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Abstract 

Cell migration plays essential roles in many normal physiological and pathological 

processes, such as embryonic morphogenesis, wound healing, tissue renewal, 

nervous system development, cancer metastasis and autoimmune disorders. Both 

single cell migration and collective cell migration are powered by the actin-based 

lamellipodia, filopodia or invadopodia protrusions at their leading edges to migrate 

through extremely heterogeneous extracellular microenvironments. Although 

extensive experimental studies about cell migration have been conducted, it is 

unknown of the intracellular physical mechanisms of how migrating cells sense and 

adapt to the highly varying extracellular mechanical microenvironments. 

To address this, we construct the predictive spatiotemporal model of the 

lamellipodial branched actin network through simulating its realistic self-

assembling process by encompassing key proteins and their highly dynamic 

interactions. Then, using finite element simulations, we quantitatively demonstrate 

the mechanical roles of individual intracellular proteins in regulating the elastic 

properties of the self-assembling network during cell migration. More importantly, 

we reveal a resistance-adaptive intracellular physical mechanism of cell migration: 

the lamellipodial branched actin network can sense the variations of immediate 

extracellular resistance through the bending deformations of actin filaments, and 

then adapt to the resistance by self-regulating its elastic properties sensitively 

through Arp2/3 nucleating, remodelling with F-actin, filamin-A and Ŭ-actinin and 

altering the filament orientations. Such resistance-adaptive behaviours are versatile 

and essential in driving cells to over-come the highly varying extracellular 

confinements. Additionally, it is deciphered that the actin filament bending 

deformation and anisotropic Poissonôs ratio effect of the branched actin network 

and Arp2/3 branching preference jointly determine why lamellipodium grows into 

a sheet-like structure and protrudes against resistance persistently. Our predictions 
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are confirmed by published pioneering experiments. The revealed mechanism also 

can be applied to endocytosis and intracellular pathogens motion. 

The propulsive force of cell migration is based on actin filament polymerization. 

We propose a theoretical óbending-straightening elastic ratchetô (BSER) model, 

which is based on geometrical nonlinearity deformation of continuum solid 

mechanics. Then, we develop the self-assembling spatiotemporal mathematical 

model of the polymerizing lamellipodial branched actin filaments propelling the 

leading edge protrusion under heterogeneous extracellular microenvironment, and 

perform large-scale spatial and temporal simulations by applying the BSER 

theoretical model. Our simulation realistically encompasses the stochastic actin 

filament polymerization, Arp2/3 complex branching, capping proteins inhibiting 

actin polymerization, curved LE membrane, rupture of molecular linkers and 

varying extracellular mechanical microenvironment. Strikingly, our model for the 

first time systematically predicts all important leading-edge behaviours of a 

migrating cell. More importantly, we reveal two very fundamental biophysical 

mechanisms that migrating cells sense and adapt their protruding force to varying 

immediate extracellular physical constraints, and that how migrating cells navigate 

their migratory path to in highly heterogeneous and complex extracellular 

microenvironments. Additionally, our BSER theoretical model and the underlying 

physical mechanism revealed here are also applicable to the propulsion systems of 

endocytosis, intracellular pathogen transport and dendritic spine formation in 

cortical neurons, which are powered by polymerization of branched actin filaments 

as well. 

Filopodia and invadopodia protrusions are the other two types of cell migration 

behaviours at their leading edges. Through three-dimensional assembling model of 

filopodial/invadopodial F-actin bundles and finite element simulations, we 

quantitatively identify how the highly dynamic assembling and disassembling actin 

filaments and binding and unbinding of crosslinking proteins, i.e., Ŭ-actinin and 

fascin, regulate Youngôs modulus and buckling behaviours of 
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filopodia/invadopodia, respectively and combinedly. In addition, thermal induced 

undulation of actin filaments has an important influence on the buckling behaviours 

of filopodia/invadopodia. Compared with sheet-like lamellipodia, the finger-like 

filopodia/invadopodia have a much larger stiffness to protrude in extracellular 

microenvironment. Thus, they can cooperate with lamellipodia to complementarily 

split a channel in extracellular microenvironment and drive cell migration through 

the channel. 

  



Contents 

VI 
 

Contents 

Acknowledgements ................................................................................................ I  

Abstract ................................................................................................................ III  

Contents ............................................................................................................... VI  

List of Figures ........................................................................................................ X 

List of Tables ................................................................................................... XVII  

List of Abbreviations .................................................................................... XVIII  

Nomenclature .................................................................................................... XIX  

Chapter 1 Introduction ......................................................................................... 1 

1.1 Research Background and Objectives ........................................................... 1 

1.2 Thesis Organization ....................................................................................... 4 

Chapter 2 Literature Review ................................................................................ 7 

2.1 Biopolymers ................................................................................................... 7 

2.1.1 Actin filament ......................................................................................... 8 

2.1.2 Microtubule ............................................................................................. 9 

2.1.3 Intermediate filament .............................................................................. 9 

2.2 Actin binding proteins ................................................................................. 10 

2.2.1 Arp2/3 complex .................................................................................... 10 

2.2.2 Filamin-A .............................................................................................. 12 

2.2.3 Ŭ-actinin ................................................................................................ 15 

2.2.4 Fascin .................................................................................................... 16 

2.2.5 Capping proteins ................................................................................... 17 

2.3 Cytoskeletal actin networks for cell migration ............................................ 17 

2.3.1 lamellipodial branched actin network ................................................... 17 



Contents 

VII 
 

2.3.2 Actin-based cell migration model at the leading edge .......................... 29 

2.3.3 Filopodial/invadopodial F-actin bundle and cell migration .................. 34 

Chapter 3 Modelling of Assembling Lamellipodial Branched Actin Network

 ............................................................................................................................... 37 

3.1 Introduction .................................................................................................. 37 

3.2 Self-assembling spatiotemporal mathematical model simulates the dynamic 

growth of the branched actin network driving cell migration. .......................... 38 

3.3 RVE model validation with published experimental data. .......................... 49 

3.4 Mesh and boundary conditions of the RVE model. ..................................... 50 

3.5 Elastic constants of the branched actin filament network. ........................... 53 

Chapter 4 Elastic Properties of Assembling Lamellipodial Branched Actin 

Network ................................................................................................................. 60 

4.1 Introduction .................................................................................................. 60 

4.2 Results .......................................................................................................... 61 

4.2.1 Resistance-adaptive actin filament density improves the network 

stiffness sensitively. ....................................................................................... 61 

4.2.2 Successive branches formed by Arp2/3 Complex are essential for cell 

migration ........................................................................................................ 71 

4.2.3 Strengthening and local heterogeneous weakening effects of self-

regulated Arp2/3 complex density on the network stiffness.......................... 75 

4.2.4 Density of crosslinking proteins regulated by filament density linearly 

strengthen the network stiffness by increasing connectivity ......................... 82 

4.2.5 Resistance-adaptive filament orientation transitions are to meet the 

stiffness demand for cell migration ............................................................... 87 

4.3 Discussion .................................................................................................... 93 

4.3.1 Resistance-adaptive elastic properties of branched actin network 

through remodeling with intracellular proteins and altering geometry. ........ 93 



Contents 

VIII 
 

4.3.2 Arp2/3 complex affects the stiffness of branched actin network and cell 

migration from three aspects. ......................................................................... 95 

4.3.3 The unique elastic properties of the branched actin network are much 

different from those of the crosslinked actin network. .................................. 96 

4.3.4 Why do lamellipodia grow into sheet-like structures and directionally 

and persistently drive cell migration against resistances? ............................. 98 

4.3.5 Clinical values....................................................................................... 98 

Chapter 5 Bending-straightening Elastic Racket Theoretical Model and Actin-

based Lamellipodial Migration Spatiotemporal Model ................................. 100 

5.1 Introduction ................................................................................................ 100 

5.2 Bending-straightening elastic racket (BSER) theoretical model ............... 100 

5.3 Self-assembling spatiotemporal mathematical model ............................... 110 

Chapter 6 Migrating Cells Sense and Adapt to Extracellular 

Micro environment ............................................................................................. 117 

6.1 Introduction ................................................................................................ 117 

6.2 Results ........................................................................................................ 118 

6.2.1 Propulsive force acting on local LE membrane, deformation energy and 

mean curvature of a growing filament ......................................................... 118 

6.2.2 BSER model predicts that filament density is regulated by extracellular 

resistance and reveals the physical mechanism that migrating cells sense and 

adapt to extracellular load. ........................................................................... 124 

6.2.3 Protruding velocity loading history dependant is induced by actin 

filament density loading history dependant ................................................. 130 

6.2.4 Migrating cell LE circumnavigates obstacles and migrates along the 

low resistance path ....................................................................................... 132 

6.2.5 Directional cell migration is steered by the balancing relationship 

between local extracellular resistance, filament density heterogeneity and 

local concentration of actin monomers ........................................................ 135 



Contents 

IX 
 

6.3 Discussion .................................................................................................. 141 

Chapter 7 Elastic Properties of Filopodial/Invadopodial F-actin Bundle and 

Cell Migration  .................................................................................................... 147 

7.1 Introduction ................................................................................................ 147 

7.2 Three-dimensional model simulates the dynamic assembling 

filopodial/invadopodial F-actin bundle ............................................................ 147 

7.3 Results ........................................................................................................ 150 

7.2.1 Filament density .................................................................................. 151 

7.2.2 Densities of crosslinking proteins ....................................................... 155 

7.2.3 Nonlinear geometrical deformation of filopodial/inv-adopodial F-actin 

bundles ......................................................................................................... 159 

7.4 Discussion .................................................................................................. 163 

Chapter 8 Conclusions and Future Researches .............................................. 165 

8.1 Conclusions ................................................................................................ 165 

8.2 Future researches ....................................................................................... 168 

References ........................................................................................................... 169 

 

 

  



List of Figures 

X 
 

List of Figures 

Figure 2.1 Actin filament, intermediate filament and microtubule and their diameters [23].

 ............................................................................................................................................. 7 

Figure 2.2 Arp2/3 complex generates branched actin filaments. (a) Arp2/3 initiates a new 

actin filament from an existing one. (b) Lamellipodial branched actin network formed by 

Arp2/3 complex for cell motility [50]. (c) Branched actin network generated by Arp2/3 

complex for bacterium movement [50]. ............................................................................ 12 

Figure 2.3 Structure of filamin-A and its crosslinking property. (a) Micrographs of filamin-

A molecules show a U-shaped self-association region [51, 52]. (b) and (c) Structure of 

filamin-A and its crosslinking distance [51, 56].  (d) and (e) Filamin-A crosslinking two 

orthogonal actin filaments [51, 56]. .................................................................................. 15 

Figure 2.4 Ŭ-actinin interactions in focal adhesions and in striated muscle [58]. (a) Ŭ-actinin 

isoforms 1 and 4. (b) Ŭ-actinin isoforms 2 and 3. ............................................................. 16 

Figure 2.5 The dendritic-nucleation model for protrusion of lamellipodia [10]. The 

dendritic-nucleation model for protrusion of lamellipodia. External cues (step 1) activate 

signalling pathways that lead to GTPases (2). These then activate WiskottïAldrich 

syndrome protein (WASP) and related proteins (3), which in turn activate Arp2/3 complex. 

Arp2/3 complex initiates a new filament as a branch on the side of an existing filament (4). 

Each new filament grows rapidly (5), fed by a high concentration of profilin-bound actin 

stored in the cytoplasm, and this pushes the plasma membrane forward (6). Capping protein 

binds to the growing ends, terminating elongation (7). Actin-depolymerizing factor 

(ADF)/cofilin then severs and depolymerizes the ADP filaments, mainly in the óolder 

regions of the filaments (8, 9). Profilin re-enters the cycle at this point, promoting 

dissociation of ADP and binding of ATP to dissociated subunits (10). ATPïactin binds to 

profilin, refilling the pool of subunits available for assembly (11). .................................. 18 

Figure 2.6 Lamellipodial branched actin networks formed by actin filaments, Arp2/3 

complex, Filamin-A and Ŭ-actinin [63]. ............................................................................ 19 



List of Figures 

XI 
 

Figure 2.7 Biological functions of branched actin filament network [8]. (a) Cell migration. 

(b) Motility of bacteria. (c) Endocytosis. .......................................................................... 20 

Figure 2.8 Lamellipodia and branched actin network in it for cellular mobility. (a) Sheet-

like Lamellipodia of migrating cancer cells [82]. (b) Branched actin network structure in 

the front part of lamellipodia [94]. .................................................................................... 21 

Figure 2.9 Filament length distributions in branched actin network in lamellipodia of 

migrating cell [95, 96]. ...................................................................................................... 22 

Figure 2.10 Multiple branching of actin filaments in lamellipodia; scale bar: 0.5 µm [27].

 ........................................................................................................................................... 23 

Figure 2.11 Structure of the lamellipodial branched actin network near the leading edge of 

migrating cells. .................................................................................................................. 25 

Figure 2.13 Lamellipodium drives cell migration through confining extracellular 

microenvironments. ........................................................................................................... 29 

Figure 2.13 Large bending deformation of branched actin filaments at the leading edge of 

lamellipodium from published experimental tomogram [145]. ........................................ 33 

Figure 2.14 Filopodia and F-actin bundles. (a) F-actin bundles in cell [161]. (b) Electron 

microscopy image of filopodia in a migrating cell [162].(c) Electron microscopy image of 

filopodia extensions of neurons [158]. .............................................................................. 35 

Figure 3.1 Stochastically created actin filaments with barbed end polymerizing forward 

based on the spherical coordinate system (shadow areas are the preferential angle with 

respect to the cell moving direction). ................................................................................ 46 

Figure 3.2 The dendritic structure created by Arp2/3 complex nucleating and branching out 

from existing filaments stochastically in our model; the inserted figures (a) and (b) are 

experimental images of branched actin filament from ref. [145] and ref. [180], respectively.

 ........................................................................................................................................... 47 

Figure 3.3 Schematic operation of generating actin filaments, Arp2/3 complex and 

crosslinking proteins (filamin-A and Ŭ-actinin) on the boundaries of a periodic RVE model.

 ........................................................................................................................................... 47 



List of Figures 

XII 
 

Figure 3.4 A representative volume element (RVE) model of the branched actin network 

(red: actin filament; blue: Arp2/3 complex; yellow: filamin-A; green: Ŭ-actinin). This 

model is periodic in the xy-plane. Its side lengths in both the x and y directions are 1000nm 

and thickness in the z direction is 200nm, which is the typical thickness of lamellipodia. 

The x, y and z directions are the transverse direction, cell migrating direction and out-of-

plane direction, respectively.............................................................................................. 48 

Figure 3.5 Numbers of Arp2/3 complex, filamin-A and Ŭ-actinin per ɛm2 in the xy-plane 

of the models. .................................................................................................................... 50 

Figure 4.1 The relationship between Youngôs moduli and actin filament density of the 

lamellipodial branched actin network. Youngôs moduli: 
1E  in the transverse direction (x 

direction in Fig. 3.4 in chapter 3), 
2E  in cell moving direction (y direction in Fig. 3.4 in 

chapter 3) and 
3E  in the out-of-plane direction (z direction in Fig. 3.4 in chapter 3), 

respectively. ...................................................................................................................... 65 

Figure 4.2 The relationship between shear moduli and actin filament density of the 

lamellipodial branched actin network. Shear moduli: 
12G  in the xy-plane, 

23G  in the yz-

plane and 
31G  in the xz-plane in Figure 3.4 in chapter 3. ................................................. 66 

Figure 4.3 Poisson's ratios are defined as /ij i jv e e=-  where ie is the strain in the i  

direction when uniaxial stress is applied in the j  direction. ............................................ 67 

Figure 4.4 The dimensionless Youngôs and shear moduli of the branched actin network 

when the Youngôs modulus of actin filaments is 10 fE  or 0.1 fE  and the Youngôs modulus 

of crosslinking proteins  is 10 cE  or  0.1 cE , respectively. (a) 
*

1E ;   (b) 
*

2E ;   (c) 
*

3E ;   (d) 

*

12G ;   (e) 
*

23G ;   (f) 
*

31G . Note that to explore whether the actin filaments or the crosslinking 

proteins dominate the stiffness of the branched actin network, the results are normalized by 

the Youngôs or shear modulus of the branched actin network when  the Youngôs moduli of 

actin filaments and  crosslinking proteins  are fE   and cE . It is found that the normalized 

values are all more or less constant under the variations of actin filament densities, which 

indicates that under all the actin filament densities, the stiffnesses of the branched filament 



List of Figures 

XIII 
 

networks are primarily dependent on the stiffness of the actin filaments and less sensitive 

to the stiffness of the crosslinking proteins. ...................................................................... 70 

Figure 4.5 Successive branching generations in dendritic structure. ................................ 73 

Figure 4.6 The relationship between Youngôs moduli and the number of successive 

branching generations from a mother filament of the lamellipodial branched actin network.

 ........................................................................................................................................... 74 

Figure 4.7 The relationship between shear moduli and the number of successive branching 

generations from a mother filament of the lamellipodial branched actin network............ 74 

Figure 4.8 Poissonôs ratios under the compressive force along the moving direction. ..... 75 

Figure 4.9 Arp2/3 complex density arpn  regulates the Youngôs moduli of the branched 

actin network. .................................................................................................................... 78 

Figure 4.10 Arp2/3 complex density arpn  regulates the shear moduli of the branched actin 

network.............................................................................................................................. 79 

Figure 4.11 Mises stress distribution in the local structure of the network. ...................... 79 

Figure 4.12 Arp2/3 complex density arpn  regulates the Poissonôs ratios of the branched 

actin network. .................................................................................................................... 80 

Figure 4.13  Architectures of branched actin networks when actin filament density is 7.8%. 

(a) Arp2/3 complex density 2.5arpn =  (b) Arp2/3 complex density 3.3arpn = . ............ 82  

Figure 4.14  Maximum density of crosslinking proteins vs. densities of actin filaments. 85 

Figure 4.15  Youngôs modulus vs. the density of crosslinking proteins. .......................... 85 

Figure 4.16  Shear moduli vs. the density of crosslinking proteins; ................................. 86 

Figure 4.17  Poissonôs ratios under uniaxial stress in the y-axis vs. the density of 

crosslinking proteins; ........................................................................................................ 87 

Figure 4.18  Comparison of Youngôs and shear moduli obtained from 15000 numerical 

simulations for more than 2400 stochastic models under different combinations of filament 



List of Figures 

XIV 
 

densities and crosslinking densities. It shows that Youngôs modulus 2E  in cell moving 

direction is much larger than others. ................................................................................. 87 

Figure 4.19 Filament orientation distribution. (a) Narrow angle pattern (low actin filament 

density). (b) ±35° angle pattern (intermediate actin filament density). (c) -70/0/+70° broad 

angle pattern (high actin filament density). ....................................................................... 90 

Figure 4.20 Comparison of the Youngôs moduli between the narrow angle pattern and the 

±35° pattern. ...................................................................................................................... 91 

Figure 4.21 Comparison of the Youngôs moduli between the Ñ35Á pattern and the -70/0/+70° 

broad angle pattern. ........................................................................................................... 91 

Figure 4.22 Comparison of the shear moduli between the narrow angle pattern, the ±35° 

pattern and the -70/0/+70° broad angle pattern. ................................................................ 92 

Figure 4.23 Comparison of the Poissonôs ratios between the Ñ35Á pattern and the -70/0/+70° 

broad angle pattern. ........................................................................................................... 93 

Figure 5.1 Lamellipodial branched actin filaments push the bent LE membrane. (a) Cartoon 

demonstration of lamellipodial polymerizing branched actin filaments pushing against the 

curved LE membrane in three dimensions. (b) The interaction between a polymerizing actin 

filament and the local LE membrane, which is assumed as an inclined plane according to 

its local curvature and cell migrating direction. .............................................................. 102 

Figure 5.2 Demonstration of the dynamic interaction between the polymerizing actin 

filament and the local LE membrane in the deformation plane in figure 5.1b. (a) Actin 

filament has a point-contact with the local LE membrane. (b) Actin filament has a line-

contact with the local LE membrane. Yellow and green represent the actin filament and the 

local LE membrane, respectively. n  is the normal direction of the local LE membrane and 

is parallel with the x-axis................................................................................................. 103 

Figure 5.3 Cartoon demonstration of forces acting on the lamellipodial LE membrane 

during cell migrating in extracellular microenvironment. .............................................. 109 

Figure 6.1 Evolution of the force interaction between polymerizing actin filaments and the 

local LE membrane. Here the local LE membrane is assumed unmovable due to the 



List of Figures 

XV 
 

constraint of extracellular confining microenvironment. (a) Propulsive force for cell 

migration acting on the local membrane under the polymerizations of actin filaments with 

time. (b) Deformation energy of polymerizing actin filaments. (c) Mean bending curvature 

of polymerizing actin filaments. ..................................................................................... 121 

Figure 6.2 Evolution of the force interaction between actin filaments and the local LE 

membrane during the LE membrane moving forward with step by step. (a) The propulsive 

force of actin filaments when the LE membrane moves forward. (b) Deformation energy 

of actin filaments when the LE membrane moves forward. (c) Mean curvature of actin 

filaments when the LE membrane moves forward. ......................................................... 123 

Figure 6.3 Spatial and temporal interaction evolutions while polymerizing lamellipodial 

branched actin filaments of a migrating cell drive the LE membrane protrusion under 

constant and fluctuating extracellular resistances. Here we select a time frame 

250 700 ms-  for comparison. (a) Comparison of polymerizing actin filament densities 

under constant and fluctuating extracellular resistances. (b) Comparison of the LE 

membrane protruding velocities of a migrating cell under constant and fluctuating 

extracellular resistances. (c) Comparison of the propulsive forces of a migrating cell under 

constant and fluctuating extracellular resistances. (d) Comparison of the deformation 

energies stored in polymerizing branched actin filaments of a migrating cell under constant 

and fluctuating extracellular resistances. (e) Experimental result of LE protruding velocity 

reactions of the polymerizing branched actin filament under fluctuating external load in ref. 

[144]. Note that, the different time scales in (b) and (e) are due to different polymerization 

rates of actin filaments because our simulation is in vivo context while the experimental 

result is based on an in vitro constructed branched actin network. The polymerization rate 

of actin filaments can be influenced by various factors, such as concentration of actin 

monomers [113]. Thus, the different time scales do not interfere with the comparisons of 

the corresponding results. ............................................................................................... 129 

Figure 6.4 The architecture of lamellipodial branched actin network generated from our 

spatiotemporal model simulation is very similar to that of experimental measurement. (a) 

Histogram of migrating-plane angle between actin filaments and the migrating direction 

obtained from our spatiotemporal simulation model. (b) Histogram of migrating-plane 



List of Figures 

XVI 
 

angle between actin filaments and the migrating direction experimentally measured from 

Xenopus keratocyte lamellipodium in ref. [123]. ........................................................... 129 

Figure 6.5 The LE of a migrating cell circumnavigates obstacles or very high extracellular 

resistance regions which it encounters. (a) Protruding distance of the local LE membrane. 

(b) Polymerizing branched actin filament density. (c) Cartoon demonstration of our 

simulation result that LE opens a channel form the weak region and circumnavigates 

obstacles and high resistance regions. ............................................................................. 135 

Figure 6.6 Cartoon demonstration of two directional protrusions of a migrating cell. ... 139 

Figure 6.7 Spatial and temporal local protruding behaviours of migration cell and self-

assembling of local branched actin filaments in Cases A. (a) Protruding distances of local 

LE membranes. (b) Protruding velocities of local LE membranes. (c) Local propulsive 

forces generated by polymerizing actin filaments. (d) Local densities of actin filaments 

pushing against the local LE membrane. ........................................................................ 140 

Figure 6.8 Spatial and temporal local protruding behaviours of migration cell and self-

assembling of local branched actin filaments in Cases B. (a) Protruding distances of local 

LE membranes. (b) Protruding velocities of local LE membranes. (c) Local propulsive 

forces generated by polymerizing actin filaments. (d) Local densities of actin filaments 

pushing against the local LE membrane. ........................................................................ 140 

Figure 6.9 Spatial and temporal local protruding behaviours of migration cell and self-

assembling of local branched actin filaments in Cases C. (a) Protruding distances of local 

LE membranes. (b) Protruding velocities of local LE membranes. (c) Local propulsive 

forces generated by polymerizing actin filaments. (d) Local densities of actin filaments 

pushing against the local LE membrane. ........................................................................ 141 

Figure 7.1 Model of the filopodial/invadopodial F-actin bundle. Red, green and blue beams 

are actin filaments, Ŭ-actinin and fascin, respectively. ................................................... 150 

Figure 7.2 The relationship between Youngôs modulus 2E
 and the actin filament density 

in the filopodial/invadopodial F-actin bundles. However, here the density of actin filaments 

is coupled with the density of crosslinking proteins because the generation of crosslinking 

proteins is based on the spatial distance between each pair of actin filaments. .............. 153 



List of Figures 

XVII 
 

Figure 7.3 The relationship between Youngôs modulus 2E  and filament density of the 

filopodial/invadopodial F-actin bundles. ........................................................................ 154 

Figure 7.4 The relationship between Youngôs modulus 2E  and filament density fV of the 

filopodial/invadopodial F-actin bundles when the density of crosslinking proteins is kept 

constant 5cr= . .............................................................................................................. 155 

Figure 7.5 The relationship between the Youngôs modulus 2E  and the binding density of 

crosslinking proteins cr  in the filopodial/invadopodial F-actin bundles. ...................... 157 

Figure 7.6 Deformation states and Mises stress distributions of the filopodial/invadopodial 

F-actin bundle after applying a uniaxial compression in the protruding (longitudinal) 

direction. (a) The density of crosslinking proteins cr  is 5. (b) The density of crosslinking 

proteins cr is 12. ............................................................................................................ 158 

Figure 7.7 Comparison of nonlinear geometrical deformation behaviours of 

filopodial/invadopodial F-actin bundles with straight and undulated actin filaments. The 

lengths and radiuses of filopodia/invadopodia are 3um and 80nm. There are 36 actin 

filaments in the filopodia/invadopodia. ........................................................................... 161 

Figure 7.8 Comparison of the deformation states and Mises stress distributions of the 

filopodial/invadopodial F-actin bundle. (a) Filopodial/invadopodial F-actin bundle with 

undulated actin filaments. (b) Filopodial/invadopodial F-actin bundle with straight actin 

filaments. ......................................................................................................................... 162 

Figure 7.9 Impacts of the densities of actin filament and crosslinking proteins on the 

nonlinear geometrical deformation behaviours of filopodial/invadopodial F-actin bundles.

 ......................................................................................................................................... 162 

  



List of Tables 

XVIII 
 

List of Tables 

 

Table 2-1 Dimensions and persistence lengths of cellular biopolymers [23] ..................... 9 

Table 2-2 Published models and their predictions about the actin-based protrusion 

behaviours. ........................................................................................................................ 32 

Table 3-1 Diameters and elastic properties of actin filaments and crosslinking proteins . 51 

Table 3-2 Elastic properties of the filament network obtained from uniaxial tension, 

compression and pure shear tests at filament density of 7.8% (Note that Poissonôs ratios of 

fibre-network materials are closely related with their connectivity and can be positive, zero 

and negative [186]. The actin filaments and crosslinking proteins in our RVE models are 

generated stochastically and thus some models have negative Poissonôs ratios). ............. 56 

Table 3-3 Relationships between the elastic constants of the branched actin filament 

network with a filament density of 7.8%. ......................................................................... 57 

Table 3-4 When filament density is 7.8%, the statistic numbers of Arp2/3 complex, filamin-

A, Ŭ-actinin, crosslinking proteins (filamin-A + Ŭ-actinin) and actin filaments at the cross-

section of y=1000, and the average length of actin filaments, ar , in the RVE model. ..... 58 

Table 4-1 Comparison of Youngôs modulus 
2E  in cell moving direction between our 

numerical simulation results with fV  from 3.0% to 9.8% and those from the in vivo and in 

vitro experiments. .............................................................................................................. 67 

Table 6-1 Local concentrations of actin monomers, local extracellular resistances and the 

induced local densities of branched actin filaments pushing against the local LE membranes 

in Cases A-C ................................................................................................................... 138 

Table 7-1 Diameters and elastic properties of actin filaments and crosslinking proteins150 



List of Tables 

XIX 
 

  



List of Abbreviations 

XX 
 

List of Abbreviations 

ECM Extracellular Matrix 

FEM Finite Element Method 

LE Leading Edge 

F-actin Filamentous Actin 

RVE Representative Volume Element 

BSER Bending-straightening elastic racket 

  

  

 

  



Nomenclature 

XXI 
 

Nomenclature 

cL   Contour length 

pL   Persistent length 

fV   Polymerization velocity of actin filaments 

d  Size of an actin monomer 

M   Molar concentration of actin monomers 

onk   Polymerization rate of actin filaments 

offk   Depolymerization rate of actin filaments 

L   Total length of actin filaments 

AC   Concentration of F-actin 

w   In-plane side length of lamellipodial RVE 

h   Thickness of lamellipodia 

AN   Avogadro constant 

actind   Diameter of actin monomer 

, ,p p p

i i ix y z   Pointed end coordinates of actin filament 

, ,b b b

i i ix y z  Barbed end coordinates of actin filament 

d   Diameter of actin filament 

arpd   
Space between to adjacent Arp2/3 along an 

actin filament 

, ,as as as

i i ix y z  Start coordinates of Arp2/3 

, ,ae ae ae

i i ix y z  End coordinates of Arp2/3 



Nomenclature 

XXII 
 

, ,arp arp arp

ij ij ijr j q   Sphere coordinates of Arp2/3 end 

a  Arp2/3 branching angle 

min

flsd   
Shortest spatial distance between the two actin 

filaments 

fV   Actin filament density (or Actin filament 

volume fraction) 

u   Displacement in x direction 

v   Displacement in y direction 

w   Displacement in z direction 

sE   Youngôs modulus of solid material 

sG   Shear modulus of solid material 

sv   Poissonôs ratio of solid material 

A  Area of cross-section 

I   Second moment of cross-section 

J   Polar second moment of cross-section 

pÔ   True total energy of deformation system 

*

pÔ   Possible total energy of deformation system 

iE   Youngôs modulus in i direction of model 

ijG   Shear modulus in the ij -plane of model 

fE   Youngôs modulus of actin filament 

cE   Youngôs modulus of crosslinking proteins 

K   
Successive branching generation number from 

a mother actin filament 

s  Stress 



Nomenclature 

XXIII 
 

e  Strain 

pf   Polymerization force of an actin filamentarpn   

arpn   Density of Arp2/3 

arpN   Total number of Arp2/3 

mN   
Total number of mother actin filaments in 

model 

cN   Total number of crosslinking protein in model 

cr  Density of crosslinking proteins 

t   Time 

l   Length of an actin filament 

p   Reconstrait force between a polymerizing actin 

filament and local LE membrane 

x  Mean curvature of a bent actin filament 

m   The number of mother actin filaments 

Ô  
Total deformation energy of free end actin 

filaments 

pF   Resultant propulsive force for cell migration 

rf   
Resistance from extracellular 

microenvironment 

af   Attachment force 

mf   Cell membrane tension 

s   Distance of cell migration 

s  Step size of LE protrusion 

mV   LE membrane protruding velocity  

F  
Actin filament density pushing against the LE 

membrane 



Nomenclature 

XXIV 
 

bL   Length of filopodia/invadopodia 

actininN   Number of Ŭ-actinin 

fascinN   Number of fascin 

crp   Critical load of F-actin bundle 

 



Chapter 1 Introduction 

1 

 

Chapter 1 Introduction  

1.1 Research Background and Objectives 

Cells are physical objects, which perform their biological activities, such as 

migration, endocytosis, growth and mitosis, through interacting with extracellular 

environments by generating, sensing, transmitting and overcoming forces [1-3].  In 

vivo, cells are exposed to three-dimensional complex mechanical extracellular 

microenvironments including hydrostatic pressure, shear stress, compressive stress 

and tensile stress [3-7]. Cytoskeleton is the dominant player of cell mechanical 

behaviours [8]. It not only provides mechanical support and regulates morphology 

of cells, but also generates forces for cell biological functions. In eukaryotic cells, 

there are mainly three types of cytoskeletal biopolymers, namely, actin filaments, 

microtubules and intermediate filaments [1, 9, 10]. They are assisted by various 

binding proteins organizing into different kinds of networks, such as branched actin 

networks, crosslinked actin networks and parallel actin bundles [9]. These actin 

networksô mechanical properties and interactions with extracellular matrix 

determine cell behaviours, regulate cell differentiation, modulate cell fate and 

function and direct tissue development [1, 5, 7, 9]. 

Migration is one of the most important fundamental function of cells. It involves 

in many physiological and pathological processes, such as embryonic 

morphogenesis, wound healing, cancer metastasis, tissue renewal and autoimmune 

disorders [2, 9, 11]. There are mainly two kinds of cytoskeletal networks driving 

cell migration [9]. The first one is the branched actin network, which is a sheet-like 

structure and exists in lamellipodia. The second one is filopodial/invadopodial 

filamentous actin (F-actin) bundle, which is a finger-like structure and exist in 

filopodia and invadopodia. They not only generate propulsive forces by actin 
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polymerizations but also provide crucial mechanical supports for propelling cells 

migration through extracellular matrix or adjacent cells [2, 12, 13]. Thus, the elastic 

properties of these actin filament networks largely determine whether cells can 

overcome extracellular barriers and split a channel in the confining extracellular 

microenvironment to migrate through [2, 14, 15]. In addition, when cells migrate 

in three-dimensional heterogeneous and complex extracellular microenvironments, 

these actin filament networks also provide significant mechanical sensations and 

navigate cell migratory paths [16-18]. However, even though extensive 

experimental studies have been performed, the elastic properties of these actin 

networks and the underlying fundamental physical mechanism controlling cell 

migration remain poorly understood [15, 17, 19]. The major challenge for studying 

them is that, during cell migration, these in vivo actin networks are in highly 

dynamic and self-assembling stochastic states by remodelling with various 

intracellular proteins and sensitively interacting with variable extracellular 

microenvironments. To reveal the physical mechanisms of cell migration, the 

macroscopic cell migration behaviours and the microscopic elastic properties of 

these assembling and disassembling actin networks should be probed 

simultaneously.  

Recently, biological scientists jointly appeal for building predictive 

spatiotemporal cell models to open new dimensions in biological research [20]. 

Constructing predictive models at the intersection of biology, mathematics, physics 

and computer science is an important way to perform quantitative analysis and 

elucidate the underlying mechanisms of complicated biological questions [20-22]. 

In this research, by constructing the spatial and temporal models of the branched 

actin network in lamellipodia and the F-actin bundle in filopodia/invadopodia, the 

underlying biophysical mechanisms of cell migration and how migrating cells sense 

and adapt to mechanically heterogeneous extracellular microenvironments are 

studied.  
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The main objectives and contributions of this research consist of the following 

five parts, which are demonstrated in five chapters (Chapter 3-7), respectively. 

They are: 

1. Develop codes to construct the continuum mechanics-based three-dimensional 

self-assembling spatiotemporal model of the lamellipodial branched actin 

network. In this model, key intracellular proteins and their stochastic 

assembling reactions are realistically considered. The microscopic geometrical 

properties of lamellipodial branched actin network regulated by each individual 

proteins during cell migration can be obtained. The relationships between the 

self-assembling densities of actin filaments, Arp2/3 complex and crosslinking 

proteins are also investigated. 

2. Study the elastic properties of the lamellipodial branded actin network with 

finite element method (FEM). Demonstrate the mechanical roles of individual 

intracellular proteins in regulating the elastic properties of the self-assembling 

network during cell migration. Reveal the intracellular regulatory physical 

mechanism of how the lamellipodial branched actin network support cell 

migration through heterogeneous mechanical extracellular microenvironments. 

3. Propose a theoretical óbending-straightening elastic ratchetô (BSER) model 

based on geometric nonlinear deformation of continuum solid mechanics to 

explain how migrating cells propel their leading-edge (LE) membranes to 

protrude in extracellular microenvironments. Develop the self-assembling 

spatiotemporal mathematical model of the polymerizing lamellipodial branched 

actin filaments powering the LE protrusion under heterogeneous extracellular 

microenvironment. This mathematical model systematically encompasses the 

highly dynamic actin polymerization, capping protein inhabiting filament 

growth, large-scale deformation of actin filaments, curved LE membrane, 

deformation dependent Arp2/3 complex branch nucleation, breaking of 

molecular linkers and varying immediate extracellular resistance. 
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4. By applying the theoretical BSER model to the spatiotemporal protruding 

model, perform large-scale numerical simulations to realistically simulate the 

polymerizing and self-assembling lamellipodial branched actin filaments 

driving the LEs of migrating cells to protrude in different extracellular 

mechanical microenvironments, and study LEsô the spatial and temporal 

protruding behaviours. Predict cell migration behaviours and reveal the 

underlying fundamental biophysical mechanisms of how migrating cells sense 

and adapt propulsive force and the migratory path to extracellular 

microenvironments. 

5. Construct the continuum mechanics-based three-dimensional model of F-actin 

bundle in filopodia and invadopodia. The initial undulated geometries of actin 

filaments and crosslinking proteins induced by thermal excited bending motions 

are carefully considered. Investigate the elastic properties of the 

filopodial/invadopodial F-actin bundles regulated by actin filaments and 

crosslinking proteins. Explore the why invadopodia and filopodia are important 

for invasive metastatic cancer cells and why filopodia are required for 

neurogenesis in cortical neurons. Decipher the significant complementary 

functions of filopodial/invadopodial F-actin bundles and lamellipodial 

branched actin networks on cell migration. 

1.2 Thesis Organization 

This thesis is organized as follows: 

Chapter 1 gives brief introductions of the research backgrounds, objectives, 

methods and organization of this research. 

Chapter 2 presents a literature review of intracellular proteins, lamellipodial 

branched actin network, F-actin bundles in and their mechanical roles in cell 

migration. The most challenging questions regarding cell migrations at present are 

also illustrated. 
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Chapter 3 demonstrates the procedure for developing the three-dimensional self-

assembling spatiotemporal model of lamellipodial branched actin network by 

considering key intercellular proteins and their stochastic binding reactions. It also 

shows the periodic boundary conditions applied to the representative volume 

element (RVE) model. 

Chapter 4 investigates the elastic properties of the lamellipodial branched actin 

network with FEM based on the model developed in Chapter 3. The mechanical 

roles of intracellular proteins in cell migration are analysed and the underlying 

physical mechanisms of published experimental results are revealed. A physical 

mechanism that lamellipodial branched actin network adapts to varying external 

loads for supporting cell migration in heterogeneous extracellular 

microenvironments is deciphered.  

Chapter 5 proposes a theoretical óbending-straightening elastic ratchetô (BSER) 

model to explain the LE membrane of migrating cells protruding in extracellular 

microenvironments. Then, the spatial and temporal lamellipodial protruding model 

of migrating cells is developed in this chapter. 

Chapter 6 performs large-scale simulations of lamellipodium protruding in 

heterogeneous extracellular mechanical microenvironments with the 

spatiotemporal model in Chapter 5 by applying the theoretical BSER model. Cell 

migration behaviours reported by published experimental results are predicted. Two 

fundamental biophysical mechanisms of how migrating cells sense and adapt their 

propulsive force to the heterogeneous extracellular microenvironment and how 

migrating cells navigate their migratory paths in the heterogeneous extracellular 

microenvironment are revealed, respectively. 

Chapter 7 introduces the procedure for constructing the filopodial/invadopodial 

F-actin bundle model and investigate its elastic properties with FEM. The roles of 

intracellular proteins in regulating the F-actin bundle stiffness are quantitatively 

delineated. In addition, the importance of F-actin bundle for invasive behaviours of 
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cancer cells and neuritogenesis of neurons is analysed. This chapter also 

demonstrates how filopodial/invadopodial F-actin bundle and lamellipodial actin 

network complementarily drive cell migration. 

Chapter 8 summarizes the main conclusions of the biophysical mechanisms 

underlying cell migration obtained in this research. Additionally, this chapter also 

presents research limitations and recommendations for future research work. 
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Chapter 2 Literature Review 

2.1 Biopolymers 

Cytoskeleton composed of different kinds of biopolymers provides the mechanical 

supports, generates forces and regulates morphological features of cells. In 

eukaryotic cells, as shown in Fig. 2.1, there are mainly three kinds of cytoskeletal 

biopolymers, which are actin filaments, microtubules and intermediate filaments [1, 

9, 10]. They are assisted by various binding proteins organizing into different kinds 

of cytoskeletal networks, whose mechanical properties and interactions with 

extracellular matrix determine cell behaviours, modulate cell fate and direct tissue 

development and postnatal function [3-7, 17, 18].  

 

Figure 2.1 Actin filament, intermediate filament and microtubule and their 

diameters [23]. 
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2.1.1 Actin filament 

Actin filaments are double-stranded helical twists with diameters of 7~9 nm [9] , as 

shown in Fig. 2.1. They grow by adding actin monomers to their ends, i.e., actin 

polymerization [24]. Actin filaments are polar polymers and have two ends, which 

are named barbed end and pointed end. The barbed end is much more active in actin 

polymerization and thus its elongation rate is 10 times faster than that of the pointed 

end [25]. By connecting with various cross-linkers, actin filaments highly organize 

into different kinds of networks, such as isotropic crosslinked actin networks, 

bundled actin networks and branched actin networks, and greatly promote the 

stiffness of cells. In different kinds of networks, they exhibit different lengths, 

ranging from several decades nanometres to more than ten micrometres, in order to 

conduct different biological function. Organized networks of actin filaments 

determine cell stiffness and transmit force during mechanotransduction, cytokinesis, 

cell motility and other cellular shape changes [1, 8, 9]. 

The bending stiffness of actin filaments can be described by the ratio relationship 

between their contour length cL  and persistence length pL  [26]. The contour length 

is the length of completely extended actin filaments. The persistence length is 

defined as the length over which actin filament are undulated under thermal 

fluctuations and it reflects the flexibility of a material [23, 26]. When the contour 

length is much larger than the persistence length, actin filaments are flexible and 

their deformations under forces are mainly due to conformational changes. 

However, when the contour length is much shorter than the persistence length, actin 

filaments are very stiff and their deformations are because of the straining of 

molecular links from equilibrium state [26]. In cells, actin filaments are regarded as 

semiflexible because their contour length (0.1~10 ɛm) [27] is comparable to their 

persistence length (3~17 ɛm) such that its bending stiffness favors a straight 

conformation and can just outcompete the entropic tendency of a chain to crumple 
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up into a random coil [23, 28-30]. The experimental measurements show that 

Youngôs modulus of actin filaments is about 1-2 GPa [23, 31] and its viscoelasticity 

is negligible in millisecond time range [31]. 

Table 2-1 Dimensions and persistence lengths of cellular biopolymers [23] 

Type Approximate diameter Persistence length Contour length 

Microtubule ~25 nm ~1-5 mm 10s of ɛm 

Actin filament 7-9 nm 3-17 ɛm Ò 20 ɛm 

Intermediate filament 8-12 nm 0.2-1 ɛm 2-10 ɛm 

DNA 2 nm 50 nm Ò 1 m 

 

2.1.2 Microtubule  

As shown in Fig. 2.1, the diameters of microtubules are about 25 nm [23]. They are 

stiffest among the three types intracellular biopolymers and their persistence length 

are about 5 mm [32]. Therefore, microtubules can serve as linear tracks for 

intracellular traffics [32]. The assembly and disassembly dynamics of microtubules 

are very complex. They can abruptly switch between periods of growth and 

shrinkage to meet cell functions [33-35]. 

2.1.3 Intermediate filament 

Intermediate filament derives its name because of its diameter (Fig. 2.1), which is 

an intermediate size between the diameters of actin filaments and microtubule [36]. 

It is the most flexible among the three kinds of intracellular biopolymers. In cells, 

intermediate filaments are much more effective to resist tensile force than 

compressive force [1]. They can be crosslinked with each other or with actin 

filaments and microtubules by crosslinking proteins to form networks [37]. Many 

cell types assemble intermediate filaments in response to mechanical stresses, for 
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example, airway epithelial cells, in which keratin intermediate filaments form a 

network that helps cells to resist shear stress [38]. One class of widely expressed 

intermediate filament, consisting of polymerized nuclear laminas, contributes to the 

mechanical integrity of the eukaryotic nucleus, and phosphorylation of nuclear 

laminas by cyclin-dependent kinases helps trigger nuclear-envelope breakdown at 

the beginning of mitosis [39]. Unlike microtubules and actin filaments, intermediate 

filaments are not polarized and cannot support directional movement of molecular 

motors [40]. 

2.2 Actin binding proteins 

There are various types of actin-binding proteins in cells [41]. They bind on actin 

filaments, intermediate filaments and microtubules to connect them together 

forming different cytoskeletal networks or regulate their dynamic behaviours. 

However, in this thesis, only Arp2/3 complex, filamin-A, Ŭ-actinin, fascin and 

capping protein, which participate in building the actin networks for cell migration, 

are introduced. 

2.2.1 Arp2/3 complex 

Arp2/3 complex (actin-related proteins) has been discovered for 27 years [42]. As 

shown in Fig. 2.2 (a), its main function is to initiate a new daughter actin filament 

by an angle of ~70° from an existing mother actin filament and to form branched 

filament networks [43, 44], which drives lamellipodia protrusion, vesicle 

trafficking and pathogen mobility [45].  Malfunction of Arp2/3 complex for 

generating branched network is closely associated with various kinds of human 

disease, such as defects in blood-cell function, problems of immunological synapse 

and cancer cell spreading [46]. The crystal structure of Arp2/3 complex is a flat 

ellipsoid with a geometrical size of 15nm long, 14nm wide and 7-10 nm thick [47, 
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48]. The branched junctions created by Arp2/3 complex are relatively rigid under 

thermal fluctuations [49]. Experimental studies found that Arp2/3 complexes can 

be classified into two groups, namely Arp2/3high with high-activity subunits and 

Arp2/3low with low-activity subunits [45]. Arp2/3high displayed low intrinsic 

stability of branches in vitro, while Arp2/3low generated branches were more stable 

[45]. Arp2/3 complex is an important actin nucleating molecular machine in 

eukaryotes [44]. It generates branched actin networks, which play essential roles in 

cell migrations and bacterium motility (Fig. 2.3 (b) and (c)). 
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Figure 2.2 Arp2/3 complex generates branched actin filaments. (a) Arp2/3 initiates 

a new actin filament from an existing one. (b) Lamellipodial branched actin network 

formed by Arp2/3 complex for cell motility [50]. (c) Branched actin network 

generated by Arp2/3 complex for bacterium movement [50]. 

2.2.2 Filamin-A 

Filamin was purified in 1975 as the first non-muscle actin-binding protein and it 

plays a significant role in cytoskeleton by crosslinking actin filaments into networks 

[51-53]. As shown in Fig. 2.2b, filamin-A cooperates with Arp2/3 complex and Ŭ-

actinin to form the branched network and stabilize it in lamellipodia. As presented 

in Fig. 2.3 a-c, filamin-A comprises of two 289kDa subunits that self-associate to 

form a ~160 nm long semi-flexible strand. Each FLN subunit has an N-terminal 

spectrin-related actin-binding domain (srABD) followed by 24 repeat ɓ-pleated 

sheet units. Two intervening calpain-sensitive ñhingesò separate the repeats into rod 

1 (repeats 1ï15), rod 2 (repeats 16ï23) and the self-association domain (repeat 24) 

[54, 55]. The angle between the two FLN subunit is 80°~90° and the shortest 

distance between the two N-terminal srABDs is ~50 nm [51]. The distance between 

the two rod 2 ends is ~30 nm [52]. Filamin-A crosslinks two nearly orthogonal actin 

filaments (Fig. 2.3d and e) [51-54, 56, 57]. Rod 1 is flexible and it has two binding 

domains, namely, ABD and repeat 9-15 (Fig 2.3 b-e). Rod 2 is shorter and more 
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compact than road 1 and can still bind partners when FLNa attaches to F-actin. Rod 

2 domain may be able to unfold and is likely to contribute to the increased elasticity 

upon large strain [51]. A bending óhot-spotô is present between rod 1 and rod 2 

(hinge 1, H1 in Fig. 2.3b), which contributes to the high elasticity of pre-stressed 

FLNa/F-actin networks [51, 57]. Flexible rod 1 domains may increase the 

likelihood of locating filaments to a crosslink [52]. The C-T accounts for rigid 

crosslinks [51]. 
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Figure 2.3 Structure of filamin-A and its crosslinking property. (a) Micrographs of 

filamin-A molecules show a U-shaped self -association region [51, 52]. (b) and (c) 

Structure of filamin-A and its crosslinking distance [51, 56].  (d) and (e) Filamin-A 

crosslinking two orthogonal actin filaments [51, 56]. 

2.2.3 Ŭ-actinin 

Alpha -actinin is a ubiquitously conserved protein that crosslinks actin filaments 

and it has 4 isoforms. As shown in Fig.2.4, Ŭ-actinin isoforms 1 and 4 in non-muscle 

and smooth muscle cell connect diverse orientational actin filaments, while 

isoforms 2 and 3 in skeletal and cardiac muscle cross-link two anti-parallel actin 

filaments [58-62]. In branched actin filament network, Ŭ-actinin connects two 

parallel branched actin filaments [2, 27, 63]. The total length and diameter of Ŭ-

actinin rod are 30~35nm and 3~5nm respectively [55, 58-62, 64-66]. Ŭ-actinin 

crosslinkers preferentially oriented at 0°, 60°, 90°, 120°, or 180° and when Ŭ-actinin 

bounds to actin, its length can vary by more than 5.5 nm [62]. Therefore, the 

connecting distance of actinin is about 24 to 40 nm. Experimental measurements 

showed that the minimal longitudinal spacing between two adjacent Ŭ-actinin along 
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actin filaments is 31 nm [67]. In addition, the unbinding force between a single actin 

filament and an Ŭ-actinin is in a range of 1.4ï97 pN [55, 68]. In experiments, 

Ehrlicher et al. investigated the effect of binding affinity of Ŭ-actinin with actin 

filament on cellular mechanics and their results showed that increased binding 

affinity of Ŭ-actinin increased the cellular average contractile stress from 1.8 ± 0.7 

to 4.7 ± 0.5 kPa [69]. 

 

Figure 2.4 Ŭ-actinin interactions in focal adhesions and in striated muscle [58]. (a) 

Ŭ-actinin isoforms 1 and 4. (b) Ŭ-actinin isoforms 2 and 3. 

2.2.4 Fascin 

Unlike filamin-A and Ŭ-actinin, whose F-actin binding domains are separated by a 

molecular rod, fascin is a globular protein and has a diameter of 5-8 nm [64]. It uses 

four tandem ɓ-trefoil domains to bind F-actin [64]. Fascin mainly crosslinks two 

parallel actin filaments to form F-actin bundles. It localizes in filopodia and 

invadopodia to facilitate cell migrations and has a similar stiffness of actin filaments 

[70]. The crosslinking distance of fascin only has 5-15 nm and is much shorter than 

that of Ŭ-actinin [64, 70]. Therefore, in filopodial/invadopodial F-actin bundles, 

fascin cooperates with Ŭ-actinin to generate and strengthen these F-actin bundles 

[64, 70]. Moreover, fascin also interacts with nuclear envelope protein Nesprin-2 to 
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promote cell nucleus invading through confined spaces [71, 72]. Collectively, 

fascin plays a key role in cell migration.  

2.2.5 Capping proteins 

Capping proteins bind to the growing ends, i.e., barbed ends, of actin filaments to 

terminate their elongations. In vivo experiments showed that the concentration of 

capping protein significantly affects cell motility through controlling actin 

assembling [73]. Thus, capping protein is an important component in the various 

dynamic actin structures [74]. Capping proteins keep branched actin filaments 

shorter and denser so that they can provide sufficient mechanical support and 

propulsive force for pushing cellular membrane forward [9]. 

2.3 Cytoskeletal actin networks for cell migration  

2.3.1 lamellipodial branched actin network 

2.3.1.1 Formation of branched actin network and its related biological 

activities 

Branched actin network is created by Arp2/3 complex. Arp2/3 complex binds to an 

existing actin filament, and then a new filament grows and polymerizes from it [16]. 

However, this process is extremely complicated, and a great number of proteins 

participate in it. Pollard et al. proposed a dendritic-nucleation model, which is 

shown in Fig. 2.5, to illustrate the formation process of the branched network in 

lamellipodia [10]. In this model, the process of protrusion of lamellipodia generated 

by the branched network is divided into eleven steps [10]. The above branched actin 

filament networks activated by the Arp2/3 complex are some independent 

subnetworks, which are seeded by different primers [9]. Tatyana M. Svitkina et al. 

found that, even though Arp2/3 complex was the primary binding protein, other 
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cross-linking proteins, namely Ŭ-actinin and filamin-A, also presented in the 

branched network in lamellipodia [27, 75]. Filamin-A and Ŭ- actinin connect these 

independent subnetworks together and organize them into a highly integrated 

branched network [2, 76, 77]. Peter Bieling et al. recently studied the stabilization 

effects of filamin-A and Ŭ-actinin on branched actin filament network respectively, 

and they found both of the crosslinking proteins stiffen the branched actin network 

[50]. 

 

Figure 2.5 The dendritic-nucleation model for protrusion of lamellipodia [10]. The 

dendritic-nucleation model for protrusion of lamellipodia. External cues (step 1) 

activate signalling pathways that lead to GTPases (2). These then activate Wiskottï

Aldrich syndrome protein (WASP) and related proteins (3), which in turn activate 

Arp2/3 complex. Arp2/3 complex initiates a new filament as a branch on the side 

of an existing filament (4). Each new filament grows rapidly (5), fed by a high 

concentration of profilin-bound actin stored in the cytoplasm, and this pushes the 

plasma membrane forward (6). Capping protein binds to the growing ends, 

terminating elongation (7). Actin-depolymerizing factor (ADF)/cofilin then severs 

and depolymerizes the ADP filaments, mainly in the óolder regions of the filaments 
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(8, 9). Profilin re-enters the cycle at this point, promoting dissociation of ADP and 

binding of ATP to dissociated subunits (10). ATPïactin binds to profilin, refilling 

the pool of subunits available for assembly (11). 

 

Figure 2.6 Lamellipodial branched actin networks formed by actin filaments, 

Arp2/3 complex, Filamin-A and Ŭ-actinin [63]. 

The branched actin networks, as shown in Fig. 2.6, are not isotropic, but with 

most of barbed ends toward one direction. This effect is closely related to the 

biological functions of branched actin networks in cells. Except for providing 

mechanical supports, branched actin networks also generate pushing forces by the 

polymerizations and elongations of their barbed ends. Therefore, they play key roles 

in cell migrations, endocytosis and propulsions of bacteria through cytoplasm (Fig. 

2.7) [8]. The branched actin network forms lamellipodia in cells and its mechanical 

behaviours determine cellular mobility (Fig. 2.7a), which involves various 

significant biological processes. For example, immune cells move to capture and 

destroy pathogens or pathological cell. Cells of animal embryos crawl from one 
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location in the body to another. Cancer cells spread through the body. Nerve cells 

grow processes up to 1 m long to find their targets and the formation of spine 

synapses [8, 78]. When bacteria invade cells, they use cellular proteins to assemble 

a comet tail (Fig. 2.7b), which is composed of branched filament networks. The 

polymerizations of actin filaments in the branched network provide propulsion 

forces for bacteria swimming in cytoplasm. In addition, in the process of 

endocytosis, the branched network generates force to deform membrane to facilitate 

substances to enter cells (Fig. 2.7c) [79]. 

 

Figure 2.7 Biological functions of branched actin filament network [8]. (a) Cell 

migration. (b) Motility of bacteria. (c) Endocytosis. 

2.3.1.2 Architectures of lamellipodial branched actin network 

Lamellipodia is a sheet-like protrusion structure of cells (Fig. 2.8a) and regulates 

directional cell migration [16, 80]. It is formed by highly branched actin filament 

network, which is mainly generated by Arp2/3 complex with angles of 

approximately 70°. The thickness of lamellipodia is normally 0.2 µm [12, 81-87]. 

The length of lamellipodia, which is in the direction of from leading edge to the 

nuclear region of cells, is commonly in the range of 7 µm and 18 µm [83]. However, 

the branched actin filament network exists in the first about 4 µm region from the 

lamellipodia tip [27, 88]. The width of lamellipodia along the leading edge is in the 

range of 20~50 µm [85]. Branched actin filament network in lamellipodia provides 
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significant mechanical support and propulsive force for the movement of cells. 

Therefore, actin filament length is an important parameter for studying the 

mechanical properties of the branched network. For example, Mackintosh and Dvid 

using bulk rheology presented that linear modulus of filament network increased 

proportional to the square of the actin filaments length [89]. Laurent Blanchoin, et 

al studied the correlation between filament lengths and the concentrations of 

proteins for branching and they found filament length was inversely proportional to 

branch density, namely, with different concentrations of Arp2/3 complex, capping 

protein and profilin, the lengths of branched actin filament ranged from 0.7µm to 

25 µm [49]. Recently, Julien Pernier, et al. investigated the lengths of mother 

filaments and daughter branches respectively. Most of mother filaments were about 

0.8 µm while daughter branches were 2.5 µm [90]. However, these experimental 

researches about branched filament lengths are all performed in vitro, which has a 

big disparity in concentrations of proteins with the condition in vivo. Within cells, 

the typical lengths of filaments range from 100 nm to a few microns while lengths 

in vitro can be up to 50 µm [91-93]. Consequently, the values of length obtained in 

vitro can not present the lengths of branched actin filaments in lamellipodia of cells. 

 

Figure 2.8 Lamellipodia and branched actin network in it for cellular mobility. (a) 

Sheet-like Lamellipodia of migrating cancer cells [82]. (b) Branched actin network 

structure in the front part of lamellipodia [94]. 


