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ABSTRACT

Cell migration is a pivotal process in metastasis, allowing cancer cells to invade surrounding tissues and dissemi-
nate to distant organs. While extracellular environment (ECE) viscosity serves as a critical modulator of cell motility,
its regulatory mechanisms remain unclear. This study presents a mechanobiological model to investigate how
ECE viscosity modulates cancer cell migration by regulating some key processes, including actin polymerization,
retrograde flow, and adhesion adaptations. Our results reveal a biphasic response: a moderate increase in ECE
viscosity enhances actin filament network density and adhesion strength, thereby accelerating migration, whereas
excessively high viscosity hinders movement due to too large mechanical resistance. Furthermore, we identify a
short-term migration memory phenomenon, where cancer cells exposed to high viscosity environments retain
elevated migration speeds after transitioning to low viscosity conditions. This memory effect is sustained by the
continued assembly of cytoskeletal proteins such as actin monomers and Arp2/3. These analyses reveal an
adaptive mechano-chemo-biological mechanism by which cancer cells integrate and respond to mechanical cues
from their viscous environment to optimize migration, and advance the understanding of cancer cell migration in
various tissue environments.
keywords: viscosity, actin filament dynamics, cell migration, short-term memory

Introduction1

Cell migration underpins numerous physiological and pathological phenomena. Examples include the migration of2

stem cells to establish the body plan and organ systems during the earliest stages of embryogenesis1, 2, the intricate3

movements of immune cells in response to infection3, 4, and the complex dynamics of cancer metastasis5, 6. Actin4

cytoskeleton is a primary force-generating structure that drives cell motility, mainly through dynamic assembly and5

disassembly processes at the leading edge of migrating cells7–9. Actin filaments (AFs) rapidly polymerize to form6

structures such as lamellipodia and filopodia, which are essential for protrusion and adhesion to the extracellular7

environment10, 11. Cells explore their environment and adapt their subsequent responses through dynamic cytoskeletal8

processes. Therefore, the physical properties of the extracellular environment, including stiffness, topography,9

crosslinking, viscoelasticity, and porosity, significantly influence cellular behavior and actin dynamics12–17. Among10

these factors, the role of viscosity has emerged as a critical but relatively understudied modulator of cell motility,11

actively shaping the biomechanical behavior of cells18–20.12

Elevated viscosity has been observed in various types of tumors, often due to the accumulation of cancer cells13
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and their secreted factors16, 21. Interestingly, recent studies have shown that increased ECE viscosity can enhance the14

motility of certain cancer cell types20, 22, 23, challenging the conventional expectation that higher resistance would15

suppress cell movement. This counterintuitive finding suggests that cancer cells have evolved adaptive mechanisms16

to navigate more efficiently through viscous environments, which may be driven by the alterations in actin dynamics,17

ion channel activity, and cell-matrix interactions. Furthermore, the changes in ECE viscosity may lead to migration18

memory, where cancer cells retain their migratory behavior after exposure to different viscosities23. Mechanical19

memory may significantly enhance their ability to survive and thrive in distant organs, whose mechanisms remain to20

be elucidated24–26. Therefore, a thorough understanding of how ECE viscosity modulates cell migration is crucial21

for decoding the mechanisms that drive tumor progression and metastasis.22

Although the importance of actin dynamics in cell motility has been well recognized, the effects of varying ECE23

viscosity on the organization and behavior of the AF network have not been thoroughly investigated. Furthermore,24

while several recent works have addressed how viscosity influences actin dynamics, they overlooked the critical25

feedback mechanisms between cellular components that lead to mechanical memory. To address this gap, we26

establish a multiscale mechanobiological model that simulates the evolution of the AF network at the leading edge in27

response to changes in ECE viscosity. We aim to elucidate how variations in viscosity influence actin polymerization,28

retrograde flow, and cell-matrix adhesions, thereby characterizing the mechanistic influences of ECE viscosity29

on cancer cell migration. Furthermore, we investigate how exposure to different viscosities can induce lasting30

biomechanical adaptations, i.e., cytoskeleton-based short-term migration memory, in cancer cells, providing new31

insights into their ability to optimize movement in response to different mechanical cues.32

Results33

Mechanobiological model of cell migration34

In this paper, we focus on lamellipodia induced migration. Lamellipodia are characterized by a branched network of35

AFs, primarily formed through the action of Arp2/3, which serves as a nucleation site for new filament assembly27, 28.36

This protein promotes the formation of a dense network that drives the protrusion of the cell membrane. For a cancer37

cell migrating in the viscous ECE, the driving force is provided by the branched AF network near the leading edge,38

which generates sufficient propulsion for cell movement (Fig. 1a). The leading edge is subject to the propulsive39

force of AF polymerization, the resistance of cell membrane tension and the ECE (Fig. 1b). At the steady state, the40

force balance equation at the leading edge of a migrating cell is41
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Fig. 1. Schematic representation of AF dynamics during cell migration. (a) Formation of the AF network at the leading edge.
(b) Localized view of the branched AF network. The AF deforms as it interacts with the cell membrane, and the deformation
influences its subsequent branching behavior. (c) Deformation of an AF and its interaction with the cell membrane. The AF is
considered as a beam that can withstand bending and shear deformation. (d) Molecular clutch model with viscous ECE. Myosin
contractility pulls on the AFs, leading to retrograde flow, and integrins bound to the ECE provide resistance. AF: actin filament.

∑
i

fi = fm + fef, (1)

where fi is the propulsive force of the ith AF. fm and fef denote the membrane tension and the resistance of the42

viscous ECE, respectively. Here, the membrane tension is assumed to be constant during cell migration, and we43

have also discussed the effect of its variation with ECE viscosity on cell migration (Fig. S5). The resistance from the44

viscous ECE can be written as a function of viscosity µ and migration speed v45

fef = k1µv, (2)

where k1 is a dimensionless scaling constant.46

The polymerization process of AFs is characterized by the addition of individual actin monomers to the barbed47

ends of an AF. This process is regulated by biological, chemical and mechanical cues7, 29. Accordingly, the growth48
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rate of the polymerizing AF is expressed as30, 31
49

vp(t) = δ
[
γ ·g(Ca) ·Kp(pi) · kon − koff

]
, (3)

where δ is the diameter of an actin monomer, Ca = Ca(Φ) is the local concentration of actin monomers around50

the leading edge, which is proportional to the polymerized AF density Φ, g(Ca) denotes the polymerization rate51

is a function of actin monomer concentration, γ is the diffusion coefficient of actin monomers, kon and koff are the52

association and dissociation rates of actin monomers to the polymerizing AF, respectively, Kp is the force-dependent53

probability of AF polymerization. Thus, the length of the polymerizing AF is54

l(t) =
∫

t
vp(t)dt. (4)

Previous studies indicated that the load-induced curvature of AFs can influence the formation of the branched55

AF network at the leading edge32, 33. Recent cryo-EM experiments demonstrated that the mother filament in contact56

with the Arp2/3 complex exhibits slight bending and twisting34, as shown in Fig. S1. In this study, the AF is treated57

as a deformable beam with a circular cross-section. When it interacts with the leading edge membrane, it undergoes58

bending and shear deformation (Fig. 1c). Thus, the interaction force acting on the ith AF is59

pi(t) =


EI

ω(l,t)
dθb(r,t)

dr , contact

0, no contact
, (5)

where E is the Young’s modulus of the AF, I = πd4/64 is the second moment of the cross-sectional area of the AF60

with diameter d, θb is the bending angle, and ω(l, t) is the deflection. The propulsive force is fi(t) = pi(t)cosϕ ,61

where ϕ denotes the angle between the normal direction of the local leading edge and the direction of cell migration.62

In addition, the bending force induces conformational changes of the AF, affecting its branching behavior35. The63

new branch prefers the convex side of a bent filament over the concave side30, 33. That is, the Arp2/3 complex, as64

an actin nucleator, has a higher binding affinity to the convex side of an AF. A bending curvature dependent factor65

sarp(κm) is introduced in Eq. 7, which denotes the distance between two adjacent Arp2/3 complex branches along a66

mother AF, where κm is the mean bending curvature of the AF.67
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Moreover, we consider the retrograde flow that occurs in the AFs within the lamellipodia of migrating cells,68

mainly due to myosin contraction36, 37. The pulling force of myosin motors on the AF, driving the actin flow toward69

the cell center (Figs. 1d and S2). Integrins, which link the actin cytoskeleton to the extracellular environment and70

provide effective mechanotransduction38, serve as molecular clutches. The retrograde flow speed can be described71

by the Hill relation11, 39:72

vr(t) = v0

(
1− fad(t)

fc

)
, (6)

where v0 is the free flow speed, fc is the myosin stalling force, and fad is the adhesion force generated by the engaged73

clutches. Besides, force transmission can lead to strengthening and stabilization of adhesions40. In our model,74

adhesion strengthening is captured by the addition of new clutches when a threshold force acting on the binding75

clutches is reached (Eq. S10, and Fig. S2). Thus, our model integrates the effects of AF polymerization, branching76

and retrograde flow, which occur in cell migration. The simulation procedure is described in the Methods section77

and Fig. S11. The detailed derivation of this mechanobiological model can be found in the Supporting Information.78

We first calculate the cytoskeleton polymerization rate under different viscous environments, corresponding to79

different resistances, and compare the obtained resistance-growth rate relation with relevant experiments (Figs. S380

and S4). The results show that our model can capture the force-sensitive polymerization behavior, i.e., a slower81

growth rate under higher resistance conditions, which is consistent with the experimental results26. Our model has82

accounted for adhesion and actin retrograde flow, which regulate cell motility with cytoskeleton dynamics together.83

Increasing ECE viscosity leads to biphasic migration speed84

To investigate the effects of increasing ECE viscosity on cancer cell migration, we employ our mechanobiological85

model to simulate the response of migration speed, focal adhesion dynamics, and retrograde actin flow under varying86

viscosity conditions. The simulations reveal a biphasic response in the migration speed as ECE viscosity increases87

(Figs. 2a and S5.). Specifically, the migration speed initially increases, reaching a peak around 700 cP, before88

decreasing at much higher viscosity. This suggests that moderate increase in viscosity enhances cell motility, which89

is consistent with experimental observations22. However, beyond this optimal viscosity range, excessive resistance90

impedes movement, akin to the well-established effects of resistance on cell motility41. Our model further shows that91

the adaptive response of a cell is closely linked to changes in its cytoskeletal organization. As viscosity increases, the92

higher resistance prompts an increase in the number of AFs at the leading edge (Figs. 2b and S3). The increase in93

filament density and corresponding forces suggests that the cell compensates for the elevated mechanical resistance94
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by recruiting more cytoskeletal elements to maintain sufficient propulsive forces for forward movement. Meanwhile,95

in a high viscosity environment (e.g., 370 cP), cells exhibit larger focal adhesions (engaged clutches) compared96

to those in a low viscosity environment (1 cP) (Fig. 2c, left). This indicates an adaptive response wherein cells97

strengthen their adhesion in high viscosity conditions to sustain propulsive forces during migration. Experimental98

data on different cells supports this trend, demonstrating an increased number of focal adhesions per cell in high99

viscosity conditions (Fig. 2c, right;18).100

Additionally, our simulations reveal a marked decrease in retrograde flow speed with increasing viscosity,101

consistent with experimental observations (Fig. 2d). Retrograde flow is significantly slower in high viscosity102

media (370 cP) compared to low viscosity media (1 cP). This reduction in retrograde flow speed corresponds to a103

mechanical adaptation of the actin cytoskeleton to heightened adhesions, reflecting a shift in the extent to which the104

cytoskeleton transmits forces under different conditions. Therefore, the mechanobiological feedback mechanism105

can be summarized (Fig. 2e). In moderately viscous ECE, the increased resistance enhances cell migration by106

promoting larger adhesions, denser AF network, and reduced retrograde flow. However, in environments of excessive107

viscosity, migration speed is ultimately constrained by overwhelming mechanical resistance, which inhibits actin108

polymerization and diminishes the efficiency of force transmission necessary for cell movement.109

Deformation of AFs influences the network density110

Each AF is modeled as a bending beam to explore its dynamic responses to different ECE viscosities. We analyze111

the changes in AF curvature, density, and the resulting propulsive forces under different viscosity conditions.112

Simulations reveal that AFs exhibit greater curvatures in high viscosity environments compared to those in low113

viscosity conditions (Fig. 3a). This increased curvature is a direct consequence of the increased mechanical resistance114

imposed by the viscous medium, which forces the AFs to bend further. The bending of the AFs facilitates a higher115

probability of Arp2/3 complex binding to the convex side of the curved AFs, as governed by Eq. (7). As a result,116

the number of bound Arp2/3 complexes, responsible for nucleation of new AFs at the leading edge, is significantly117

higher in high viscosity environments (Fig. 3b). This contributes to a denser AF network, which is necessary to118

generate the propulsive forces required for membrane protrusion under higher resistance conditions. Our results119

show a strong positive correlation between the curvature of AF and the AF density at the leading edge (Fig. 3c),120

where increasing AF curvature leads to a significant increase in AF density. This indicates that mechanical bending121

of AFs directly increases AF density, enabling the cell to adapt to the elevated mechanical resistance.122

Moreover, the propulsive force generated by the bent AFs is significantly greater in the high viscosity conditions123

(Fig. 3d). The combination of increased AF curvature and a denser filament network produces a larger force to drive124
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Fig. 2. Differences in the process of cell migration caused by ECE viscosity. (a) Increasing and then decreasing migration
speed with increasing ECE viscosity. The simulation results correspond to the average migration speed. The experimental
results are the motility of MDA-MB-231 breast cancer cells in viscous media from Pittman et al.22. (b) The model prediction of
the resistance force (left) and the AF number (right) at the leading edge. The AF density denotes the number of AFs whose
point end is no more than 200nm from the leading edge. (c) Viscosity induced focal adhesion adaptation. The model prediction
indicates that the larger adhesion size in the high viscosity medium (370 cP) compared to the low viscosity medium (1 cP). The
adhesion size corresponds to the number of engaged clutches during the simulation. The experiment corresponds to the number
of focal adhesions per cell in the low viscosity case (regular medium, 1 cP) and high viscosity case (added 1%
high-molecular-weight hydroxypropyl methylcellulose, 370 cP). (d) Effect of viscosity on retrograde flow. The model
prediction indicates that the retrograde flow is slower in the high viscosity medium (370 cP) compared to the less viscous
medium (1 cP). The experiment corresponds to the same tendency, that is, the retrograde flow is much slower in the high
viscosity case ( 370 cP) than in the low viscosity case ( 1 cP). (e) Mechanobiological mechanism of ECE viscosity on cell
motility. The migration speed corresponds to the statistics after the simulation is stabilized.
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Fig. 3. Deformation and distribution of AFs. (a) The mean curvature of bent AFs in low and high viscosity ECE. The
curvature is much larger in the latter condition. (b) The normalized number of Arp2/3 bound to the mother AFs. More bound
Arp2/3 is related to more newly generated daughter AFs, that is, a denser AF network. Error bars, s.d. (c) The relation between
the curvature of the bent AF and its density at the leading edge. The AF density is proportional to the statistical mean curvature.
(d) The propulsive force attributed by bent AFs. The denser AF network and larger curvature in the high viscosity ECE lead to
a larger propulsive force. Error bars, s.d. (e) The length of an individual AF follows a Gaussian distribution, and (f) at an
approximate angle of ±35◦ from the forward direction of migration.
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membrane protrusion, a critical adaptation to overcome the mechanical challenges of high viscosity environments.125

The lengths of individual AFs follow a Gaussian distribution in all conditions (Fig. 3e), and the initial direction126

before bending is aligned within an angular range of approximately ±35° from the forward migration direction127

(Fig. 3f). Additionally, filament length also influences cellular and molecular behaviors, with longer filaments128

supporting increased cell migration and contributing to a denser AF network (Fig. S6). These results highlight the129

critical interplay between filament geometry and network density in regulating the cellular response to mechanical130

resistance. Such insights offer a deeper understanding of how cancer cells adapt their cytoskeletal structure to131

optimize migration in challenging microenvironments.132

Actin monomer concentration influences migration speed133

The availability of profilin-bound actin monomers significantly affects AF polymerization. Our simulations show134

that as ECE viscosity increases, the actin monomer concentration near the leading edge is upregulated to sustain135

AF polymerization (Fig. 4a). Within a given viscosity condition, the concentration of actin monomers affects AF136

polymerization and then acts as a change in migration speed (Fig. 4b). Increased availability of actin monomers137

enhances the polymerization of AFs, which provides propulsive forces necessary for efficient movement, thus138

leading to faster migration speeds. To further elucidate the role of actin monomer availability, we examined three139

specific cases (Fig. 4c). Normally, the monomer concentration is below 22.5µM under low viscosity conditions140

(1 cP and 100 cP), as shown in Fig. 4a. Increasing the monomer concentration to 22.5µM represents an elevated141

supply. While in the high viscosity condition (1000 cP), the monomer concentration normally exceeds 22.5µM.142

Reducing the available monomer concentration to 22.5µM in this setting limits the availability of actin monomer.143

Fig. 4d, illustrating the migration speeds, shows that an increased supply of actin monomers significantly boosts the144

migration speed, whereas a reduced availability of actin monomers significantly slows the migration.145

The corresponding AF density at the leading edge (Fig. 4e) shows that the AF density is higher in the low146

viscosity conditions (1 cP and 100 cP) with elevated actin monomer supply (22.5µM) compared to the normal147

condition (Fig. 3c). In contrast, reducing the monomer supply to 22.5µM in the high viscosity condition (1000 cP)148

results in a lower AF density compared to the normal condition. These AF adjustments correspond to changes in149

cell motility. Then, we present a phase diagram that maps the interplay between ECE viscosity and actin monomer150

availability, delineating the optimal conditions for maximizing cell migration speed (Fig. 4f). It shows that low151

monomer concentrations or excessively high viscosity can impair movement, while an optimal combination of152

these factors supports rapid migration. These results emphasize that effective cell migration depends on a tuned153

balance between the availability of associated proteins and the mechanical resistance provided by the extracellular154
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Fig. 4. Influence of actin monomers and viscosity on the AF network and cell migration. (a) Actin monomer concentration at
each step for different viscosity environments. Error bars, s.d. (b) Influence of actin monomer concentration on migration speed.
Higher concentration promotes AF polymerization, leading to higher migration speed. (c) Cases simulating the influence of
actin monomers on cell behavior. For lower viscosity cases (1 cP/100 cP), the actin monomer concentration is less than
22.5µM in normal situation, thus, the concentration 22.5µM means increasing the supply of actin monomers. In contrast, the
concentration 22.5µM means reducing the supply of actin monomers for the high viscosity case (1000 cP). (d) Migration speed
of the three cases presented in (c). (e) The AF density at the leading edge of the three cases. (f) Phase diagram of biochemical
cues for cell migration speed, which shows the optimal ECE viscosity and actin monomer concentration for cell migration.
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environment, offering insights into how cancer cells adapt their motility to varying physical conditions.155

Integrin ligand density and myosin contraction influence retrograde flow156

Integrin ligand density and myosin concentration play critical roles in modulating retrograde flow and cell motility157

through mechanobiological interactions such as cell-ECE adhesion, integrin activation, and myosin-induced con-158

tractility42–44. Our results show that cell-ECE adhesion becomes stronger with increasing ECE viscosity (Fig. 5a,159

left). This increased adhesion contributes to a reduction in retrograde flow speed under higher viscosity conditions160

(Fig. 5a, right). This slowed retrograde flow enables the generation of more effective propulsive forces to drive161

forward movement. We further investigate how ligand density, which refers to the availability of binding sites such162

as integrins or adhesion complexes45, influences retrograde flow speed and migration speed. When ligand density163

is low, retrograde flow speed is higher, indicating weaker cell-ECE adhesion and allowing the actin network to164

move backwards more rapidly (Fig. 5b, left). This condition corresponds to the reduced migration speed (5b, right).165

However, as the ligand density increases, the retrograde flow decreases, and the cell migration speed increases due166

to the enhanced propulsion of AF networks. Interestingly, beyond a certain threshold, further increases in ligand167

density have little effect on migration speed (5b, right), indicating a plateau where adhesion strength is maximized168

and additional binding sites do not significantly enhance motility. This phenomenon is in partial agreement with169

experimental results46, while the biphasic dependence of cell migration speed on ligand density46, 47 requires further170

modeling investigation.171

Myosin contractile forces can also affect retrograde flow and cell migration speed. In high viscosity ECM,172

increased myosin contraction leads to slightly faster retrograde flow (Fig. 5c), and this change in retrograde flow has173

a small effect on migration speed (Fig. 5c). That is, myosin contractility has little influence on migration speed in174

the high viscosity case, which is consistent with some experimental observations22, 48. Besides, increased myosin175

contractility within a range can strengthen adhesion (Fig. 5d), because of the enhanced integrin binding mechanism40.176

As myosin contractility increases further, adhesion may become weaker (Fig. S7a). We summarize these relations177

with a schematic representation (Fig. 5e), illustrating how ligand density and myosin contraction collectively178

influence retrograde flow and migration speed. Higher ligand density enhances adhesions, slows retrograde flow, and179

promotes forward migration. On the other hand, elevated myosin contraction pulls on the AF network, accelerating180

retrograde flow and, as a result, slowing forward migration. While in the high viscosity ECM, the effect of myosin181

contractility has less effect because retrograde flow is very slow as adhesion strengthens, and AF polymerization is182

the main protrusion factor (Fig. S7b).183
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Fig. 5. Mechanobiological cues for actin flow and cell migration. (a) Relation between ECE viscosity and cell-ECE adhesion
(left) or retrograde flow speed (right). Whisker range 1 ∼ 99. (b) Relation between retrograde flow speed and the number of
ligands for the high viscosity case (1000cP). Fewer ligands lead to fast actin flow (left), and correspondingly slower migration
speed. When the ligand becomes dense enough, it has less influence on the migration speed. Error bars, s.d. (c) Effect of
myosin contraction on retrograde flow and migration speed. Greater myosin contraction leads to slightly higher retrograde flow
speed and slower migration speed. Error bars, s.d. (d) Effect of myosin contraction on adhesion. Within a certain range,
increased myosin contraction leads to strengthened adhesion. (e) Schematic mechanism of ligand density and myosin
contraction for actin flow and migration.
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Change in viscosity leads to mechanobiological migration memory184

Cell migration memory is an emergent property that allows cells to utilize past experience to inform future movements,185

with significant impacts for pathological processes24, 25.The cytoskeleton-based mechanical memory was reported in186

some experiments49, 50, and might be related to the formation of long-term memory51. In this study, we elucidate the187

mechano-chemical coupled mechanisms of short-term cell migration memory. When a cell is transferred from the188

low viscosity ECE (1 cP) to high viscosity ECE (1000 cP), its migration speed initially drops sharply, indicating the189

immediate mechanical impact of the higher viscosity (Fig. 6a). As the cytoskeleton adapts by polymerizing and190

forming a denser AF network (Fig. 6c), the migration speed gradually increases. By this mechanism, the cell can191

regain its speed despite increased environmental resistance. Fig. 6b shows more distinctly that the cell moving in192

the low viscosity environment exhibits slow migration speeds, but it achieve faster movement through cytoskeletal193

adaptation when transferred to the high viscosity condition. This increase in migration speed under high viscosity194

conditions suggests that the cell requires sufficient propulsive force to overcome the added resistance. Our results195

show that the density of the AF network increases with rising viscosity (Fig. 6c), indicating that cells adapt to higher196

mechanical resistance by constructing a denser cytoskeletal structure, enabling them to exert stronger forces against197

the high viscosity ECE.198

Interestingly, in the reverse case, when a cell is transferred from the high viscosity (1000 cP) to low viscosity (1199

cP) condition, the migration speed first increases rapidly and then decreases. However, compared with the speed for200

cells consistently exposed to low viscosity, the migration rate stabilizes at a higher level, similar to that observed201

in the high viscosity condition (Fig. 6d). Fig. 6e compares the migration speeds in both constant and changing202

viscosity scenarios. The cell transitioning from high to low viscosity can maintain a higher migration speed than203

that under constant low viscosity conditions. This phenomenon suggests a short-term migration memory, wherein204

the cell can "remember" the motility developed in the high viscosity environment, allowing it to maintain faster205

movement. By interacting with epigenetic changes, this cytoskeleton-based memory may favor long-term memory206

formation23.207

To further elucidate this memory effect, we examine the AF density when a cell is transferred from high to208

low viscosity. Although the AF density decreases upon transition to the low viscosity environment (Fig. 6f), it209

still remains higher than that of the cell always exposed to low viscosity conditions (Fig. 6g). Additionally, the210

cell transferred from high to low viscosity encounter greater resistance than that in continuously low viscosity211

environments due to their higher migration speed (Fig. 6h), which favors AF branching. This residual cytoskeletal212

density, coupled with elevated actin monomer concentration near the leading edge (Fig. S8), induces the increased213
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Fig. 6. Changes in the viscosity of ECE and the effect on cell migration and cytoskeleton evolution. (a) The change in
migration speed when a cell is transferred from low to high viscosity. (b) Comparison of migration speed in the viscosity
changing and invariant cases. Error bars, s.d. (c) The change of AF density with viscosity. The AF density becomes larger with
increasing viscosity. (d) The change in migration speed when a cell is transferred from high to low viscosity, with a sufficient
actin monomer supply. (e) Comparison of migration speed in the viscosity changing and invariant cases. The migration speed
retains some memory, that is, the cell maintains a similar speed in the high viscosity case after being transferred to the low
viscosity case. Error bars, s.d. (f) The AF density changes as ECE becomes more viscous. (g) The difference in AF density for
the case of transfer from high viscosity and invariant low viscosity. The small larger density is significant for the cell to
maintain higher speed, which can provide greater propulsive force (h). (i) The short-term memory mechanism of cell migration.
Cells in a high viscosity environment are stimulated to synthesize more relevant proteins, such as Arp2/3 and actin, to form a
denser AF network. When a cell is transferred to a low viscosity environment, the cell still maintains the depolymerization of
the dense AF network far from the leading edge, to produce a higher protein density, which is conducive to cytoskeletal
polymerization. This in turn generates a greater propulsive force for cell movement. The time zero is calculated from the time
after the Af network has produced stable propulsion. All traces in a, c, d and f are the trace after steady migration.
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migration speed in a low viscosity ECE. AF polymerization is influenced by actin monomer concentration near the214

leading edge, which is supplied from the cytosolic pool, and by recycling of depolymerized filaments (Fig. S8).215

Additionally, the enhanced contractility at the cell rear under high viscosity23 may further drive forward flow of216

actin monomer in the cytosolic pool to the leading edge52. In addition, the change and different fluctuations in217

actin monomer concentration can affect the duration of migration memory (Methods and Fig. S9). To explain this218

memory phenomenon, we propose a mechano-chemo-biological mechanism (Fig. 6i). When cells are exposed219

to a high viscosity environment, they increase the assembly of AF network that facilitates movement in resistant220

conditions. Even after transitioning to a lower-viscosity environment, this enhanced network assembly allows the221

cells to maintain a higher migration speed than those that were never exposed to high viscosity. This mechanical222

memory may be further supported by potential epigenetic changes within the cell (Fig. S10b), which requires further223

in-depth investigation.224

Discussion225

Our model demonstrates a linkage between AF deformation and AF network formation through mechano-chemo-226

biological mechanisms. Together with the consideration of retrograde flow, the model reveals a biphasic response227

in migration speed as ECE viscosity increases (Figs. 2a and S5). This model shows that increased viscosity can228

strengthen adhesions, reduce retrograde flow, and modulate actin polymerization dynamics, allowing the cells to229

sustain faster migration speeds up to a threshold where resistance becomes too high. This mechanistic insight230

underscores how adhesion strength and actin dynamics collectively mediate viscosity-dependent cell motility. The231

phenomenon, wherein cancer cells move faster in more viscous ECE, is consistent with experimental observa-232

tions20, 22, 23. The biphasic pattern indicates that cytoskeletal adaptability is not only a function of the related proteins233

availability but is also tuned by the physical properties of the extracellular environment.234

Actin polymerization is an essential process to generate propulsive forces for cell movement. The actin235

monomer availability is a key factor in driving AF polymerization. In low viscosity environments, cells require less236

actin polymerization to overcome low mechanical resistance, while in high viscosity environments, the demand237

for actin monomers increases as cells must exert greater force to migrate through a denser and more resistant238

medium. The efficient actin monomer recycling and transport ability52, 54–56 helps maintain the local actin monomer239

concentration near the leading edge at a sufficient high level to gurantee continuous polymerization. Besides,240

elevated actin monomer concentrations promote rapid polymerization, translating to faster migration speeds (Fig.241

4b). Biomechanical factors such as ligand density and myosin contractility also affect cell migration. Ligand242

density, which correlates with cell-ECE adhesion dynamics via integrins, can influence the adhesion strength,243
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Table 1. Key cellular and subcellular behaviors and predictive capabilities of our model

Experimental phenomena Our model

AF Polymerization Slower polymerization for larger resistance26 Yes (Fig. S4)
Denser AF network for larger resistance26, 29 Yes (Figs. 3c, S3)

Adhesion Strengthened adhesion with increasing force applied to in-
tegrins40, 53

Yes (Figs. 5d, S2)

Increasing viscosity strengthens adhesion18, 23 Yes (Fig. 5a)
Increasing viscosity slows retrograde flow22, 23 Yes (Fig. 5a)

Cell motility Actin but not myosin dominates cell motility in the high
viscosity condition22, 48

Yes (Figs. 5c, S7b)

Increasing viscosity speeds up migration18, 20, 22, 23 Yes (Figs. 2a, S5)
Migration slows as viscosity becomes too high (not enough
experiments)

Yes (Figs. 2a, S5)

Memory effect Cell migration speed remains high in low viscosity envi-
ronment after pretreatment in high viscosity environment
(long-term)23

Long-term is not in-
cluded

AF polymerization rate becomes faster in low resistance af-
ter pretreatment in high resistance condition (short-term)49

Yes (Figs. 6d, 6e,
S9)

thereby impacting retrograde flow. Optimal ligand density facilitates effective adhesion, promoting motility. Myosin244

contractility also plays a central role in regulating retrograde flow. Increased myosin activity enhances cytoskeletal245

tension, driving retrograde flow. However, in high viscosity environments, retrograde flow is naturally slow, and246

the impact of myosin contractility can be diminished. This is verified by the experimental results that inhibition of247

myosin has a negligible effect on cell motility in high viscosity ECE22. This nuanced interaction between adhesion,248

contractility, and viscosity underscores the complicated mechanism, where cells regulate cytoskeletal tension and249

adhesion to achieve optimal migration.250

Finally, this study reveals the mechanisms of the cytoskeleton-based short-term migration memory, wherein251

cells exposed to a high viscosity environment can maintain faster migration speeds even after transitioning to low252

viscosity conditions. This phenomenon suggests that cells can store information from their previous mechanical253

environment and use it to maintain enhanced motility. At the molecular level, this memory is likely related to the254

increased concentration of cytoskeletal proteins, such as actin monomers and Arp2/3 complexes, which is primarily255

due to rapid monomer transport and efficient actin recycling mechanisms (Figs. 6i and S8). The persistence of256

these proteins results in a denser AF network, providing sustained structural integrity and enabling the cell to257

move more quickly. A biological implication of this memory effect is particularly relevant in the context of cancer258

metastasis. During metastasis, cancer cells need navigate through diverse tissue environments, ranging from high259

viscous extracellular matrices to more fluid environments like blood vessels or lymphatics. Maintaining enhanced260
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motility after transitioning from dense to softer tissues might be a significant ability of cancer cells, allowing them261

to more effectively disseminate and colonize distant sites. Our model demonstrates how biomechanical cues can262

drive short-term cytoskeletal memory after viscosity transitions, which is similar to the experimentally observed263

mechanical memory49, 50. The biochemical pathway-medicated transcriptional changes23, 57 may explain the long-264

term regulatory mechanisms for migration behavior. To fully integrate those mechanotransduction pathways and265

transcriptional feedback mechanisms24, 58, future studies are needed to develop whole-cell models that encompass266

both cytoskeletal dynamics and transcriptional changes, including their interaction51. Such models would provide a267

unified understanding of how mechanical and biochemical cues synergistically regulate migration behavior across268

different time scales.269

In summary, we have highlighted the effects of biomechanical cues, particularly ECE viscosity, on modulating270

cytoskeletal behavior, adhesion and cell motility, as shown in Table 1. We reveal how a cell dynamically integrates271

mechanical resistance with biochemical signals to tune its cytoskeletal structure and migration speed. Furthermore,272

the discovery of cytoskeleton-based migration memory introduces a new layer of complexity to our understanding273

of cellular adaptation, revealing how transient changes in the mechanical environment can induce effects on the274

migratory machinery. This work provides potential therapeutic insights for inhibiting abnormal cancer cell migration,275

suggesting that manipulating tissue mechanics or targeting the molecular pathways involved in AF polymerization276

and migration memory may offer novel strategies for limiting metastatic progression.277

Methods278

Polymerization of the actin filament279

AF polymerization is a dynamic process corresponding to the addition of actin monomers primarily at the barbed end280

and the removal of monomers at the pointed end. In the simulation, we assume that the process involves the addition281

of actin monomers only at the barbed end while the removal of actin monomers occurs at the pointed end. AFs282

polymerize over time and may be capped by capping proteins or interact with the membrane. The polymerization283

rate can be obtained from Eq. (3). The concentration of actin monomers Ca has an initial minimum value C0
a . This284

concentration in the following simulation is related to the density of the AF network already far from the leading285

edge because the AF depolymerization can release actin monomers, which supplies free actin monomers55, 56, 59, 60.286

Additionally, there is an upper limit to the concentration Cc
a due to the diffusion limit of actin monomers. That287

is, the temporal concentration of actin monomers is determined by the AF density and the diffusion coefficient,288

corresponding to Φ and γ in Eq. (3), respectively. The force-dependent probability of AF polymerization is an289

exponential relation as in Eq. (S1). The association rate kon and dissociation rate koff of actin monomers to the290
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polymerizing AF are constant during the simulation.291

As the filaments polymerize, they might interact with the membrane. Branching may occur on the convex side292

of the mother filaments and new daughter filaments begin to polymerize at the Arp2/3 binding site30, 33. The number293

of daughter filaments of a mother filament can be determined according to294

sarp(κm) =


252, 0 ≤ κm < 0.3

144, 0.3 ≤ κm < 0.6

90, κm ≥ 0.6

, (7)

where sarp is the distance between two Arp2/3 binding to a mother filament. Thus, the number of Arp2/3 binding to295

the filament is Narp =
⌊
l/sarp

⌋
, where ⌊·⌋ denotes the rounding down operator. Additionally, the critical curvature is296

set because the experimental observation shows that the bending angle is several degrees34. Besides, different types297

of cells might have different abilities to generate branched network, different sarp can simulate these differences.298

Experimental results have shown that the angle between the branched daughter filament and mother filament is about299

70◦7, 61. During the simulation, the branch angle is set as a random value between [68◦,72◦].300

Retrograde flow301

The polymerization of AF is also accompanied with the retrograde flow, which is simulated by the molecular clutch302

model in this study. The retrograde flow speed of the whole network is simply calculated using Eq. (6). The303

adhesion, corresponding to clutches in the molecular clutch model, is regulated by the ECE viscosity and the force304

acted on the clutch (Eq. (S14)). The adhesion strengthening is implemented by adding new clutches with a dynamic305

rate (Eq. (S10)). Then, the engaged clutch number is updated using Eq. (S8 - S10). Hence, the retrograde flow speed306

at the next time step can be updated using Eq. (6). The differences between the molecular clutch model used in this307

study and other developed related models are listed in Table S1, and the detailed formulation of the molecular clutch308

model can be found in the Supporting Information.309

Simulation process310

At the start of the simulation, the starting points of the mother filaments are initialized. First, we select a 2-311

dimensional region with a width of x ∈ (−500,500nm), assuming that the cell membrane is flat within this width312

range. The initial position of the cell membrane is y = 60nm. The polymerization starting points of the initial313

mother filaments are randomly generated and distributed in the height range y ∈ (0,20nm) and the width range314

x ∈ (−500,500nm). The number of initial mother filaments is Nmf. To ensure that the number of mother filaments315
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is roughly uniformly distributed over the width, the generation was done by dividing the width into 10 parts, and316

randomly generating Nmf/10 coordinates of starting points in each of these parts. The orientation of AFs relative to317

the cell migration direction is generally around ±35◦62, 63. Thus, the initial angle of the generated mother filaments318

satisfies a Gaussian distribution φ ∼ N(±35◦,5◦). Next, the AF polymerizes by adding individual actin monomers319

whose radius is δ = 2.5nm before growing to its maximum length or being capped, and the filament closer to the320

leading edge has a higher priority for assembly with actin monomer. The capping situation includes two scenarios,321

one is the randomness of generated length (a Gaussian distribution N(l,±20nm)) and the other is the stopping322

of polymerization beyond a certain distance from the membrane. The polymerization rate is calculated using Eq.323

(3), where polymerization slows as actin monomer decreases. In the simulation, the initial polymerization rate324

is expressed as vp = δ
[
γC0

a Kp(pi)kon − koff
]
. At each time step, the number of actin monomers is calculated by325

Na(t) = min[max(C0
a ∗4µM−1,Are +Acp),Cc

a ∗4µM−1], where Are equals to the number of aged AFs divided by a326

random number R(4, 6), i.e. the actin monomers from recycling. The pointed ends of the aged AFs are between327

1000 nm and 1200 nm from the leading edge, i.e., actin filament depolymerization is assumed to occur one micron328

from the leading edge. For simplicity, the actin monomer from the cytosolic pool is set as Acp = Are. When these329

actin mononers are depleted, the simulation proceeds to the next time step. Meanwhile, there is a retrograde flow330

whose speed is calculated by Eq. (6). The retrograde distance is ∆sr = vr∆t at each time step, where ∆t = 0.02 s is331

the incremental time. When the polymerizing AF contacts the membrane, it bends. There is an interaction force332

calculated by Eq. (5), which acts as the driving force for cell migration. When the propulsive forces of all AFs333

(left side of Eq. (1)) are greater than the resistance forces (right side of Eq. (1)), the cell migrates with a step size334

of ∆d. The migration speed is v = ∆d/(t j − t j−1), where (t j − t j−1) is the time from last to current migration step.335

Meanwhile, after bending of the AF, the branching phenomenon, that is, the binding of Arp2/3, will occur according336

to Eq. (7). Besides, the interaction force between the AF and the membrane will inhibit the polymerization speed in337

the next time step, as described by the function Kp(pi). In summary, the flowchart of this simulation process can be338

found in Supporting Information Fig. S11.339

To simulate the memory effect, the actin monomer concentration remains high (Ca ≃Cc
a in Fig. 6 and different340

fluctuations in Fig. S9) near the leading edge after the cell has transferred from the high to the low viscosity341

condition, based on the mechanism shown in Fig. S8. The larger resistance in the high viscosity ECE leads342

to denser F-actin networks to push the membrane forward26, 29. The branched Arp2/3–actin filament network343

subsequently leaves the ‘activation zone’ as the membrane is pushed forward. Then the aged AFs undergo344

debranching and depolymerization, and the actin monomers released by the AF network disassembly can be reused345

for subsequent rounds of polymerization55, 56, 59, 60. The actin monomer transportation can also support continuous346

19/23

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 4, 2025. ; https://doi.org/10.1101/2025.07.01.662417doi: bioRxiv preprint 

https://doi.org/10.1101/2025.07.01.662417


polymerization52, 54.347

References

1. Barriga, E. H., Franze, K., Charras, G. & Mayor, R. Tissue stiffening coordinates morphogenesis by triggering
collective cell migration in vivo. Nature 554, 523–527, DOI: 10.1038/nature25742 (2018).

2. Blackley, D. G., Cooper, J. H., Pokorska, P. & Ratheesh, A. Mechanics of developmental migration. Semin.
Cell & Dev. Biol. 120, 66–74, DOI: 10.1016/j.semcdb.2021.07.002 (2021).

3. Alraies, Z. et al. Cell shape sensing licenses dendritic cells for homeostatic migration to lymph nodes. Nat.
Immunol. 25, 1–14, DOI: 10.1038/s41590-024-01856-3 (2024).

4. Gaertner, F. et al. Wasp triggers mechanosensitive actin patches to facilitate immune cell migration in dense
tissues. Dev. Cell 57, 47–62.e9, DOI: 10.1016/j.devcel.2021.11.024 (2022).

5. Padmanaban, V. et al. E-cadherin is required for metastasis in multiple models of breast cancer. Nature 573,
439–444, DOI: 10.1038/s41586-019-1526-3 (2019).

6. Gerstberger, S., Jiang, Q. & Ganesh, K. Metastasis. Cell 186, 1564–1579, DOI: 10.1016/j.cell.2023.03.003
(2023).

7. Lappalainen, P., Kotila, T., Jégou, A. & Romet-Lemonne, G. Biochemical and mechanical regulation of actin
dynamics. Nat. Rev. Mol. Cell Biol. 23, 836–852, DOI: 10.1038/s41580-022-00508-4 (2022).

8. Chen, X. et al. Predictive assembling model reveals the self-adaptive elastic properties of lamellipodial actin
networks for cell migration. Commun. Biol. 3, 616, DOI: 10.1038/s42003-020-01335-z (2020).

9. Chen, X. et al. Applying Spatiotemporal Modeling of Cell Dynamics to Accelerate Drug Development. ACS
Nano 18, 29311–29336, DOI: 10.1021/acsnano.4c12599 (2024).

10. Mehidi, A. et al. Forces generated by lamellipodial actin filament elongation regulate the wave complex during
cell migration. Nat. Cell Biol. 23, 1148–1162, DOI: 10.1038/s41556-021-00786-8 (2021).

11. Chan, C. E. & Odde, D. J. Traction dynamics of filopodia on compliant substrates. Science 322, 1687–1691,
DOI: 10.1126/science.1163595 (2008).

12. Janmey, P. A., Fletcher, D. A. & Reinhart-King, C. A. Stiffness sensing by cells. Physiol. Rev. 100, 695–724,
DOI: 10.1152/physrev.00013.2019 (2020).

13. Graziani, V., Crosas-Molist, E., George, S. L. & Sanz-Moreno, V. Organelle adaptations in response to
mechanical forces during tumour dissemination. Curr. Opin. Cell Biol. 88, 102345, DOI: 10.1016/j.ceb.2024.
102345 (2024).

14. Cox, T. R. The matrix in cancer. Nat. Rev. Cancer 21, 217–238, DOI: 10.1038/s41568-020-00329-7 (2021).

15. Yamada, K. M. & Sixt, M. Mechanisms of 3d cell migration. Nat. Rev. Mol. Cell Biol. 20, 738–752, DOI:
10.1038/s41580-019-0172-9 (2019).

16. Massey, A. et al. Mechanical properties of human tumour tissues and their implications for cancer development.
Nat. Rev. Phys. 6, 269–282, DOI: 10.1038/s42254-024-00707-2 (2024).

17. Lin, Z. et al. Mechanobiological modeling of viscoelasticity in soft tissue growth and morphogenesis. J. Mech.
Phys. Solids 196, 106032, DOI: 10.1016/j.jmps.2025.106032 (2025).

18. Bennett, M. et al. Molecular clutch drives cell response to surface viscosity. Proc. Natl. Acad. Sci. 115,
1192–1197, DOI: 10.1073/pnas.1710653115 (2018).

19. Mongera, A. et al. A fluid-to-solid jamming transition underlies vertebrate body axis elongation. Nature 561,
401–405, DOI: 10.1038/s41586-018-0479-2 (2018).

20/23

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 4, 2025. ; https://doi.org/10.1101/2025.07.01.662417doi: bioRxiv preprint 

10.1038/nature25742
10.1016/j.semcdb.2021.07.002
10.1038/s41590-024-01856-3
10.1016/j.devcel.2021.11.024
10.1038/s41586-019-1526-3
10.1016/j.cell.2023.03.003
10.1038/s41580-022-00508-4
10.1038/s42003-020-01335-z
10.1021/acsnano.4c12599
10.1038/s41556-021-00786-8
10.1126/science.1163595
10.1152/physrev.00013.2019
10.1016/j.ceb.2024.102345
10.1016/j.ceb.2024.102345
10.1038/s41568-020-00329-7
10.1038/s41580-019-0172-9
10.1038/s42254-024-00707-2
10.1016/j.jmps.2025.106032
10.1073/pnas.1710653115
10.1038/s41586-018-0479-2
https://doi.org/10.1101/2025.07.01.662417


20. Gonzalez-Molina, J. et al. Extracellular fluid viscosity enhances liver cancer cell mechanosensing and migration.
Biomaterials 177, 113–124, DOI: 10.1016/j.biomaterials.2018.05.058 (2018).

21. Sauer, F. et al. Changes in tissue fluidity predict tumor aggressiveness in vivo. Adv. Sci. 10, e2303523, DOI:
10.1002/advs.202303523 (2023).

22. Pittman, M. et al. Membrane ruffling is a mechanosensor of extracellular fluid viscosity. Nat. Phys. 18,
1112–1121, DOI: 10.1038/s41567-022-01676-y (2022).

23. Bera, K. et al. Extracellular fluid viscosity enhances cell migration and cancer dissemination. Nature 611,
365–373, DOI: 10.1038/s41586-022-05394-6 (2022).

24. Cambria, E. et al. Linking cell mechanical memory and cancer metastasis. Nat. Rev. Cancer 24, 216–228, DOI:
10.1038/s41568-023-00656-5 (2024).

25. Lee, J. W. N. & Holle, A. W. Engineering approaches for understanding mechanical memory in cancer metastasis.
APL Bioeng. 8, 021503, DOI: 10.1063/5.0194539 (2024).

26. Bieling, P. et al. Force Feedback Controls Motor Activity and Mechanical Properties of Self-Assembling
Branched Actin Networks. Cell 164, 115–127, DOI: 10.1016/j.cell.2015.11.057 (2016).

27. Goley, E. D. & Welch, M. D. The arp2/3 complex: an actin nucleator comes of age. Nat. Rev. Mol. Cell Biol. 7,
713–726, DOI: 10.1038/nrm2026 (2006).

28. Krause, M. & Gautreau, A. Steering cell migration: lamellipodium dynamics and the regulation of directional
persistence. Nat. Rev. Mol. Cell Biol. 15, 577–590, DOI: 10.1038/nrm3861 (2014).

29. Mueller, J. et al. Load adaptation of lamellipodial actin networks. Cell 171, 188–200, DOI: 10.1016/j.cell.2017.
07.051 (2017).

30. Chen, X. et al. Polymerization force-regulated actin filament-arp2/3 complex interaction dominates self-adaptive
cell migrations. Proc. Natl. Acad. Sci. 120, e2306512120, DOI: 10.1073/pnas.2306512120 (2023).

31. Mogilner, A. & Oster, G. Cell motility driven by actin polymerization. Biophys. J. 71, 3030–3045, DOI:
10.1016/S0006-3495(96)79496-1 (1996).

32. Wioland, H., Jegou, A. & Romet-Lemonne, G. Torsional stress generated by adf/cofilin on cross-linked actin
filaments boosts their severing. Proc. Natl. Acad. Sci. 116, 2595–2602, DOI: 10.1073/pnas.1812053116 (2019).

33. Risca, V. I. et al. Actin filament curvature biases branching direction. Proc. Natl. Acad. Sci. 109, 2913–2918,
DOI: 10.1073/pnas.1114292109 (2012).

34. Chavali, S. S. et al. Cryo-em structures reveal how phosphate release from arp3 weakens actin filament branches
formed by arp2/3 complex. Nat. Commun. 15, 1–12, DOI: 10.1038/s41467-024-46179-x (2024).

35. Reynolds, M. J., Hachicho, C., Carl, A. G., Gong, R. & Alushin, G. M. Bending forces and nucleotide state
jointly regulate f-actin structure. Nature 611, 380–386, DOI: 10.1038/s41586-022-05366-w (2022).

36. Maiuri, P. et al. Actin flows mediate a universal coupling between cell speed and cell persistence. Cell 161,
374–386, DOI: 10.1016/j.cell.2015.01.056 (2015).

37. Bangasser, B. L. & Odde, D. J. Master equation-based analysis of a motor-clutch model for cell traction force.
Cell. Mol. Bioeng. 6, 449–459, DOI: 10.1007/s12195-013-0296-5 (2013).

38. Liang, H., Fang, W. & Feng, X.-Q. A multiscale dynamic model of cell–substrate interfaces. J. Mech. Phys.
Solids 189, 105725, DOI: 10.1016/j.jmps.2024.105725 (2024).

39. Gong, Z. et al. Matching material and cellular timescales maximizes cell spreading on viscoelastic substrates.
Proc. Natl. Acad. Sci. 115, E2686–E2695, DOI: 10.1073/pnas.1716620115 (2018).

40. Elosegui-Artola, A. et al. Mechanical regulation of a molecular clutch defines force transmission and transduc-
tion in response to matrix rigidity. Nat. Cell Biol. 18, 540–548, DOI: 10.1038/ncb3336 (2016).

21/23

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 4, 2025. ; https://doi.org/10.1101/2025.07.01.662417doi: bioRxiv preprint 

10.1016/j.biomaterials.2018.05.058
10.1002/advs.202303523
10.1038/s41567-022-01676-y
10.1038/s41586-022-05394-6
10.1038/s41568-023-00656-5
10.1063/5.0194539
10.1016/j.cell.2015.11.057
10.1038/nrm2026
10.1038/nrm3861
10.1016/j.cell.2017.07.051
10.1016/j.cell.2017.07.051
10.1073/pnas.2306512120
10.1016/S0006-3495(96)79496-1
10.1073/pnas.1812053116
10.1073/pnas.1114292109
10.1038/s41467-024-46179-x
10.1038/s41586-022-05366-w
10.1016/j.cell.2015.01.056
10.1007/s12195-013-0296-5
10.1016/j.jmps.2024.105725
10.1073/pnas.1716620115
10.1038/ncb3336
https://doi.org/10.1101/2025.07.01.662417


41. Hagiwara, M., Maruyama, H., Akiyama, M., Koh, I. & Arai, F. Weakening of resistance force by cell–ecm
interactions regulate cell migration directionality and pattern formation. Commun. biology 4, 808, DOI:
10.1038/s42003-021-02350-4 (2021).

42. Rafiq, N. B. M. et al. A mechano-signalling network linking microtubules, myosin iia filaments and integrin-
based adhesions. Nat. Mater. 18, 638–649, DOI: 10.1038/s41563-019-0371-y (2019).

43. Yang, Q., Zhang, X.-F., Pollard, T. D. & Forscher, P. Arp2/3 complex-dependent actin networks constrain
myosin ii function in driving retrograde actin flow. J. Cell Biol. 197, 939–956, DOI: 10.1083/jcb.201111052
(2012).

44. Oria, R. et al. Force loading explains spatial sensing of ligands by cells. Nature 552, 219–224, DOI:
10.1038/nature24662 (2017).

45. Darnell, M. et al. Material microenvironmental properties couple to induce distinct transcriptional programs in
mammalian stem cells. Proc. Natl. Acad. Sci. 115, E8368–E8377, DOI: 10.1073/pnas.1802568115 (2018).

46. Schreiber, C., Amiri, B., Heyn, J. C. J., Rädler, J. O. & Falcke, M. On the adhesion–velocity relation and
length adaptation of motile cells on stepped fibronectin lanes. Proc. Natl. Acad. Sci. 118, e2009959118, DOI:
10.1073/pnas.2009959118 (2021).

47. Gupton, L. S. & Waterman-Storer, C. M. Spatiotemporal feedback between actomyosin and focal-adhesion
systems optimizes rapid cell migration. Cell 125, 1361–1374, DOI: 10.1016/j.cell.2006.05.029 (2006).

48. Oakes, P. W. et al. Lamellipodium is a myosin-independent mechanosensor. Proc. Natl. Acad. Sci. 115,
2646–2651, DOI: 10.1073/pnas.1715869115 (2018).

49. Parekh, S. H., Chaudhuri, O., Theriot, J. A. & Fletcher, D. A. Loading history determines the velocity of
actin-network growth. Nat. Cell Biol. 7, 1219–1223, DOI: 10.1038/ncb1336 (2005).

50. Jain, S. et al. The role of single-cell mechanical behaviour and polarity in driving collective cell migration. Nat.
Phys. 16, 802–809, DOI: 10.1038/s41567-020-0875-z (2020).

51. Price, C. C., Mathur, J., Boerckel, J. D., Pathak, A. & Shenoy, V. B. Dynamic self-reinforcement of gene
expression determines acquisition of cellular mechanical memory. Biophys. J. 120, 5074–5089, DOI: 10.1016/j.
bpj.2021.10.006 (2021).

52. Li, D. et al. Extended-resolution structured illumination imaging of endocytic and cytoskeletal dynamics.
Science 349, aab3500, DOI: 10.1126/science.aab3500 (2015).

53. Zhou, D. W., Lee, T. T., Weng, S., Fu, J. & García, A. J. Effects of substrate stiffness and actomyosin contractility
on coupling between force transmission and vinculin–paxillin recruitment at single focal adhesions. Mol. Biol.
Cell 28, 1901–1911, DOI: 10.1091/mbc.e17-02-0116 (2017).

54. Zicha, D. et al. Rapid actin transport during cell protrusion. Science 300, 142–145, DOI: 10.1126/science.
1082026 (2003).

55. Skruber, K., Read, T.-A. & Vitriol, E. A. Reconsidering an active role for G-actin in cytoskeletal regulation. J.
Cell Sci. 131, jcs203760, DOI: 10.1242/jcs.203760 (2018).

56. Vitriol, E. A. et al. Two Functionally Distinct Sources of Actin Monomers Supply the Leading Edge of
Lamellipodia. Cell Reports 11, 433–445, DOI: 10.1016/j.celrep.2015.03.033 (2015).

57. Nasrollahi, S. et al. Past matrix stiffness primes epithelial cells and regulates their future collective migration
through a mechanical memory. Biomaterials 146, 146–155, DOI: 10.1016/j.biomaterials.2017.09.012 (2017).

58. Maiques, O. et al. Matrix mechano-sensing at the invasive front induces a cytoskeletal and transcriptional
memory supporting metastasis. Nat. Commun. 16, 1394, DOI: 10.1038/s41467-025-56299-7 (2025).

59. Goode, B. L., Eskin, J. & Shekhar, S. Mechanisms of actin disassembly and turnover. J. Cell Biol. 222,
e202309021, DOI: 10.1083/jcb.202309021 (2023).

22/23

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 4, 2025. ; https://doi.org/10.1101/2025.07.01.662417doi: bioRxiv preprint 

10.1038/s42003-021-02350-4
10.1038/s41563-019-0371-y
10.1083/jcb.201111052
10.1038/nature24662
10.1073/pnas.1802568115
10.1073/pnas.2009959118
10.1016/j.cell.2006.05.029
10.1073/pnas.1715869115
10.1038/ncb1336
10.1038/s41567-020-0875-z
10.1016/j.bpj.2021.10.006
10.1016/j.bpj.2021.10.006
10.1126/science.aab3500
10.1091/mbc.e17-02-0116
10.1126/science.1082026
10.1126/science.1082026
10.1242/jcs.203760
10.1016/j.celrep.2015.03.033
10.1016/j.biomaterials.2017.09.012
10.1038/s41467-025-56299-7
10.1083/jcb.202309021
https://doi.org/10.1101/2025.07.01.662417


60. Lee, C. W. et al. Dynamic Localization of G-Actin during Membrane Protrusion in Neuronal Motility. Curr.
Biol. 23, 1046–1056, DOI: 10.1016/j.cub.2013.04.057 (2013).

61. Mullins, R. D., Heuser, J. A. & Pollard, T. D. The interaction of arp2/3 complex with actin: nucleation, high
affinity pointed end capping, and formation of branching networks of filaments. Proc. Natl. Acad. Sci. 95,
6181–6186, DOI: 10.1073/pnas.95.11.6181 (1998).

62. Weichsel, J. & Schwarz, U. S. Two competing orientation patterns explain experimentally observed anomalies
in growing actin networks. Proc. Natl. Acad. Sci. 107, 6304–6309, DOI: 10.1073/pnas.0913730107 (2010).

63. Verkhovsky, A. B. et al. Orientational order of the lamellipodial actin network as demonstrated in living motile
cells. Mol. Biol. Cell 14, 4667–4675, DOI: 10.1091/mbc.e02-10-0630 (2003).

Acknowledgements
Supports from the National Natural Science Foundation of China (Grant Nos. 12032014 and T2488101) are
acknowledged. Z. Lin hopes to thank Dr. Shuang Li and Dr. Wenyu Kong of the Tsinghua University for their
helpful discussions.

Author contributions statement
Z.L., X.C. and X.-Q.F. designed research; Z.L., X.C. and X.-Q.F. developed computational framework; and Z.L.,
X.C. and X.-Q.F. analyzed data and wrote the paper.

Competing interests
The authors declare no competing interests.

23/23

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 4, 2025. ; https://doi.org/10.1101/2025.07.01.662417doi: bioRxiv preprint 

10.1016/j.cub.2013.04.057
10.1073/pnas.95.11.6181
10.1073/pnas.0913730107
10.1091/mbc.e02-10-0630
https://doi.org/10.1101/2025.07.01.662417

	References

