details of M and K readers may refer to Refs. [77, 226, 227]. The vibration

modes and frequency f=w/2z can be obtained by solving the eigenvalue problem

below [78] via the Block Lanczos algorithm.
(K—w?M)x=0 (3.2)
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For the static deformation of an MT, the nodal displacements can be calculated
for the frame structures of MTs via the stiffness matrix method based on the

following equation
Ku =F (3.3)

where u is the global nodal displacements and F is the nodal forces acting on the
boundary of an MT. Solving Eq. 3.3 gives the nodal displacements of the individual
nodes and thus the deformation of MTs. This MSM technique was efficiently used in
characterising the elastic properties [77], buckling behaviour [167] and free vibration
of MTs [78]. It is found to be in good agreement with experiments and other
simulations [77], and able to reflect the effect of the inter-PF sliding on MT
deformation [82].

In [69, 70], MDSs were performed to measure the force constants for MTs.,
K;=3nN/nm, k7=2nN-nm and k;=0.04nN-nm were obtained for the intra-PF of
bonds, and k5=14nN/nm, k5=8.5nN-nm and k5=0.17nN-nm were calculated for the
inter-PF oo (BP) bonds. However, in the literature [21, 61, 72, 179, 228] large
discrepancy (six orders of magnitude different) is found in measuring the shear
modulus G that is primarily determined by the inter-PF bonds [20, 82]. Accordingly,
in this study while the above intra-PF force constants were used, those of the inter-PF
bonds considered vary in a wide range, i.e., k,=14QnN/nm, k5=8.5QnN-nm and
k5=0.17QnN-nm, where the coefficient © ranges from 10 to 10%and alters the effect
of the inter-PF sliding [82]. These Q values were selected as they can return a range
of shear modulus G in accordance with the values reported in the literature. Also, it
should be pointed out here that the present MSM technique is applicable only for
small deformation of MTs. No matter what © value is considered, this condition can
be satisfied by considering a relatively low external load or small vibration

amplitude.

3.2.2 Shear modulus and bending stiffness measurement
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In this study, the MSM simulations were performed to measure the mechanical
properties of the 13-3MTs. The MSM simulations and the calculations in the present
chapter were carried out with a desktop computer with 4 cores. The boundary
conditions and loading conditions considered in the MSM simulations were
introduced below and illustrated in detail in Fig. 3.1.

As shown in Fig. 3.1(a), torsional deformation was obtained for the cantilevered
MT by applying circumferential force F. on each node of the free end. The other end
was fixed by imposing zero degree of freedom on the nodes very close to the fixed
end (their axial distance to the end is less than 3a, where ay, is subunit repeat along
PFs). The shear modulus G can then be calculated by F.RL/(yJ],), where L is the
unconstrained length of the MT, R is the radius of MT, y is the torsional angle that
IS measured in the MSM simulations and J, is the polar moment of inertia
(Jo = (m/32)[(2R + t)* — (2R — t,,)*] and the effective thickness of MTs ty =
2.8nm [72]). In general, anisotropic MTs may have different shear moduli in

circumferential (torsional) and axial directions. However, the more detailed study

@ ==

Torsion simulation

Constrain nodes in this region Vo s *
by setting displacement&rotation=0 circumferential load

(b)Uniform load bending simulation (c) Concentrated load bending simulation

unifor'm lo‘ad 'on ail notlies of ‘Olyle PF

(d) Vibration simulation

displacement
of the node=0

Figure 3.1 Experimental setup in the MSM simulations for (a) torsion, (b) the
bending of a cantilevered MT subject to a distributed force, (c) the bending of a
cantilevered MT due to a concentrated load on the free end and (d) the vibration of a
simply supported MT

based on the present MSM model (not included in the thesis) showed that the two
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shear moduli exhibit the similar trend to change with Q and their values associated
with a given Q are quite close to each other. Thus in the present study, the
circumfernetial shear modulus G obtained in the torsion test was used to represent
the axial shear modulus and employed in the beam models.

In addition, bending of cantilevered 13-3MTs was achieved under two loading
conditions. First a uniformly distributed transverse force go (N/m) was achieved on
the MT by applying a transverse force g,= goL/Ny-nodes ON €ach node of the bottom PF
(Fig. 3.1(b)). Here Nynoges is the number of the loaded nodes. The transverse
deflection wyax Of the free end and the distributed force go can be measured in the
MSM simulations. Thus, (El)eq of the MT can be calculated based on the EB (Eq. 3.4)
and TB (Eqg. 3.5) theories, respectively [229].

_  qol*
_ qol* 4(EDeq
Wmax = 8(El)eq 1+ GAoKsL? (3.5)

Here Ay is the area of cross section; Ks = 0.72 is the shear correction coefficient [20,
72, 77]. Alternatively, a concentrated transverse force F. on the free end can be
generated by applying a force F,c= F¢ / Ncnoges ON the nodes whose axial distance to
the free end is less than 3ay (Fig. 3.1(c)). (El)eq Of the MT can be obtained via the
EB (Eqg. 3.6) and TB (Eq.3.7), respectively [230].

F.L3
F.L3 F.L
Wmax = 3(El)eq + GAoKs (3.7)

Additionally, simulations were performed for the transverse vibration of the
simply supported MTs. The end conditions were achieved by fixing one node on each
end of the MT (Fig. 3.1(d)). Here the angular vibration frequency » can be measured
in MSM simulations and (El)eq can be obtained based on EB (Eq. 3.8) and TB (Eq.
3.9) theories, respectively [229, 231].

o= () ey 39

L
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nm)? (EDeq 1/2
w = (T) ( n?m2(El)eq ) / (39)

mo(1+
o( GAgKsL?

Here it is noticed that the ©2-dependence of (El)eq can be obtained via G(£2), Wmnax(£2)

and o(Q) in Egs. 3.4 to 3.9.

3.2.3 Nonlocal coefficient measurement

When the size of a structure miniaturizes across the length scale, one would see
the changes in the constitutive relations of the material in the structure. For a bulk
material, the stresses of a reference point are only a function of the strains at the
same point. However, for a nanoscale material, the stresses of a reference point may
be determined by the strains of all points in the domain occupied by the nanomaterial
[232, 233]. Previously effort was made to study the bending and vibration behaviour
of MTs based on nonlocal theory [234, 235]. In particular, the length-dependence of
(El)eq achieved for MTs was interpreted based on the nonlocal beam models
developed by incorporating the non-local constitutive relations into the classical
beam theories [63]. For a cantilevered MT the bending deflection wpay Of the free end
was obtained below based on the nonlocal EB and TB models when a uniformly

distributed force qq is applied [229, 231]

_ _4ol* 4(e0a)®
Winax = 8(;I)eq (1 - Loz ) (310)
_ _qol* 4(EDeq  4(e0a)®
Wiax = 8(EDeq ( GAgKsL? 12 ) (311)

In addition, the angular vibration frequency w of the simply supported MT

given by the nonlocal EB and TB models, respectively, are shown below [229, 231]

nm)? (EDeq 1/2
w=|—
) ot
nm\ 2 (EDeq 1/2
w= (") (—= =) 3.13
(L) Mo (14 GAOE(ESIZ;q n? ZL(Zo )2) ( )

In Egs. 3.10 to 3.13, the nonlocal effect is characterised by the coefficients eoa,

where e is considered as a material constant that can be determined in experiments
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or the atomistic simulations, and a is an internal characteristics length, e.g. lattice
parameter, granular size, or the distance between C-C bonds for CNTs [63]. The
values of epa () can be calculated by using Egs. 3.10 to 3.13 once Wmax(2), @ (Q)
and G(Q) are determined in the MSM simulations. Here the effect of the inter-PF
sliding is explained exclusively by the nonlocal effect, i.e., epa. Thus, in this study
the constant (El)eq Was obtained when there is no significant inter-PF sliding, i.e., 2 >

1, is assumed for the MTs.

3.3 A coupled molecular and continuum mechanics study

for MT deformations

As mentioned in Sec. 3.1, different continuum mechanics theories were used to
investigate the deformation of MTs. The length-dependent (El)eq was achieved and
thought to be a result of the shear deformation or the non-local constitutive relations
of MTs. Herein, an attempt was made to examine whether those effects proposed in
the framework of the continuum mechanics theory are able to correctly reflect the

deformation mechanisms of discrete MT structures.
3.3.1 Inter-PF sliding of bent MTs

In this section, we investigated the effect of the inter-PF sliding on the bending
deformation of MTs. To this end, we bent a cantilevered 13-3MT by applying a
concentrated force on the free end. Here the effect of the possible inter-PF sliding
was altered intentionally by varying the stiffness of the inter-PF bonds in a broad
range, i.e., the coefficient Q changes from 107 to 10 The snapshots of the initial
position (the undeformed configuration) and the final position (the bent configuration
with the maximum transverse deflection) were shown in Fig. 3.2 for the MTs with Q
equal to 10%, 10%, 10°, 10" and 107, respectively. The illustrated displacements in the
snapshots were enlarged 100-fold to reveal the differences. The transverse deflection

of the free end is found to increases when Q decreases or the inter-PF bonds become
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softer. However, it rises only slightly when © declines from 10% to 10°, i.e., the
inter-PF bonds are relatively stiff. The growth becomes more significant at Q = 10™

and turns out to be large as £ reaches 107 or the inter-PF bonds become very soft.
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Figure 3.2 The initial position of an undeformed 13-3MT and the final position of the
bent MT structures with Q = 0.01, 0.1, 1, 10 and 100, respectively. The illustrated
displacements in the snapshots were enlarged 100-fold to reveal the differences. The
inset shows the 2 -dependence of the shear modulus G (diamonds), the total bending
deflection of the free end (squares), the deflection due to pure bending (circles) and
the one resulting from the shear deformation (triangles). The deflections were given
by the TB model by using the values of G shown in the inset

In the meantime, we calculated the shear modulus G introduced for MTs in [77].
The Q-dependency of G was plotted in the inset of Fig. 3.2 where G decreases with
decreasing Q. Specifically, consistent with the above deflection change, G varies
only by a few times when @ falls in the range of [10°, 10°]. It however drops abruptly
by one to two orders of magnitude when @ declines from 10° to 102 Thus, the
stiffness of the inter-PF bond stiffness can be approximately measured by the shear
modulus G quantifying the shear deformation resistance of MTs.

In addition, it was also seen from Fig. 3.2 that at Q = 107, i.e., the inter-PF bond
stiffness or the shear modulus G is relatively high, the MT bends like an EB with the

central axis (or the neutral axis) nearly perpendicular to the cross-sections. This

situation remains nearly unchanged as © reduces from 10° to 10° and the transverse
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deflection grows slightly. In contrast, when € decreases t0107, i.e., the inter-PF bond
stiffness or G is one to two orders of magnitude lower, the inter-PF sliding or shear
deformation can be clearly observed for the MT where the central axis is no longer
perpendicular to the cross-section. It follows that at @ > 10°, the small transverse
deflection in Fig. 3.2 is primarily a result of the pure bending of the MT. By contrast,
at Q = 102 the deflection increases greatly due to the inter-PF sliding or the shear
deformation of the MT.

Based on the above MSM simulations it can be concluded that the soft inter-PF
bond will lead to the large inter-PF sliding or the shear deformation, and thus
additional (or greater) transverse deflection of MT structures. The stiffness of the
inter-PF bonds or the resistance to shear deformation of MTs is measured by the
shear modulus G that can be obtained in the MSM simulations. This theory is
qualitatively similar to the concepts of the proposed CMMs [20, 21, 37, 59, 61, 62,
160, 224] where the shear deformation is considered for MTs. For example, Eq. 3.7

obtained based on the TB model gives the transverse deflections due to pure bending

FL3 . F.L
——— and the shear deformation ,
3(EDeq GAoKs

respectively. Thus Eq. 3.7 was employed to

quantify the MT deflections due to the pure bending and shear deformation (or the
inter-PF sliding). The results were also plotted in the inset of Fig. 3.2 where at Q <
10°, the shear deflection (solid triangles) given by the TB model (G is measured by
the MSM maodel) is even larger than the total deflection (solid squares) observed in
the MSM simulations. This finally leads to an unacceptable negative bending
deflection (solid circles) or a negative bending stiffness of the MT. The results
suggest that though the TB model is generally in qualitative agreement with the
MSM simulations, it may overestimate the effect of the equivalent shear deformation
or the inter-PF sliding in some particular cases. This situation thus necessitates a
more comprehensive investigation on the relevance of the classical beam models to

the mechanical deformations of MTs.
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3.3.2 Classical beam models for MTs

In the previous section, the bending of 13-3 MT was studied based on the MSM
model and the classical beam theories. The inter-PF sliding of MTs was identified as
the physical origin of the shear deformation considered in the TB model for MTs. In
this section, an investigation was carried out to further examine the relevance of the
beam models to the mechanics of MTs. To this end, the ©2-dependency of (El)eq was
calculated in Fig. 3.3 by fitting the EB and TB models to the MSM simulations on
the vibration or bending of MTs. Herein, 13-3 MT structures were considered where
the length L is fixed at ~0.85um, i.c., the length-to-diameter ratio L/D = 40, and Q
varies between 10 and 10 The shear modulus G was also given in Fig. 3.3 to

understand the trend of (El)eq.
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Figure 3.3 The Q-dependency of the shear modulus G (squares) obtained in the
MSM simulations and that of (El)eq calculated for MT structures with L/D=40. (El)eq
obtained for vibrating MTs based on the EB and TB models are represented by
diamonds and circles, (El)eq of bent MTs under a uniform load given by the EB and
TB models are denoted by triangles and upside-down triangles, and the one for bent
MTs subject to a concentrated load achieved by using the EB and TB models are
represented by squares and circles, respectively

In the range 10° < Q < 10% G in Fig. 3.3 falls in the range of [30.8MPa,

48.8MPa] where, as shown in Sec.3.1, the effect of the inter-PF sliding is very small
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or negligible. Thus, (El)eq Obtained based on the frequency of MT vibration is nearly
a constant around 13x10%* Nm? The difference between the EB (solid diamonds)
and TB (solid circles) due to shear modulus G was found to be small showing that
the MT vibrates like an EB where the effect of the shear deformation or the inter-PF
sliding is trivial.

In the range 10™ < Q < 10°, G decreases greatly from around 30.8 MPa to 0.026
MPa as Q declines. The G-variation of three orders of magnitude is found to be in the
same range of G values reported in the literature [21, 61, 72, 179, 228]. In this
process when the inter-PF bonds become softer, the effect of the inter-PF sliding
turns out to be more significant leading to more compliant MT structures and thus, a
lower frequency. Accordingly, in Fig. 3.3, (El)eq given by the EB model (solid
diamonds) is found to decrease with decreasing Q. In other words, the EB model
interprets the lower frequency due to the enhanced effect of the inter-PF sliding (or
increased shear deformation due to lower G) in terms of the decreasing (El)eq. In
other words, the EB model is unable to reflect the real deformation mechanisms of
the discrete MT structure with softer inter-PF bonds.

In contrast to the EB model, (El)eq Obtained based on the TB model (solid
circles) climbs up when © drops from 10°to 10, As shown in Sec. 3.1, the TB
model is considered to be more relevant to MTs as the shear deformation or G of the
TB can quantitatively explain the effect of the inter-PF sliding [49, 53]. Nevertheless,
the ©2-dependence of (El)eq (solid circles) found in Fig. 3.3 is not true for the MTs. In
fact, the MSM simulations (the results are not shown here) showed that the axial
Young’s modulus E (= 0.8GPa) (represented as E instead of Y at here) and the second
moment of inertia | are not sensitive to the change in the inter-PF bond stiffness or
the coefficient Q. In other words, (El)eq defined as the product of E and | should be
nearly a constant independent of Q. Thus, the predicted ©2-dependence of (El)eq
suggested again that the TB model overpredicts the softening effect of the inter-PF

sliding on MT structures. As a result, (El)eq of the TB model has to be raised to
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counterbalance the overestimated effect of the inter-PF sliding (or the shear
deformation) and keep the obtained frequencies the same as those of the MSM model.
This observation is consistent with the one for MT bending in Sec. 3.1.

The ©2-dependence of (El)eq Was also achieved in Fig. 3.3 via the bending tests
in the MSM simulations. The results for the MTs subject to a distributed force (Fig.
3.1(b)) and forces on the free end (Fig. 3.1(c)) are nearly the same and qualitatively
similar to those obtained via the vibration of the simply supported MTs (Fig. 3.1(d)).
The major difference in these two cases is that, at 10° < Q < 102 the constant (El)eq =
9 x10* Nm? obtained in MT bending is lower than ~13 x<10%* Nm? measured in MT
vibration. The discrepancy can be partially attributed to the different boundary
conditions considered in the bending and vibration of the MTs. These results thus
support the conclusions drawn above based on the ©-dependence of (El)eq achieved
via MT vibration.

Furthermore, in Fig. 3.4 the ©Q-dependency of (El)eq was calculated for the
uniformly loaded bending of 13-3 MT structures whose aspect ratio L/D rises from
10 to 80. The results were analogous to what was observed in Fig. 3.3, i.e., when Q is
relatively large and the effect of the inter-PF sliding is small, both the EB and TB
models give nearly the same (El)eq = 9>102* Nm? independent of © and the aspect
ratio L/D. In this case the (El)eq curves given by the two beam models nearly coincide
with each other. However, when £ decreases the (El)eq curves of the two beam models
bifurcate at a critical value €, and then, show the reversed trend of (El)eq. The values
of Q¢ decreases from 110°, to 110 and 1x102 when the aspect ratio rises from 10
to 30 and 80. Further increasing the aspect ratio to 160 and 320 leads to less
pronounced decreasing trend of Q.. These situations considered in Fig. 3.4 are close to
the MTs found in cells, which are usually 1 to 10 um long [20] or aspect ratio 40 to 400.
It was found in the figure that Q. , i.e., the maximum ©Q value associated with the
substantial inter-PF sliding, varies between 5x102 and 1x10. The corresponding G

values, as shown in Fig. 3.2, lies in the range of [0.163 ~ 6.421 MPa]. These results
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suggest that the upper limit of the shear modulus of MTs should be at the order of
1MPa, which is close to the shear modulus 1.4MPa measured in [21]. The higher shear
modulus G is unlikely as it would prevent the inter-PF sliding that has already been

observed for MTs in the experiments [49, 53, 236].
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Figure 3.4 The Q-dependency of (El)eq obtained for bent MT structures which are
subject to a distributed transverse load and possess L/D rising from 10 to 320
It is clearly seen from Fig. 3.4 that, when Q < Q, (El)eq of the MTs exhibit
substantial length-dependence (see vertical dotted lines in Fig. 3.4) whereas when Q >
Qcr, (El)eq remains a constant without significant ©- and length-dependence. These
results further confirm that the inter-PF sliding resulting from the soft inter-PF bonds
is the physical origin of the length-dependence of (El)eq obtained based on the
classical beam theories. In other words, the MT structures behave like an EB (or a
TB) with a constant (El)eq When their inter-PF bonds are stiff and the effect of the

inter-PF sliding is very small or negligible. However, as far as the soft inter-PF bonds

are concerned or the softening effect of the inter-PF sliding becomes substantial, the
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length-dependence of (El)eq emerges because the EB model is unable to account for
the effect of the inter-PF sliding or shear deformation and the TB model
overestimates its softening effect.

Here it is clearly seen from the above analyses that, the agreement of a CMM
with discrete simulations can be achieved by using the elastic modulus or structural
stiffnesses obtained via curve fitting. The identical numerical values, however, do not
necessarily confirm the relevance of the CMM to the nanostructure as the curve
fitting results may not correctly imitate the physical mechanisms of MT deformations.
This is simply due to the distinct deformation mechanisms between a discrete

nanostructure and its equivalent continuous body of similar geometric configuration.

3.3.3 Nonlocal beam models for MTs

In this section, the nonlocal effect characterised by the nonlocal coefficient epa
was employed to quantify the influence of the inter-PF sliding on MT structures,
which, as shown above, can also be measured by the equivalent shear modulus G or
the coefficient Q. The goal is to examine the relevance of the nonlocal theories to the
effect of the inter-PF sliding, a unique deformation mechanism of MT structures.

In doing calculations the shear modulus G shown in Fig. 3.3 was used in the TB
model, which decreases with declining Q. On the other hand, constant (ET).,
associated with © > 10° in Fig. 3.3 was used for both nonlocal EB and TB models as
its value (not the curve fitting one) does not change significantly with Q. Here the
Q-dependence of (eya)” was calculated based on Egs. 3.10 and 3.12 (the nonlocal EB
theory) and Egs. 3.11 and 3.13 (the nonlocal TB theory) in studying the bending and
vibration of the MT structures, respectively. The results were plotted graphically in
Fig. 3.5.

First let us consider the results obtained from the vibration of simply supported
MTs. It was shown in Fig. 3.5 that (eya)® achieved based on the EB model (solid

squares) decreases from 942106 nm? to a value close to 0 when € rises from 10 to
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10°, i.e., the inter-PF bonds become stiffer and the effect of the inter-PF sliding or the
nonlocal effect decreases. As expected, (e,a)? finally becomes very small when Q is
further raised from 10° to 10% showing very small or negligible inter-PF sliding or
the nonlocal effect. In this case, as shown in Secs.3.1 and 3.2 the MT structures can
be approximately modelled as a classical EB. These seem to suggest that the growing
effect of the inter-PF sliding due to softening of the inter-PF bonds can be adequately

captured by the nonlocal EB model.
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Figure 3.5 The Q-dependence of (eja)? calculated for 13-3MT structures. The data
obtained for the vibrating MT structures based on the nonlocal EB and TB models
are represented by squares and circles, respectively, and those for the bent MTs by
using the nonlocal EB and TB models are denoted by triangles and the upside-down
triangles, respectively. Negative values of (eja)? shown in the figure indicate the
situation where the nonlocal beam model is not relevant for the mechanics of MTs.
On the other hand, (eja)? given by the TB model (solid circles) shows an
opposite trend in Fig. 3.5 where negative (e,a)® is found at © < 10° (inset) and it
approaches 0 at Q > 10°. The latter matches the results of the EB model. The former
however is a trivial solution without real physical explanations. As shown in Secs.3.1
and 3.2, the TB model accounts for the inter-PF sliding in terms of the shear

deformation, but it overestimates its effect on MT vibration, i.e., the MT frequency

given by the TB model is even lower than the one obtained in the MSM simulations.
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Thus, when the nonlocal effect is incorporated into the TB model, negative (eoa)? is
required to upshift the frequency and make it equal to the MSM value. Positive (eja)?
however signifies the softening nonlocal effect on the simply supported MTs, which
further decreases the frequency. It is thus clear that considering both the shear
deformation and the nonlocal effect may not lead to a beam model more suitable for
MTs than the one with only one of the two effects.

Next we considered the data in Fig. 3.5 collected for the bending of cantilevered
MTs. In this case, (eqa)? of the nonlocal EB model (solid triangles) grows with rising
Q (Fig. 3.5), and remains negative at 10 < Q < 10° where the softening effect of the
inter-PF sliding is substantial. The trend of (e,a)® and specifically, the negative (eoa)?
obtained for the cantilevered MTs (solid triangles) are found to be different from
those of the simply supported MTs (solid squares). The discrepancy is due to the
sensitivity of the nonlocal effect on the end conditions of beams [229]. While it
exerts softening influence on the simply supported beams (e.g., a lower frequency
given by Egs. 3.12 and 3.13) it generates stiffening effect on the cantilevered ones
(e.g., a smaller bending deflection given by Egs. 3.10 and 3.11). In contrast to this,
the inter-PF sliding always results in a more compliant MT structure with a lower
vibration frequency or a larger bending deflection. The meaningless negative (eoa)” is
thus a result of the reverse influence of the nonlocal constitutive relations and the
inter-PF sliding on the cantilevered MTs. Thus, the nonlocal EB model, adequate for
simply supported MTs as shown above, was found to be unsuitable for the
cantilevered MT structures when the inter-PF sliding is substantial. The
Q-dependence of (eya)® given by the nonlocal TB model (solid triangles) was also
shown in Fig. 3.5 where (eoa)® grows with decreasing Q or increasing softening
effect of the inter-PF sliding. Here the stiffening nonlocal effect associated with
positive (eoa)” is again in contradiction with the softening effect of the inter-PF
sliding. Thus, the nonlocal beam models are unable to capture the deformation

mechanisms of the cantilevered MTs with large inter-PF sliding.
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3.4 Summary

MSM simulations were performed to study the bending and vibration of 13-3
MTs. The shear modulus G, the bending stiffness (El)eq and the nonlocal coefficient
eoa were measured for the MT structures based on the MSM model, CMMs and
nonlocal mechanics theory. The unique features were achieved and elucidated via the
shear deformation or the nonlocal constituent relations.

It is found that the inter-PF sliding may occur for the MT structures in
transverse bending or vibration due to the soft inter-PF bonds whose stiffness can be
measured roughly by the equivalent shear modulus G. When G is in the order of
10MPa [72, 179], the inter-PF interaction is sufficiently strong to largely prevent the
adjacent PFs from sliding relative to each other. Thus, an MT deforms as a classical
EB with its central line perpendicular to the cross-section and its bending stiffness
(El)eq independent of the length.

Nevertheless, at 0.01MPa < G < 10MPa [21, 61] the inter-PF bonds becomes
much softer, which yields substantial inter-PF sliding and thus, more flexible MT
structures with a lower vibration frequency or a larger bending deflection. In
particular, G in the order of 1MPa can be considered as an upper limit of the possible
shear modulus of MTs. It is shown that the EB is unable to reflect this deformation
mechanism. The TB model describes the inter-PF sliding via the shear deformation
but overestimates its softening effect. These finally yield the length-dependence of
(El)eq for MTs. In addition, the nonlocal beam models are unable to fully reflect the
softening effect of the inter-PF sliding as its effect depends sensitively on the end
conditions of MTs.

It is noted that the discrepancy between the MT structures and the proposed
continuum mechanics theories is a result of the distinct deformation mechanisms

between the discrete MT nanostructure and its equivalent continuous body.
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Chapter 4 Helix structure effects on the
mechanics of CSK filaments

4.1 Introduction and model definition

As one of the fundamental structural elements in cells MTs can withstand
external load, detect the mechanical changes in the cellular environment and organize
the remodelling of the whole CSK [237, 238]. Thus the mechanics of MTs has
excited extensive studies in the last two decades [37, 58-60, 82]. Specifically, the
vibration of MTs has drawn considerable attention from the communities of nano and
biomechanics [37, 58-60, 76-78, 82] as it has the potential to impact on the
intra-cellular physiological processes [71, 160, 239, 240], provides a physical
mechanism for the novel non-invasive biosensors [241] and facilitates the
development of advanced biomimetic nanomaterials, e.g., MT-graphene nanotubes,
whose applications rely heavily on MT vibration [242, 243].

Another fundamental issue in MT mechanics is the relation between the MT
structures and their mechanical behaviours and properties [244]. This however has
not been examined in detail until a recent study on the elastic properties of MTs
based on a recently developed MSM model [77, 78, 167]. The possible reason is that
the previously used continuum models [58, 60] are unable to account for the
structural details and the MD simulations [41] are computationally expensive for the
analyses of the overall mechanics of MTs. This situation thus provides an impetus for
us to further examine the possible structural effect on the vibration of helical MTs
based on the MSM model [77, 78, 167], which enjoys highly improved efficiency as
compared with MDS and largely enhanced scope relative to the CMMs.

In the second part of the chapter, the MSM model [77] was employed to
investigate the beam-like bending vibration for helical MTs with an emphasis on its
dependence on the structures and the geometric size of MTs. The vibration analysis
for MSM model follows the same method introduced in the Section 3.2.1. To
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examine the effect of structural details (especially the helicity) on MT vibration, MTs
with different N and S were considered in the present study. Their structural details
were tabulated in Table 2.1 including an imaginary (non-helical) MT with N = 13 but
S = 0. During these simulations, two different boundary conditions were considered,
I.e. (1) two ends of the MTs were fixed and (2) one end is fixed and the other is free.
The fixed boundary condition was implemented by imposing the translational
restraints U,=0, U,=0, U,=0 (U,, U, and U, are displacements in X, y and z
directions) and rotational restraints ROT,=0, ROT,=0, ROT.=0 (ROT,, ROT,,
ROT, are rotation angles about X, y and z axes) on the nodes in a region close to MT
ends.

On the other hand, the presence of internal forces within the CSK was of major
interest in the current research [121]. The ability to sustain tension and compression
offers the cell rigidity and maintains its structural stability [157]. It is generally
admitted that F-actins could undergo tension while MTs are always compressed
[157]. Specifically, in the models of the actin bundles and the tensegrity model of the
CSK, F-actins play an important role in resisting tensile forces [245, 246]. Thus, it is
interesting to explore the effect of helical structure of F-actin on the mechanical
responses in stretching state. The tensile tests for F-actin were performed based on
the MSM and the obtained force constants introduced in Section 2.3. The results
were presented in Sec. 4.3.

It is worth mentioning that the MSM simulations in the present chapter were

carried out with a desktop computer with 4 cores.

4.2 Three-dimensional transverse vibration of MTs

In this section, the MSM model introduced in Sec. 4.1 and chapter 2 was
employed to perform simulations on the vibration of MTs with different
configurations. The focus was placed on the unique features of MT vibration and the

effect of structural details on the dynamic behaviours, such as the number of PFs, the
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helix-start number S and the characteristic length.
4.2.1 3D transverse vibration of MTs

Herein, the transverse vibrations were simulated for long 13-3 MTs (i.e., N =13
and S = 3) with two fixed ends and the length-to-diameter ratio /D =113 or the
contour length L=2.4um. Its fourth vibration mode (i.e., the axial half wave number
m = 4) was shown in a three-dimensional (3D) graph and projected to the three
coordinate planes in Fig. 4.1. For the sake of comparison, the fourth mode was also
shown for a non-helical 13 MT (i.e., N =13 and S = 0) with the same end conditions
and the same length. It should be pointed out that the non-helical MT does not exist.
It is an MSM model created merely for the comparison.

(a) Y

(b) Y

X
Figure 4.1 Transverse vibration modes (m = 4) and its projection to the YOX, YOZ,

XOZ planes obtained for (a) an imaginary non-helical 13 MT and (b) a 13-3 MT,;

As listed in Table 4.1, the frequencies of the 13-3 MTs and the non-helical
MSM model are almost the same, indicating that the helicity did not significantly
affect the natural frequency of MTs. Thus, in what follows we focused our attention
on the mode shapes of the transverse vibration shown in Fig. 4.1. It is seen from the
figure that the vibration modes and their projections in the YOZ and XOZ planes are
quite similar between the 13-3MT and its non-helical counterpart. On the other hand,

a substantial difference was identified in the projections on the YOX plane, i.e., one
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straight line was observed for the non-helical MT, suggesting that the whole tube is
vibrating in the same plane. This behaviour is very similar to the one achieved for
classical beams. Concurrently, four different straight lines were found in the XOY
plane of the 13-3MT, showing that its four half waves are vibrating in four different

planes. Thus, Fig. 4.1 showed a 3D transverse vibration for 13-3 MTs.
Table 4.1 Natural frequencies of different vibration modes of models (MHz)

Models 13-3 MSM Non-helical

model of MT | MSM model
m=1 A/2D=113 3.4154 3.4156
Half wave m=2 A/2D=56.5 9.4014 9.4019
Numbers m=3 A2D=37.7 18.3960 18.3970
m=4 A/2D=28.25 30.3360 30.3390

To confirm the observation in Fig. 4.1 the vibration mode with m = 4 was
further enlarged in Fig. 4.2 for the two types of nanoscale tubules. Herein Fig. 4.2(a)
clearly indicated that the 13 MT (S = 0) is oscillating in a single plane, i.e., all the
four half waves stay in the same oscillation plane. In contrast, Fig. 4.2(b)
demonstrated that for 13-3 MTs the half wave plane rotates in an anticlockwise
direction. The rotation angles between adjacent planes were denoted by &, &, and
¢;, respectively. It is understood that bending plays an important role in the
transverse vibration of MTs. Thus the spin of the half wave planes suggested the
rotation of the bending axis of MT cross-section as the directions of oscillation and
the bending axis are always perpendicular to each other. It should be noted that Fig.
4.2(b) only gave a simplified model of the vibration. More detailed study showed
that for 13-3MTs individual half waves do not really oscillate in the same plane. As
can be seen in Fig. 4.2(c), the anticlockwise rotation of the bending axis actually
occurs continuously throughout the whole length of the MT.

To correlate the rotation of the oscillation planes and their bending axis we set
up a Cartesian coordinate system on the MT (Fig. 4.2(c)) where the origin coincides
with the cross section centre on the left end, oz represents the longitudinal direction
and oy shows the bending axis on the left end. Next let us consider the cross section
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at the middle point of the first half wave. The rotation angle J; of its bending axis

(a)

Figure 4.2 The simplified mode shape (m = 4) for (a) an imaginary 13MT and (b) a
13-3 MT where the rotation of the half wavelength planes (or oscillation planes) is
shown. The real mode shape of the 13-3MT is shown in (c) where the bending axis
rotates throughout the whole length of the MT.

relative to the oy was utilized to characterise the average rotation of the 1% half wave
plane (or oscillation plane 1 in Fig. 4.2). Subsequently, we defined J,, J; and d, in
a similar way for the 2", 3" and 4™ half waves to measure the average rotation of the

oscillation planes 2, 3 and 4, respectively (Fig. 4.2(c)). The relative rotation angles

¢, &, and ¢&; between the two adjacent oscillation planes shown in Fig. 4.2(b) were
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defined by &,=0,-6,, £,=03-6, and &;=6,-0;. Thus, the total rotation angle & , was
given by ¢&,,=¢,+&+¢=0, = 4.

It is noted in the simulations that the rotation of oscillation planes is not
uniformly distributed along the axial direction, for instance, the rotation angles
between adjacent planes ¢, &,, &; of 13-3 MT (L=800 nm, m=4) were measured as
3.79% 2.58< 3.53<respectively. The results showed that the rotation become more
pronounced at the two ends of the MT. In addition, the total rotation angle & ,
increases as the half wave number m become larger, for instance, ¢, of the
aforementioned MT is 2.32< 5.35°and 9.9°for m = 2, 3 and 4, respectively. This
issue was discussed in more detail in Sec. 4.2.2. Here it should be emphasized that,
as shown above, the frequency and thus the energy of the vibration does not change
significantly in the presence of the oscillation plane rotation. This suggested that no
significant torsion occurred for the vibrating MTs. The rotation of the oscillation
plane is merely due to the continuous rotation of the bending axis on the
cross-sections when z-coordinate increases from 0 to L (MT length) (Fig. 4.2(c)).

To find a possible explanation of the observed phenomenon we restored to the
bending theory of EB model [218] as bending occurs for the MT in the transverse
vibration. Thus, the vibration frequency is determined by the second moment of
inertia |1 of the MT cross-section. However, as shown in Fig. 4.3(a-c), due to the
helical structure of 13-3 MTs the material is not uniformly distributed along the
perimeter of the MT cross-section. In particular, the distribution varies with the S
index as shown in Fig. 4.3(e) and was also found to change or rotate from
cross-section A-A to its adjacent cross-section B-B. It is understood that the
frequency is exactly the same everywhere on the MT, suggesting that the value of the
inertia | on the individual cross-sections of the MT should be nearly the same.
Consequently, the different material distribution on the adjacent cross sections finally
lead to the rotation of the bending axis between the two adjacent cross sections to
maintain the identical inertia |1 and accordingly, the same vibration frequency. Thus,
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the helical structure of MT can at least partially explain the physical mechanisms of
the 3D transverse vibration. Here we are very keen to find direct evidence to confirm
the existence of the 3D transverse vibration of MTs. Unfortunately, the experimental
data are still not available in the literature. On the other hand, it is noted that this
vibration mode is similar to the 3D bending reported for cantilevered MTs based on a
FE model in [65]. The FE simulations can to some extent support the present study

where the 3D transverse vibration was observed.

(b)  Section (c) Section

> NI

SN N

Figure 4.3 The material distribution on the perimeter of MTs with different S.

4.2.2 Factors influencing the 3D vibration

The novel 3D transverse vibration mode was achieved in the previous section
for 13-3 MTs. In this section, we further examined the effect of the major factors that
may exert significant effects on this vibration mode or the rotation angle. The factors
can be categorized into two groups including the internal factors, i.e., the structural
details of MTs and the external factors, such as length, vibration modes and the

boundary conditions.
4.2.2.1 Internal factors
To examine the effect of MT structures 10 MTs with different N-S parameters
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were considered (Table 2.1) and the rotation angle & defined in Sec. 4.2.1 and
shown in Fig. 4.2(c) was calculated for the 4th mode of these sample MTs. The
results were shown as a function of helix-start S in Fig. 4.4(a) and PF number N in

Fig. 4.4(b), respectively.

(3)6 (b) g
N=14,15,16 |
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Helix-start number S PF number N

Figure 4.4 Dependence of the rotation angle &4 (L=2000nm) on (a) the helical start
number S and (b) the number of protofilaments N obtained for the 4™ model of the
MT vibration.

It is noted in Fig. 4.4(a) that the angle increases linearly with rising S. The slope
of the curve is around 1.42<°/ per unit S. Fitting the data in Fig. 4.4(a) yielded the

following linear relation between the total rotation angle &, and the helix start

number S, showing a strong dependency of & on the helical structures of MTs.
&,-0.195+1.422-S  (§=1,2,3) (4.1)

These results provide clear evidence that, as commented in Sec. 4.2.1 the helical
structures of MTs should be responsible for the rotation of the oscillation planes or
the bending axis of the cross sections shown in Fig. 4.2. On the other hand, it is seen
from Fig. 4.4(b) that, for a given S the angle &, remains nearly a constant
independent of the PF number N. Thus, the PF number N does not exert significant

influence on the rotation angle directly. Here it is noted that, for 13MTs with skew

angle 6,= 0 EQ. 2.1 reduces to rm=SaTm. Thus when S is fixed and N changes, while
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the rotation angle remains constant, the subunit rise rp, and also the helical angle ’;—’:

will change substantially. Here ox is the PF separation (Fig. 2.1). From these
analyses it follows that the rotation of the bending axis is independent of the subunit
rise or the helical angle of MTs. It is primarily controlled by the helicity start number
S describing the periodic change of structure in the axial or PF direction.
Furthermore, in Fig. 4.5 we calculated the frequency for the MTs considered in
Fig. 4.4. The results show that the frequency generally increased with rising N or the
diameter of MTs. This N-dependency turns out to be more significant for higher
modes with larger m. On the contrary, for a given N the frequency of all the modes
selected remains unchanged when the helical start number S varying between 2 to 4.

These results are found to be consistent with the results obtained previously in [78].
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Figure 4.5 The effect of structural details on the frequency of MTs with different S
and N. Here the half wave number m changes from 1 to 4.

4.2.2.2 External factors

In addition to the MT structures there also exist some external factors that may
affect the rotation angle. These factors may include the contour length (or

wavelength) of MTs, the mode number of the vibrations and the boundary conditions
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on the two ends of MTs. It is thus of interest to measure their effects on the rotation
angle & for MTs. To this end we calculated the angle & of 13-3 MTs with
different lengths. The results obtained for the 3 modes with m = 2, 3, 4 were plotted
in Fig. 4.6 against the contour length of MTs. As shown in the figure, for a given
vibration mode the angle & decreases monotonically with the increasing contour
length. The rate of change increases when the contour length becomes shorter. The
second order polynomial fitting for m = 2, 3, 4 was also given in Fig. 4.6 with

R-square of 0.89045, 0.98056, 0.98496, respectively.
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Figure 4.6 The length dependence of the angle & of standard 13-3 MTs

In addition, Fig. 4.6 indicated that, for a given contour length the rotation angle
Zan increases with rising mode number m. The rate of change in angle & is found to
increase with decreasing contour length. As mentioned above, when the contour
length decreases or the mode number m increases the rotation angle &; becomes
greater. This can be attributed to the fact that the (half) wave length declines in these
two processes. Thus we came to the conclusion that the rotation angle & is larger
for the vibration with a shorter wave length. Further it was seen from Fig. 4.6 that,
for the same wave length the total rotation angle & increases with increasing half
wave number m. For example, in Fig. 4.6 MT vibrations with (m, L) = (2, 1000nm),

(m, L) = (3, 1500nm) and (m, L) = (4, 2000nm) have the same half wave length
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500nm but the corresponding rotation angle & increases from 1.58< to 2.96<and to
3.99°when m rises from 2 to 3 and to 4. This shows the relation between the rotation
angle &y and the half wave number m when the half wave length was kept constant.
It is thus evident that, for a fixed (half) wavelength & increases with rising m and
thus growing contour length. The decrease of & with rising length observed in Fig.
4.6 is due to the fact that for a given m the (half) wavelength increases with growing
contour length. It is thus evident that the key external factors determining the rotation
angles are the (half) wavelength and half wave number (or mode number) m rather
than the contour length.

Another external factor that may significantly alter the rotation angle of & is
the constrains imposed on the two ends of MTs. To examine the boundary condition
effects, we considered the transverse vibration of the 13-3 MTs with the same
contour length 1200nm but two different boundaries conditions, i.e., (1) the two ends
are fixed (i.e., fixed-fixed condition) and (2) one end is fixed and the other free (i.e.,
cantilever condition). The shapes of mode 4 (m = 4) were given in Fig. 4.7 for the
MTs and the rotation angle & for the MTs were measured as 6.63+0.09° and
6.15+0.09< respectively, when fixed-fixed and cantilever boundary conditions were
considered. When mode number decreases from 4 to 3 and 2, the angle associated
with fixed-fixed ends decreases from 6.63+0.09°to 3.62+0.09°and 1.31+0.09<
Those obtained for the cantilever boundary condition declines from 6.1540.09°to
3.164+0.09°and to 1.1940.09< These results clearly show that the fixed-fixed ends
lead to the rotation angles significantly larger than those associated with the
cantilever boundary condition. In other words, the rotation of the bending axis of the
cross-section would become more substantial when more constrains were enforced
on the two ends of MTs.

As shown above, the 3D transverse vibration mode was achieved as a result of
the helix structures of MTs. This shows clear evidence that the unique structures of

MTs lead to a deformation pattern significantly different from that of an elastic beam.

76



The new finding is a step forward in gaining an in-depth understanding of the
mechanisms via which the MT structures deform in a unique way to fulfil their
functions in various physiological processes. The vibration mode-structure relation
may also provide useful guidance for the development of the MT-based biomimetic
materials whose performance depends heavily on its transverse vibration. Herein,
another thing worth mentioning is the damping effect of cytosol, which has to be
taken into consideration for MTs in vivo. This issue has not been discussed here as
this section is focused on the structure-property relation of individual MTs, e.g., MTs
in vitro.

(a) (b)

(c) (d)

Figure 4.7 Mode shapes of a vibrating MT with (a) fixed-fixed ends and (b)
fixed-free ends; The YOX projections of the mode shapes are shown in (c) and (d),
respectively.

4.3 Tension induced bending in F-actin

Based on the MSM and the obtained force constants, we performed tensile tests
for F-actin. It is interesting to see in the tensile test of F-actin (Fig. 4.8) that for a
given tensile force F;, the stretching of F-actin is always accompanied with a
transverse deflection w, which increases with the rising contour length L. In addition,

for a given L the deflection at the angle of 166.15°was found to be larger than the

77



deflection associated with the angle of 167.14<

Moreover, the tension-induced transverse deflection gradually increases with
the increasing tensile force applied or the rising elongation of the F-actin (Fig. 4.8).
Similar transverse deflection was also observed for F-actin when a compressive force
is applied. To capture the underlying physics of the observation, we used polynomial
functions to fit the L-w (transverse deflection) relation obtained in the MSM
simulations (Fig. 4.8). It was found that the 2" order polynomial was the best fit to
the simulation results, which is in agreement with the bending theory of beams [218]
where the deflection w of beams subject to a moment M is proportional to L2 This
infers that the bending of F-actin should be a result of a bending moment generated
by the tensile force applied. Indeed, more detailed study showed that due to the

helical structure of F-actins, the central axis of F-actin does not coincide with the
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Figure 4.8 The tension induced bending of F-actin

position of the resultant force on the cross section when the tensile forces are applied
through the centres of the two adjacent monomers (see Fig. 4.8). In other words,
there exists a resultant eccentric force Feccentric Which can thus generate a bending
moment M = Feceentric XAR relative to the central axis of the F-actin. Here AR is the
distance between the eccentric force and the central axis. Consequently, the observed

transverse deflection can be primarily attributed to this additional moment arising
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from the eccentric resultant force or the helical structure of F-actin. Moreover, a
higher angular separation 167.14°results in a smaller AR, and thus, a lower bending
moment and a smaller transverse deflection. Also, with the same bending moment
the deflection of F-actin naturally grows with the increasing contour length. The
eccentric force found in the F-actin thus offers a possible physical explanation for the
tension-induced bending and the length and angle dependency of the bending
deflection observed in the MSM simulations.

Furthermore, the boundary condition is found to be an important factor that
controls the tension-induced bending. As mentioned in the section of model
development (Sec. 2.3.4), during the tensile test, the force was applied on the 2
monomers which were pinned on axial rollers. As illustrated on the top of Fig. 4.9, if
the monomers were fixed on rollers in the tensile test, the deflection becomes
negligible compared to the one associated with the pinned condition. Although the
actual end condition of in vivo filaments are not clear [247], the actual end condition
could be reasonably assumed to be an intermediate state between the fixed end and
pinned end. Thus, the bending induced by the tensile force may occur for the in vivo
F-actin and can provide a possible explanation for the curved configuration observed

for most F-actins [11, 248].
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Figure 4.9 Boundary condition effect on F-actin stretching
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4.4 Summary

A unique transverse vibration of helical MTs was achieved via a recently
developed MSM model. In sharp contrast to the vibration of classical beams, the
bending axis of the cross-section of vibrating MTs rotates throughout the length of
the MTs. As a result, the adjacent half-waves vibrate approximately in two different
oscillation planes, showing a 3D transverse vibration for MTs. Nevertheless, no real
torsion occurs for the MTs and thus the frequency remains nearly the same in the
absence or presence of the bending axis rotation.

In addition, the rotation angle was found to increase almost linearly with the
increasing helical start number S but remains independent of the PF number N. These
indicate that the helical structures of MTs are responsible for the 3D transverse
vibration of MTs, and the rotation angle of the bending axis is primarily determined
by the periodic arrangement of protein monomers in the axial direction. The helical
angle, however, does not play a significant role in determining the rotation angle of
the bending axis on MT cross sections.

Furthermore, the wavelength of vibration was identified as a characteristic
length that can significantly change the rotation angle of the bending axis. The angle
was found to rise with the decreasing wavelength or the growing wavenumber (for a
given contour length). Additionally, the rotation angle can be further raised by
imposing more constraints on MT ends.

Subsequently, the tension-induced bending was studied for F-actins as a result
of their helical structure. The MSM simulations also show that the helical structure
of F-actin leads to a resultant eccentric force and thus, a resulted bending moment on
the cross-section of the F-actin when an axial tension/compression is applied. For a
given axial load the induced bending deflection of F-actin increases substantially
with the rising contour length but decreases slightly with growing rotation angle.
This study provides a possible physical origin for the curved F-actins experimentally
observed.
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Chapter 5 Subcellular environment
effect on the filament mechanics

5.1 Introduction

As MTs are subjected to compression in cells, buckling occurs for MTs [249],
which has attracted considerable attention from the community of cell mechanics
[77]. The in vitro buckling was first studied experimentally to quantify the flexural
rigidity of MTs [161-163, 250]. The elastic beam models were employed to organize
the experimental data [161, 162, 250, 251] and provide an insight into the MT
buckling [249]. The beam-like buckling was also reported for MTs in [63, 64]. In
2006, an orthotropic shell model was proposed for MTs [59], and used in the
analyses of MT buckling [252, 253].

Here, one of the observations is that MTs in vivo (with subcellular environment
effect) possess a critical buckling force (Fcr) higher than those in vitro. Attempts
were then made to understand this in terms of the subcellular environment effects,
where cytoplasm of cells was simplified as an elastic media [64, 254]. Years later, a
one-dimension (1D) FE model was developed [247] where the CSK components
around MTs were treated as discrete cross-linkers. This work provides the guidance
to examine the role of the discrete cross-linkers in MT buckling [255, 256] and offers
a pathway to more realistic delineation of MT buckling in vivo. Motivated by this
study, the Sec. 5.3 is devoted to further studying localized MT buckling by using a
3D MSM model. The major issue examined is the effect of the spatial, random and
inhomogeneous distributions of the proteinaceous linkers.

In addition, filopodia are thin, actin-rich plasma-membrane protrusions, which
function as antennae for cells to probe their environment [257]. The protrusive
bundles in filopodia consist of F-actins cross-linked by ABPs. The growth of these
F-actins generates force for protrusion of the leading edge during cell motility [28].
In the study of the filopodial protrusion, the major issues are (1) the upper limit of

81



the force the F-actins can generate and (2) the underlying physical mechanisms based
on which the critical value can be determined. The critical buckling load of the actin
bundles may serve as a criterion in evaluating the stall force on the actin bundle [51,
258] and the maximum length of the filopodial protrusion. In the meantime, a
ratcheting model [27] considering a different mechanism was also proposed to
predict the maximum force on the tip of the F-actins. It was reported in Ref. [258]
that these two mechanisms may coexist and one of them can be predominant
depending on the monomer concentration in cytosol. In Section 5.4, we considered
the condition at which the buckling is predominant mechanism in controlling the stall
force on the filopodial actin bundles. The MSM model developed for the filopodial
actin bundles was used in the buckling analyses, which is able to account for the
structure-buckling response relation of the F-actin bundles. The model was utilized
to explore the buckling behaviour and obtain the critical buckling load for the
filopodial F-actins. Thus, the influence of the ABPs was examined in forming the
filopodia protrusion.

It is worth mentioning that the MSM simulations in the present chapter were

carried out with a desktop computer with 4 cores.

5.2 Model development

5.2.1 The details of the MSM model for buckling simulation

In a practical structure analysis, the global stiffness matrix of the frame includes
global elastic stiffness matrix Ke and global geometric stiffness matrix Kg. Kq reflects
the change of stiffness of structure under deformation and has a direct relationship
with the applied force. If K. is known, Ky could be obtained by following
conventional procedures in the structural analysis [259]. The external load N is
assumed to be

N = AN’ (5.1)

where A denotes a constant multiplier and N’ is the relative magnitudes of the applied
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force. Then the global geometric stiffness matrix Kq could be obtained as follows:

K, = 1K, (5.2)
where K represents the geometric stiffness matrix for the applied load N’. This
equation is based on the assumption that the geometric stiffness matrix (Kj) is
proportional to the internal forces at the onset of the loading step (N°). The global
elastic stiffness matrix can be considered as unchanged for a wide range of
displacement u. Thus, there is the relation [259]:

(K + AKy )u = AN’ (5.3)
At the bifurcation point, the stiffness of the structure vanishes. Therefore, the

determinant of the structure stiffness matrix must be zero, hence
|K. + AKy|u=0 (5.4)
By solving the eigenvalue Eq. 5.4, the lowest value of 4, i.e. Ay, could be
obtained. The critical buckling load is given by
Nep = Aer Ny (5.5)
Since the external load is not specified in the above deviation, the compression,

bending, even torsion and other types of loads could be applied.

5.2.2 The model of the cross-linkers system supporting MTs

In this study, we considered 13-3 (N=13 S=3) MT of the most common
configuration in in vivo situation [49, 54, 260]. The observed MT buckling
behaviours of MTs in cell are different from the ideal buckling mode of an individual
MT (Fig 5.1(a)). Therefore, the effect of protein linkers around MTs has to be
considered and the structure of the cross-linkers system supporting MTs laterally was
depicted in Fig. 5.1. All cross-linkers were modelled as springs with one end attached
to the MT and the other end fixed to the surrounding media. The spring constant K
was taken as 39pN/nm [106] and the spatial density of the linkers was defined by the
distance Ly =100nm between the adjacent linkers for MT of length L=5pum. As the

cross-linkers took axial tensile load with negligible compression [68, 261], the spring
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modulus was set to be zero in compression. Herein, one MT end was clamped and
the other was constrained by a roller. An axial compressive force was then applied to

this roller end.

(a)

>

(b)

—) |

Molecular MT Framed MSM model

©)

0 =A radom degree in 0°-360°

Figure 5.1 (a) The ideal individual MT buckling mode and the MT buckling
observations in experimental study [249], (b) Structural representation of an MT and
the MSM model, and (c) the structure of the cross-linker system supporting MTs

As shown in Fig. 5.1, a reference direction was picked up in the radial direction
of an MT (dotted line) and the orientation of a radial linker was specified by
measuring its angle 9rang relative to the reference direction. The 3D cross-linkers
were then achieved by generating the linkers with 9ahg randomly selected between 0
and 360<(anticlockwise positive). It is thus should be pointed out that, for ‘“MT-cross
linker’ systems considered in Secs.5.3.1 and 5.3.2, L4, L and ks remain the same but
the randomly generated distribution of linker orientation varied from one system to
another. The non-uniform linkers [256] were also considered for MTs of length 10
um in Sec.5.3.3 where a part of the MT was supported by the dense-linkers (Lg
=25nm) and the rest was occupied by the low-density linkers (Ly =200nm). The angle
between adjacent linkers is fixed at 60<

Based on the MSM model, the length-dependent critical buckling load F. was

calculated for individual MTs and shown in Fig. 5.2 in comparison with the
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experimental data obtained for in vitro MTs [163]. The excellent agreement has been

achieved.

Unfortunately, due to the uncertainty in in vivo condition, such a direct

comparison cannot be made for the MT buckling supported by the cross-linkers. In

spite of this, the MSM model predicted F, of the order of 100 pN is comparable to

25 7 —u&— MSM MTs without linkers
20_- " O in vitro experiment result
15 -
2 10
5 .\
4 e
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Figure 5.2 The length-dependent F., calculated for individual MTs in comparison

with the experimental data

Table 5.1 Comparison to the cross-linked 1D-FE model

MTs FEM[247] MSM
Length Sum
E;E:S Ls=100nm; ke=39pN/nm

Critical buckling force and buckling mode shape (B. C.: boundary condition)

B. C. Clamped-Free Clamped-Roller

Fer 93.0 pN 86.4-294.3 pN
Mode = I
shape « —————EE O _ F_
B. C. Clamped-Clamped o o Fw

For 353.0 pN - A
Mode __F e - ; AT Fcr
shape r

the experimental data [249] and theoretical results [64, 254]. A more detailed

comparison was made in Table 5.1 between the MSM model and the 1D-FE model
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accounting for the cross-linker effect [247]. The MT length, constant density and
elastic modulus of the linkers considered for the two models are exactly the same.
Here, the MSM simulations considered the cross-linkers of 10 randomly generated
orientation distributions. F¢, achieved for the MT with the clamped-roller ends fell in
the range of [86.4pN, 294.3pN], quite close to [93pN, 353pN] given by the FE model
for Clamped-Free and Clamped-Clamped ends. The localized mode shapes predicted
by both models (Table 5.1) resemble those observed experimentally in [249]. In
addition, different from the 1D FE model the 3D MSM model is able to capture the
unique buckling mode observed in [249], i.e., the ‘localized buckling’ occurred at
different places of MTs. The MT buckling with radial expansion was also achieved
by the 3D MSM in Table 5.1. Such radial buckling modes were not observed in

experiments probably due to its very small deformation.

5.2.3 The Model of F-actin supported by the ABPs

A filopodia F-actin bundle consists of a number of parallel F-actins that are
bounded by the ABPs. It is thus of importance to develop a modelling technique for
F-actin by considering the stiffening effect of ABPs. It was noted that different ABPs
were used to construct F-actin bundles [262-267]. The present study however is
focused on the F-actin bundle in filopodial protrusion. Thus ABP considered here is
fascin which is prevalent in filopodia [262]. Herein, the ABPs were modelled as
linear springs which are able to withstand axial tension but unable to resist
compression [68, 261]. The length of ABPs was taken as 9 nm and their longitudinal
repeat along an F-actin was 36 nm [268] (Fig. 5.3(a)). Specifically, the constituent
F-actins of a filopodial actin bundle are bounded to form a hexagonal lattice [269].
Accordingly, ABPs was assumed to distribute uniformly in circumferential direction
as shown in Fig. 5.3(b). The angle between adjacent ABPs was set to be 60<based on
the hexagonal lattice [269]. One end of the (166.15<) F-actin was fixed and the other

end was allowed to slide only along the axial direction. The external force was then
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applied to the two monomers of the end that is able to move. The extensional
stiffness of ABPs probed by single molecule unfolding experiments ranges from 1
pN/nm to 1000 pN/nm [262]. Fitting the present model to the experimental data
enables us to determine the equivalent spring constants required in the spring model
for ABPs. A similar modelling technique was effectively used in studying the critical
buckling force of in vivo MTs [247].

S S e S Lot

Actin bundle | \ /
!l!l!lllllllllll!:::)

(a) ) ———  Filopodia

( ABP s)
‘fixed’

(b) g protein®
. inding P
ctin pind on roller

A
» F-actins in_
hexagonal lattice

fixed Modeled as

Figure 5.3 (a) F-actin bundle in the protrusion of the leading edge in motile cells, and
(b) the model of F-actin supported by ABPs in filopodia protrusion.

5.3 Effects of the cross-linkers on the buckling of MTs in

cells

In this section, the cross-linker model and the MSM model were employed to
study the buckling of in vivo MTs, and examined the influence of the cross-linkers on

MT buckling.
5.3.1 Transition due to the addition of the 3D-linkers

Herein, ten randomly generated cross-linker distributions were considered for
the buckling of MT. The buckling modes of the MT-linker systems with the highest
and lowest critical buckling load F,, were presented in Fig. 5.4. It was noticed that
the randomly generated linkers lead to diverse buckling modes associated with
significant variation in F¢ values. It is thus of interest to examine the effect of the

spatial cross-linkers.
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To this end, we first considered 2D-linkers, which were parallelly aligned and
distributed uniformly with a constant spatial density (Fig. 5.5(a)). Subsequently, the
2D-linkers close to the clamped end were replaced by the 3D-linkers where the axial

density remained unchanged but the radial orientations were randomly selected

Force
with
Roller

Front view of
buckling mode

Force
with
Roller

Front view of
buckling mode

Clamped
end

Figure 5.4 The 3D buckling modes of the selected MT-linker systems with randomly
generated cross-linkers.

between 0 and 360° (Fig. 5.5(b)). As shown in Fig. 5.5, the 2D-linkers led to the
planar bulking with one large half wave and the relatively low critical load F (Fig.
5.5(a)). Addition of the 3D-linkers led to enhanced critical buckling load F¢,. When a
(defined as the length covered by the 3D-linkers to MT length ratio) is not more than
30%, the buckled MTs still deform in the same plane (Fig. 5.5(c)) and F, increases

gradually with the rising amount of the 3D linkers. Once a was raised to 40%, the 2D
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beam-like buckling transforms into 3D shell-like buckling, where radial expansion
occurred and the central line of the shell become a 3D curved line (Fig. 5.5(c)).
Associated with this change is the sudden growth of the buckling load F¢, (from the
order of 10pN to 100pN) by one order of magnitude (Fig. 5.5(b)). Further raising a
above 40%, F., of the 3D modes again increases progressively. These results given
by the MSM model demonstrate the importance of the radial orientation of the

cross-linkers in controlling the buckling behaviour of MTs in cells.

(a)

A1l 2D- linked model
(Right view)

_J——//\ 7.49 pN
(b) £, (pN)
10 % 3D linked 0% 10% 20% 30%  40%
749 750 9.66 [12.83 115.16
50% 60% 70% 80% 90%
20 % 3D linked 110.73 151.94[117.95|132.29 131.00

© Clamped end

30% 70%

Figure 5.5 The effect of the spatial linker orientations obtained by considering a
2D-linker system and the systems with increasing amount of the 3D-linkers.

5.3.2 Spatial distribution of the 3D-linkers

It is noted in our initial study that different critical buckling loads were achieved
for the ‘MT-3D cross-linker’ systems where MT geometry, boundary conditions and
the density of the cross-linkers were exactly the same. Obviously, the scattering of
the obtained critical buckling load is due to the diverse spatial distributions generated
randomly for the 3D-linkers. Thus, a more detailed study was conducted here to
further examine the effect of the spatial distributions of the 3D cross-linkers. In doing

this, we defined so-called ‘n-repeat’ cross-linkers which comprise groups of 2D
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cross-linkers (Fig. 5.6). The number of the cross-linkers n remains the same for
individual groups and the angle between adjacent two groups is 120 °(Fig. 5.6).

The critical buckling load F., was then calculated in Fig. 5.6 for various MT-3D
linker systems where the density Ly varied from 25nm to 200nm and the number of
n-repeat grow from 1 to 25. To demonstrate the physical meaning of n-repeat let us
consider a system with MT length 175nm and Ly = 25nm. In this case, n-repeat = 1
gives pure 3D linkers where the angle between the adjacent linkers is 120<
Increasing n-repeat to 4, we have the 3D linkers comprising 2 groups of 2D linkers
(each has 4 linkers) and the angle between the two groups is again 120< Further
raising n-repeat to 8 leads to 2D linkers. Thus, smaller n-repeat leads to the 3D

linkers with more uniformly distributed orientation in circumferential direction.

1400 - —— Ld :25 nm
o 17 — L,=50 nm

1200 — ===y
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Figure 5.6 The effect of the spatial linker distributions on the critical buckling load
obtained by considering the ‘n-repeat’ linkers

It was found in Fig. 5.6 that for the MT-3D linker systems considered, the
highest F¢ was obtained at n-repeat = 1, i.e., the MT is supported by the 3D-linkers
with uniform distribution of the radial orientation. After this, F.. generally decreases
with rising n-repeat. This observation indicated that less homogeneous distribution of
the linker orientation usually down shifts the critical buckling load. This finding can
shed some lights on the varying critical buckling loads achieved for the MT-cross

linker systems with the same length and boundary conditions of MT, and the
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identical axial density of the cross-linkers. Furthermore, it was seen from Fig. 5.6
that the effect of the cross-linker orientation turns out to be more significant for the
MT-3D linker systems with the lower Ly and smaller n-repeat. In addition, some
exceptions were also found in Fig. 5.6 where at Ly = 25nm F, associated with
n-repeat = 3 is even higher than that associated with n-repeat = 2. The result
suggested that other factors may also exert influence on MT buckling. For the MTs
with 2D-linkers or individual MTs, it is well-known that F.. decreases with rising
length. This common sense however may not be true for MTs supported by the

3D-linkers due to the effect of their spatial orientation.

5.3.3 Effect of the local dense 3D-linkers

The local dense-linkers are found in in vivo condition. A typical example is the
dense actin network in the lamellipodia of cells [256]. To examine the effect of the
local dense-linkers on MT buckling we considered the MT-linker systems with
various sizes and locations of the dense-linkers having Ly = 25nm. The rest of the
MT was supported by the low-density linkers with Ly = 200nm. The buckling modes
and the associated buckling load were shown in Fig. 5.7 with the dense-linkers
regions represented by the coarse lines. Here, buckling preferably occurrs within the
low-density linker regions showing the localized features of MT buckling. Such
localized buckling close to the force applied tip (right side) was also achieved by the
1D-FE model [247]. In the present simulations, buckling was also found in different
places of MTs depending on the location of dense-linkers. These results agreed with
the experimental observation and showed that experimentally observed
‘-deflected-straight-deflected-> MT buckling can be attributed to the local density
variations of the surrounding cytoskeletal network [249].

Furthermore, as disclosed in Fig. 5.7(a-h), F¢r remains nearly constant when the
distance was fixed between the right end of the dense-linkers and the loaded end of
the MT (right side), although the length covered by the dense-linkers was varied by
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up to 3 times. During the calculations, the average density of the linkers was also
changed substantially. The results thus suggested that the average linker density is
not the key factor in controlling the buckling response in the cases considered. In
contrast, the position of the right end of the dense-linkers or the length of the
lower-density linkers between the local dense-linker and the loaded end of MTs (e.g.,
MT end close to the cell membrane) play an essential role in determining F- of MTs
in cells. Despite a few exceptions, F.- exhibits a general trend to decrease from
133pN to 51pN when the right end of the dense-linkers were moved towards the left,
and the length of the low-density linkers close to the force applied end of MTs was
increased by a factor of 6 (Fig. 5.7(a-f)). Specifically, in most cases the buckling of

MTs is localized to the aforementioned region of the low-density linkers.

The portion of MT modeled with dense linkers (L =25 nm)
The rest part modeled with low-density linkers (Z,=200 nm)
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Figure 5.7 The effect of the local dense linkers on the buckling modes and associated
critical loads.
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5.4 Effect of Binding Proteins on Filopodial F-Actin

In this section, the effect of ABPs on filopodial F-actin was investigated. The
polymerizing actin bundle generates force for protrusion of the leading edge in
motile cells (Fig. 5.8(a)). As shown in Fig. 5.8(a), though the length of filopodia is
only about 1 to 5 um [270], the entire length of the protrusive actin bundle inside
filopodial could be of the order of 10 um [258, 271, 272]. Therefore, to study the
buckling or stall force of protrusion, we considered F-actin with the length varying
from 0.5 to 30 wm.

To explore the buckling behaviour and obtain the critical buckling load for the
filopodial F-actins, we considered two types of the filaments found in experiments
whose angular separations are 166.15< and 167.14< respectively. Herein, the
buckling deformation and the length-dependence of the critical buckling load N
were shown for the F-actins with and without ABPs in Fig. 5.8(b). As plotted in Fig.
5.8(b) for a single F-actin without ABP support, N¢r generally decreases with rising
length. Specifically, the curves associated with two angular separations nearly
coincide with each other. In other words, the angular separation does not exert

significant influence on the buckling of the filaments.
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Figure 5.8 (a) The actin bundle which generates force for protrusion of the leading
edge in motile cells and (b) Length-dependence of the critical buckling forces N,
obtained for the F-actins supported by ABPs with different extensional stiffness.
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It was reported in Ref. [258] that the bundles of parallel F-actin such as those
found in filopodia cannot automatically cooperate in a linear manner to increase the
amount of force generated at the bundle tip. Only the longest one in the bundle is in
contact with the barrier, which thus solely resist the axial load [258]. It can be
estimated from Ref. [258] that the length of the load-bearing F-actin was about 10
wm, which, in Fig. 5.8(b), corresponds to N about 0.035 pN of a single F-actins.
This however is nearly two orders of magnitude lower than the experimentally
measured stall force of the order of 1 pN [258]. Thus, the single F-actin model (See
Sec. 2.3) is unable to explain the large force measured on the tip of the F-actin. The
possible stiffening effect of the ABPs has to be taken into consideration by coupling
them with the F-actin model (See Sec. 5.2.3). In Fig. 5.8(b), a similar trend of N,
was observed for the F-actins in the presence or absence of the ABPs. But the ABPs
were found to be able to largely enhance the critical buckling load. This effect of the
ABPs turns out to be more substantial for slender F-actins whose length is greater
than 1 pm. For example, considering the F-actin with length 10 um the ABPs of 500
pN/nm can raise N, from 0.035 pN to 3.750 pN by more than an order of magnitude.
Another determinant of the stiffening effect is the equivalent extensional stiffness of
the ABPs. As expected, Fig. 5.8(b) shows that N, of the F-actin grows considerably
with the increasing stiffness. The stiffening effect of ABPs is strong when their
equivalent stiffness rises up to 50 pN/nm. In this process, N, rises by 1 to 2 orders of
magnitude when the length greater than 10 um was considered. In particular, for
relatively long F-actin with length larger than 10 um, N is of the order of 1 pN
when the modulus falls in the range of [50 pN/nm, 1000 pN/nm]. It is noted that
organization of F-actins into different functional networks is regulated by a variety of
ABPs [273], whose extensional stiffnesses range from 1 pN/nm to 1000 pN/nm [262].
However, more efforts in experimental studies still need to be made to obtain the
exact value of the stiffnesses of the fascins, which are the bundlers in filopodia [273].

Thus, it is evident that the stiffnesses achieved in the present study are reasonable as
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they fall into the range of the stiffnesses of ABPs in the literature [262], although
solid data on the stiffnesses of filopodial ABPs is still required to perform further
comparison. Also, the MSM model is in agreement with the experiment in measuring
the critical buckling load or a stall force of F-actin bundles [258].

To summarise, the above analyses show that the influence of ABPs results in a
complex buckling deformation pattern, referred to as ‘localized buckling’ in Ref.
[249], which is associated with a high critical buckling load relative to the buckling
load of single F-actin without the ABPs (Fig. 5.8(b)). The ABPs can firmly hold the
neighbouring F-actins and largely prevent the filaments from sliding towards each
other. The stabilizing effect of ABPs is very strong, which greatly enhances the
structural stiffness of F-actins and accordingly, enable them to elongate to an extent
required for the filopodial protrusion before reaching the stall force. In other words,
the ABPs play an essential role in regulating the stiffness of F-actin bundles. The
present MSM simulations thus identify the indispensable role of the ABPs in the
filopodial protrusion and cell motility [271], provide a theoretical interpretation for
the experimentally achieved stall force on the F-actin and propose the physical
mechanism of the filopodial protrusion [258]. Here, the present study is focused on
the mechanics of individual F-actin or its bundle. However, it is noted that cytosol
may exert significant effect on the mechanical behaviours of F-actin. This issue thus

deserves to be examined in detail in future study.

5.5 Summary

The effect of the cross-linkers (subcellular environment effect) was examined
for the buckling of MTs in cells. The transition from planar buckling to 3D buckling
was captured and the associated increase was observed in the critical buckling load
due to the increase of the 3D-linkers. The 3D buckling modes were found to be in
accordance with existing experimental observations. For the 3D-linkers, the
distribution of the radial orientation in the circumferential direction of MTs is
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identified as a determinant for MT buckling in cells. The more uniform radial
distribution generally leads to a higher critical buckling load. Such an effect turns out
to be more significant for the MTs supported by the 3D-linkers with higher density.
Another determinant of MT buckling is found to be the distribution of the linker
density along the axial direction of MTs. Inhomogeneous distribution give rise to the
localized MT buckling limited to the region of the low-density linkers. In particular,
the critical load is very sensitive to the size variation of the low-density region close
to the loaded end of MTs. The size of the dense-linker region and the average linker
density, however, do not have a strong influence on MT buckling.

On the other hand, the effect of binding proteins on filopodial F-actin was
examined. For an F-actin bundle in the filopodial protrusion, the compressive load
from cell membrane can be taken by only one F-actin supported by the ABPs that
enhance the critical buckling load by one to two orders of magnitudes. The achieved
buckling load is of the order of 1 pN consistent with the experimentally measured
stall force on the tip of the F-actin. The ABPs thus plays a crucial role in regulating
the stiffness of F-actin bundles, facilitating the formation of the filopodial protrusion

and thus, cell motility.

96



Chapter 6 Electromechanical vibration
of CSK filaments

6.1 Introduction

MTs are composed of heterodimer subunits of o and B tubulins which carry
unbalanced negative charge [274, 275]. With this biophysical property of tubulin
MTs are able to respond to the external electric field (EF) [276, 277]. It is shown in
the literature that the vibration of MTs has attracted considerable attention in the last
two decades [37, 57, 60, 80, 278-280]. Recently, the electromechanical vibration of
MTs was excited by applying an external EF [281], showing the potential of
polarized MTs as biosensors in disease diagnosis and health monitoring. It thus
becomes essential to gain an in-depth understanding of the electromechanical
vibration of MTs subject to an EF [241, 281]. A theoretical study was first conducted
to quantitatively describe the EF-generated by a vibrating MT [277], which provides
a means to detect the vibration of MTs. After that, an optomechanical technique [281]
was proposed to probe and more importantly, stimulate the vibration via EF on MTs
modelled as one-dimensional structure. However, MTs are 3D discrete structures
composed of charged subunits. It is thus of great interest to explore the behaviour of
EF-induced vibration of MTs as 3D nanostructures. In existing studies, vibration
analyses were carried out for MTs first in the framework of continuum mechanics
theory [37]. Subsequently, discrete approaches were developed to account for
nanoscale MT structure and its influence on MT vibration [80]. The typical examples
are the MD simulations [69, 72, 175] and the cost-effective MSM model [77].

In this chapter, firstly (Sec. 6.2), the MSM model [77] was employed to simulate
the vibration of individual MTs subject to an alternating EF generated by a dipole
antenna (Fig. 6.1). The vibration spectra were recorded for MTs for various possible
modes. In addition, the correlation between frequency shift and the possible
softening/hardening of MTs was quantified demonstrating the potential application of
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vibrating MTs as biosensors. In addition, a preliminary study was also conducted to
evaluate the damping effect of surrounding cytosol, which could possibly be reduced
by the nanoscale MT-cytosol interface. Subsequently in Sec. 6.3, the effect of
nanoscale MT-cytosol interface on cytosol damping was further investigated in a
coupled study of MD and MSM simulations. The MSM simulations were carried out
with a desktop computer with 4 cores and the MD simulations were carried out in a
cluster computer with 56 cores.

As mentioned earlier, the MT vibration in response to EF could open a door to
the MT-based biosensors. In spite of this, it is argued that cytosol damping in cells
would quench the vibration when a non-slip solid-liquid interface is assumed for the
MT-cytosol system [282, 283]. 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 MT surface [58, 241, 278]. In
addition, the solid-liquid interface at the nanoscale is found to be different from its
macroscopic counterpart as the vdW interaction at the interface is significant due to
the largely increased surface-to-volume ratio. It was reported in experiments that a
CNT submerged in water can still vibrate in radial breathing modes (RBMs) with
frequency raised by the vdW interaction between CNT and water [284, 285]. For
similar reasons, there may exist a gap between MTs and cytosol 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 [286]. Motivated by this idea,
we aim to study 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 behaviour of MTs are a major
topic of great interest in current research of nano- and bio-mechanics.

Thus in Sec. 6.3, the effect of the interface on the electrically excited vibration
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of MTs in cytosol (80% water) was investigated. MD simulations were employed to
study the interface between MT and water. The obtained properties were then entered
into an MSM model of MTs with updated values of force constants [56, 77] to
examine the effect of MT-cytosol interface on the collective vibration of MTs. The
MT vibration in this study was also excited by an alternating EF from a dipole

antenna (Fig. 6.1).

SR An individual MT
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Figure 6.1 Illustration of an individual MT and an MT-cytosol system subject to an
electric field generated by a dipole antenna

6.2 Electric excited vibration of MT and its application in
biosensors
6.2.1 Modelling of excitation and damping of MT vibration

6.2.1.1 Modelling of EF excited vibration of MT

The migration of individual MTs in an EF has been observed via video contrast
microscopy [274]. In this process, the magnitude of the unbalanced negative charge
carried by tubulins was found to be lower than the theoretical one due to the effects
of the electroosmotic flow and the surrounding substances [274]. Also, this

magnitude varies from one experiment to another [274, 287-289]. On the other hand,
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the computer simulations from crystallographic data give an identical value of -5
electron charges for the tubulin monomer isolated from environment [274, 290, 291].
As such, the charge carried by one monomer was set to g; = -5e [291] in the present
study. Fig. 6.1 shows an alternating EF generated by a Hertzian Dipole in a spherical
polar coordinate system characterised by the radial (r), polar angle (6) and azimuthal
angle () coordinators. The tubulin monomer with negative charges can respond to
the electromagnetic field generated by a Hertzian Dipole in this coordinate system

[292-294]:
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where K,, = w/c, w is the angular frequency, c is the speed of light, € is the
permittivity, po is the dipole moment of the Hertzian Dipole.

Thus the EF was described as E = E,# + Eo6 and in order to simplify the
calculation, the MT was placed (I um in length) at the coordinate of & = 0 and r =
0.1m with the EF vector parallel or perpendicular to the axial direction of MT. When
the radial distance r of the MT is much greater than its length, the EF can be
approximated as a uniform EF exhibiting harmonic time dependence. Also here
defined a yint @S yint = Po / € to control the intensity of EF by adjusting the value of |E|.
For instance, in the present study a yiy = 0.01 V m?” was considered to produce an EF
with an amplitude Ag of 20V/m (the corresponding unit of vibration amplitude will
be 1nm). As the vibration amplitude of MT Ay varies linearly with Ag, the Aur
presented in the present chapter could be dimensionless (i.e., the unit of amplitude
will be 1nm when Ag is 20V/m, the unit will be 1pm when Ag equals to 20 x10° V/m).
Then a fixed-fixed condition was considered to be applied to MT with a fixed length
of Lsx=5an on both ends (an=4.05nm is unit repeat of monomer). And the above
mentioned EF applies the sinusoidal force on the tubulins of MT via the equation

F = F?qt. Here, Fig. 6.1 graphically illustrates that an alternating EF is generated by
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an electronic device (represented by a dipole here) and used to excite the vibration of
individual MTs which are a distance away from the electronic device. The frequency
shifts of MTs can then be employed as a biomarker to monitor the changes of MT
structure and stiffness in pathological and physiological processes. Thus, the distance
r = 0.1 m selected here between the dipole and MTs could demonstrate such a design
of the MT-based biosensor. In the meantime, it is understood that the amplitude of
time-dependent EF should be large enough to excite the forced vibration of MTs with
sufficiently large amplitude and thus, easy to identify by e.g., vibration energy
absorption. The safety is another issue that needs to be taken into consideration.
Therefore, |§ | = 20 V/m was selected as it is relatively strong but safe for human
being according to World Health Organization and Federal Office for Radiation
Safety, Germany [295]. In this study, the vibration analysis was carried out based on
the MSM model [77] developed for 13-3MTs as shown in Chapter 2. The details for

dynamic vibration analysis with MSM model was provided in Sec. 6.2.1.3.

6.2.1.2 Brief introduction to the preliminary evaluation of damping

Moreover, a preliminary parametric study was conducted for the transverse
vibration of MTs in cytosol across a range of damping effects and the frequencies up
to 50 MHz. The damping force F4 on the MT monomers was applied to characterise
the energy dissipation in viscous flow of cytosol and calculated based on the slide
film damping theory accounting for the damping effect of microfluid between two
moving microscale objects [296, 297] (See details in Sec. 6.2.1.3). First, a non-slip
boundary condition associated with a non-slip MT-cytosol interface was considered
in calculating Fq. After that, damping reduction coefficient P from 0.0001 to 0.1 was
introduced to estimate the reduced damping effect. i.e., the damping force on the
monomers decreases to Frq= Fyq < P. Meanwhile, the quality factor Q = wn, /Aw was
also calculated for the damped MT vibration, where wn, is the resonant frequency,
A, is the amplitude of the resonance peak for damped vibration and Aw is the
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frequency increment at the points with amplitude A,,/v/2. [298, 299]. Here it should
be pointed out that these calculations could provide insights into how much reduction
Is required to achieve prominent MT vibration in cells. The possible reduction of
cytosol damping may originate from the relative sliding [241] and/or the vdW
interaction between MT and cytosol, i.e., a nanoscale MT-cytosol interface. Other
factors may also exert influence on the damping of cytosol. For example, in [300] the
wettability and especially, the slip length was identified as major factor affecting
water damping effect on the longitudinal vibration of polarized nanorods. However,
the reduction of cytosol damping due to these factors has not been examined
systematically for all the possible vibration modes based on experiments or atomistic

simulations.

6.2.1.3 Supplementary details of the model

The details of the mathematical techniques used in vibration analyses were
introduced in the following contents. Specifically, the dynamic analysis for MSM
model (Structure under loads that vary sinusoidally at the known frequency) was
introduced as follows.

The high-frequency dynamics analysis follows the general equation of motion
for a structural system. Consider the general equation of motion for a structural
system

Mit+ Cu+ Ku=F (6.2)
where it denotes the acceleration vector, 1 denotes the velocity vector, u denotes
the nodal displacement vector, F denotes the applied force vector, M denotes the
structural mass matrix, C denotes the structural damping matrix, K denotes the
structural stiffness matrix.

As stated above, all points in the structure are moving at the same known
frequency, however, not necessarily in phase. Also, it is known that the presence of
damping causes phase shifts. Therefore, the displacements could be defined as
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U = {Upmgre’?e/" (6.3)

where u,,,, denotes the maximum displacement, j denotes square root of -1, w
denotes imposed circular frequency (radians/time) = 2xnf, f denotes the imposed
frequency (cycles/time), t denotes time, ¢ denotes the displacement phase shift
(radians).

The above equation can be written as u = {4, (cos@ + jsing)}e/®t or as
u = ({wg} +j{u})e’".
where {u;} = {unqrcose} is the real displacement vector and {u,} = {umqaxSine}
is the imaginary displacement vector.

The force vector can be specified analogously to the displacement:

F = {E,ge/¥}e/®t (6.4)
F = {E, 4 (cosy + jsimp)}e/®t (6.5)
F = ({F} + j{F,})e/*" (6.6)

where F,,, denotes force amplitude, iy denotes force phase shift (radians),
{F1} = {Enaxcosy} is the real force vector, {F,} = {EpnqSinp} is the imaginary
force vector .
Then we could have
(—w*M + jwC + K)({ug} + j{uzDe/t = ({Fi} + j{F,})e/" (6.7)
The dependence on time (e/“t) is the same on both sides of the equation and
may therefore be removed and we have
(K— w?M + joC) ({u} + j{uz}) = ({(Fi} + j{F:)) (6.8)
Solving this equation can help us obtain the amplitude-frequency spectrum of
MT excited by periodic sinusoidal electric force.
For the transient dynamics solution of electric excited vibration of MTs, the FE
semi-discrete equation of motion (Eqg. 6.2) can be denoted as
Mii(t) + Cu(t) + Ku(t) = F(t) (6.9)
And the displacement-time relationship can be obtained following the classic

numerical time integration method [301].
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In this study, we considered the damping effect of cytosol from damping force
applied on MTs. Therefore, the structural damping matrix C was ignored. The
method to obtain the structural mass matrix M and the structural stiffness matrix K
was introduced in Sec. 2.2.3.

It is worth mentioning that in this study, the values of &;, k¥, k; were obtained
from the MD simulations in [70, 77, 167] and further optimized in [56], i.e.,
k;=3nN/nm , k(f=2nN-nm , k7=0.04nN-nm , £5=0.14nN/nm , k§=0.085nN-nm ,
k5=0.0017nN-nm.

In the vibration analyses, the damping effect of cytosol on MT vibration was
characterised by the model based on the slide film damping theory.

The model considers the energy dissipation due to viscous flow of cytosol.
Specifically, the slide film damping theory was utilized here to characterise the
energy dissipation due to the viscous flow in cytosol during the high-frequency
vibration of MTs. The damping effect caused by microfluid between two moving
microscale objects can be effectively represented by this theory [296, 297]. As can be
seen from the experimental observation of a cell, the MTs in cytosol are surrounded
by microscale objects [255]. During the high-frequency vibration, the relative motion
between the MT and the surfaces will also lead to the energy dissipation in cytosol
and the damping of the vibration. The governing equation obtained for the sinusoidal
motion (v=vocos(wt)) of the subunit of MT relative to the surrounding surfaces is as

follows [297]:
ov 0%v
p at 1 0z,
where v is the velocity, p is the density of fluid and # is the dynamic viscosity of the

(6.10)

fluid (6.97><10* Pa.s [241]), z; is the distance between a point in fluid and the
moving solid surface.

In this theory, the transition from Couette to Stokes flow occurs at a cut-off
frequency [296] f. = n/2mphg*, where the hs is the spacing between the MT and
adjacent filaments and set to 20 nm here [106]). Thus, 277MHz was obtained as the
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cut-off frequency which is far beyond the scope (1-100 MHz) considered and shows
that the Couette flow model is suitable for the cytosol around the vibrating MT.

The solution of Eq. 6.10 gives the velocity profile of the fluid field. And with
the Newton’s law of viscosity [302] and the momentum transport [303], damping
forces will be calculated as F; = nA;,v:/hs [296], where v, is the velocity of
tubulin during vibration and Ay, is the tubulin-water contact area (Aw~23.5 nm®
calculated as the product of tubulin unit repeat and the width from Ref. [77]).

In this section (Sec. 6.2), two types of MT-cytosol interfaces were assumed and
compared with each other in terms of damping effect, i.e., (1) the non-slip boundary
condition associated with a non-slip MT-cytosol interface where Ujiguia = Usolia [304]
and the damping forces Fq4. (2) the slip-boundary condition at the interface where
Uliquid # Usolia and the damping force is Fq > P on the monomers. Here, coefficient P

ranges from 0.0001 to 0.1, reflecting different reduced damping effect.

6.2.2 Characterisation of the electromechanical vibrations

In the following contents, the forced vibrations of individual MTs subject to an
alternating EF were explored, and the influence of the abnormal interaction between
adjacent tubulins was examined. In addition, a preliminary study was also conducted
to evaluate the influence of the reduced cytosol damping due to the distinctive

MT-cytosol interface at the nanoscale.
6.2.2.1 Vibrations excited by transverse electric field

As mentioned in Sec. 6.1, the investigations on the free vibration of MTs have
achieved multiple advances [37, 60, 305]. The Eigenvalue vibration analysis was
efficiently used to predict the vibration modes and resonant frequencies of MTs [37,
78, 80]. The associated vibration amplitude however cannot be obtained by solving
the Eigenvalue problems. In this study, we further studied the forced vibrations of
MTs excited by a uniform EF. The major concerns are (1) the possible vibration

modes and associated frequencies that can be excited by an alternating EF in the
105



transverse or axial direction of MTs, and (2) “vibration amplitude-EF frequency”
relations, which is crucial in predicting the equivalent dipole moment of vibrating
MTs [277] and facilitating the design of MT-based biosensors based on the
electromechanical vibration of MTs [241].

First, the forced vibrations of MTs excited by the transverse alternating EF (Fig.
6.1) were presented in Fig. 6.2 in comparison with the free vibrations obtained for

the same MT via the Eigenvalue analysis.

(a) Transverse modes in The position on MT where amplitude is recorded
Eigenvalue analysis 1/8 1/4 12
;o /
Mode 2 Mode 4 Mode 6
45.2 MHz 116.6 MHz 198.2 MHz
Mode 1 i Mode 3 Mode 5 Mode 7
18.4 MHz ;| 78.9 MHz 156.7 MHz i | 240.3 MHz
(b) Forced vibration utijder :
harmonic electric field — (12 of length)
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Figure 6.2 The comparison between the Eigenvalue transverse vibration modes and
the vibrations of MTs excited by the EF in the transverse direction

The top panel of Fig. 6.2 shows seven transverse free vibrations whose resonant
frequency up-shifts with the growing half wavenumber and falls in the range of
(OMHz, 250MHz). The amplitudes of the MT were measured at the three points
whose distance from the left MT end is L/2, L/4 and L/8, respectively (L is the MT
length) (Fig. 6.2). In the obtained amplitude-frequency spectra (Fig. 6.2) seven peaks
were picked up in the vicinity of the resonant frequencies. Accordingly, seven forced
transverse modes were achieved, which are identical to the seven free vibration

modes shown in Fig. 6.2. Meanwhile, for a given amplitude the width of frequency
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range (Wy) of the peaks (the frequency span around the frequency peak with the
amplitude greater than the given value) associated with the odd half wavenumbers 1,
3, 5 and 7, are found to be greater than those corresponding to the even half
wavenumbers 2, 4 and 6. In addition, among the peaks with an odd half wavenumber,
the W increases with decreasing wavenumber or declining frequency. The
observation suggested that the excitation of the MT vibration with relatively large
odd half-wavenumber and particularly, even half-wavenumbers are very sensitive to
the selected frequency of the EF, and accordingly, show narrow or sharp peaks in the
amplitude-frequency spectra. They can be obtained only if the frequency of
excitation is the same as the corresponding resonant frequency of MTs. A small
deviation from the resonant frequency would extinguish these even modes. It follows
that the odd transverse modes of MTs with low frequency can be excited in a wider
range of frequency and thus, are promising for their applications in the MT-based

biosensors.

6.2.2.2 Vibrations stimulated by axial electric field

Possible vibration behaviours of MTs other than transverse modes have been
predicted by Eigenvalue analysis [37, 277]. Such vibration modes can also be
achieved by applying an alternating EF in the axial direction (Fig. 6.3(a)). Fig.
6.3(b-c) and d show the three typical examples and the associated
amplitude-frequency spectra. The RBM with a circular cross-section and the axial
half wavenumber m =1 was observed at around 53.019MHz (Fig. 6.3(a)). In RBM,
the o and B tubulins of the MT oscillate in the radial direction as if the MT was
breathing with a time-dependent radius. The vibrational radial displacement is
distributed uniformly along the perimeter of MT cross-section. Along the MT length,
the distribution however becomes non-uniform and characterised by the axial half
wavenumber m, which increases with rising frequency. For instance, the frequency
159.291MHz of the RBM with m = 3 is three times as much as the 53.019MHz
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associated with m = 1. In addition, the circumferential modes with a non-circular
cross-section [60, 306] were also found in Fig. 6.3(c) at around 585.639 MHz. The
radial amplitudes (Fig. 6.3(a)) at the middle point of the MTs were recorded in the
amplitude-frequency spectra for the vibration modes (Fig. 6.3(b-c)). Here, two peaks
were observed around the resonance frequencies (of RBMs) 53.019MHz (Fig. 6.3(b))
and 585.639 MHz (Fig. 6.3(c)), respectively. The amplitude is of the order of 0.02nm
at 53.019 +0.001MHz and 0.0003nm at 585.639 +0.001MHz, which is two orders
of magnitude smaller than the first one. Meanwhile, in Fig. 6.3(c) another peak of
circumferential mode was also observed at a frequency slightly lower than 585.639

MHz of RBM.
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Figure 6.3 The vibration modes of MTs excited by the EF in the axial direction

In addition to RBMs, the axial vibration mode at around 377.840 MHz

possesses the highest amplitude as shown in Fig. 6.3(d). Specifically, a sinusoidal
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alternating EF with an amplitude of 20V/m can excite the axial vibration of
individual MTs with a Wy (associated with amplitude greater than 0.1nm) around 150
KHz, i.e., from 377.915MHz to 377.765MHz. In this study, the amplitude 0.1nm is
selected as a reference oscillatory displacement. The W of a resonant peak is then
defined as the frequency range (around the peak) associated with the amplitude
greater than 0.1nm. This definition allows us to compare the Ws between different

resonant peaks.

6.2.3 Dependence of vibration on tubulin interaction

It was shown recently [307] that cell stiffness can be used as a biomarker to
identify cancerous cells among surrounding healthy cells. Herein, MTs are known as
one of the major structural elements responsible for cell stiffness and the variation of
MT stiffness can be reflected by the frequency shift of MT vibration excited by an
EF [241]. It is thus expected that MT frequency can be used as a bioindicator to
quantify the changes in the structural stiffness of MTs in diseased cells.

It is understood that the structural domains of tubulins, i.e., the N-terminal,
intermediate, and C-terminal domains [308], may contribute to heterodimer stability,
longitudinal and lateral PF interactions, nucleotide exchange and hydrolysis, and
MT-protein interactions [308]. Disease-causing amino acid substitutions were found
among the three domains of tubulins and therefore predicted to perturb a range of
MT functions [309]. Specifically, the disease-causing substitutions in TUBB2B alter
amino acids in domains important for GTP binding, heterodimer stability and
longitudinal interactions, and those in TUBB3 are located primarily in regions that
regulate GTP binding, heterodimer stability, and longitudinal and lateral interactions.
It follows that the variation of MT stiffness may arise from the abnormal interactions
between adjacent tubulins due to pathological changes (e.g., the above-mentioned
disease-causing substitutions or the cancer progression induced structural

remodelling of MTs) in human body [56]. It is thus of great interest to study the
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dependence of the elastic moduli and vibration frequency of MTs on the strength of
tubulin interaction. The outcomes have potential applications in developing
biosensor for the biophysical properties of individual MTs or cells.

To mimic this scenario, we have adjusted the strength of longitudinal and helical
tubulin interactions by varying the values of the force constants &, k¥, and &} (Sec.
2.2) that control changes in the bond length, the bond angle and the dihedral angle of
tubulin interactions (Fig. 2.1(c-f)). ;, £, and k; for normal cells were obtained in
[56, 70] and replaced in this study by Qk;, Qk?,and Qk; where Q is a coefficient
ranging from 0.2 to 2, which allows us to produce the elastic modulus close to the
experimentally obtained stiffness of cancer cells at different progression stages
(determined by atomic force microscopy) [307]. First, Young’s modulus Y and Shear
modulus G were measured for the MTs where the strength of the tubulin interactions
varies by an order of magnitude. The method used here to measure the elastic moduli
Is demonstrated in [77]. Subsequently, the fundamental vibration was studied for the
above MTs subject to a transverse EF. The aim of this study is to establish the
correlation between the tubulin interaction and the Ws at the resonant frequency,
which is associated with the frequency span with an amplitude greater than 0.1nm
[277].

As shown in Fig. 6.4(a), when the longitudinal interaction is altered with Q
rising from 0.2 to 2, G changes slightly around 1.5MPa [21], while Y increases
linearly from 0.17GPa to 1.71GPa by a factor of 10.06. In the same process, the
fundamental frequency rises from 9.02MHz to 23.67MHz (by a factor of 2.62) while
the Wy decreases from 7.05MHz to 2.48MHz (by 65%). The trend of the properties
and dynamic responses to change with helical interaction is plotted in Fig. 6.4(b). In
contrast to the longitudinal interaction effect, Y remains nearly unchanged while G
grows linearly from 0.32MPa to 2.86MPa by a factor of 8.94 with rising Q. It also is
noted in Fig. 6.4(b) that when @ rises from 0.2 to 2, the fundamental frequency rises

from 13.67MHz to 19.41MHz (by 42%) while the Wy decreases from 4.30MHz to
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3.03MHz (by 30%). The effect of the helical interaction on the frequency and the Wi,
is found to be smaller than the effect of the longitudinal interaction.

Herein the longitudinal interaction is found to be important for axial Young’s
modulus, while the helical interaction is mainly responsible for Shear modulus.
These results are in agreement with [20, 56]. Consistent with this observation, the
longitudinal interaction also plays a major role in fundamental (transverse) vibration,
where axial Young’s modulus has a predominant effect over shear modulus.
Moreover, the fundamental frequency also changes with the variation of the helical
interaction and is found to be more sensitive to the helical interaction weakening than
its strengthening. For instance, when Q falls from 1 to 0.2, i.e., the helical interaction
is weakened by 80%, the fundamental frequency decreases by 26% while it only

increases by 5% when Q rises from 1 to 2, i.e., the helical interaction is strengthened

by 100%.
(@) (b)
Adjusting the strength of . ey The W, is
interaction between tubulins Wk the frequency span
—— with amplitude > 0.1nm
. longitudinal -
2 = fundamental frequency . X i
e, SRESUA= 7 1x10°
= 2.4x10 fr " 5 > 2.4x10° o 6
25«10 - 19x10 22.9x1074 1 9x10
2 2.0x10 - 18x10° = 8504107 18x10° =
o 7 6 o >3 - n—E—a—8 (3
£ 1.8x10' 7 ° _.' 1 7x10 = & 1.8x10' 7 L 4 7x10
= 1.6x107 \. o~ 16x10°57 < Lexi0/] = J6x10"="
E 1.4x10" Y 4 5x10° T § 1.4x10° 4 4 5x10° T
" w 1 ]
£ 1.2x10 < e, J4x10°=  E 12107 & J4ax10° =
g | 4J\'|H“ o l-.\.\.__. J3x10° S 1.0x10" o *000e o9 9o -o—0 3x10°
S8 a0t EN 10
- 00 04 08 12 16 20 _ 00 04 08 12 16 20
g H Young’s modulus {302 § :(\ o X
= U7 —o-Sh \ ] £ = o ]
NERE Shear modulus iZ‘SE NG /C/ 72.55
512 {208 g 12 o {208
= 1.0 i o = 1.0 A 5
‘g 0.8 C,QAO")"":"F"'U o< 0—0—0—0—0 7 1.5 ;— —g 0.8 _j‘c‘" —41.5 E
£0.64 110 E 0. e 1104
004 1= 2 0.4 o =
2, J05% 2021 o os%
E”—“ T T T T T 0.0= ﬁ 0.0+ T T T T T 0.0
00 04 08 12 16 20 00 04 08 1.2 16 20
Coeflicient £2 Coefficient

Figure 6.4 The changes in vibrational responses and elastic moduli of MTs as a result
of (a) abnormal longitudinal interactions between tubulins and (b) abnormal helical
interactions between tubulins

The above study indeed shows a typical example that the nanostructures of

subcellular components like MTs may have a substantial influence on their overall

static and dynamic responses [50]. The prominent role of longitudinal interaction in
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the transverse MT vibration originates from its influence on axial Young’s modulus
that controls the bending or transverse deformation of MTs. In the meantime, the
helical interaction is responsible for the resistance of MTs to shear deformation or
inter-PF sliding. Weakening the helical interaction leads to significant inter-PF
sliding [49, 53, 56], which however is prohibited when the interaction is strengthened.
This explains the relatively large frequency shift due to the helical interaction
weakening. These results obtained in the present simulations show the potential of
polarized MTs as a biosensor and its frequency as a possible biomarker in detecting
the property and structural changes in individual MTs or cells in physiological or

pathological processes.

6.2.4 Preliminary evaluation of reduced cytosol damping

In previous sections, the EF-excited vibrations of individual MTs were
investigated without considering any damping effect in the intracellular environment.
In reality, MTs are submerged in cytosol of cells (80% water). Thus, cytosol damping
cannot be avoided. On the other hand, the damping effect may reduce to some extent
due to, e.g., the possible MT-cytosol sliding and the vdW interaction although we are
still waiting for experiments or simulations to confirm this assumption. Therefore, it
is of interest to conduct a parametric study of cytosol damping and find the condition
under which the prominent vibration of MTs can be excited by EF. It was shown in
Sec. 6.2.1.2 that a coefficient P was introduced to decrease the frictional forces on
the MT due to surrounding cytosol and thus, measure the reduction of the damping
effect. The amplitude-frequency spectra are calculated in Fig. 6.5 for the transverse
vibrations with P rising from 0.0001 to 1. For the non-slip MT-cytosol interface with
P = 1, viscous damping is so strong that can extinguish the vibrations of MTs, which
is found to be in agreement with [282]. When the damping effect decreases to P = 0.1,
the amplitude increases but is still very small. Further decreasing P to 0.01, 0.001

and to 0.0001 leads to the increasing amplitude of the order of 0.02 nm, 0.2 nm and

112



1.2 nm, respectively. Thus, transverse vibration with amplitude greater than 0.1nm
[277] can be achieved when the cytosol damping effect can decrease by three orders
of magnitude due to the unique features of the nanoscale MT-cytosol interface. To
reveal the trend of quality factor Q in this process we have calculated the frequency
spectra with P ranging from 0.002 to 0.009 in the inset of Fig. 6.5. In the figure, Q is
found to increase with decreasing damping effect measured by P and at P < 0.003 Q >
4.3 can be obtained. Here, it is worth mentioning that decreasing cytosol damping
leads to greater Q mainly by raising the amplitude. In this process, the Wi also grows

with increasing Q or decreasing P.
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Figure 6.5 The changes in responses of damped MT vibration in cytosol due to
different damping reduction factors

Here, it should be noted that the present study evaluates the reduction of cytosol
damping required to stimulate prominent vibration of MTs in cells. It is however not
clear whether the unique MT-cytosol interface can finally achieve the goal. Therefore
in Sec. 6.3 the effect of the unique MT-cytosol interface will be further studied. In
addition, the experimental evidence of MT vibration in cells is still not available in
the literature. There are two possibilities, i.e., (1) The MT-cytosol interface cannot
substantially decrease the damping effect of cytosol which finally quenches the

vibrations of MTs in cells. (2) More advanced signal acquisition technique is
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required to identify the resonance of nanoscale components of cells and tissues.
Indeed, these issues as well as many other technical challenges need to be addressed

before one can eventually realise the proposed MT-based biosensors.

6.3 Effect of nanoscale solid-liquid interface on

electromechanical vibration of MTs in cytosol

This section aims to further study the electromechanical vibration of MTs
submerged in cytosol with nanoscale solid-liquid interface. The MT-cytosol interface
was established in MD simulations and the electrically excited vibrations of MTs in
cytosol were studied based on a MSM model. The modelling of the excitation of MT
vibration in EF, the details of the vibration analyses and the damped model used in
this work can be found in Sec. 6.2.1, while the other modelling details of nanoscale

MT-cytosol interface were presented in the following contents.
6.3.1 The MD simulation and the model development

Herein, the MD simulations were performed by using NAMD package [186].
The CHARMM22 force field was employed in the simulations, which could provide
a consistent set for condensed-phase simulations of a wide variety of molecules of
biological interest [192]. The cut-offs used for the non-bond interactions (vdW and
electrostatic) were set to 1.2nm which is proven to be applicable in protein-water
system [195]. The atomic structure of tubulin a-p dimer labelled by PDB ID code
1TUB [275] was obtained in RSCB Protein Data Bank [188] and used in the present
study. The dimer structure was placed at the bottom of a rectangular box where the
periodic boundary conditions were applied (Fig. 6.6(a)). The box shares identical
sizes in directions 1, 2 with the dimer but it was double-sized along the thickness
direction of MT (direction 3). The system was solvated with TIP3P water molecules
[196] to mimic the liquid environment (i.e., cell cytosol) surrounding MTs. The

unbalanced negative charge was found in tubulins [274, 290, 291] and sodium-ions
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(Na") was then added to the solution [69] to balance the charge and neutralize the
whole system. The NPT ensemble [195] was used with pressure maintained at 1 atm
based on the NoséHoover Langevin piston method [195, 310]. Meanwhile, the
temperature of the entire system was set to 310 K and controlled by Langevin
Dynamics [195, 310]. Moreover, PME method was introduced to deal with the
long-range electrostatic forces [311]. The system was energy minimized and left to
equilibrate for 2520 ps with a time step of 2 fs [69].
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Figure 6.6 (a) The illustration of the interface between MT and cytosol (inset:
simulation box); (b) the dimer region within which the distance between water
molecules and dimer atoms are 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 ; (f)
the physical model for the nanoscale interface between MT and cytosol (case 3);

In the equilibrated system (Fig. 6.6(a)), a gap was found at the water-tubulin
interface. The size of the gap, i.e., the distances to water were measured for dimer
atoms in the central rectangular region shown in Fig. 6.6(b). The four sides of the
rectangle are 1.2nm (the cut-off distance for non-bond interaction) away from the
corresponding boundaries of the simulation box. The boundary effect on the interface
interaction is thus eliminated. Fig. 6.6(c) shows the histogram of the distance where

the average value deq 2.494 angstroms was obtained. Subsequently, to simulate the
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interaction potential between water molecules and the dimer (Fig. 6.6(d)), the water
block consisting of the water molecules on the upper half of the simulation box was
manually moved up/down while the dimer was fixed at its original position. The MD
simulation was performed to acquire the interface potential energy as a function of
the change in the distance between the dimer and the water block that was measured
by the distance the water block moves (Fig. 6.6(d)). The maximum change Ad =
0.01nm was chosen, which was reported as the amplitude of nanoscale vibrations of
MT submerged in cytosol with viscous damping [282, 312]. It can be seen that the
energy-distance relation is best described by a 2" order polynomial at Ad < 0.01nm

(Fig. 6.6(e)) or even larger deformation Ad < 0.02nm (the inset of Fig. 6.6(e)). Thus

OE

the linear model F,pn—pona = - = —keq - (Ad) (keq = 6999 nN/nm) is adequate

for the interaction between the dimer (or MT) and surrounding water.

The description of MT-cytosol interfaces will be introduced as follows. In the
present study, two types of interfaces were investigated and compared to examine the
small scale effect. The first one is the macro-scale (non-slip) interface (Fig. 6.7(a)).
The requirement of continuity leads to the compatibility of the dynamic displacement
along the contacting surfaces between the MT and cytosol satisfy both the MT and
cytosol motions (i.e., Uiiguia = Usolia) [304], which is associated with the condition that

the calculated damping forces directly applied on the monomers of MT.
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Figure 6.7 The two types of MT-cytosol interfaces models

The second case is the nanoscale interface (Fig. 6.7(b)). The displacement along

the contacting surfaces between the MT and cytosol could be related by the
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description of non-bond interaction force as Fnon_bondz—aE/adz—(keq-

2 . . .
|wiiquia — Usotia| + O ((|u”quid — Usorial) )) Herein, k., is an equivalent force

coefficient to describe the force transferred between liquid and solid during the
motion along the contacting surfaces due to the non-bond interactions. Thus in this
condition, the calculated damping forces are transferred through the nanoscale
interface to the monomers of MT.

Since the 2™ order polynomial was the best fit to the interface energy-distance
relation shown in Fig. 6.6(e) and provided that the amplitude of vibration is smaller
than the value of perturbation from the equilibrium inter-phase separation distance
(i.e.,, #0.01 nm), the transfer of force due to non-bonded interaction could be
achieved by a simplified model as a linear spring linking the liquid and solid at the

interface.

6.3.2 The effect of nanoscale interface on MT vibration in electric field

To study MT vibration in cytosol, we have used the above-obtained equivalent
linear springs to connect the MT with surrounding water in radial direction (Fig.
6.6(f)). The spring represents the nanoscale MT-cytosol interface (see Sec. 6.3.1)
with the equivalent thickness (i.e., the natural length of the spring) 0.2494nm. The
MT was modelled by the MSM model with the force constants for monomeric
interactions updated in the studies of MD simulations [70, 77, 167] and further
optimized in Ref. [56]. The damping effect of the surrounding cytosol (Fig. 6.6(f))
was evaluated by the damping force F4 [296, 297] (see Sec. 6.2.1). In what follows,
three different scenarios were considered: Case (1) an MT without surrounding
cytosol; Case (2) an MT-cytosol system with a non-slip MT-water interface, i.e., they
are in physical contact and there are no gap and no relative sliding/twisting on the
MT-water interface; Case (3) an MT-cytosol system with a nanoscale MT-water

interface where they are separated by a small gap and coupled with the non-bond
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interaction modelled as a linear spring. As a result, there might be sliding or twisting
relative to each other on the interface. The vibrations were then excited for the MTs
by an EF generated by a dipole antenna (see Sec. 6.2.1).

Fig. 6.8(a) shows that when subjected to a transverse electrical field (TEF)
individual MTs (case (1)) exhibit resonant transverse vibrations at frequency 18.4
MHz and 78.9 MHz, respectively. They correspond to the transverse modes with one
and three half waves. The bandwidth of the 1% peak is found to be several times
wider than that of the 2" peak. The results for MTs submerged in cytosol (i.e., cases
(2) and (3)) are shown in Fig. 6.8(b) where the damping effect of cytosol is of major
concern [58, 278, 283, 300]. It is noted that, due to the damping effect the amplitude
decreased monotonically with the increasing frequency and at least an order of

magnitude lower than those of individual MT (Fig. 6.8(a)).
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Figure 6.8 The amplitude-frequency spectrum of (a) individual MT (case 1) subject
to a TEF, (b) MT-cytosol system subject to a TEF with a non-slip (case (2)) or a
nanoscale interface (case (3)), (¢) individual MT subject to an AEF and (d)
MT-cytosol system subject to an AEF with a non-slip (case (2)) or a nanoscale
interface (case (3)).

In the present study, the primary goal is to examine the effect of the nanoscale

MT-cytosol interface on the vibrations of MTs in cytosol, i.e., the difference between

cases (2) and (3). The frequency of transverse mode Il in Fig. 6.8(b) is found to
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increase from 1.099 MHz for case (2) to 2.188 MHz for case (3). Similar trend is also
observed for mode Il in Fig. 6.8(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 [LMHz, 100MHz]. It follows that the nanoscale interface (case (3)) upshifts the
frequency of the transverse vibration and raises the vibration amplitude at a given
frequency. These can be attributed to the presence of the nano-scale interface, where
the slip boundary or the gap between MT and cytosol will largely decrease the
energy dissipation caused by the cytosol damping.

Fig. 6.8(c) shows the spectrum of MT vibration (case (1)) excited by an axial
EF (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 o and f
tubulins of the MT oscillate in the radial direction as if the MT was breathing. On an
MT cross-section, the time-dependent change in radius (i.e., radial vibration
displacement) is equal in all directions and its amplitude (Fig. 6.8(c)) is found to be 3
orders of magnitudes smaller than those of transverse MT vibrations. The vibration
spectra of RBV were calculated in Fig. 6.8(d) for MT-water system with the
nanoscale interface (case (3)) in comparison with those for the non-slip interface
(case (2)). In case (2), the vibration amplitude decreases continuously with rising
frequency. This behaviour is analogous to the transverse vibration of MTs in cytosol
(Fig. 6.8(b)) and the vibration of a bulk solid object submerged in water. In sharp
contrast, the frequency spectrum in case (3) shows a resonant vibration where the
amplitude rises suddenly when the frequency approaches 53MHz, i.e., the resonant
RBV frequency. This is also observed in the spectrum of the free RBV (Fig. 6.8(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. 6.8(d)-case (3)).

To further examine the effect of the nanoscale interface gap, we examined the
trend of the amplitude to change with time (at a given frequency) for the MTs in all

three cases considered. The forced MT vibration was excited by an EF and lasted for
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9.75 periods (T) (i.e., stage ). Subsequently, the excitation was removed and the MT
vibrated freely (i.e., stage Il) in cytosol. The time-dependent amplitude at the two
stages is presented in Fig. 6.9 with three excitation frequencies, i.e., 1IMHz, 18 MHz
(i.e., the resonant transverse vibration frequency) and 53 MHz (the resonant RBV
frequency). It is noted in Fig. 6.9(a), achieved by applying the TEF of 1MHz, that an
MT in case (1) showed nearly constant amplitudes at both stages I and Il, and the
amplitude at stage | is around 2 times greater than the one at stage Il. When the
cytosol was introduced, the MT of case (2) vibrates steadily at stage | but the
vibration extinguishes very quickly at stage Il (Fig. 6.9(a)). The trend obtained for
the MT in case (3) is close to that of the MT in cases (2). The difference is that, in
case (3) the MT shows greater amplitude at stage | due to the reduced damping effect
in the presence of the nanoscale interface gap. For the transverse vibration at
resonant frequency 18MHz, the amplitude achieved in Fig. 6.9(b) for MTs in case (1)
grows constantly at stage | and finally reaches its maximum value, which remains
unchanged throughout stage 1l. The inset of Fig. 6.9(b) shows how the amplitude of
MTs changes in cases (2) and (3), which are similar to those shown in Fig. 6.9(a).
These results indicates that the 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 in Fig. 6.9(c-d) obtained at
frequency 1MHz and the resonant frequency 53MHz, respectively. It is noted in the
two figures that, at the two frequencies RBV is again quenched by cytosol (i.e., the
amplitude fades away with time in a short period of time) at stage Il when the
non-slip MT-cytosol interface (case (2)) was assumed (the insets of Fig. 6.9(c-d)).
Nevertheless, when the nanoscale MT-cytosol interface gap was introduced (i.e., case
(3)) the amplitude of MT remains constant or nearly undamped at stage Il (Fig.
6.9(c-d)), which is nearly the same as the behaviour of free RBV in case (1). At
1MHz (Fig. 6.9(c)) the amplitude in case (3) is smaller than the one in case (1) while,

at resonant frequency 53MHz (Fig. 6.9(d)) the amplitudes in the two cases are nearly
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the same. Based on the results, we came to the conclusion that the influence of the
nanoscale MT-cytosol interface gap is so great that it can nearly eliminate the effect
of cytosol damping on the RBV of MT. Such influence turns out to be even stronger
for the resonant RBV of the MT submerged in cytosol. The RBV of the MT with
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 biosensor in cells. In this
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Figure 6.9 Time-dependent amplitude of MT vibration excited by a TEF at frequency
(@) 1 MHz and (b) 18 MHz, respectively, and the vibration stimulated by an AEF at
(¢) 1 MHz and (d) 53MHz, respectively.

case, there existed the conversion between the potential energy of the nanoscale
interface gap and kinetic energy of oscillating MT but 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.
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6.4 Summary

In this chapter, firstly, an alternating EF was used to excite the forced vibration
of polarized MTs in different modes. The possibility was also examined to detect the
abnormal tubulin interaction in the pathological process by measuring the changes in
the frequency and elastic moduli of MTs. The effect of cytosol damping was also
preliminarily evaluated for the transverse vibration of the MT.

It is found that a TEF is able to excite transverse vibrations of MTs where
frequency upshifts from 18.4 to 240.3 MHz when the half axial wavenumber rises
from one to seven. The vibrations with the even half wavenumbers are hard to excite
as they show a very narrow Wy on the vibration spectra, while it is relatively easy to
achieve those with odd half wavenumber due to their much wider W which
increases with the decreasing frequency. An axial EF is found to generate RBMs of
MTs, which can be observed in the vibration spectra at a frequency around 53.019
MHz and 159.291 MHz, much higher than the frequencies of the transverse
vibrations with the same half axial wavenumber. The circumferential vibrations with
non-circular cross-section were also achieved at 585.639 MHz. In addition, the axial
vibration of frequency 377.840 MHz can also be excited, where the amplitude was
found to be greater than other modes stimulated by an axial EF.

For MTs in cells, the excitation of prominent vibrations depends largely on the
possible MT-cytosol sliding at the interface, which may substantially reduce cytosol
damping. The transverse vibration with amplitude greater than 0.1nm and quality
factor Q larger than 4.3 can be achieved by applying an EF of 20 VV/m provided that
the sliding MT-cytosol interface can largely decrease the damping by three orders of
magnitude relative to the cytosol damping due to a normal continuous (non-slip)
MT-cytosol interface. In addition, it was also found that the longitudinal tubulin
interaction determines the axial Young’s modulus that controls the bending
deformation or the transverse vibration, while the helical tubulin interaction mainly
decides shear modulus and the inter-PF sliding. Thus, changes in the longitudinal or
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helical interaction in pathological processes can be detected via the variation of
elastic moduli and the shift of MT frequency as promising biomarkers. Indeed,
correlating the pathological changes of MTs to their responses to an alternating EF is
crucial for the development of MT-based biosensors. Hence, the dependence of MT
frequency on the tubulin interaction achieved here not only reveal the
structure-property relation of MTs, but also provides useful guidance to the
development of the MT-based biosensors to detect the changes in the mechanical
properties and structure of individual MTs or cells.

Furthermore, MD simulations and MSM simulations were performed to study
the effect of the interface on the electrically excited vibration of MTs in cytosol. It
was found that a forced transverse vibration of MTs can be excited by a TEF whose
amplitude decreases with the rising excitation frequency. The vdW interaction
between MT and cytosol significantly raises the frequency of a vibration mode and
lifts the amplitude at a given frequency. It however does not give rise to a resonant
transverse vibration of MTs in cytosol. In addition, the free transverse vibration of
MTs will be wiped out very quickly by cytosol damping even if the nanoscale
interface gap is considered. Forced RBV of MTs can be stimulated by an AEF.
Similar to the transverse vibration in cytosol, no resonant RBV can be achieved
when the non-slip MT-cytosol interface is assumed. The nanoscale interface gap, on
the other hand, largely decreases the cytosol damping and results in resonant RBV of
MTs in cytosol. The amplitude of RBV and thus the MT-cytosol interaction becomes
very small. In this case, the surrounding water behaves as if it were a rigid body with
nearly zero displacement and velocity. This finally leads to an almost undamped free
RBV of MTs in cytosol. These results provide important guidance for the
development of the inherent and bio-compatible nano-biosensors based on MTs in
cells that would enable non-invasive diagnosis of disease and health monitoring of
cells and tissues. Such a resonant RBV of MTs excited by an electrical field may also

have a role in signal transduction in cells.
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Chapter 7 Conclusions

7.1 Conclusive remarks

The CSK is a subcellular structure responsible for cell shape and intercellular
organization. The mechanical support provided by CSK plays a key role in fulfilling
the essential functions of cells, such as division and movement. The CSK is a
combination of several different subcellular components. The basic subcellular
components are MTs, F-actins and IFs. The pivotal roles played by CSK depend
crucially on the mechanical responses/properties of CSK filaments. Thus, an in-depth
understanding of CSK filament mechanics is essential in revealing how cells fulfil
their biological functions via CSK and offering the new design of biomimetic
structure/materials by mimicking the mechanical characteristics of CSK filaments.
The experimental works have been conducted initially to study the mechanics of
CSK filaments. In addition, the effort has also been devoted to theoretically
characterising the mechanics of those filaments. In spite of the results obtained in the
existing modelling studies, challenges still exist in the mechanical modelling of CSK
filaments, which necessitate further investigation on the mechanics of CSK. More
importantly, in facilitating to develop the CSK filament-based biosensor and
biomimetic nanomaterials, it is crucial to obtain deeper understanding in inherent
(e.g., monomer interactions, helical structure) and environmental factors (e.g.,
surrounding proteins, cytosol, physical field) which determine the nanomechanics of
CSK filaments. Thus in this thesis simulations have been performed to study the
monomeric features of micro-scale CSK filaments, the effect of unique helical
structure on CSK filaments mechanics, the influence of filamentous surrounding
environment on individual CSK filament and the interaction between the external
physical field and the filaments, etc.

A comprehensive review of the great amount of efforts into modelling of CSK

filaments was first provided in the thesis. The review is devoted to summarise and
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classify a wealth of computational models for CSK filaments, with concentrations on
their purposes and applications. The comprehensive summary achieved in the present
thesis is thus able to shed some lights on the development of the integrated
researches and the potential applications in medical innovations.

MSM models developed for MTs and F-actin were then introduced, which are
capable of interpreting monomeric features of CSK filaments in a relatively large
scale and with high computational efficiency. The MSM model was employed to
identify the origin of the inter-PF sliding and its role in bending and vibration of MTs.
Clear evidence shows that the inter-PF sliding is due to the soft inter-PF bonds and
leads to the length-dependent bending stiffness. In addition, the Euler beam theory is
found to adequately describe MT deformation when the inter-PF sliding is largely
prohibited. Nevertheless, neither shear deformation nor the nonlocal effect
considered in the ‘more accurate’ beam theories can fully capture the effect of the
inter-PF sliding. The results achieved here reflect the distinct deformation
mechanisms between an MT (which is composed of discrete basic units) and its
equivalent continuous body.

In studying helix structure effects on the mechanics of CSK filaments, a 3D
transverse vibration was reported for MTs, where the bending axis of the cross
section rotates in an anticlockwise direction and the adjacent half-waves oscillate in
different planes. A close correlation was confirmed between the rotation of the
oscillation planes and the helical structures of MTs, showing that the 3D mode is a
result of the helicity found in MTs. In addition, the unique vibration mode is found to
be a result of the bending axis rotation of the cross-section but no significant torsion
occurs for MTs.

The tension-induced bending was studied for F-actins as a result of their helical
structure. The study shows that the helical structure of F-actin leads to a resultant
eccentric force and thus, a resulted bending moment on the cross-section of the

F-actin when an axial tension/compression is applied. For a given axial load the
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induced bending deflection of F-actin increases substantially with the rising contour
length but decreases slightly with growing rotation angle.

After that, subcellular environment effect on the filament mechanics was
explored. In cells, the protein cross-linkers lead to the distinct buckling behaviour of
MTs different from the buckling of individual MTs. The transition of buckling
responses was captured as the 2D-linkers were replaced by the 3D ones. It was
shown that more uniform distribution of the radial orientation of the 3D-linkers leads
to the higher critical load. The inhomogeneity of the axial density results in the
localized buckling patterns, which reveals the physical origin of the experimentally
observed localized buckling.

Moreover, structural instability was investigated for the F-actins in filopodial
protrusion by considering the reinforcing effect of the ABPs. The predicted buckling
load agrees well with the experimentally obtained stall force, showing a pivotal role
of the ABPs in regulating the stiffness of F-actin bundles during the formation of
filopodia protrusion. The outcomes in this study reveal the role played by
cross-linking proteins in CSK mechanics and the difference in mechanical aspect
between the individual filaments and the filaments in CSK.

Finally, the electromechanical vibration of CSK filaments was explored, which
may have an important role in designing inherent biosensors. Here, transverse
vibration, radial breathing vibration and axial vibration were achieved for MTs
subject to a transverse or an axial EF. The strong correlation obtained between the
tubulin interaction and MT vibration excited by EF provides a new avenue to a
non-contacting technique for the structural or property changes in MTs, where
frequency shift is used as a biomarker. This technique can be used for individual MTs
and is possible for those in cells when the cytosol damping on MT vibrations is
largely reduced by the unique features of MT-cytosol interface.

Subsequently, the unique features of nanoscale MT-cytosol interface were

studied with MD and MSM simulations. The simulations show that the solid-liquid
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interface with a nanoscale gap significantly reduces the viscous damping of cytosol
on MT vibration. Specifically, as far as the RBMs were concerned, cytosol behaves
as a rigid body and thus, has negligible damping effect on the RBM of MTs. This
distinctive feature of the RBMs arises from its extremely small amplitude (< 0.1 A)
and relatively large gap between MT and cytosol (2.5 A) due to the vdW interaction.
Contributed by the EF excited megahertz MT vibration achieved in this study, the
potential roles of CSK filaments in designing MT-based biosensors, developing
novel treatments of diseases and facilitating signal transduction in cells were

disclosed.

7.2 Future work

The existing works (including the present study) have explored numerous
aspects in the topic of CSK mechanics and achieved a considerable amount of
outcomes. However, there are still countless challenges to overcome in deepening the
fundamental understanding of the physics and mechanics of CSK filaments in living
cell. Those crucial fundamental understanding could help researchers to design novel
diagnostic tools, to develop novel treatments of diseases and to understand the
mysterious aspects of life (e.g., the nature of consciousness). Not only the
experimental technologies need to be improved, but also more advanced features are
necessary to be included in the future models.

At the next stage, the most anticipated breakthrough is building a ‘cell scale’
model with different cytoskeletal components included and enabling it to interact
with external EF. Meanwhile, a corresponding experiment could be conducted to
compare with the simulations to figure out the roles of cytoskeletal components in
the interaction between EF and cell.

Besides this anticipation, there are also many other aspects that need to be
addressed in future works to serve as the following researches of the present thesis.
The first thing is to improve the MSM model to endow it with the ability to flexibly

127



characterise different loading modes in various environmental conditions. For
instance, the force constants could be optimized for different loading situations and
validated through the experimental data. Then, as far as a case with non-linear large
deformation is considered, the non-linear feature could be achieved through various
optimizations on the model. For example, the strain-dependent constants for basic
elements, the additional structural elements between the two nodes of a beam in
MSM model to represent the nonlinear feature of monomer interaction, etc. Also it is
worth mentioning that since the nano-filaments are influenced by the heat in the
environment, it is necessary to included heat induced strain in the model.

The second progress could be achieved in exploring the influence of
pathological changes due to diseases on the CSK filaments/components mechanics.
At nanoscale, the future model is expected to reveal the monomeric changes in
filaments due to pathological process. Then with an integrated model of multiple
filaments, the consequences of the disease on multi-filament components could be
disclosed. Further improving the spatial scale of the model, one could explore the
effect of pathological changes on cell with information from the nanoscale of cell.
With proper comparisons by experiments, it is expected that the findings could help
develop novel treatments of diseases.

Another aspect that needs to be addressed in the future is the
mechanotransduction through CSK filaments. The regulation of various cell
functions by mechanical forces has by now been amply demonstrated. Because all
cells of an organism are exposed to external forces, it is confirmed that cells could
sense these forces. Subsequently, these mechanical forces are known to cause
changes in intracellular biochemistry and gene expression. Thus, it is expected a
random CSK network model could be coupled with other cellular components such
as plasma membrane or nucleus membrane. Thus the model could be applied on
investigations such as the transmission of mechanical signal from external

environment to the centre of the cell. With the obtained results, the mechanism of
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cell response to external mechanical signal could be revealed.
Finally, it is highly expected that the data acquisition technology in relevant
experiments could be advanced to characterise the detailed nanoscale components

behaviours in a living cell.
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