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A B S T R A C T   

Mast cells (MCs) play important roles in multiple pathologies, including fibrosis; however, their behaviors in 
different extracellular matrix (ECM) environments have not been fully elucidated. Accordingly, in this study, the 
migration of MCs on substrates with different stiffnesses was investigated using time-lapse video microscopy. Our 
results showed that MCs could appear in round, spindle, and star-like shapes; spindle-shaped cells accounted for 
80–90 % of the total observed cells. The migration speed of round cells was significantly lower than that of cells 
with other shapes. Interestingly, spindle-shaped MCs migrated in a jiggling and wiggling motion between pro-
trusions. The persistence index of MC migration was slightly higher on stiffer substrates. Moreover, we found that 
there was an intermediate optimal stiffness at which the migration efficiency was the highest. These findings may 
help to improve our understanding of MC-induced pathologies and the roles of MC migration in the immune 
system.   

1. Introduction 

Mast cells (MCs) are implicated in immune regulation, inflammation, 
wound healing, and acupuncture analgesia (Ribatti, 2019; Nigrovic, 
2017; Zhang et al., 2008). MC migration and recruitment have been 
reported in various pathologies, including tissue fibrosis, joint diseases, 
and inflammation of the lungs, intestines, and airways (Nigrovic and 
Lee, 2007; Legere et al., 2019; Bradding et al., 2006). Moreover, MCs can 
migrate between different tissues, e.g., from the skin to the draining 
lymph nodes (Byrne et al., 2008; Wang et al., 1998), from the lungs to 
the airway smooth muscle (Brightling et al., 2005), and from the 
jejunum to the spleen (Friend et al., 1998). Numerous studies have 
focused on chemicals that regulate MC migration owing to their pivotal 
roles in immediate hypersensitivity and chronic allergic reactions 
(Okayama and Kawakami, 2006). Furthermore, the effects of the me-
chanical properties of the extracellular matrix (ECM), which plays 
important roles in cell migration (Yeung et al., 2005), remain largely 
unknown. 

The role of substrate stiffness in cell migration has been investigated 
on different cell types, including fibroblasts (Yeung et al., 2005; Lo et al., 

2000), cancer cells (McKenzie et al., 2018; DuChez et al., 2019; Ban-
gasser et al., 2017; Wang et al., 2020), and vascular smooth muscle cells 
(VSMCs) (Isenberg et al., 2009; Wong et al., 2003). When cultured on a 
substrate with a stiffness gradient, most cells migrate to the stiffer side, a 
mechanism termed “durotaxis” (Lo et al., 2000). By contrast, when 
cultured on a substrate with uniform stiffness, the cells move randomly 
with no directional bias. Moreover, the migration velocity and persis-
tence are stiffness-dependent (Wang et al., 2020; Koser et al., 2016; 
Lachowski et al., 2017) and closely related to physiological and patho-
logical processes. 

Various cell types respond differently to substrate stiffness. Some 
cells move faster on stiffer substrates, whereas others act in the opposite 
manner. For example, SKOV3 cells move faster on stiffer substrates; 
thus, ECM rigidity enhances the metastasis of epithelial ovarian cancer 
(McKenzie et al., 2018). Additionally, VSMCs show similar stiffness 
dependence, and this feature may be involved in various vascular dis-
eases, such as atherosclerosis (Isenberg et al., 2009). By contrast, mac-
rophages have been shown to move faster on soft substrates and tend to 
accumulate in stiffer environments. Therefore, soft tissues exhibit an 
anti-inflammatory phenotype, whereas stiffer tissues exhibit a 
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pro-inflammatory phenotype (Hind et al., 2016; Cougoule et al., 2012). 
Moreover, the velocity of many cell types exhibits an interesting 
“biphasic” dependence on ECM stiffness; that is, cells move fastest on an 
intermediate “optimal stiffness”. This feature has been reported in gli-
oma cells (Wang et al., 2020; Marhuenda et al., 2021), neutrophils 
(Stroka and Aranda-Espinoza, 2009), smooth muscle cells (SMCs) 
(Peyton and Putnam, 2005), hepatic cells (L02 cells), and hepatocellular 
carcinoma cells (M3 cells) (Yangben et al., 2013). The non-monotonic 
relationship between ECM stiffness and cell velocity therefore compli-
cates our understanding of the pathological processes of cancer pro-
gression and lung fibrosis and highlights the need to develop smart 
biomaterials to direct cell migration. 

Despite numerous experimental and theoretical studies in other cell 
types, the influence of substrate stiffness on MC migration has not been 
extensively studied. (Yang et al. (2018)) cultured MCs on a substrate 
with two different stiffnesses and a middle gradient zone. Their results 
showed that MCs tended to gather at the gradient zone. Without quan-
tifying MC migration (e.g., velocity and persistence), it is unclear why 
MCs prefer the gradient zone. Moreover, numerous studies have 
demonstrated that tissue fibrosis (e.g., liver cirrhosis (Adolf et al., 2012), 
myocardial fibrosis (Legere et al., 2019), scleroderma (Saigusa et al., 
2018), and fibrotic scars (Hinz, 2009)) is associated with changes in MC 
density and activation. Therefore, investigations into the influence of 
substrate stiffness on MC migration characteristics are needed to 
improve our understanding of the roles of MCs in these pathologies. 

Accordingly, in this study, we evaluated the free migration processes 
of MCs on four substrates with different stiffness using time-lapse video 
microscopy. MC migration trajectories were identified by self-written 
MATLAB codes, and various parameters, including velocity, persis-
tence index, and turning angles, were analyzed. Our results show that 
MCs could appear in round, spindle, and star-like shapes and that the 
migration speed of round-shaped cells was significantly lower than that 
of cells with other shapes. Finally, we found that there was an inter-
mediate optimal stiffness at which the migration efficiency was the 
highest. These results provide important insights into the effects of 
substrate stiffness on MC migration. 

2. Materials and methods 

2.1. Cell culture 

RBL-2H3 rat basophilic leukemia cells have biological characteristics 
and functions similar to those of MCs. Therefore, these cells are widely 
used as a model for studying the biological behaviors of MCs, such as 
degeneration (Fowlkes et al., 2013) and migration (Jolly et al., 2005; 
Hou et al., 2020; Marcatti Amarú Maximiano et al., 2017). RBL-2H3 
cells (kindly provided by Cell Bank, Chinese Academy of Sciences) 
were cultured at 37℃ under an atmosphere containing 5% CO2 in 
minimum essential medium (Thermo Fisher Scientific, USA) supple-
mented with 15 % fetal bovine serum, 1% penicillin/streptomycin, and 
1% L-glutamine (Gibco, Invitrogen, Grand Island, NY, USA). The cell 
culture medium was changed every 2–3 days, and cells were passaged 
during the exponential phase of growth (before the cells reached 
confluence). Cells were used at passages 4–8. 

2.2. Substrate preparation and conjugation 

Poly-di-methyl-siloxane (PDMS, w/w; Sylgard 184; Dow-Corning, 
Midland, MI, USA) is broadly used to fabricate substrates with varying 
mechanical and geometrical properties for cell culture (Gutekunst et al., 
2014; Tzvetkova-Chevolleau et al., 2008) owing to its excellent 
biocompatibility. PDMS is a mixture of the base and agent. Substrates 
with different Young’s moduli can be obtained by varying their mass 
ratios. In this experiment, substrates were prepared with 10/30/50:1 
base-to-agent ratios. Then, the mixture was settled in a vacuum pump 
for 1 h at room temperature to eliminate bubbles and transferred to a 

6-well plate (3 mL/well) for 1 h to rest. Finally, the mixture was placed 
in an oven and baked at 75 ◦C for 6 h and subjected to ultraviolet irra-
diation for 3 h to obtain substrates with different stiffnesses. 

Micro-indentations were performed using atomic force microscopy 
(AFM; Bruker-Icon) to measure and verify the substrate stiffness. The 
measurements were performed using silicon nitride AFM cantilevers 
(PT.PS; Novascan; nominal stiffnesses of 0.03 and 0.12 nN/nm) and 
polystyrene microspheres (4.5 μm in diameter). During the measure-
ment, PDMS samples were positioned on the optical microscope stage. 
Indentations were evaluated at random points on the sample surface, 
with intervals of at least 20 μm, a loading rate of 1 μm/s, and an 
engaging force of 1 nN. The acquired force-indentation curves were 
analyzed using Bruker-Nanoscope Analysis software (Bruker) to extract 
the elastic modulus at each point. For each sample, 16 points were 
tested. The average moduli of PDMS samples used in this experiment 
were 83.28 (10:1), 51.25 (30:1), and 29.77 kPa (50:1), respectively, 
which were comparable to the stiffness range of fibrosis tissue (20–100 
kPa) (Wells and Discher, 2008; Goffin et al., 2006; Engler et al., 2008). 

Fibronectin coating was carried out after preparation of substrate 
samples. The substrate was washed three times with phosphate-buffered 
saline (PBS; pH 7.2; Thermo Fisher Scientific), and 3 mL human plasma 
fibronectin solution (10 μg/mL; Gibco) was added. The substrate and 
solution were incubated at 37 ◦C for 1 h. The solution was then removed, 
and the coated substrate was rinsed three times with PBS. 

2.3. Time-lapse video microscopy 

Cells were seeded onto fibronectin-coated PDMS gels or plastic plates 
(Young’s modulus: 107 kPa) at a density of 3500 cells/cm2 to reduce 
cell-cell contact. Then, the cells were placed into a humidity incubator 
for 12 h. The supernatants were discarded and replaced with 3 mL fresh 
culture medium. For imaging, the 6-well plate was fixed on a Stage Top 
Incubator (Tokai Hit, Japan), and a controller (Tokai Hit) was used to 
maintain the cell culture atmosphere (37 ◦C, 5% CO2, and 95 % hu-
midity). Moreover, an inverted microscope (Ti-E; Nikon, Japan; phase 
contrast, 10 × 0.3 NA) equipped with a CCD camera (CoolSnap DYNO 
Scientific, USA) was used for cell imaging, and NIS-Element software 
was used to control the imaging process. Imaging was carried out for 2 h, 
and one frame was recorded every 2 min. Before long-term observation, 
the cells were precultured in a Stage Top Incubator for 1 h. For each 
stiffness group, the experiment was repeated more than three times. 

2.4. Image processing 

In total, of 61 frames, with approximately 80–100 cells per frame, 
were captured for each group (frame time interval, ΔT = 2 min). Then, 
the cell migration trajectory was extracted from the frames (Fig. 1A). For 
each frame, the cell edges were manually marked, and the cell centers 
were automatically calculated using a self-written code in MATLAB. 
Automatic cell matching between two neighboring frames was fulfilled 
by searching the nearest cells. However, for cell i at a certain frame, if no 
cells were found within a distance of 25 μm in the next frame, typically 
because the cell disengaged from the substrate and moved away, then 
the cell was excluded. The cell matching process was monitored 
manually and corrected if necessary. 

Additionally, for each frame, cell shapes were analyzed (Fig. 1B). The 
cell shape was described by the radius of cell (θ), determined by the 
distance between points on the cell edge and cell center. Briefly, the cells 
were classified as: “round” if R(θ) was flat, “spindle” if R(θ) had one or 
two peaks, and “star-like” if R(θ) had three or more peaks. This shape 
classification based on the number of protrusions was very intuitive; 
however, we should note that this classification method was specifically 
designed for RBL-2H3 cells and may therefore be limited to studies using 
this cell type. 

Because cells may change shapes over time, for each cell i, there is a 
list of F = 61 cell shapes (Shape(i,k), where k = 1, 2,…,F). For each cell 
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i, the “dominant” shape, DShape(i), was determined by the shape with 
the most frequent occurrence in all frames. 

2.5. Analysis of cell migration properties 

Fig. 1C shows an intuitive demonstration of the trajectory analysis. 
The migration trajectory of a certain cell i is described as a list of loca-
tions, defined as x→(i, k) = [x,y](i,k), k = 1, 2,…,F, corresponding to time 
0, 2,…, 120 min. For each path, the total distance is defined as 

S(i) =
∑F− 1

k=1
| x→(i, k + 1) − x→(i, k) | (1)  

and the net distance at frame k is defined as D→(i, k) = x→(i, k) − x→(i,1). 
Then the mean square distance (MSD) is calculated as 

MSD(k) =
∑n

i=1

⃒
⃒
⃒D
→
(i, k)

⃒
⃒
⃒

2
, (2)  

where n is the number of cells. The step velocity (for cell i at frame k) is 

v→step(i, k) =
1

ΔT
( x→(i, k + 1) − x→(i, k) ) (3)  

and the cell velocity is determined by 

v(i) =
1

F − 1
∑F− 1

k

⃒
⃒ v→step(i, k)

⃒
⃒ =

S(i)
(F − 1)ΔT

. (4) 

The cell persistence is evaluated by the “persistent index” (PI), 
defined as 

PI(i) =

⃒
⃒
⃒D
→
(i,F)

⃒
⃒
⃒

S(i)
∈ [0, 1] (5) 

As PI approaches 1, the cell tends to keep its direction and moves 
along a straight line. 

The global turning angle of cell migration is calculated as 

ϕ(i, k) = tan− 1
(

v→step(i, k)⋅ n→y

v→step(i, k)⋅ n→x

)

(6)  

where n→x and n→y are normal vectors pointing to the x and y axes, 
respectively. The relative turning angle is defined by 

γ(i, k) = cos− 1

(
v→step(i, k)⋅ v→step(i, k + 1)

| v→step(i, k)
⃒
⃒
⃒⋅
⃒
⃒
⃒ v→step(i, k + 1)

⃒
⃒
⃒

)

(7)  

Fig. 1. Image processing and analysis of cell migration properties. (A) Obtaining cell migration trajectory from images. The picture on the left is of time-lapse images 
from NIS-Element software; that in the middle shows cell edge marking; and that on the right shows the cell migration trajectory. (B) Cell shape recognition. The top 
four graphs show different shapes. The lower graph shows how the normalized radius was obtained. (C) Analysis of cell migration path. 
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2.6. Statistics 

Data were divided into four groups. Mean values and variance were 
calculated and expressed as means ± standard errors. One-way analysis 
of variance (ANOVA) was used to analyze the mean values and variances 
of cell velocity and the persistence index, whereas Tukey’s post-hoc test 
was used for comparisons among multiple groups. All statistical analyses 
were performed using MATLAB statistics and machine learning toolbox 
(MATLAB 2020a, Mathworks). Results with P values less than 0.05 were 
considered significant. 

3. Results 

3.1. Cell shapes and velocity 

RBL-2H3 cells exhibit different shapes when cultured on substrates. 
According to the number of protrusions, MCs can be classified as 
“round”, “spindle”, or “star-like” (Fig. 1B). Round-shaped cells had no 
protrusions, spindle-shaped cells had one or two protrusions, and star- 
like cells had three or more protrusions (Fig. 2A). For a single cell, the 
cells shape could vary over time. For example, cells initially exhibiting a 
round shape could become deformed into spindle-shaped cells, and vice 
versa. For consistency, we labelled each cell with the shape that was 
maintained most of the time. Table 1 shows the percentages of the three 
cell types on the four substrates. Spindle-shaped cells accounted for the 
majority of cells (≥ 80 %) on all substrates and were the most common 
cell type (90 %) on the 51.25 kPa substrate. 

The velocity of RBL-2H3 cells was shape-dependent. Fig. 2B shows 
the velocities of the three cell types on all substrates. The mean veloc-
ities for round, spindle-shaped, and star-like cells were 0.47 ± 0.03, 1.03 
± 0.02, and 0.91 ± 0.10 μm/min, respectively. Thus, these findings 
showed that the velocity of round cells was significantly lower than that 
of the other two cell types (p < 1 × 10− 6). 

3.2. Unbiased migration of RBL-2H3 cells 

Single-cell migration is thought to follow random walk pattern, 
which is unbiased when the substrate is uniform and biased when there 
is a chemical/mechanical gradient (Codling et al., 2008). Unbiased cell 
migration fits into the persistent random walk (PRW) model, where 
persistence means that the cell “remembers” and maintains the moving 
direction with a certain probability. For a long-term unbiased 
two-dimensional (2D) random walk (Andreanov and Grebenkov, 2012), 
the cell distribution is similar to that of free diffusion, and the MSD is 
proportional to time t: 

MSD(t) = 2Dt (8)  

where D is the diffusion coefficient. Fig. 3A and B gives the MSD − t 
curves for RBL-2H3 cells on four substrates. Because the MSD - t curves 
showed a good linear correlation, we calculated the diffusion coefficient 
D for all groups using the least-squares method for linear fitting. The D 
values of cells on 51.25 kPa substrate were 3.05 and 3.36 μm2/min for 
all cell shapes and spindle-shaped cells, respectively. 

To further verify that the cell migration was unbiased, the global 
turning angles ϕ(i, k) were analyzed, and the distributions are plotted in 
Fig. 3C and D. The angle distributions were relatively uniform with no 
global bias. 

3.3. Influence of substrate stiffness 

The MSD curves (Fig. 3) showed that the cells migrated fastest on the 
51.25 kPa substrate. Thus, the influence of substrate stiffness was 
further investigated to determine cell velocity and persistence. Fig. 4A 
and B show the relationship of cell velocity with substrate stiffness. The 
cell velocity was highest on the 51.25 kPa substrate (1.11 and 1.14 μm/ 
min for all cell types and spindle-shaped cells, respectively), which was 
significantly different from that of cells cultured on stiffer or softer 
substrates. Thus, we concluded that 51.25 kPa was close to the “optimal 
stiffness”. 

Stiffness may also affect persistence (Ng et al., 2012). Fig. 4C and D 
shows the direction PI of cells on substrates with different stiffnesses. For 
most cells, the PI values were below 0.2. Thus, the PI increased slightly 
as the ECM stiffness decreased; however, no significant differences were 
observed among groups. For all three cell types (Fig. 4C), the PI values 
(means ± standard errors of the means) were 0.11 ± 0.01 and 0.16 ±
0.02 on the 107 kPa and 29.77 kPa substrates, respectively. Similar re-
sults were observed for spindle cells only (Fig. 4D). 

Fig. 2. Different shapes of RBL-2H3 cells and corresponding velocities. (A) Cells labelled with ‘●’, ‘▴’, and ‘*’ are classified as round, spindle, and star-like cells, 
respectively. Some cells were not labeled because they were excluded from analysis owing to blurry boundaries or detachment from the substrate. (B) Velocities of 
the round, spindle, and star-like cells. **** p < 0.0001. N is the cell number. 

Table 1 
Proportions of round, spindle, and star-like cells on substrates with different 
stiffnesses.  

Group Cell number Round Spindle Star-like 

107 kPa  98 10 (10.21 %) 83 (84.69 %) 5 (5.10 %) 

83.28 kPa  103 19 (18.45 %) 82 (79.61 %) 2 (1.94 %) 
51.25 kPa  100 2 (2.00 %) 90 (90.00 %) 8 (8.00 %) 
29.77 kPa  95 14 (14.74 %) 79 (83.16 %) 2 (2.10 %) 
Total 396 45 (11.35 %) 334 (84.37 %) 17 (4.28 %)  
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Fig. 3. MSD – t curves and global turning angle of RBL-2H3 cells on substrates with four different stiffnesses. (A, B) MSD – t curves. Lines with markers show the MSD 
curves, and shadows show the corresponding standard deviations. The diffusion coefficients (D) were calculated using a linear fit of MSD = 2Dt. N is the cell number. 
(C, D) Global turning angle. (A, C) All cells (round, spindle, and star-like) were counted. (B, D) Only spindle-shaped cells were counted. 

Fig. 4. Velocity and direction persistence index (PI) of RBL-2H3 cells on substrates with different stiffnesses. (A) Velocities of all cell types. The markers represent 
data for each cell, with ‘○’ for round cells, ‘●’ for spindle-shaped cells, and ‘∇’ for star-like cells. (B) Velocities of spindle-shaped cells only. N is the cell number. (C) PI 
values of all cell types. (D) PI values of spindle-shaped cells only. N is the cell number. * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant. 

Fig. 5. Turning angles of RBL-2H3 cells on substrates with different stiffnesses. (A, B) Relative turning angles for all three cell types (round, spindle, and star-like) 
and for spindle-shaped cells only. (C, D) Global and relative turning angles of round, spindle, and star-like cells. N is the cell number. 
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3.4. Relative turning angles 

Fig. 5A and B show the relative turning angle γ(i, k) of RBL-2H3 cells. 
The results showed that RBL-2H3 cells had two frequent turning angles, 
0 ◦ and 180 ◦, during migration. Thus, the cells had a good chance of 
move forwards (0 ◦) or backwards (180 ◦). 

Since the pattern of the relative turning angles differed from that of 
the global turning angles, we further compared both the relative and 
global turning angles of the three cell shapes. Fig. 5C and D shows the 
global and relative turning angles of round, spindle-shaped, and star-like 
cells. The global turning angles of the three cell shapes were almost 
uniformly distributed, indicating no global bias. Moreover, the distri-
butions of relative turning angles varied dramatically. The round cells 
had a relatively higher probability of moving backward (180 ◦), indi-
cating that round cells tended to jiggle and wiggle around in place since 
the cell velocity was slow. Spindle-shaped cells tended to move on a 
straight line, but also had a significant chance of moving backward. 
Considering the large proportion of spindle-shaped cells, this type of 
motion was the most common motion for RBL-2H3 cells (Fig. 5A, B). 
Compared with that of spindle-shaped cells, the relative turning angle 
distribution of star-like cells was less polarized, indicating a higher 
probability of turning left or right for star-like cells when moving for-
ward or backward. The differences in relative turning angles are not 
surprising considering that cell migration largely depends on pro-
trusions, which determine the cell shape. 

4. Discussion 

4.1. Optimal stiffness for cell migration 

Substrate stiffness is known to affect cell migration speed. Indeed, 
many types of cells have faster speeds or migration efficiencies on rigid 
substrates. However, stiffness-velocity curves for some cells, such as 
U251 glioma cells (Bangasser et al., 2017), neutrophils (Stroka and 
Aranda-Espinoza, 2009), and SMCs (Peyton and Putnam, 2005), exhibit 
biphasic properties. In this study, the MSD and velocity of MCs on the 
51.25 kPa substrate were significantly higher than those of the other 
three groups, indicating that the migration of MCs had similar biphasic 
properties on the “optimal stiffness” substrate. From the perspective of 
the PRW model (Prahl et al., 2020), the high migration efficiency of MCs 
could be related to two specific factors. First, the cell speed conformed to 
the biphasic distribution, and second, the cell migration direction 
persistence was slightly better on softer substrates or substrates that 
were close to the optimum stiffness. 

This issue may be related to the dynamic mechanism of cell migra-
tion. Assuming the substrate as an elastic material, Ji et al. introduced a 
“motility factor” to represent the ratio of the driving force to cell 
movement resistance (Zhong and Ji, 2013). Their simulation results 
revealed that the “motility factor” changed with the substrate stiffness 
and had biphasic properties. Cells cannot migrate effectively when the 
substrate is too soft to form stable protrusions attaching to the substrate. 
By contrast, when the substrate stiffness is too high, the protrusions on 
the trailing edge become tight, resulting in excessive cell migration 
resistance, which is no conducive to the efficient migration of cells. 

4.2. Cell shape and migration speed 

In this study, we found that round MCs were significantly slower 
than spindle-shaped and star-like cells. Round cells exhibit insufficient 
connections with the substrate and spread more on stiffer substrates, 
with broader lamellipodia (DuChez et al., 2019; Ulrich et al., 2009). 
Moreover, cell shape has been shown to be related to contractility 
(Lemmon and Romer, 2010). The traction force is generally considered 
to be the sum of multiple protrusions forces, and the protrusion force is 
positively correlated with the distance between the protrusion and the 
cell center. Therefore, cells with larger areas generally have larger 

traction forces. In this study, the length of spindle-shaped cells in the 
spreading direction was generally longer than the diameter of 
round-shaped cells. 

Furthermore, we observed differences in the relative turning angles 
of the three cell types, suggesting relationships between protrusions and 
cell migration. Round cells had no obvious protrusions around the cell 
boundary. Therefore, whenever the cell attempted to move in any di-
rection, it was pulled back, resulting in a jiggling and wiggling motion. 
Spindle-shaped cells primarily had two protrusions distributed on 
opposite sides of the cell; therefore, cell movement tended to be in the 
direction of the cell polar axis (0 ◦ or 180 ◦). Finally, star-like cells had 
more than two protrusions, and the relative turning angles were 
distributed more evenly. 

Califano discussed the interplay among substrate stiffness, cell area, 
and cell contractility (i.e., the dynamics of cell migration) (Califano and 
Reinhart-King, 2010). We proposed a similar philosophy (Fig. 6A). In 
our analysis of the relationships among substrate stiffness, cell shape, 
and cell migration efficiency, we found that under the “optimal stiff-
ness”, the slowest moving round cells accounted for the lowest propor-
tion of cells; thus, the average cell speed may be affected. However, 
because the total number of MCs was low, it is still unclear whether the 
substrate stiffness may significantly affect the proportion of round cells. 
Therefore, we excluded round cells and only investigated 
spindle-shaped cells, which had the highest proportion. The “optimal 
stiffness” phenomenon still existed when only spindle-shaped cells were 
assessed. Consequently, the mechanism through which substrate stiff-
ness affected MC migration may also be involved in the direct interplay. 

4.3. Cell velocity, adhesion, and substrate stiffness 

Cell migration, cell-substrate adhesion, and substrate stiffness are 
closely related. Cell velocity may also exhibit biphasic behaviors when 
cell-substrate adhesion varies. For example, glioma cells exhibit the 
highest velocity when the expression of CD44, a protein related to cell 
adhesion, is moderate, and better outcomes in humans and experimental 
mouse models are observed when CD44 expression is higher or lower 
(Klank et al., 2017). By contrast, the relationship between substrate 
stiffness and cell-substrate adhesion is quite clear: a stiffer substrate 
enhances adhesion, as manifested by a larger spreading area (Lo et al., 
2000) and cell-substrate interaction stress (Bollmann et al., 2015). 
Therefore, this is not surprising that the velocity of glioma cells also 
shows biphasic dependence on substrate stiffness (Wang et al., 2020; 
Klank et al., 2017). 

Numerous numerical models have been developed to elucidate the 
influence of the cell-substrate interaction on cell migration. The biphasic 
behaviors of cell velocity have been demonstrated in different models by 
DiMilla et al. (1991), Lin (2010), Zhong and Ji (2013), and Pathak 
(2018). Despite different assumptions and study approaches, all of these 
models indicate that cell migration is enhanced when the cell-substrate 
adhesion is neither too strong nor too weak. If too weak, the traction 
force is small, whereas if too strong, the traction force stops the cell from 
moving forward. 

In this study, a minimal one-dimensional (1D) centroid model was 
introduced to simulate substrate stiffness-related cell migration. We 
found that the focal adhesion (FA) stability (expressed by the activation 
probability in our model) was crucial for cell migration (Fig. 6D, E). 
Additionally, the “optimal stiffness” may be related to the “optimal 
activation probability” or “optimal stability” of FAs. If the FAs attached 
to the substrate too strongly, then the forces exerted by FAs tended to 
cancel each other out; by contrast, if the FAs were unstable, then the 
driving force was insufficient. 

4.4. 1D centroid model for cell migration 

Because MCs are mostly spindle-shaped cells and mainly move along 
the long axis, a 1D centroid model was introduced to study the dynamics 
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of MC migration (Fig. 6B). The cell was described as a centroid agent 
located at xc, with a length of L = 20 μm. The cell had two FAs at its 
edges, and each connected the centroid with a spring (with a spring 
constant α) representing cytoskeleton links. The FA was either activated 
or deactivated, as expressed by the activate function ϕi. If ϕi = 1, the FA 
was activated and would exert a force on the centroid. According to 
Hooke’s law, the force is f = α (L

2 − L0). Here L0 (assumed to be 6.25 μm 
in our model) is the rest length of the spring. Otherwise, if ϕi = 0, the FA 
was deactivated, and no force was applied to the centroid. The centroid 
moves under the summation of FA forces, whose dynamics can be 
modeled as (Dallon et al., 2013) 

μ dxc

dt
=
∑n=2

i=1
− α(|xc − xi| − L0 )

xc − xi

|xc − xi|
ϕi (8)  

where xi is the location of the FA, satisfying that x1 = xc − L/2 and x2 =

xc + L/2. μ is the drag coefficient. Considering that the response of cell 
force releasing typically occurs within a few seconds (Chan and Odde, 
2008), we assumed that the cell centroid could move ‘immediately’ to its 
equilibrium position, such that 

(xc − x1 − L0)ϕ1 = (x2 − xc − L0)ϕ2 (9) 

Typically, if ϕ1 = ϕ2 = 0, no force was applied to the centroid; thus, 
the cell maintained its original position. Otherwise, the cell moved to 
xc =

ϕ1(x1+L0)+ϕ2(x2 − L0)
ϕ1+ϕ2 

according to the equilibrium equation. 
A Monte-Carlo procedure was introduced to simulate the random-

ness of cell migration. The cell migration process was divided into 
multiple Monte-Carlo steps (MCSs). At each step, the two FAs at the 
edges were activated with a probability P, and the cell then moved ac-
cording to the equilibrium equation. The simple rule was repeated at 
each MCS, and the cell trajectory was recorded. One MCS corresponded 
to approximately 1 min because the feature time of FA attachment and 
detachment has been reported to be approximately 20–100 s (Dallon 
et al., 2013). In total, 10,000 cells for 120 MCSs were simulated. 

The cell migration in our model was controlled by FA activations, in 
which the activation probability P is a crucial parameter. The substrate 
is thought to modulate the formation and enzymolysis of FAs. On stiffer 
substrates, FAs are more stable, with a lower detach rate (Pelham and 
Wang, 1997). Yang et al. also reported that MCs attached more firmly on 
stiffer substrates (Yang et al., 2018). Therefore, the activation proba-
bility P should be positively correlated with the substrate stiffness E. We 
assumed that 

P = Pmin +
Pmax − Pmin

1 + e− β(lnE− lnE0)
(10)  

where E0 is the critical Young’s modulus. Pmax, Pmin, and β are control 
parameters. The relationship between P and E is plotted in Fig. 6C (E0 =

50 kPa, Pmax = 0.9, Pmin = 0.1, and β = 3). Notably, the “optimal 
stiffness” differs among cell types. The values of these parameters were 
determined such that the simulation results fitted those from our 
experiments. 

Within each MCS, the cell tended to stay still with a probability of 
P2 + (1 − P)2 (when ϕ1 = ϕ2 = 1 or ϕ1 = ϕ2 = 0) and to move left or 
right for a distance of L

2 − L0 with a probability of 2P(1 − P). Thus, cell 
migration was a simple random walk and yielded the diffusion equation, 

which was theoretically derived as D = P(1 − P)
(

L
2 − L0

)2 
(Codling, 

2003). Fig. 6D shows the relationship between the diffusion coefficient 
D and the activation probability P. The Monte-Carlo simulation results 
were consistent with the theoretical equation. The diffusion coefficient 
peaked at P = 0.5. The cross markers indicated the relationship between 
D from the experimental results (Fig. 3B) and the assumed activation 
probability P according to Eq. (10). As a verification, Fig. 6E shows the 
simulated MSD curves for cell migration on substrates of the same 
stiffnesses used in our experimental settings. The curves were very 
similar to those in Fig. 3B. 

Fig. 6. Intrinsic mechanism and mathematical model of MC migration. (A) Proposed possible interplay among substrate stiffness, cell shape, and migration efficiency 
in MCs. (B) Sketch of the 1D Spring-Centroid model. (C) The assumed probability of FA activation on substrates with different stiffnesses. The cross markers indicate 
the fitted results for the same stiffnesses used in our experiments. (D) Relationships between the FA activation probability and the diffusion coefficient. The dotted 
lines are theoretical results, the dots are from Monte-Carlo simulations, and the cross markers indicate the diffusion coefficient calculated from our experimental 
results. (E) MSD – t curves for RBL-2H3 cells on substrates with four different stiffnesses. Curves were obtained by Monte-Carlo simulation. 
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4.5. Relevance of MC migration 

Novikova et al. assumed that cell durotaxis is related to the faster cell 
velocity on stiffer substrates (Novikova et al., 2017). To verify this hy-
pothesis, they simulated cell migration on a 2D substrate with a stiffness 
gradient. The simulation showed that when a cell travels from the softer 
side to the stiffer side, its velocity increases and the cell moves further to 
the stiffer side, resulting in the durotaxis phenomenon. Similarly, if the 
cell velocity has an “optimal stiffness”, as found in this study, the cell 
velocity will increase when the cell approaches the optimal stiffness, 
whether from the stiffer side or from the softer side. As a result, cells 
tend to accumulate at the optimal stiffness area, as is reported by (Yang 
et al. (2018)). 

The MC density is increased in many pathologies involving tissue 
fibrosis (Terada and Matsunaga, 2000; Iamaroon et al., 2003). Such 
increases may be caused by migration of MC precursors from the bone 
marrow followed by local maturation, local proliferation of resident 
MCs, and migration of MCs from adjacent tissues. MCs act as effector 
cells and produce mediators that regulate the fibrotic process. MCs have 
been shown to promote fibrosis in liver cirrhosis (Adolf et al., 2012) and 
myocardial fibrosis (Legere et al., 2019). However, MCs can also sup-
press fibrosis, particularly in the process of myocardial fibrosis (Legere 
et al., 2019). Therefore, the roles of MCs in fibrosis remains 
controversial. 

Increased matrix stiffness is not only a pathological consequence of 
fibrosis but also conversely affects pathological progression (Chen et al., 
2019). The mechanical properties of the ECM (stress or strain) induce 
MC degranulation (Fowlkes et al., 2013); however, the mechanical ef-
fects (e.g., fibrosis-induced changes in stiffness) on other MC pheno-
types, such as proliferation, maturation, and migration, are not fully 
understood. In this study, we found that ECM stiffness may also influ-
ence MC migration. Thus, these results provided important insights into 
the impact of MCs on fibrosis-related pathologies and may help to 
establish novel therapeutic strategies. 

4.6. Limitations and future research perspectives 

Our analysis in this study was conducted based on 2D culturing and 
monitoring of MCs. However, cell migration on 2D and three- 
dimensional (3D) substrates may differ significantly. Thus, further 
studies are needed to assess MC migration in 3D substrates. Further-
more, more detailed analyses of the relationships between MC shape and 
adhesion properties (such as cell-substrate traction force) are needed. 

5. Conclusion 

The MC migration characteristics on four substrates with different 
stiffnesses were evaluated in this study using real-time tracking and 
analysis of cell trajectories. We analyzed cell shape, velocity, and 
persistence and assessed the relationships of these characteristics with 
substrate stiffness. Our findings revealed that there were three MC 
shapes (round, spindle, and star-like), with spindle-shaped cells ac-
counting for 80–90 % of the total cells. Additionally, the migration speed 
of round cells was significantly lower than those of spindle and star-like 
cells. From this analysis, we identified the “optimal stiffness” of the 
substrate, which resulted in a higher velocity and better persistence. 

Overall, our findings showed that cell-substrate interactions modu-
late not only the degranulation of MCs but also their migration. The 
dependence of MC migration on substrate stiffness may be an essential 
feature of MC-induced pathologies, such as fibrosis of multiple tissues 
and organs. 
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