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Abstract
Cell migration is facilitated by the interaction of living cells and their local microenvironment. The local topography is 
one of the key factors regulating cell migration. Interaction between the surface topography and the cell behaviors is criti-
cal to understanding tissue development and regeneration. In this study, a dynamic mask photolithography technique has 
been utilized to fabricate a surface with graded micropillars. It has been demonstrated that the cells have been successfully 
guided to migrate from the sparse zone to the dense zone. The cell polarization angle has been characterized in both sparse 
zone and the dense zone. Compared to the dense zone, the cells in the sparse zone are more aligned along the direction of 
the micropillar spacing gradient, which enables the guided cell migration. Moreover, the effects of the micropillar spacing 
gradient, micropillar diameter, and micropillar height have been investigated in terms of the cell migration speed and cell 
spreading area. Finally, two issues significantly affecting the cell migration have been discussed: trapped cells between the 
micropillars and cell clusters.
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Introduction

Guided cell migration refers to the tailoring of local cell 
environment to guide cell movement in preferred ways [1]. 
Guided cell migration has a variety of potential applications 
in cell sorting [2], wound healing [3, 4], diagnosis of infec-
tions [5], and treatment of strokes and other brain injuries 
[6]. For example, pre-stalk and pre-spore spells of Dicty-
ostelium discoideum can be sorted from an initially mixed 
population by utilizing the different migration responses of 
the cells toward various chemoattractants [2], which benefits 
the replication of a wide range of complex natural biologi-
cal processes in the laboratory, such as embryogenesis and 
organ growth [2]. Wound healing can be enhanced by the 
use of chemoattractants to guide fibroblasts to fill wounds 
and blisters [3, 4]. The diagnosis of infections has been 

performed by assessing the migratory response of human 
neutrophils from a patient with recurrent bacterial infections 
on a soft microdevice [5]. Human neural stem cells have 
been guided using electric fields to migrate to specific loca-
tions, which could be utilized in the human brain to facilitate 
the treatment of strokes and other brain injuries [6].

The active migration of cells occurs due to the interaction 
between the actin cytoskeleton of the cell and local environ-
mental cues. Mainly, cells possess actin-rich protrusions on 
the plasma membrane, namely filopodia and lamellipodia, 
which can function as antennae for cells to sense the local 
environment [7]. Filopodia are commonly found embedded 
within or protruding from the lamellipodia at the free front 
of migratory tissue sheets. During cell migration, the filo-
podia are localized at the leading cell edge and probe the 
microenvironment based on the mechanism of contact-angle 
sensing [8]. The local environmental cues allow the cells 
to align in specific directions, known as cell polarization 
[9, 10]. Depending on different environmental cues, there 
have been several cell migration mechanisms identified in 
the literature. Haptotaxis is a directional cell movement in 
response to immobile chemical signals [11]. Durotaxis is a 
directional cell movement guided by rigidity gradients [12]. 
Galvanotaxis utilizes electrical signals to guide cell migra-
tion [13]. Recently, a new mechanism has been proposed for 
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guided cell migration, namely topotaxis, which refers to the 
cell migration caused by the response of cells to the local 
topographic environment.

The filopodia of cells can sense the area of cell contact 
and direct the cells to the optimal zone with a greater contact 
area. Cell migration due to topotaxis is based on the mecha-
nism that the cells try to maximize their contact surfaces 
with the surrounding topography, which are determined 
by the relative stiffness of cells and the local topographic 
environment. When cells are stiffer than its surrounding 
architecture, there is limited penetration into the surround-
ing matrix, which can limit the contact between the cell and 
the surrounding topography. The cells will be guided from 
the sparse fiber zone to the dense fiber zone, so that the 
cells can have greater contact areas with the surrounding 
matrix. When cells are softer than its surrounding architec-
ture, they can penetrate into the inter-fiber spaces. The cells 
will migrate from the sparse fiber zone to the dense fiber 
zone, which increases their contact area with the surround-
ing matrix. If the stiffness of cells is intermediate compared 
to the surrounding architecture, the cells can penetrate into 
the sparse fiber zone due to large inter-fiber spaces, but the 
cells cannot penetrate into the dense fiber zone due to narrow 
inter-fiber spaces. The cells will migrate from the dense fiber 
zone to the sparse fiber [14]. The principle of topography 
sensing in the migration of cells has been documented in the 
literature. For instance, Kim et al. [15] demonstrated that 
anisotropic nanotopographic surface gradients were shown 
to influence the cell shape and movement of 3T3 fibroblasts. 
Specifically, it was observed that along sparse gradients of a 
graded nanogroove surface, cells tended to orient themselves 
randomly similar to cells adhered on flat non-graded sur-
faces, while on dense gradients, cells were shown to elongate 
longer along the direction of the grooves. Park et al. [16] 
demonstrated the directed migration of melanoma cells on 
graded nanopillars arrays. It was reported that invasive and 
noninvasive cancer cells exhibited the migration in opposite 
directions, as a result of the differences in their relative stiff-
ness. Hui et al. [17] investigated the migration of MC3T3-
E1 osteoblast cells with response to micropillars and noted 
that an increase in spacing between micropillars resulted 
in a significant increase in the migration speed of the cells. 
Wei et al. [18] fabricated micropillars of different heights 
to study the interaction of 3T3 cells with them and reported 
that cells were sensitive to the height of the micropillars 
and tended to preferentially localize in the stiffer regions 
on the substrate. Alapan et al. [19] demonstrated the effect 
of anisotropically stiff micropillars on cell morphology and 
elongation and reported the preferential elongation of cells 
along the stiffer areas.

Cell migration in response to local topographic environ-
ment is a complex interaction between the cells and the sur-
rounding microenvironment. Prior research has primarily 

focused on the underlying migration mechanism of cells 
on nanoscale structures. However, the interaction between 
cells and microscale structures and the potential applica-
tions have not been explored in detail. The objective of this 
paper is to investigate the effects of the topographic param-
eters on the cell migration speed and cell spreading area 
and demonstrate a possible application, namely guided cell 
migration. There are several critical parameters which may 
significantly influence the cell migration on a graded micro-
pillar substrate, including the micropillar diameter, height, 
and spacing gradient. This paper is organized in the follow-
ing manner. First, the experimental materials and methods 
are introduced in detail. Second, the overall cell migration 
on a graded micropillar substrate is demonstrated. Third, 
the effects of topographic parameters on the cell migration 
speed and cell spreading area are studied. Finally, the major 
conclusions are listed, and future work is proposed.

Materials and methods

Micropillar substrate fabrication

There are primarily three types of topographic features that 
can be used to mimic natural ECM structures, namely posts, 
pits, and grooves [20]. The micropost arrays are specifi-
cally sensitive to the contractility of cells, and the substrate 
stiffness can be easily tailored by modifying the diameter, 
height, and/or spacing between posts [21]. Moreover, the 
use of a silicone elastomer as the substrate allows for the 
controlling of the surface rigidity, which influences the cell 
migration, as demonstrated in the reported studies [17]. 
Microscale topographic patterns were designed as binary 
image files and digitally inverted in order to use in the litho-
graphic process and maintain compatibility with the negative 
photoresist.

The fabrication of the graded micropillar substrate is 
shown in Fig. 1. Initially, a silicon master was fabricated 
using a maskless lithographic technique (Durham Mag-
neto Optics ML3, Durham, UK). Then, the pattern was 
transferred to a polydimethylsiloxane (PDMS) substrate. 
Finally, the topographic substrate was subject to a two-
step surface treatment (plasma processing and coating 
with gelatin) to facilitate cell attachment onto the fab-
ricated micropillar substrate. To fabricate the silicon 
master, a negative photoresist (HARE SQ-10, KemLab, 
Woburn, MA) was evenly coated on a silicon wafer (Uni-
versity Wafer, Boston, MA) using a spin coater (KW-4A, 
Chemat Technology, Northridge, CA). Then, the coated 
silicon wafer was baked at 65 °C for 3 min and 95 °C for 
5 min. The coated wafer was subject to a UV exposure 
with the graded micropillar pattern, the UV wavelength 
was 385 nm, and the intensity was 500 mW/cm2. This 
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was followed by a post-exposure baking process at 65 °C 
for 3 min and 95 °C for 5 min and development with 
a chemical developer (HARE SQ Developer, KemLab, 
Woburn, MA) for 2.5 min. The transferring of the pat-
tern to the silicone elastomer substrate was performed 
by using a capillary molding technique. PDMS (Sylgard 
184, Dow Corning, Midland, MI) was utilized to fill the 
cavity of the pattern on the silicon master. The PDMS 
micropatterns were formed after cross-linking PDMS at 
65 °C for 4 h.

In order to facilitate cell seeding and attachment, the 
micropatterns were subject to a two-step surface treat-
ment shown in Fig.  2. The first step is exposing the 
PDMS patterns to plasma via corona discharge (BD-20, 
Electro-Technic Products, Chicago, IL) for 40 s. During 
the plasma processing, the methyl groups were replaced 
by the hydroxyl groups, resulting in hydrophilic proper-
ties of the micropatterns [22]. The second step is coating 
a single layer of gelatin. Gelatin is a partial derivative of 
collagen and has properties that promote cell adhesion, 
migration, and proliferation [23]. The micropatterns were 
covered with a 0.5% (w/v) type-A gelatin solution in Dul-
becco’s phosphate-buffered saline (DPBS) for 3 h, which 
bound the amine group from gelatin onto the hydroxyl 
groups of the plasma-treated PDMS [24]. The residual 
gelatin was washed away using DPBS to ensure a uniform 
coating of gelatin on the micropatterns.

Cell culture and seeding

Fibroblasts are the most common type of cells found in con-
nective tissues of animals and have been widely utilized in 
a variety of applications in 3D bioprinting [25, 26], regen-
erative medicine [27], and cell migration [28, 29]. In this 
study, fibroblasts were used as the model cells. NIH 3T3 
mouse fibroblasts (ATCC, Rockville, MD) were cultured 
using Dulbecco’s modified Eagles medium (DMEM; Sigma-
Aldrich, St. Louis, MO) supplemented with 1% antibiotic/
antimycotic solution (Corning, Manassas, VA) and 10% fetal 
bovine serum (FBS; HyClone, Logan, UT) inside a humidi-
fied 5% CO2 incubator at 37 °C. The culture medium was 
replaced every 3 days as required. Prior to usage, cells were 
detached from the culture flasks by the addition of 0.25% 
trypsin/EDTA (Sigma-Aldrich, St. Louis, MO) at 37 °C for 
3 min [30]. The cell suspension was centrifuged at 1000 rpm 
for 5 min, and the resulting cell pellet was resuspended in 
the cell culture medium to make the bioink with a cell con-
centration of 1 × 105 cells/ml.

The bioink was added on the fabricated micropillar sub-
strate followed by a six-hour incubation at 37 °C for the cell 
attachment. After the cell attachment, images were taken 
every 2 h for a total of 6 h. At each point of observation, the 
relative position and the surface area of the cells were meas-
ured using the software ImageJ developed by the National 
Institutes of Health. The cell migration speed was calculated 
based on the cell migration distance divided by the time. 

Fig. 1   Schematic of micropillar 
substrate fabrication
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Fig. 2   Two-step surface treatment of PDMS micropatterns to facilitate cell seeding and attachment: plasma processing and coating of gelatin
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Cell migration distance was defined as the distance between 
the tips of the cells. Cell migration speed is characterized as 
the average speed within 2 h at each point of observation.

Experimental conditions and design

There are several critical parameters which may significantly 
influence the cell migration on the graded micropillar sub-
strate, including the diameter of the micropillars, height of 
the micropillars, and the spacing gradient. In this paper, the 
effects of the micropillar diameter, height, and spacing gra-
dient on the cell migration speed and cell spreading area 
have been investigated. The detailed experimental conditions 
and design are micropillar diameters of 4 µm, 6 µm, and 
8 µm, spacing gradients of 0.1 µm, 0.2 µm, and 0.3 µm, and 
micropillar heights of 10 µm, 20 µm, and 30 µm.

Moreover, the lateral direction of the micropillars is 
defined as the direction with evenly spaced micropillars. 
The longitudinal direction of the micropillars is defined as 
the direction where the space between adjacent micropillars 
is subsequently increased by a distance equal to the spacing 
gradient. For instance, along the longitudinal direction, the 
minimum spacing between the adjacent rows of micropillars 
is 2 µm, and each row is increased by the spacing gradient, 
with the maximum spacing between the adjacent rows of 
micropillars being 14 µm. When investigating the effects of 
the topographic parameters on the cellular morphology on 
the graded micropillar substrate, each condition had three 
replicates and was repeated three times. Each experimental 
condition was analyzed separately, after fixing the other con-
ditions, and one-way ANOVA was used to perform statistical 
analyses.

For the demonstration of guided cell migration, the diam-
eter of the micropillars used is 8 µm, and the spacing gradi-
ent used is 0.1 µm. The bioink was added on the fabricated 
micropillar substrate followed by incubation for six hours at 
37 °C for the cell attachment. In order to better visualize the 
cell attachment, fluorescent dyes were utilized to stain the cell 
membrane and nucleus. The cells were fixed and permealized 
using 4% formaldehyde (Santa Cruz Biotechnology Inc., Dal-
las, TX), followed by staining of the membrane with phalloidin 
(Santa Cruz Biotechnology Inc., Dallas, TX), and staining of 
the nucleus with 4′-6-diamidino-2-phenylindole (DAPI) (Santa 
Cruz Biotechnology Inc., Dallas, TX). Imaging was performed 
using a fluorescent microscope (EVOS FL, Thermo Fisher 
Scientific, Waltham, MA). After the fibroblasts were seeded 
on the graded micropillar substrate, substrates were randomly 
chosen every 6 h, and imaging was performed periodically 
over 12 h, after permeabilization of the cells. To facilitate 
quantification of bulk cell migration, the graded micropil-
lar substrate was divided into two equal halves, namely the 
sparse and dense zones. The number of cells in each zone was 

counted using the ImageJ [31]. The experiments were repeated 
three times.

Results

When cells attach on the top of a microtopographic array, they 
spread their contact area over multiple micropillars. In this 
study, the graded micropillar substrate is utilized with a spac-
ing gradient between the micropillars. This graded micropil-
lar substrate can be considered as a substrate with a stiffness 
gradient which can be sensed by the cells and guide the cell 
migration. The effective stiffness at the specific location of 
the micropillar substrate can be calculated based on the spring 
constant of a single micropillar and the number of micropillars 
under a cell. The spring constant of a single micropillar can be 
calculated using the following formula [32, 33]:

where E is the Young’s modulus of the material, r is the 
radius of the micropillar, and H is the height of the micro-
pillar. Since the cell spreads over multiple micropillars, the 
effective spring constant at the specific location is keff = n · k 
where n is the number of micropillars under a cell [32]. The 
effective Young’s modulus at the specific location of the 
micropillar substrate is obtained as [18, 33]:

A perfectly flat substrate is considered to have a Young’s 
modulus of the material, namely PDMS in this study. When 
the micropillars are present, the effective Young’s modulus of 
the substrate is reduced. The spacing between the micropillars 
can be large or small, resulting in a relatively sparse zone or 
dense zone. In the sparse zone, the effective Young’s modulus 
is lower, while in the dense zone, the effective Young’s modu-
lus is higher. This differential stiffness is considered as the pri-
mary reason for the cell migration due to topotaxis [16]. Cell 
migration is a dynamic process that incorporates continuous 
cell adhesion and detachment on a surface [34]. Typically, the 
four main steps involved in cell migration are the protrusion 
of the leading edge of the cell in the direction of movement, 
adhesion to the ECM, shifting of the cellular body in the direc-
tion of the movement, and the corresponding retraction of the 
trailing edge of the cell [35].

Demonstration of guided cell migration 
on a micropillar substrate

The schematic of a fabricated graded micropillar substrate is 
shown in Fig. 3. It also shows the fluorescent image of cells 
attached successfully on the substrate.
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The results of fluorescent imaging performed at 0 h, 
6 h, and 12 h are shown in Fig. 4. The substrate in Fig. 4 
is divided into the sparse zone and dense zone in order to 
facilitate better visualization of bulk cell migration. There 
is no physical interface between the sparse zone and the 
dense zone. It is seen that at 0 h, the cells were seeded evenly 
on the graded micropillar substrate. With the incubation 
time, a greater number of cells are shown to be attached on 
the dense zone where compared to the sparse zone, which 
indicates the migration of cells from the sparse zone to the 
dense zone. In Fig. 5, the percentage of cells in the sparse 
and dense zone with the incubation time is shown. At 0 h, 
the average percentage of the cells in the sparse zone and 
dense zone is 52% and 48%, respectively. This represents 
the almost even distribution of the cells attached on the sub-
strate. After 6 h, the average percentage of the cells in the 
dense zone is 66%, which is much higher than that in the 
sparse zone. After 12 h, over 85% cells in average migrate 
to the dense zone. In this case, the cell migration is due to a 
topographic gradient, and the direction of the movement is 
determined by the micropillar spacing gradient of the sub-
strate. The fibroblasts are directed to migrate from the sparse 
zone to the dense zone.

Cell polarization on a graded micropillar substrate

This section focuses on the cell polarization angle during 
the guided cell migration on the graded micropillar sub-
strate. The graded micropillar substrate has the micropillar 
diameter of 8 µm and a spacing gradient of 0.1 µm. The cell 
polarization angle was quantified by the acute angle between 
the major axis of the cell (direction of maximal elongation) 

and the lateral direction of the micropillars. When the cells 
align perfectly along the lateral direction of the micropil-
lars, the polarization angle is 0°. When the cells align per-
fectly along the longitudinal direction of the micropillars, 
the polarization angle is 90°. Figure 6 shows representative 
florescent images of cells attached in the sparse zone and 
dense zone. It is seen that the polarization angles of the cells 
in the sparse zone are larger than the ones of the cells in the 
dense zone. Consequently, cells in the dense zone are more 
oriented along the longitudinal direction of the micropillars, 

Fig. 3   Schematic of the graded micropillar substrate with zoom-in 
individual micropillars and fluorescent image of attached cells. The 
arrows indicate the direction from the sparse zone to the dense zone. 
The graded micropillar substrate has a micropillar diameter of 8 µm, 
micropillar height of 30  µm, and spacing gradient of 0.1  µm. The 
green color represents the stained cell membranes, and the blue color 
represents the stained cell nuclei

Fig. 4   Demonstration of the cell migration from the sparse zone to 
dense zone on the graded micropillar substrate. The graded micropil-
lar substrate has a micropillar diameter of 8 µm, micropillar height of 
30  µm, and spacing gradient of 0.1  µm. The green color represents 
the stained cell membranes, and the blue color represents the stained 
cell nuclei

Fig. 5   Percentage of cells remaining on the sparse and dense zones at 
different hours of observation
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which is the direction of the micropillar spacing gradient. It 
indicates that the cells can sense and respond to the varia-
tion in the local topography on the level of the microscale.

In order to quantify the cell polarization angle in different 
topographic zones, 50 cells were randomly selected to meas-
ure the angle in both sparse zone and dense zone. In Fig. 7, 
it is seen that the graded microtopographic substrate signifi-
cantly affects the cell polarization angle. In the dense zone, 
the average polarization angle is only 13°, while the average 
polarization angle is 53° in the sparse zone. The cells in the 
sparse zone are more aligned along the longitudinal direc-
tion of the micropillars, which enables the guided migration 
of cells along the micropillar spacing gradient toward the 
denser topographic area. On the contrary, the cells in the 
dense zone are oriented along the lateral direction of micro-
pillars, which is the direction of the micropillars without any 
topographic gradient and can impair their subsequent migra-
tion in the direction of the micropillar spacing gradient. This 
observation is consistent with the reported results using the 
micro- and nanostructured ridge/groove pattern arrays [15]. 
Figure 8 shows the distribution of cell polarization angles 
in the sparse zone and dense zone after six hours of migra-
tion. It is observed that the distribution of cell polarization 
angles in the sparse zone is skewed toward higher angular 
values above 40°, while the cells in the dense zone have 
majority of the cells with much lower polarization angles. 
The overall percentage of the cells in the dense zone that are 
migrating along the micropillar spacing gradient (longitu-
dinal direction) is much lower than the overall percentage 
of the cells in the sparse zone that are migrating along the 
gradient, which is also confirmed by the bulk cell migration 
demonstration experiments. These observations show that 
the gradient direction influences cell polarization, which 
plays an important role in guided cell migration of attached 
cells from the sparse zone to the dense zone.

Fig. 6   Representative images of the cells in the sparse zone and dense 
zone. The arrows indicate direction along the gradient from sparse 
zone to the dense zone. The graded micropillar substrate has a micro-
pillar diameter of 8  µm, micropillar height of 30  µm, and spacing 
gradient of 0.1 µm. The green color represents the stained cell mem-
branes, and the blue color represents the stained cell nuclei

Fig. 7   Cell polarization angle in the sparse zone and dense zone

Fig. 8   Distribution of cell polarization angles in a sparse zone, and b dense zone after 6 h of migration
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Effects of topographic parameters on cell migration

There are several critical parameters which may significantly 
influence the cell migration on a graded micropillar sub-
strate, including the diameter of the micropillars, height of 
the micropillars, and the spacing gradient. In this section, 
the effects of these three topographic parameters have been 
investigated in terms of the cell migration speed and spread-
ing area. Fibroblasts were seeded on the graded micropillar 
substrate by dispensing 0.1 ml bioink with a cell concentra-
tion of 12,500 cells/ml. The cells were allowed to adhere 
to the substrate for 6 h and migrate on the substrate for 6 h, 
similar to other studies [17, 18]. The measured average cell 
migration speed under different conditions is in the range 
of 4–27 µm/h, which is comparable to the reported migra-
tion speed of fibroblasts [12, 36]. The measured average 
cell spreading area is in the range of 736–906 µm2, which 
is also comparable to the spreading areas of fibroblasts of 
500–1800 µm2 on a flat surface with a varying stiffness [33]. 
The maximum observed cell spreading area in this study is 
906 µm2, which is much less than 1800 µm2 reported on a 
flat surface [33]. This is mainly due to the micropillars pat-
terned on the substrate confining the cell attachment and 
spreading.

In Fig. 9, it shows the effects of the three topographic 
parameters on the cell migration speed. For the cells in the 
sparse zone, it is seen that as the micropillar spacing gradi-
ent increases from 0.1 to 0.2 to 0.3 µm, the cell migration 
speed decreases notably from 23.5 to 17.9 to 14.5 µm/h. The 
P value is demonstrated to be less than an alpha value of 0.1, 
which indicates that the spacing gradient may have a moder-
ate effect on the cell migration speed in the sparse zone. In 
addition, with the increase in the micropillar diameter, the 
cell migration speed in the sparse zone increases signifi-
cantly. At the micropillar diameter of 4 µm, the cell migra-
tion speed is 7.6 µm/h, while for the micropillar diameter of 
8 µm, the cell migration speed increases to 23.5 µm/h. The 
P value is less than 0.05, which indicates that the micropil-
lar diameter has a demonstrably significant effect on the cell 
migration speed. With the increase in the micropillar height, 
the cell migration speed in the sparse zone is observed to 
have no significant change. At the micropillar height of 
10 µm, the cell migration speed is 24 µm/h; at the micropil-
lar height of 20 µm, the cell migration speed is 24.6 µm/h; 
and at the micropillar height of 30 µm, the cell migration 
speed is 23.5 µm/h. For the cells in the dense zone, the cell 
migration speed generally has no significant change under 
different topographic parameters. In Fig. 9, it is also seen 
that the three topographic parameters have no significant 
effects on the cell spreading area in both sparse zone and 
dense zone. However, the micropillar densities in the two 
zones are different. The micropillars are much closer with 
each other in the dense zone. Hence, the contact area of the 

cells in the dense zone is much larger than that in the sparse 
zone. The cells migrate from the sparse zone to the dense 
zone, which indicates that the filopodia of cells can sense the 
area of cell contact and direct the cells to the optimal zone 
with a greater contact area.

In Fig. 9, it is seen that the cell migration speed in the 
sparse zone is generally significantly greater than that in 
the dense zone. For example, in Fig. 9a at the micropillar 
spacing gradient of 0.1 µm the cell migration speed in the 
sparse zone is 23.5 µm/h, while it is only 9.3 µm/h in the 
dense zone. In Fig. 9c, at different micropillar heights the 
cell migration speed in the spare zone is around 24–25 µm/h 
compared to the cell migration speed of 7–9 µm/h in the 
dense zone. Cell migration is a complex cell–ECM inter-
action determined by the relative stiffness of cells and the 
local ECM topographic environment. The cells migrate in 
order to optimally increase their contact area with the sub-
strate [16]. The mechanism of the cell migration is that the 
cells can sense the local topographic environment through 
the actin fibers and realign themselves to migrate toward a 
more optimal zone through the protrusion and retraction of 
the leading and trailing edges [37]. The cell migration is a 
result of repeated cell adhesion and detachment which is 
simultaneously coupled with an increase in their spreading 
area on the substrate [35]. Compared to the sparse zone, 
the dense zone generally has a greater cell contact area due 
to the closer micropillars and can provide more functional 
adhesion sites for the cells. Hence, the cellular migration 
speed decreases with the increase in the cell contact area, as 
observed in the prior literature [38].

Discussion

This study investigates the guided cell migration on the 
graded micropillar substrate. The cells attached on the sub-
strate can sense the area of cell contact and migrate to the 
optimal zone with a greater contact area. Typically, the four 
main steps involved in cell migration are the protrusion of 
the leading edge of the cell in the direction of movement, 
adhesion to the ECM, shifting of the cellular body in the 
direction of the movement, and the corresponding retraction 
of the trailing edge of the cell [35]. For the cellular adhesion 
step, cells require a minimum functional adhesion area. For 
fibroblasts, each focal adhesion point on a flat surface has 
been estimated to be around 3 µm [33], which indicates the 
physiological limit for fibroblasts to attach. In this study, 
the fibroblasts are seeded on the graded micropillar sub-
strate. The fibroblasts contact with the micropillar array 
and stay on the top of the micropillar array. The micropillar 
diameters used in this study are 4, 6, and 8 µm, which are 
larger than the physiological limit for fibroblasts to attach 
on the surface. If the micropillar diameter is small enough, 
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Fig. 9   Effects of three topographic parameters on cell migration: a 
effect of micropillar spacing gradient on cell migration speed, b effect 
of micropillar diameter on cell migration speed, c effect of micropil-
lar height on cell migration speed, d effect of micropillar spacing gra-

dient on cell spreading area, e effect of micropillar diameter on cell 
spreading area, and f effect of micropillar height on cell spreading 
area
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the fibroblasts may not be able to attach the substrate very 
well, which may further affect the sensing of the graded 
topography as well as the cell migration. It is noted that the 
nanoscale topographic gradient was reported to successfully 
direct migration of cancer cells [16], which is probably due 
to different limits for different cell types.

During the experiments in this study, two issues were 
observed to significantly affect the cell migration shown 
in Fig. 10. In Fig. 10a, it shows that one cell was trapped 
between two adjacent columns of micropillars. This cell typ-
ically will not migrate along the micropillar spacing gradient 
direction. Instead, the trapped cell will elongate along the 
micropillar column direction. This phenomenon is related 
to topography-directed contact guidance of cells [39]. When 
cells are cultured on grooved surfaces, they tend to align 
along the direction of the grooves due to contact guidance 
[40]. Various cells have been demonstrated to be highly 
sensitive to the underlying topography of the substrate, and 
the presence of anisotropic cylinders has shown to influence 
cells to align and elongate along the stiffer direction [19]. In 
this study, the stiffer direction is the longitudinal direction 
of the micropillars because of closer distance between the 
adjacent micropillars. The morphology shown in Fig. 10a 
is similar to the reported results [40]. In this study, a gela-
tin layer was coated to facilitate cell attachment. Both the 
micropillar top and side were coated. It is observed that few 
cells were trapped between the micropillars. However, when 
investigating the effects of topographic parameters on the 
cell migration, majority of the cells stayed on the top of the 
micropillars. The few cells trapped between the micropillars 

were excluded. If only preferential attachment to the top of 
the micropillars is required, it can be achieved by only per-
forming coating on the top of the micropillars using contact 
microprinting of protein on the top of the micropillars [41], 
and defunctionalization of the sides of the micropillars using 
solvents such as Pluronic F-127 [42]. In Fig. 10b, it shows 
more than ten cells form a cell cluster on the substrate. Inher-
ently, the migration of single cells and the collective migra-
tion of multiple cells are biologically different processes [43, 
44]. In the collective cell migration, multiple cells chemi-
cally and mechanically interact with each other and form 
cohesive large-scale structures. The migration speed of the 
collective cells is usually much smaller than the migration 
speed of the individual cells [15]. The cell clusters may even 
have a difficulty in the topography sensing [45]. The polari-
zation of the cell cluster is dependent on the signals that are 
received by the cell cluster as a whole, which can result in a 
complex phenomenon consisting of force transmission and 
collective polarization [46]. In addition, the collective cell 
migration can also potentially degrade the underlying ECM 
resulting in the migration of other cells toward the cluster 
[47, 48]. This study focuses on the migration of individual 
single cells on the graded micropillar substrate. The trapped 
cells between the micropillars and the cell clusters are not 
considered when characterizing the cell polarization angle, 
the cell migration speed, and the cell spreading area in the 
previous sections.

The guided cell migration may be utilized for a variety 
of potential and important applications. For example, dif-
ferent types of cells have different stiffness and topographic 
sensitivity resulting in different migration behaviors. The 
graded micropillar substrate can be utilized for sorting of 
mixtures consisting of different types of cells. However, one 
potential issue that may arise is the reduced viability of some 
cell types when they are co-cultured with other cell types 
[49]. Another issue is that the migration of some cell types 
can occur preferentially toward other co-cultured cells [50], 
which can inhibit the separation process. Moreover, the uti-
lization of microtextured surfaces in three-dimensional (3D) 
tissue constructs may enable directed cell patterning to spe-
cific locations within 3D constructs. Researchers have uti-
lized chemical gradient-based approaches to achieve directed 
cell migration within 3D hydrogels [51]. The utilization of 
physical topographic gradients within 3D constructs pro-
vides alternative way to achieve similar directed migration 
without the need for additional chemicals or solvents.

Conclusions

In this paper, the graded micropillar substrate has been uti-
lized to guide the cell migration. It has been demonstrated 
that the cells have been successfully guided to migrate 

Fig. 10   Representative images of a cell trapped between two col-
umns of micropillars and b cell cluster comprised of over ten cells. 
The graded micropillar substrate has a micropillar diameter of 8 µm, 
micropillar height of 30  µm, and spacing gradient of 0.1  µm. The 
green color represents the stained cell membranes, and the blue color 
represents the stained cell nuclei
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from the sparse zone to the dense zone. The cell polariza-
tion angle has been characterized in both sparse zone and 
the dense zone. Compared to the dense zone, the cells in 
the sparse zone are more aligned along the direction of the 
micropillar spacing gradient, which enables the guided cell 
migration. This paper further investigates the effects of the 
topographic parameters on the cell migration speed and 
cell spreading area. It is found that (1) the cell migration 
speed in the sparse zone decreases with the micropillar 
spacing gradient, increases with the micropillar diameter, 
and has no significant change with the micropillar height; 
(2) the cell migration speed in the dense zone and the cell 
spreading area do not change significantly under differ-
ent topographic parameters; and (3) analysis of variance 
shows that the micropillar has the most significant effect 
on the migration speed in the sparse zone, and the micro-
pillar height has the least significant effect. Future work 
may include investigation of the effect of micropillar shape 
on the guided cell migration, investigation of the effect 
of different cell types on the guided cell migration, and 
demonstration of other potential applications of the guided 
cell migration, such as cell separation, and directed cell 
patterning.
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