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ABSTRACT 

Interstitial fluid flow plays a critical role in tumor cell invasion, yet this role has not been 

explored extensively in combination with other microenvironmental factors. Here we 

establish a novel computational model of 3D breast cancer cell migration to unveil the effect 

of interstitial fluid flow in dependence of various extracellular matrix (ECM) physical 

properties. Our model integrates several principal factors: fluid dynamics, autologous 

chemotaxis, collagen fiber network structure, ECM stiffness, cell-fiber and cell-flow 

interaction. First, independently with aligned collagen fiber network and interstitial fluid 

flow, this model is validated by successfully reproducing the cell migration patterns. In the 

model, the interstitial fluid flow leads to directional symmetry breaking of chemotactic 

migration, and synergizes with the extracellular matrix orientation to regulate cell migration. 

This synergy is universal in both the mesenchymal and the amoeboid migration modes, 

despite that the cell-ECM interaction are different. Consequently, we construct a cell 

displacement function depending on these factors. Our cell migration model enables 3D 

cancer migration prediction, mechanism exploration and inhibition treatment design in a 

complex tumor microenvironment. 

 



INTRODUCTION 

The primary cause of mortality in cancer is metastasis (1), in which tumor cells migrate from 

primary to secondary sites such as surrounding tissues or distant organs. Single cell migration is 

commonly divided into two modes: mesenchymal and amoeboid (2). The mesenchymal migration 

includes three steps: protrusion, adhesion to ECM and contraction (3, 4). The protrusion step 

requires the actin filament polymerization and turnover. The adhesion step depends on the integrin 

amount and adhesion strength regulated by actomyosin. The contraction relies on myosin activity 

to detach cells from the old cell-ECM adhesion. On the other hand, the amoeboid migration lacks 

mature focal adhesion and stress fiber formation, and largely depends on cell contractility (5).  

The non-cellular components surrounding cells are mainly the extracellular matrix (ECM) and 

the interstitial fluid. The major fraction of ECM is collagen and fibronectin (6). Collagen proteins 

self-assemble into load-bearing fibers, and they crosslink into network. In tumor, there is increased 

collagen density, stiffness or alignment. For example, collagen fibers become radially aligned 

around the tumor, which is a prognostic signature of human breast carcinoma (7) due to the 

correlation with metastasis (8). The increased collagen density can directly promote cell 

proliferation (9-11), and this hyperplasia reinforces the surrounding collagen density and 

alignment changes (12). Meanwhile, tumor expansion often leads to a higher interstitial fluid flow 

between tumor and stroma (13). The interstitial fluid transports ions, nutrients and signaling 

chemicals around cells (14-17), and therefore plays a crucial role in tumor progression and drug 

delivery (18). For example, high interstitial fluid flow can cause a notable gradient in some 

chemokine distributions (19). In this way, the interstitial fluid flow has been found to affect breast 

cancer migration through chemotactic membrane receptor CCR7 and self-secreted ligand CCL21 

(20). Recent studies have revealed that cell-ECM interaction can be regulated by fluid shear stress 

(21). This shear stress increases the affinity and avidity of integrin and increase activation of focal 

adhesion kinase (FAK) in various cell types (22, 23). As a result, it can promote cell motility (24).  

A number of cell migration models have been developed to study single factor effect including 

ECM stiffness (25, 26) and fluid flow field in depth. For example, Wu et al has revealed the 

statistical distribution of cell motion in 3D matrices (27). Kim et al has studied thoroughly the 

local fiber stiffness deformation due to cell migration and filopodia dynamics (28). Fleury et al has 

quantified the autologous morphogen gradients caused by subtle interstitial flow (19). Polacheck 



et al has evaluated how interstitial flow affects the migration of tumor cell. The effects of 

chemotaxis and flow-activated FAK are competing factors which regulate cells to move either 

upstream or downstream (21). 

However, few studies of cell migration have revealed the influence of interstitial fluid flow 

interacting with various ECM physical properties. The cell migration pattern varies with the 

change of microenvironment, so it is very hard to predict due to complexity of microenvironment. 

In order to address this gap, we develop a comprehensive model including both mechanical and 

biochemical factors to simulate the 3D cancer migration. These factors consist of fluid dynamics, 

collagen alignment, collagen stiffness, chemotaxis, durotaxis and different cell migration modes. 

Our model combines the complexity of a 3D collagen fibrous network and hydrodynamic of 

interstitial flow at microscale. The parameters corresponding to these factors are varied in our 

model to study their individual and integrated effects. To characterize these effects on cancer 

migration, the model provides as a quantitative output important features of migration such as 

displacement, speed, mean square displacement (MSD) and directionality. In the model, the flow 

speed enhances the ECM alignment effect on promoting cancer migration regardless of the 

migration modes. That is, the interstitial fluid flow and ECM orientation synergistically affect cell 

migration displacement. Consequently, we abstract this displacement dependency on the 

microenvironmental factors with a allometric regression. This comprehensive model considering 

multiplexed factors will help to predict cancer migration in complex microenvironment with 

different migration modes.  

 

MODEL DESCRIPTION 

Interstitial fluid flow dynamics 

We solve the velocity v of the interstitial fluid flow through a porous ECM with the Brinkman 

equations (29): 
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0 v ,                                                             (Eq. 2) 



where   and   are the density and viscosity of the fluid approximated by the values from water 

at 37 ℃. K is the permeability of the porous ECM, which is anisotropic when the ECM aligns 

directionally (30-32).The pressure p and the velocity v are calculated with the assigned initial and 

boundary conditions. At upstream boundary the velocity is designed to range from 0 to 3μm/s in 

different conditions. There is a pressure outflow boundary at the downstream and no-slip 

boundaries at other sides. The standard atmospheric pressure is imposed on each boundary.  

Autologous Chemotaxis  

There are more than 50 chemokines among different cell types to regulate cell migration 

(19,20,33). The breast cancer cell lines secrete chemokine CCL21, which binds to their autologous 

specific membrane receptor CCR7 to regulate migration direction. The gradient of CCL21 is 

affected by interstitial fluid flow, thus tumor cell migration aligns with the flow if without other 

influences (20). In our model, we use parameters that are breast cancer specific, yet they can be 

easily adapted to other cell lines. Since the speed of breast cancer cell migration is much smaller 

than the flow speed, the chemokine CCL21 concentration C  is calculated at steady state of the 

diffusion-convection balance equation (19): 

𝐯 ∙ ∇𝐶 − 𝐷∇2𝐶 = 0,                                                   (Eq. 3)
 
 

where v is the velocity of interstitial fluid flow, D is the diffusion coefficient of chemokine 

CCL21. Due to the autologous chemotaxis, we assume C=1 at the surface of tumor cells and C=0 

at the computational domain boundaries. The chemokine CCL21 distribution and the interstitial 

fluid flow velocity in our computational domain are solved in the software ANSYS 14.0 

(ANSYS.Inc., Pittsburgh, PA). 

ECM Network Generation 

Since a major component of ECM in human is collagen, in our model to study cell migration in 

the ECM, we develop a collagen network with adjustable fiber density, positions, orientation, and 

stiffness (34). The parallel, random and perpendicular alignments of collagen network are defined 

relative to the flow direction (z positive direction) (Figs. 1A, 1B and 1C). In the parallelly or the 

perpendicularly aligned collagen network, individual fiber orientation 
i  follows a normal 

distribution with predefined angular mean average  and the standard deviation 𝜎𝜃. average  is either 



0 or 90 to the flow direction, and 𝜎𝜃 is estimated from the case of alignment index (AI) = 0.9 

(35), where AI is defined as 
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   . On the other hand, the random 

aligned collagen network has fiber orientation 
i  following a uniform distribution between 0° to 

180°. In our model, the collagen fibers are assumed to be fixed in their positions and orientations 

to minimize the influence of collagen remodeling during cancer migration. 

Cell migration 

Broadly speaking, there are three major steps in single-cell mesenchymal migration: protrusion, 

adhesion and contraction. Accordingly, the forces regulating mesenchymal migration are 

protrusion force protrusionF , traction force
tractionF , and resistance force 

resistanceF  (36,37), which are 

adapted from Zaman et al (25). In amoeboid migration, the adhesion step is not necessary (5), thus 

the acting forces are reduced to protrusion force and resistance force. We choose this force model 

of cell migration developed from Zaman et al because as it partitions factors and represent each as 

a force, which though may be phenological or simplified from real physical mechanism.  

In details, the traction force 
tractionF  involves in the adhesion and contraction steps and is 

defined as a contractile force upon adhesion formed. It is transmitted through a cell-matrix bond, 

integrin. We assume that in 2 mg/ml collagen the integrin concentration on cell surface is 

saturated and not rate-limiting. Thus, once a fiber touches cell surface, a cell-ECM bond is 

formed. It breaks immediately when this fiber detaches from cell surface. A constant contractile 

force requiring adhesion is assumed to be at cell-fiber contact as a function of its Young’s 

modulus 𝐸, since previous studies have shown that this force is proportion to ECM stiffness (38) 

The traction force is therefore modeled as 

ECM

traction traction

N

f
i

c E F l ,                                                     (Eq. 4) 

where 
ECMN  is the number of collagen fibers in touch with a cell instantaneously, and the 

coefficient 𝑐traction measures phenomenologically the dependence of a contractile force at integrin 

on 𝐸 . Thus, 𝑐traction𝐸  represents the force magnitude of a cell-fiber contractile bond, whose 

direction is along fiber orientation pointing from cells (25) and is represented as fl . Although 



more complex expressions of the traction force have been developed in other models, this simple 

form of 
tractionF  in our model effectively reproduces durotaxis (the results section). On the other 

hand, in the amoeboid migration 
tractionF  is assumed to be 0 due to a lack of cell-ECM adhesion. 

To distinguish from the traction force in contact with ECM, the protrusion force protrusionF  is 

assumed to be regulated by chemotaxis and leads to a directional bias.   

 protrusion propulsion protrusioncF l ,                                                (Eq. 5) 

The magnitude of the protrusion force propulsionc  is estimated from previous experimental studies 

(40) and is assumed to be a constant here. In mesenchymal migration protrusionF
 
arises from actin 

polymerization at sites of lamellipodia protrusion, while in amoeboid cell migration it is 

dominantly induced by cell contractility (40). Therefore, the force magnitudes are different in 

mesenchymal and amoeboid migration. At each migration time step, the direction of the cell 

protrusion force protrusionl
 
(an unit vector) is sampled from a probability function of CCL21 

concentration in surrounding regions. This probability 
protrusion ( , )P    is calculated as 

   protrusion normalized

0

, , ,

l

r

P c C r dr   


  ，                                (Eq. 6) 

where the concentration of CCL21, ( , , )C r   , is summed within 30μm from the cell surface 

along the normal direction, and 𝑐normalized is a coefficient for probability normalization.  

The resistance occurs when cells move through ECM and viscous interstitial fluid flow. The 

viscosity of the interstitial fluid flow is significantly lower than the one of the ECM (25), thus the 

fluidic drag of interstitial fluid flow is omitted. Consequently, the resistance has mainly two parts: 

isotropic viscous ECM resistance and ECM alignment resistance.  

𝑭resistance = 𝑭drag + 𝑭ECM alignment,                            (Eq. 7) 

On one hand, the ECM is approximated as a homogeneous viscous Newtonian medium with 

low Reynolds number (𝑅𝑒 ≪ 1) (25). Thus, the resistance of this viscous ECM on a spherical cell 

is given by the classical Stokes solution, 

𝑭drag = −6𝜋𝜂𝑅𝑼,                                                 (Eq. 8) 

    where   is the viscosity of the ECM, R is the cell radius, and U is the relative velocity between 

the cell and the ECM. Here we assume a simplified geometry of ECM in this classical Stokes 

solution and do not incorporate dynamic, sub-micro scale shape changes.  



    On the other hand, an object intuitively encounters a higher resistance across perpendicularly 

aligned fibers than the parallel ones due to fibrous bending stiffness (6). Thus, the resistance on 

cells due to ECM alignment is given by 

  𝐅ECM alignment = 𝑐resistance ∑ 𝑘𝑏∆𝜃𝒍⊥𝑓𝑖
/𝐿𝑖

𝑁ECM
𝑖  ,                      (Eq. 9) 

where 
ECMN  is the number of collagen fibers instantaneously in touch with the cell. Fiber 

bending stiffness is calculated as / meanbk EI L , where E  is the Young’s modulus of a fiber, 

mean 14μmL    is the mean fiber length, and 
4 / 4I r  is the second moment of inertia of a 

collagen fiber, and r is the fiber radius. 
i  is the angle between cell motion and fiber orientation. 

The resistance due to ECM bending stiffness is assumed to be linear with 
i  and cell speed-

independent. Namely, it is minimal when a cell moves along fiber orientations. The direction fil  

of this resistance is perpendicular to the fiber orientation. 
iL  is the length of each fiber. 

resistancec  

measures phenomenologically the dependence of the ECM alignment resistance on these variables. 

As a result, the resultant force acting on a cell in mesenchymal migration mode is given by, 

         𝑭total = 𝑭protrusion + 𝑭traction + 𝑭drag + 𝑭ECM alignment ,          (Eq. 10) 

where, 
tractionF  and 𝑭ECM alignment  depend on ECM stochastic structures, 

protrusionF  represents 

the directional bias due to chemotaxis and 𝑭drag is used to determine the cell velocity. While in 

amoeboid mode, the term 
tractionF is absent. In each time step, a cell protrudes in a direction of 

chemotaxis calculated in 
protrusionF , may form and lose ECM attachments in 

tractionF , and is resisted 

by ECM viscoelasticity in 
dragF  and 𝑭ECM alignment. In this model, we only consider translational 

movement of cells, the velocity of which is solved in Eq.10 and is integrated with time to get the 

displacement. We simulate a large number of cells independently to generate cell migration 

statistics in Matlab (The MathWorks, Natick, MA).  

Parameter Fitting 

Aside from the parameters previously reported, we fit the parameters in our model from the 

previous experimental data in a heuristic manner (Table 1). Within the reported range of protrusion 

force, its force magnitude is first determined from the previous cell mesenchymal migration speed 

data in the randomly aligned ECM with no flow (40). In amoeboid migration cells move faster, 



thus there is a larger protrusion force (5). Next, the single cell-ECM bond strength is used to 

calculate the traction strength coefficient (25). The resistance coefficient is obtained from the 

previous ECM alignment experiment without any flows (39). We also determine the asymmetric 

change of the cell-ECM traction force around a cell due to flow-induced FAK activation from the 

upstream directionality data (21). A sensitivity test of all parameters on the cell displacement in z 

direction is presented in the result section (Table 2).  This sensitivity test is quantified in the 

percentage change calculated as follow, 

Percentage change on cell directional migration =

cell z displacement (105% parameters)−cell z displacement (95%parameters)

cell z displacement (100% parameters)
× 100%   

eq.11 

TABLE 1   The Parameters in the tumor cell migration model 

Parameters Values References 

Interstitial fluid density   998.2 kg/m3 19 

Interstitial fluid viscosity   7×10-3 poise 19 

Permeability K through parallelly, randomly and 

perpendicularly aligned ECM 

2.856, 2.554 

and 1.595 μm2 41 

CCL21 diffusion coefficient D  140 μm2/s 20 

Single fiber length 14±7 μm 42 

Single fiber diameter 100 nm 42,43 

Collagen concentration 2 mg/ml 21 

Single fiber mass density 1.3 g/cm3 44 

Traction strength coefficient tractionc  1×10-5 μm2 Fitted from 25 

ECM resistance coefficient
resistancec  500 Fitted from 39 

Collagen fiber Young’s modulus E  0.1 MPa 25 

Protrusion force magnitude propulsionc  for mesenchymal 

migration 
50 pN 

Fitted from 25 

and 40 



Protrusion force magnitude propulsionc  for amoeboid 

migration 
100 pN 

Fitted from 5 

and 40 

ECM viscosity 𝜂 103 poise 45,46 

Tumor cell radius R  7.5 μm 41 

Constant upstream interstitial fluid flow speed 0-3 μm/s 21 



RESULTS 



 



FIGURE 1 Distinct trajectories of tumor cell migration with various interstitial fluid flow speed 

and ECM alignments. (A)-(C) are the 3D ECM structures with different alignments generated 

with previous method (33). The ECM alignments are parallel, random or perpendicular to the 

flow direction, which is along the positive z-axis. (D)-(F) are tumor cell migration trajectories in 

various aligned ECM without interstitial fluid flows. In contrast, (G)-(I) are migration 

trajectories in the same ECM with 3μm/s interstitial fluid flow. (J)-(L) are the movement of cell 

in the corresponding ECM alignment. (M)-(O) are the MSDs of these cell migrations. The slope 

1=  in this log-log plot represents the diffusion like a random walk. The MSDs of cell 

migrations without interstitial fluid flow all have slopes larger than 1, while the ones with 3μm/s 

interstitial fluid flow are significantly higher. (D), (G), (J) and (M) have ECM alignment in 

parallel to the flow direction. (E), (H), (K) and (N) have random ECM alignment. (F), (I), (L) and 

(O) have ECM alignment in perpendicular to the flow direction. Each plot in (D)-(I) shows 20 

tumor cell trajectories over 24 hours, and the plots in (J)-(O) are based on 300 tumor cell 

trajectories over 24 hours. 

 

Our model presents multiple aspects of cell migration within various microenvironments. It 

initially places in silico tumor cells at coordinate origin and assumes a sparse cell density 

neglecting cell-cell interactions. Next it generates the trajectories of tumor cells with mesenchymal 

migration mode (Figs. 1D-1I). In the condition with no interstitial fluid flow (Figs. 1D-1F), the 

cells exhibit random walks (47), and their migration is slightly affected by the ECM alignments. 

They tend to move along the pre-aligned ECM due to less resistance. In contrast, cells experience 

more resistance when moving perpendicularly to ECM alignment. In the condition with 3μm/s 

flow speed (Figs. 1G-1I), cells are more likely to migrate along the flow direction, yet they are 

still partially influenced by the ECM alignment. Among their movements, the largest happens at 

non-zero interstitial fluid flow with the parallel ECM alignment (Figs. 1J-1L). All cell movements 

with interstitial fluid flow are significantly greater than the controls regardless of the ECM 

alignments (T-test, p<0.0001). The MSDs of these cell migrations are presented in Figs. 1M-1O, 

with the slope at large time intervals corresponding to the diffusion coefficient in cell migration. 

The slopes with interstitial fluid flow are all significantly greater than 1, showing that cells do not 

follow random walks. Next we closely study this directional migration with more aspects.  



 
 

FIGURE 2 Validations of our computational model by previous experimental data. (A) In our 

simulation, we reproduce the same experimental condition of collagen network and cell 

incubation time (39). More in silico tumor cells travel into the parallelly aligned collagen than 

into the perpendicular one, with a distance threshold defined at 30μm. This result is in good 

agreement with the experimental data and does not depend significantly on the choice of the 

distance threshold (data not shown). Cell number: 300. Running time: 72h. No significant 

difference is present between the groups (T-test, p>0.05), indicating that the simulation agrees 

well with experiment. Error bars show mean ± standard deviation. (B) The simulation reproduces 

the experimental condition with the interstitial fluid flow (20). The flow significantly enhances 

tumor migration, which is in good agreement with the experimental data. Cell number: 300. 

ECM: randomly aligned. Running time: 15h. No significant difference is present between the 

two groups, indicating that the simulation agrees well with experiment. (C) It is a uniform 

distribution with no flow for the histogram of the polar angles between the cell last position to 

the origin and the z-axis. Cells number: 300. ECM: randomly aligned. Running time: 24h. (D) 

The histogram of the cell last position polar angle approaches zero at 3μm/s flow. This 

corresponds to cell migrating mostly around the flow direction. Cells number: 300. ECM: 

randomly aligned. Running time: 24h.  

 

We first validate our model quantitatively by comparing to the previously published 

experimental data in breast cancer cell lines with different ECM alignments and no interstitial fluid 

flow (39). In silico tumor cells are initially placed in randomly aligned ECM flanked by parallelly 



and perpendicularly aligned ECM. A significantly larger amount of cells migrate into the parallelly 

aligned ECM compared to the perpendicular one (Fig. 2A). This quantitative accordance with the 

experiment well captures the effect of ECM alignment on cell migration. Our model is also 

validated by comparing the result to previous experiment with a slow interstitial fluid flow in 

randomly aligned ECM (20). This quantitative coherence of flow-promoted migration (Fig. 2B) 

testifies the design of the autologous chemotaxis in our model. These together indicate that our 

model with a large population statistics reliably predicts the individual effect of the ECM and the 

interstitial fluid flow on tumor cell migration. 

After validation, the presence of flow is examined next to quantitatively study the cell movement 

pattern, particularly along the flow direction (z axis). 300 in silico cells are simulated in each 

condition with different flow speed and ECM alignments for 24 hours. Since the flow direction 

and the ECM alignment asymmetry in our study are both along the z axis to mimic the real tumor 

microenvironment, the cell movement in 3D is nearly symmetric along x and y axis. This migration 

directionality can be easily revealed by the histogram of the angle between cell final position to 

the origin and the z-axis. Without the flow, the angle histogram is random, indicating a random-

walk pattern (Fig. 2C). With the flow, it clearly changes from a random distribution to an 

asymmetric one, indicating that the flow changes the cell migration from random walk to a 

directional migration (Fig. 2D). The angles are significantly different between no flow and 3μm/s 

flow conditions with the same ECM alignment (Fig. 2C and 2D, T-test, p<0.001). Meanwhile, the 

angles with different ECM alignments are significantly different at 3μm/s flow speed (Fig. 2D,  

ANOVA, p<0.05). 



 

 

FIGURE 3 The tumor cell migration along the flow direction is synergistically regulated by the 

flow speed and the ECM alignment. Cells number: 300. Running time: 24h. (A) Without the 

flow, the mean values of cell displacement along the flow direction are close to zero and not 

significantly different apart in parallelly, randomly and perpendicularly aligned collagen: 

−1.9μm, −1.1μm and 1.7μm (ANOVA, p>0.05, mean values are not significantly different). (B) 

When the flow speed is 0.3μm/s, the peak of the z-displacement histogram shifts towards a larger 

displacement for various ECM alignments, while the width of each histogram does not change 

much, in comparison to the zero flow. At 0.3μm/s flow speed, the mean values of z-displacement 

for parallel, random and perpendicular alignments are 20.9μm, 17.0μm and 12.4μm respectively, 

which are significantly different (ANOVA, p<0.001). (C) When the flow speed increases to 

3μm/s, the difference among the mean z-displacement values for parallel, random and 



perpendicular alignments is even larger: 33.4μm, 22.1μm and17.4μm respectively (ANOVA, 

p<0.001). (D) The cell migration speed does not change significantly with the interstitial fluid 

flow speed (T-test, p>0.05) and the ECM alignments (ANOVA, p>0.05). (E) The variance of the 

z-displacement is plotted against various flow speed and ECM alignment. There is no clear 

monotonic relationship between the variance of the z-displacement and the flow speed. However, 

the z-displacement variance of the parallel alignment is always significantly larger than the 

perpendicular one at the same flow speed (F-test, p < 0.01). (F) The combinatorial effect of flow 

speed and ECM mean orientation relative to the flow direction on z-displacement is visualized in 

this 3D plot. Along the ECM orientation axis, 0° represents the parallel ECM alignment, and 90° 

represents perpendicular ECM alignment. (G) This bar plot demonstrates a synergistic effect on 

cell z-displacement by aligning the ECM orientation around the flow direction and increasing the 

flow speed. That is, this combinatory effect is larger than the sum of the two individual effects.  

 

Varying flow speed is investigated further from more aspects to understand this directional 

tumor migration. Without the flow (Fig. 3A), cell displacement along flow direction is limited in 

a small distance (less than 20μm), with the mean value around zero. This is as expected because 

cells migrate like a random walk. At different flow speeds, the z-displacements are all significantly 

larger than zero regardless of the ECM alignments (Fig. 3B, 3C), which again quantitatively 

demonstrates a directional migration under the influence of the flow. A sensitivity test of the 

parameters (values ± 5%) regarding the z-displacement at randomly aligned ECM and 3μm/s flow 

speed is calculated to reveal their influence and the top three ones are the ECM viscosity, the 

traction strength coefficient and the protrusion force magnitude (Table 2). The effect of ECM 

alignment on the mean cell displacement varies among different flow speed, which is demonstrated 

by the two-way ANOVA test (p<0.05). This indicates an interaction between the ECM alignment 

and the flow speed on cell migration. Nevertheless, the cell speed does not change significantly 

with flow speed (Fig. 3D, T-test, p>0.05). That is, it is independent of interstitial flow, which 

concurs with the previous study (21). Therefore, the difference in z-displacement due to the flow 

is only likely attributed to the migration directionality that is regulated by the chemotaxis. Though 

the mean of cell z-displacement is largely regulated by the flow, its variance is only tightly 

regulated by the ECM alignment (Fig. 3E). With the same flow speed, the variance in the parallel 

alignment is significantly larger than the perpendicular one (F-test, p < 0.01). Intuitively, in 

perpendicularly aligned ECM, cells are more limited to migrate along z direction than in the 

parallel one. Thus, the variance of cell migration along z direction is smaller in the perpendicularly 

aligned ECM. We also visualize the combinatory effect of varying interstitial fluid flow speed and 

ECM orientation on cell displacement along flow direction in 3D (Fig. 3F). When the flow speed 



is small, there is a small difference in mean cell displacement among various ECM orientations. 

While the flow speed is large, the difference becomes larger. Therefore, the cell migration is 

accelerated by the parallel ECM alignment and the flow in a synergistic manner (Fig. 3G).  

 

TABLE 2 Sensitivity analysis of the parameters in the model 

Parameters 
Percentage change on cell 

directional migration 
Ranking 

Single fiber diameter 4.51% 7 

Collagen concentration 8.11% 4 

Traction strength coefficient 13.67% 2 

ECM resistance coefficient 6.67% 5 

Collagen fiber Young’s modulus 4.62% 6 

Protrusion force magnitude 10.92% 3 

ECM viscosity 17.80% 1 
 

 

 
FIGURE 4 The effects of the ECM stiffness gradient and the flow speed on tumor migration 

appear independent. Cells number: 300. Running time: 24h. (A) The mean displacement along 

stiffness gradient direction increases with the ECM stiffness gradient magnitude visually. The 



displacement with ECM parallel alignment is always significantly higher than the perpendicular 

one at the same stiffness gradient (ANOVA, p<0.001). (B) The speed of cell migration does not 

change much with the ECM stiffness gradient (T-test, p>0.05) or alignment (ANOVA, p>0.05). 

(C) The variance of the tumor z-displacement is plotted against various ECM stiffness gradient 

and ECM alignments. There is no clear monotonic relationship between the z-displacement 

variance and the ECM stiffness gradient. However, the z-displacement variance with parallel 

alignment is always significantly larger than the perpendicular one with the same ECM stiffness 

gradient (F-test, p < 0.01). (D) The combinatory effect of flow speed and ECM stiffness gradient  

on cell displacement along the flow direction is visualized in a 3D plot. (E) The bar plot shows 

that the effects of increasing ECM stiffness gradient and the flow speed are independent. That is, 

this combinatory effect is similar to the sum of the individual effects.  

 

In addition to ECM alignment, tumor cells sense the rigidity of surrounding ECM through 

integrin and migrate towards stiffer regions, termed as durotaxis (38). The stiffness gradient 

emerges with the ECM alignment change during tumor progression, but how it regulates cell 

migration with the interstitial fluid flow was unknown before our study. In our model, we first 

reproduce the durotaxis without the interstitial fluid flow (Fig. 4A): the larger the stiffness gradient 

is, the further cells migrate into the stiffer regions. Interestingly, the speed magnitude of the 

moving cell is also not affected much by the ECM stiffness (T-test, p>0.05, Fig. 4B). Similarly, a 

possible explanation is that in durotaxis the stiffness dominantly regulates the directionality of cell 

migration, as regulated by the flow in chemotaxis. In addition, the ECM stiffness gradient also 

amplifies the ECM alignment effect on cell migration. These help to rule out that the synergy 

mechanisms are unique to our model design, since the stiffness sensing and the chemotaxis have 

completely different force formula in our model. The variance of the cell z-displacement (the 

gradient direction) is similar at different ECM stiffness gradient, but it still follows σ2 
Parallel aligned> 

σ2 
Perpendicular aligned (F-test, p<0.01, Fig. 4C). This shows that the parallel ECM alignment causes 

large fluctuation in the cell displacement regardless of the stiffness gradient. Nevertheless, the 

ECM stiffness gradient does not synergize with the interstitial fluid flow on the cell directional 

displacement with random ECM alignment (Fig. 4D). That is, the effects of ECM stiffness gradient 

and flow speed on cell migration are additive and thus independent (Fig. 4E).  



 
FIGURE 5 The cell displacement dependencies on the flow speed in mesenchymal and 

amoeboid migration have similar patterns. Cells number: 300. Running time: 24h. (A)-(C) 

Directional displacement of tumor cell shows a linear correlation with migration time in 

parallelly, randomly and perpendicularly aligned ECM for both mesenchymal and amoeboid 

migration mode. Flow speed=1μm/s. (D) The speed of amoeboid migration is also independent 

of the flow speed (T-test, p>0.05) and the ECM alignment (ANOVA, p>0.05). (E) The variance 

of the z-displacement of amoeboid migration is plotted against flow speed. There is no clear 

monotonic relationship between the variance of the z-displacement and the flow. The cell 

displacement variance with parallel alignment is always larger than the perpendicular ECM 

alignment in the same flow speed (F-test, p < 0.01). (F) Displacement of tumor cells in the flow 

direction is plotted against the interstitial fluid flow speed with various ECM alignment for 

mesenchymal migration mode. (G) Displacement of tumor cells in the flow direction is plotted 



against the interstitial fluid flow speed with various ECM alignment for amoeboid migration 

mode. 

 

To understand whether the combinatorial effect of interstitial fluid flow and ECM orientation is 

universal, we further study the amoeboid migration mode of tumor cells in our model. Cells with 

amoeboid migration mode lack integrin-related cell-ECM adhesion and thus the cell-ECM traction 

force is zero.  In our model, the amoeboid migration always represents a larger cell displacement 

along the flow direction regardless of the ECM alignments (Figs. 5A-5C). The displacement 

difference between the two migration modes is mostly the cell migration speed (Figs. 5D and 3D), 

which is attributed to the difference in cell protrusion force. The variances in amoeboid migration 

between the parallel and the perpendicular alignment are also significantly different (Fig. 5E, F-

test, p<0.01), which is similar to the one in mesenchymal migration (Fig. 3E). This common 

feature of variance between both migration modes is therefore likely resulted from the ECM 

resistance, due to a lack of ECM traction force in amoeboid migration. The difference of cell 

displacement among various alignments amplifies with the flow speed in both mesenchymal and 

amoeboid migration (Figs. 5F, 5G). This indicates that the flow promotes the effect of the ECM 

alignment on the cell migration regardless of the migration modes, though this promotion effect is 

stronger in amoeboid at the same flow speed, potentially due to a higher cell speed.  

Based on this finding, we use our model to predict the cell migration within multiplexed 

microenvironments. Surprisingly, the displacement as a function of interstitial fluidic flow speed 

follow a similar geometrical trend with various ECM alignments and migration modes (Figs. 5F, 

5G). We attribute this similar displacement dependency on the flow speed largely to the autologous 

chemotaxis. The flow delivers biochemical signals, which accumulate at downstream of cells. As 

the flow speed increases, the increase of this accumulation effect saturates gradually. This is why 

the slopes of the displacement decrease to flat at large flow speed. The function describing the cell 

migration dependency on the interstitial fluid flow speed, ECM alignment and migration mode is 

defined as below, 

                           mode

nS c V t ,                                                             (Eq. 11) 

where S  is the displacement (the distance between the final z position and the origin) of tumor 

cells along the flow direction, V is the speed of the interstitial fluid flow, and t is migration time 

interval. By fitting our simulation data (Table 3), 𝑛 describes the shape of the cell displacement 

dependency on the flow speed. Their values for the mesenchymal and the amoeboid migration 



indicate a similar shape of cell displacement depending on flow speed, which may result from the 

similar chemotactic regulation. 
modec  is the parameter representing the ECM alignment regulation 

coupled with different migration modes. The adjusted R-squares that measure the prediction 

strength imply that this allometric function of the migration displacement is convincing. Generally, 

the adjusted R-squares of amoeboid migration are higher than mesenchymal ones. The rationale is 

that the amoeboid migration is dominated by the protrusion force, which is regulated by the 

chemotaxis and has lower fluctuations. In mesenchymal migration, the uncertainty occurs more 

because of the traction force and the ECM network generation. The nonlinear relation between S 

and V reflects the nature of solute spreading in fluid. When flow speed is small, this solute 

spreading is dominated by the isotropic diffusion. The fluid transportation grows stronger as the 

flow speed increases, leading to accumulations of biochemical signals at downstream of cells until 

saturation. Notably, the effects of ECM alignment and the interstitial fluid flow regulations on cell 

migration are not linearly additive but entangled in such a nonlinear manner described by this 

allometric formula. The traction force among various ECM alignments is independent of the 

interstitial fluid flow speed. Therefore, this amplification of ECM alignment effect by the 

interstitial fluid flow is mostly likely due to the ECM resistance force.  

TABLE 3 Estimated parameters in the tumor cell migration simulation data regression 
(mes: mesenchymal, amo: amoeboid) 

 𝑐mes 𝑛mes 
Adjust R-

square 
𝑐amo 𝑛amo 

Adjust R-

square 

ECM parallel to flow 20.00 

0.4 

0.853 71.38 

0.1 

0.945 

ECM random aligned 15.27 0.683 51.97 0.891 

ECM perpendicular to flow 13.86 0.899 44.49 0.983 

 

 



 



FIGURE 6 Tumor migration against flow direction is influenced by ECM alignment. (A) 

The increase of the traction force is estimated using a hill function from the directional migration 

data (B). With this setup, our simulation can reproduce the experimental data (21, ANOVA, 

p>0.05). (C) The population fraction of polar angles of cells in 0.3μm/s flow case. The polar 

angle is the angle between the cell’s location to the origin and the z axis. The polar angle less 

than 45° corresponds to cell migrating along the flow direction or more than 135° corresponds to 

cell migrating against the flow direction. Cells number: 300. ECM randomly aligned. Running 

time: 48h. (D) The population fraction of polar angles of cells in 3μm/s flow case. Cells number: 

300. ECM randomly aligned. Running time: 48h. (E) The speed of cell migration does not 

change much with the flow speeds (ANOVA, p>0.05, mean values are not significantly 

different). Meanwhile, the cell speed doesn’t significantly vary with that of the no competing 

mechanism case (Not shown in the figure, ANOVA, p>0.05). (F) Displacement of tumor cells in 

the flow direction versus flow speed for mesenchymal migration mode with the competing 

mechanism (21) (ANOVA, p<0.01) (Cell number, 300. ECM randomly aligned, Running time: 

24 hours). (G) The variances of z-displacement of the two cases are of no significant difference 

(F-test, p>0.05, ANOVA, p>0.05). (H) Directional displacement of cells in three ECM 

alignments with the competing mechanism. The directional migration is defined as a population 

has an average score that scored cells with a +1 if they migrated within 45° of the streamline in 

the downstream direction and a −1 if they migrated within 45° of the streamline in the upstream 

direction.  
 

There are some tumor cells tend to migrate upstream against interstitial fluid flow (21), which 

is of our interests with the presence of other micro-environmental factors. The upstream migration 

is suggested due to asymmetry of fluid shear stress that promotes the FAK activation at the flow 

upstream side of cells (21). Accordingly, we first estimate this increase of cell-ECM traction 

strength within a cell at the flow upstream side from the experiment using a hill function (Fig. 6A). 

With this effect of shear stress on cell-ECM traction strength, tumor cells experience a tendency 

to migrate against the flow, which is in consistency with the experiment (fig. 6B). When flow 

speed is small (0.3μm/s), the effect of migrating against the flow (the shear stress effect) is not big 

enough to overcome the one along it (the chemotaxis effect). As a result, most tumor cells migrate 

along the flow and are characterized by the angle less than 45° (Fig. 6C). Here the angle is defined 

the same as previously: the one between cell final position to the origin and the z-axis. At 3μm/s 

flow speed, the effect of shear stress is comparable to the effect of cytokine chemotaxis, leading 

some cells to migrate against flow (Fig. 6D). The migration speed with this competing mechanism 

between the shear stress and the chemotaxis is also not affected by interstitial fluid flow (Fig. 6E). 

However, the z-displacements with and without shear stress effect are significantly distinguishable 

(Fig. 6F, ANOVA, p<0.01). With this competing mechanism, we observe a saddle point around 

0.5μm/s flow speed, after which the flow speed increase becomes notable to decrease the z-



displacement. The variance of the z-displacement is not significantly affected by the competing 

mechanism or the speed flow (Fig. 6G). We also present the cell displacement in flow direction 

with different ECM alignments (Fig. 6H). Surprisingly, the parallel alignment promotes cells to 

migrate against the flow while the perpendicular along the flow. This may be because that for the 

parallel aligned ECM, the cells have the most cell-ECM bonds at the upstream of the flow, while 

for the perpendicular one they have the least. The amoeboid migration is not discussed here since 

the cell-ECM traction force is absent and there is no competing mechanism.  

CONCLUSION AND DISCUSSION 

In this paper, we develop a computational model to investigate 3D tumor cell migration in 

various ECM network and interstitial fluid flow. We first validate that interstitial fluid flow 

facilitates tumor cell migration and the parallel aligned ECM is optimal for cell to travel through. 

Though ECM and flow are independent inputs, their effects on cell migration are not independent. 

The resistance force that depends on cell migration speed and ECM serves as a non-linear 

integrator. Meanwhile, the migration tendency towards stiffer ECM termed as “durotaxis” is 

influenced by the ECM alignment and the flow. The variance of cell displacement does not change 

with the flow speed nor the ECM stiffness gradient, but is regulated by the ECM alignments. The 

comparison between the mesenchymal and amoeboid migration modes suggests that this is due to 

the presence of the cell-ECM traction force. Ultimately, we derive an analytical formula of this 

nonlinear cell directional displacement dependency on interstitial fluid flow speed and varied ECM 

alignments. Using this practical model, we can quantitatively predict the tumor cell invasion with 

multiplexed microenvironmental factors.  

At the same time, this work can still be further refined. Our model is theoretical, and is validated 

by some experiments on the effect of ECM alignment and fluid flow. Here we assume the collagen 

fiber network as fixed during cell migration due to strong fiber crosslinks. Though a dynamic 

collagen network can potentially provide more insights and practical application on cancer 

migration, it will be computational expensive and our current work manages to capture the effect 

of ECM on cell migration observed in the experiments. The deformability of tumor cell and the 

porosity of the ECM are also important factors during metastasis. In this paper, we only focus on 

cell migration within sparse cell density. For higher cell density, the migration pattern is quite 



different, such as migration against flow direction at small flow speed (21). We hypothesize that 

with a very high cell density, the chemokines distribution field will be nearly homogeneous and 

the receptor saturation will be more likely to happen, so that the migration pattern will be close to 

the result of zero flow speed. There are different modes of collective cell migration other than 

mesenchymal and amoeboid migrations, so in the work we do not specifically study collective 

cancer migration with high cell density. With the help of our model, we will seek to design in vitro 

experiments to better understand the biomechanical mechanism of tumor metastasis and coordinate 

more data to improve this model. 

 The model adopts an innovative angle by considering the interaction between ECM and 

flow on cell migration. As a result, it connects the local nanoscale force integral, such as integrin-

regulated traction forces, and the microscale cell migration regulation, such as the chemotactic 

protrusion and the ECM viscous resistance. Our cell migration model also embeds the stochastic 

effects arising from cell protrusion direction based on the chemokine concentration, and the ECM 

network generation, but leads to an analytical function to predict the average cell displacement 

within various microenvironments. Both single-cell migration modes and the migration 

against/along the flow are investigated, which is vital to consider for a tumor migration model due 

to tumor heterogeneity and migration transition in metastasis. Thus our model provides a 

comprehensive picture of how the microenvironmental factors and the migration modes interact 

to optimize tumor migration.   

ACKNOWLEDGMENTS  

Funding: The authors acknowledge support from the National Institutes of Health 

(5U01CA177799, 1U01 CA202123 and P01HL 120839), the NSFC (11672182) and the SRFDP 

(20130073110059). Author contributions: A.L., M.S., F.S., R.S., and M.H.Z. conceived and 

designed the study; A.L., and M.S. designed or implemented the mathematical model; A.L., M.S., 

F.S., R.S., and M.H.Z., have drafted the work or substantially revised it. The authors declared that 

they have no conflicts of interest to this work. 

Data and materials availability: All model parameters needed to evaluate the conclusions are 

present in the paper. Simulation code is available in the github 

https://github.com/ttsunmeng/CollagenFiberModel_cfd.  

 

https://github.com/ttsunmeng/CollagenFiberModel_cfd


REFERENCES 

1. Seyfried, T.N. and L.C. Huysentruyt. 2013. On the origin of cancer metastasis. Crit Rev Oncog. 

18(1-2):43-73. 

2. Friedl, P. and S. Alexander. 2011. Cancer invasion and the microenvironment: Plasticity and 

reciprocity. Cell. 147(5): 992-1009. 

3. Lammermann, T., B.L. Bader, S.J. Monkley, T. Worbs, R. Wedlich-Soldner, K. Hirsch and 

M. Sixt. 2008. Rapid leukocyte migration by integrin-independent flowing and squeezing. 

Nature. 453(7191): 51-55. 

4. Welch, M.D. 2015. Cell Migration, Freshly Squeezed. Cell. 160(4): 581-582. 

5. Friedl, P. and K. Wolf. 2010. Plasticity of cell migration: A multiscale tuning model. Journal 

of Cell Biology. 188(1): 11-19. 

6. Kalluri, R. and M. Zeisberg. 2006. Fibroblasts in cancer. Nature Reviews Cancer. 6(5): 392-

401. 

7. Conklin, M.W., J.C. Eickhoff, K.M. Riching, C.A. Pehlke, K.W. Eliceiri, P.P. Provenzano, A. 

Friedl and P.J. Keely. 2011. Aligned collagen is a prognostic signature for survival in human 

breast carcinoma. The American Journal of Pathology. 178(3): 1221-32. 

8. Riching, K.M., B.L. Cox, M.R. Salick, C. Pehlke, A.S. Riching, S.M. Ponik, R.B. Benjamin , 

C.C. Wendy, Y. Jiang, M.W. Alissa, M.Weaver, W.E. Kevin and P.J. Keely. 2014. 3D 

Collagen alignment limits protrusions to enhance breast cancer cell persistence. Biophysical 

Journal. 107(11): 2546-58. 

9. Provenzano, P.P., D.R. Inman, K.W. Eliceiri, J.G. Knittel, L. Yan, C.T. Rueden, J. G. White 

and P.J. Keely. 2008. Collagen density promotes mammary tumor initiation and progression. 

BMC Medicine. 6:11. DOI:10.1186/1741-7015-6-11. 

10. Sun, M., F.Spill and M.H.Zaman. 2016. A computational model of YAP/TAZ 

mechanosensing. Biophysical Journal. 110(11):2540-2550. 

11. Fabian, S., B. Chris and M. Michael. 2018. Mechanical and systems biology of cancer. 

Computational and Structural Biotechnology Journal. 16:237-245. 

12. Conklin, M.W., R.E. Gangnon, B.L. Sprague, L.G. Van, J.M. Hampton, K.W. Eliceiri, J.S.  

Bredfeldt, Y. Liu, N. Surachaicharn, P.A. Newcomb, A. Friedl, P.J. Keely and A. Trentham-

Dietz. 2018. Collagen alignment as a predictor of recurrence after ductal carcinoma in situ. 

Cancer Epidemiology Biomarkers and Prevention. 27(2): 138-145. 

13. Fukumura, D., D.G. Duda, L.L. Munn and R.K. Jain. 2010. Tumor Microvasculature and 

Microenvironment: Novel insights through intravital imaging in pre-clinical models. 

Microcirculation. 17(3):206-225.  

14. Ng, C.P., C.L. Helm and M.A. Swartz. 2004. Interstitial fluid flow differentially stimulates 

blood and lymphatic endothelial cell morphogenesis in vitro. Microvascular Research. 68(3): 

258-264. 

15. Zisch, A.H. and R. Langer. 2005. Synergy between interstitial fluid flow and VEGF directs 

capillary morphogenesis in vitro through a gradient amplification mechanism. Proceedings of 

the National Academy of Sciences. 102(44): 15779-15784. 

16. Semino, C.E., R.D. Kamm and D.A. Lauffenburger. 2006. Autocrine EGF receptor activation 

mediates endothelial cell migration and vascular morphogenesis induced by VEGF under 

interstitial fluid flow. Experimental Cell Research. 312(3): 289-298. 



17. Hosseinkhani, H., Y. Inatsugu, Y. Hiraoka, S. Inoue and Y. Tabata. 2005. Perfusion culture 

enhances osteogenic differentiation of rat mesenchymal stem cells in collagen sponge 

reinforced with poly (glycolic acid) fiber. Tissue Engineering. 11(9-10): 1476-1488. 

18. Heldin, C.H., K. Rubin, K. Pietras and A. Östman. 2004. High interstitial fluid pressure- an 

obstacle in cancer therapy. Nature Reviews Cancer. 4(10): 806-813. 

19. Fleury, M.E., K.C. Boardman and M.A. Swartz. 2006. Autologous morphogen gradients by 

subtle interstitial fluid flow and matrix interactions. Biophysical Journal. 91(1): 113-121. 

20. Shields, J.D., M.E. Fleury, C. Yong, A.A. Tomei, G.J. Randolph and M.A. Swartz. 2007. 

Autologous chemotaxis as a mechanism of tumor cell homing to lymphatics via interstitial 

fluid flow and autocrine CCR7 signaling. Cancer Cell. 11(6): 526-538. 

21. Polacheck, W.J., J.L. Charest, R.D. Kamm. 2011. Interstitial fluid flow influences direction 

of tumor cell migration through competing mechanisms. Proceedings of the National 

Academy of Sciences. 108(27): 11115-11120. 

22. Tzima, E., M.A. del Pozo, S.J. Shattil, S. Chien and M.A. Schwartz. 2001. Activation of 

integrins in endothelial cells by fluid shear stress mediates Rho-dependent cytoskeletal 

alignment. EMBO J 20:4639–4647. 

23. Jalali, S., M.A. del Pozo, K.D. Chen, H. Miao, Y.S. Li, M.A. Schwartz, J.Y.J. Shyy and S. 

Chien. 2001. Integrin-mediated mechanotransduction requires its dynamic interaction with 

specific extracellular matrix (ECM) ligands. 

24. Lee, H.J., M.F. Diaz, K.M. Price, J.A. Ozuna, S.L. Zhang, E.M. Sevick-Muraca, J.P. Hagan 

and P.L. 2017. Wenzel. Fluid shear stress activates YAP1 to promote cancer cell motility. 

Nature Communications. 8:14122. 

25. Zaman, M.H., R.D. Kamm, P. Matsudaira and D.A. Lauffenburger. 2005. Computational 

model for cell migration in three-dimensional matrices. Biophysical Journal. 89(2): 1389-

1397. 
26. Schlüter, D.K., I. Ramis-Conde and M.A.J. Chaplain. 2012. Computational modeling of 

single-cell migration: The leading role of extracellular matrix fibers. Biophysical Journal. 

103(6):1141-1151. 

27. Wu, P.H., A. Giri, S.X. Sun and D. Wirtz. 2014. Three-dimensional cell migration does not 

follow a random walk. Proceedings of the National Academy of Sciences. 111(11):3949-3954. 

28. Kim, M.C., Y.R. Silberberg, R. Abeyaratne, R.D. Kamm and H. H. Asada. 2018. 

Computational modeling of three-dimensional ECM-rigidity sensing to guide directed cell 

migration. Proceedings of the National Academy of Sciences, 2018:201717230. 

29. Brinkman, H.C. 1949. A calculation of the viscous force exerted by a flowing fluid on a dense 

swarm of particles. Flow Turbulence & Combustion. 1(1): 27-34.  

30. Jackson, G.W. and D.F. James. 2010. The permeability of fibrous porous media. Canadian 

Journal of Chemical Engineering. 64(3): 364-374. 

31. Higdon, J.J.L. and G.D. Ford. 1996. Permeability of three-dimensional models of fibrous 

porous media. Journal of Fluid Mechanics. 308: 341-361. 

32. Chernyakov, A.L. 1998. Fluid flow through three-dimensional fibrous porous media. Journal 

of Experimental and Theoretical Physics. 86: 1156-1165. 

33. Lo, S.H. 2006. Focal adhesions: what's new inside. Developmental Biology. 294(2): 280-291. 

34. Berrier, A.L. and K.M. Yamada. 2007. Cell–matrix adhesion. Journal of Cellular Physiology. 

213(3):565–573. 



35. Sun, M., A.B. Bloom and M.H. Zaman. 2015. Rapid quantification of 3D collagen fiber 

alignment and fiber intersection correlations with high sensitivity. Plos One.10(7): e0131814. 

DOI: 10.1371/journal.pone.0131814. 
36. Sun, M. and M.H. Zaman. 2016. Modeling, signaling and cytoskeleton dynamics integrated 

modeling-experimental frameworks in cell migration. Wiley Interdisciplinary Reviews 

Systems Biology & Medicine. 9(1). DOI:10.1002/wsbm.1365. 
37. Zaman, M.H. 2006. Multiscale modeling of tumor cell migration. From physics to biology: 

The interface between experiment & computation. American Institute of Physics. 851:117-

122. 
38. Lo, C.M., H.B. Wang., M. Dembo and Y.L. Wang. 2000. Cell movement is guided by the 

rigidity of the substrate. Biophysical Journal. 79(1):144-152. 

39. Provenzano, P.P., D.R. Inman, K.W. Eliceiri, S.M. Trier and P.J. Keely. 2008. Contact 

guidance mediated three-dimensional cell migration is regulated by Rho/ROCK-dependent 

matrix reorganization. Biophysical Journal. 95(11): 5374-5384. 

40. Gou, X., H. Yang, T.M. Fahmy, Y. Wang and D. Sun. 2014. Direct measurement of cell 

protrusion force utilizing a robot-aided cell manipulation system with optical tweezers for cell 

migration control. International Journal of Robotics Research. 33(14): 1782-1792. 

41. Pedersen, J.A., S. Lichter and M.A. Swartz. 2010. Cells in 3d matrices under interstitial fluid 

flow: effects of extracellular matrix alignment on cell shear stress and drag forces. Journal of 

Biomechanics. 43(5):900-905. 

42. Sivakumar, L. and G. Agarwal. 2010. The influence of discoidin domain receptor 2 on the 

persistence length of collagen type I fibers. Biomaterials. 31(18):4802-4808. 

43. Shawn, P.R., N. Farhang, R. Poulson, G. Parkman and J.A. Weiss. 2016. Nanoscale Imaging 

of Collagen Gels with Focused Ion Beam Milling and Scanning Electron Microscopy. 

Biophysical Journal. 111(8):1797-1804. 
44. Morin, C., C. Hellmich and P. Henits. 2013. Fibrillar structure and elasticity of hydrating 

collagen: A quantitative multiscale approach. Journal of Theoretical Biology. 317(2):384-393. 

45. Akiyama, S.K., and K.M. Yamada. 1985. The interaction of plasma fibronectin with 

fibroblastic cells in suspension. J. Biol. Chem. 260: 4492–4500. 

46. Goodman, S.L., G. Risse and K. von der Mark. 1989. The E8 subfragment of laminin promotes 

locomotion of myoblasts over extracellular matrix. J. Cell Biol. 109:799–809. 

47. Perez, M. and P. Prendergast. 2007. Random-walk models of cell dispersal included in 

mechanobiological simulations of tissue differentiation. Journal of Biomechanics. 40(10): 

2244-2253. 


