
International Journal of Bioprinting

Volume 9 Issue 3 (2023) https://doi.org/10.18063/ijb.68138

RESEARCH ARTICLE

Printing channels with millimeter-scale curvature 
and deciphering their effect on the proliferation, 
morphology, orientation, and migration of  
M-22 cells

Huinan Lai1†, Yuye Huang2†, Jun Yin3*, Jin Qian1*
1Department of Engineering Mechanics, Key Laboratory of Soft Machines and Smart Devices of 
Zhejiang Province, Zhejiang University, Hangzhou, 310027, China
2Center for Medical and Engineering Innovation, Central Laboratory, Ningbo First Hospital, Ningbo 
315010, China
3The State Key Laboratory of Fluid Power Transmission and Control Systems, Key Laboratory of 3D 
Printing Process and Equipment of Zhejiang Province, School of Mechanical Engineering, Zhejiang 
University, Hangzhou 310028, China

(This article belongs to the Special Issue: 3D Printing of Advanced Biomedical Devices)

Abstract
Complex curved structures of tissues have been recognized to influence the 
behavior and function of cells. Tissue curvatures sensed by cells are approximately 
on the millimeter scale. However, previous research mainly focused on the effect of 
micro- and nano-scale spatial curved structures, underestimating the significance 
of milli-scale curvature. Here, we employed fused deposition modeling (FDM) with 
two-stage temperature control, superfine cone-shaped needle, stable air pressure, 
and precise motion platform for the customized production of homogeneous, 
precise, and curved fibers; the responses of M-22 cells to FDM-printed curved 
channels with radii of 1.5 to 3 mm were systematically investigated. The cells aligned 
with these curved channels and exhibited various aspect ratios in the channels with 
different curvatures. Cell proliferation, migration speed of single cells, and front-end 
speed of collective cells were tightly regulated by these curved structures. Also, a 
computational model based on force equilibrium was proposed to explore the 
essential factors and mechanisms of curvature affecting cell behavior. Our simulation 
results demonstrated that the curvature and width of channels, along with the 
relative size of cells, can significantly impact the cell–boundary interaction force and 
the number of valid pseudopodia generated by cells in the process of cell migration. 
These results provide a comprehensive understanding of the effect of milli-scale 
curvature on the cells and underpin the design of scaffolds that can be produced 
easily with sophisticated micro- and nano-scale curved features to regulate cell 
behavior in tissue engineering.
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1. Introduction
Most native tissues contain curved architectures to 
maintain their mechanical and physiological function, 
and the curved topographic environment is expected to 
influence the behavior and function of the surrounding 
cells[1-3]. The curvature changes in the tissues have been 
found to lead to severe diseases, such as asthma induced 
by the airway narrowing[4], distorted vision due to the 
keratoconus bulging or flattening[5], and vertebral 
disorders caused by the spine bending[6]. Furthermore, 
the curved structures of artificial tissue engineering 
scaffolds can affect the behavior of seeded cells, which 
is crucial in clinical and biomedical applications[7-9]. 
Recent studies focused on the effect of micro- and 
nano-scale spatial curvature on cells, showing that the 
cellular-scale curved structures can alter the adhesion[10], 
orientation[11,12], migration[13,14], and gene expression[15] 
of cells. However, the tissue curvatures perceived by 
cells are also present on a millimeter scale[16]. Therefore, 
it is essential to probe the influence of millimeter-scale 
curved structures on cells.

A suitable method is required for the fabrication of 
millimeter-scale structures. Various methods have been 
employed to fabricate curved structures to guide cell 
behavior, including photolithography and mold[17,18]. 
However, the main disadvantages of photolithography and 
mold are high manufacturing costs and the inability to 
change the designed patterns. As one of the 3D printing 
technologies, fused deposition modeling (FDM) extrudes 
and deposits the melted thermoplastic materials with 
designed patterns layer by layer and then solidifies them 
by cooling[19]. The most crucial feature of FDM is that it 
can flexibly print the structures with desired shapes at a 
low cost[20]. The diameter of fibers printed by FDM was 
greater than 200 μm in most previous studies. For instance, 
Zhang et al. fabricated the meniscus scaffold with 300 μm 
diameter poly(ε-caprolactone) (PCL) fibers[21]. Ji et al. 
printed curved PCL fibers with 460–516 μm in diameter 
to enhance mesenchymal stem cell osteogenesis[22]. Cells 
can perceive the topographic structures with dimensions 
comparable to their own[23,24]. Two-stage temperature 
control, which uses two heating blocks to reconcile the 
flowability and formability of the thermoplastic materials, 
is an effective way to obtain precise and homogeneous 
fibers with a diameter of ~100 μm in FDM. Thus, FDM is 
an effective way to fabricate curved structures.

PCL has been approved by the U.S. Food and Drug 
Administration (FDA) as biomedical material due to 
its fantastic biocompatibility, biodegradability, and 
environmental friendliness[25,26], and it is thermoplastic and 
suitable for FDM printing. Therefore, PCL was chosen to 

form the induced patterns in the present study; siliconized 
glass, which adheres well to both cells and PCL, was 
selected as the substrate.

Several computational models have been proposed 
to pursue the mechanism of how curvature affects 
cell behavior[27]. Finite element methods used thermal 
stress to replicate cell contraction and calculate the 
direction of the maximum principal stress, which 
was found to be a governing factor in determining the 
orientation and migration of collective cells on the 
curved channels[28,29]. Energy minimization methods can 
forecast the morphology changes of cells[30,31]. In addition, 
cell migration can also be calculated by vertex-based 
methods that mesh individual cells into numerous nodes 
and analyze each node’s migration direction and distance 
according to the condition of force equilibrium[32,33]. 
Odde’s model was based on one of the vertex-based 
methods, which was developed to investigate the 
influence of substrate stiffness on cells[34]. Shih et al. 
modified Odde’s model by increasing the force of cell–cell 
and cell–boundary interactions and making it suitable 
for simulating cell migration in a confined 2D space[35]. 
However, none of them have been used to stimulate cell 
behavior on curved channels.

Here, we aim to explore the effects of planar milli-scale 
curved channels on the cells. PCL curved structures with 
radii 1.5, 2, 2.5, 3, and infinite (straight) mm were printed 
onto the siliconized glass sheets by FDM to observe the 
proliferation, morphology, orientation, and migration 
of cells within these channels. The glass sheet without a 
pattern was used as a control. Our results revealed that 
the cells behave distinctly under the guidance of different 
curvatures. Also, we investigated the underlying mechanism 
of cellular curvature sensing observed in the experiments. 
A computational model based on force equilibrium was 
developed to simulate the migration of cells in the curved 
channels and served as an experiment complement to 
decipher the key factors in the process of cellular response 
to curvature. Our simulation results demonstrated that the 
effect of curvature on cells originated from the change in 
the cell–boundary interaction forces and the number of 
valid pseudopodia generated by the cells. Together, our 
findings provide a simple and effective way to manipulate 
cell behavior with curved channels, opening new avenues 
for the design of artificial tissues with desired geometric 
features.

2. Materials and methods
The experimental procedures for investigating the effect of 
curvature on cell proliferation, morphology, orientation, 
and migration are represented in Figure 1.
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2.1. Curved structures fabricated by 3D printing
Medical-grade PCL (Daigang Biomaterial Co., Ltd, China) 
with a molecular weight of 150,000 Da was selected as the 
channel boundary material due to its good biocompatibility 
and printability. The siliconized glass sheets of 24 mm 
diameter (JingAn Biological Co., Ltd, China) were selected 
as substrate material. The siliconized glass was first fixed 
on the printing platform with single-sided adhesive tape 
before printing. The starting point of printing was selected 
at the center of the glass sheet. The inner diameter of 
the needle for structure printing was 100 μm. Two-stage 
temperature control was employed to heat the PCL, 
with the temperature being set as 120°C and 105°C, 
respectively. The air pressure of the printer was 0.6 MPa, 
and the platform movement speed was 0.8 mm/s. After the 
pressured air inlet was closed, the platform was configured 
to elevate automatically and slowly to prevent the inertia 
extrusion of fibers from damaging the designed structures. 
Predesigned channels with 100 μm in width, 150 μm in 

height, and 1.5, 2, 2.5, 3, and infinite (straight line) mm 
in radius (represented by R1.5, R2, R2.5, R3, and SL in the 
subsequent text) were printed by FDM onto the receiving 
glass sheet (Figure 1B). The size of the printed channels 
was observed using optical microscope (Leica, Germany), 
and the high-resolution surface and cross-section images 
of the printed fibers were observed using scanning electron 
microscope (Zeiss, Germany) (Figure S1).

2.2. Cell seeding and culture
Before cell seeding, the printed structures were placed 
in the culture dishes and sterilized with ultraviolet (UV) 
light in a UV sterilization chamber (Kangrong Biomedical 
Technology Co., Ltd, China) for 3 h (Figure 1C). The 
sterilized substrates were transferred into a clean six-well 
plate (JingAn Biological Co., Ltd, China).

Human embryonic fibroblast M-22 cell (M-22 cell) was 
spindle-shaped with a rapid migration and proliferation 
speed, suitable for observing the cell orientation and 

Figure 1. Schematic diagram of the fabrication of curved channels and cell culture processes. (A) Illustrative diagram of the process markers. (B) The 
process of printing curved channels onto the siliconized glass sheets by fused deposition modeling (FDM). (C) UV sterilization of the printed structures. 
(D) The observation processes of cell proliferation, morphology, and orientation observation. (E) The processes of the cell migration observation.
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migration in the curved channels[36,37]. The M-22 cells were 
cultured in DMEM/F12 (1:1) supplemented with 10% fetal 
bovine serum and 1% penicillin/streptomycin (culture 
medium, Gibco, US) and incubated in a humidified cell 
incubator (Thermo Fisher Scientific, US) at 37°C and 
5% CO2.

The cells were uniformly seeded with 10,000 and 80,000 
cells per well to observe the effect of pattern curvatures 
on cell proliferation and morphology, respectively 
(Figure 1D).

For the observation of cell migration, the cells were 
firstly seeded in the center away from the entrance of the 
migration channels with 400,000 cells/mL (100 μL); after 
6 h of cell adhesion, the frontier of the cell was slicked to 
a straight line to ensure that cells migrated from the same 
starting line, and then 2 mL culture medium was added 
to each well for continuously culturing the cells. A time-
lapse microscope was used to observe the migration of 
cells (Figure 1E).

2.3. Cell proliferation assay
The proliferation of M-22 cells was evaluated on days 1, 2, 
and 4 after culturing using a cell counting kit-8 (CCK-8) 
(Beyotime Biotechnology Co., Ltd, China), and there were 
four independent replications per group. Briefly, the CCK-8  
reagent was diluted (1:10) in a full culture medium as a 
working solution and added to each well; after 30 min, 
200 μL supernatant was extracted and added to 96-well 
plates, this was repeated four times, and the optical density 
(OD) value at 450 nm was measured by a multifunction 
microplate reader (Thermo Fisher Scientific, US). The cell 
metabolism was quantified by the ratio of the OD value on 
day n to the average OD value on day one.

2.4. Fluorescence staining
The morphology and orientation of the cells were analyzed 
by fluorescence staining and microscopic observation 
after 48 h of incubation. Briefly, the samples were fixed in 
4% paraformaldehyde (Solarbio, China) for 30 min and 
permeabilized with 0.5% Triton X-100 (Solarbio, China) 
for 20 min at room temperature. Next, the F-actin of cells 
was stained with 1:200 phalloidin-FITC (Solarbio, China) 
solution and incubated at room temperature in the dark for 
2 h. Then, the cell nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI) (Solarbio, China) for 10 min at 
room temperature in the dark. Finally, all the samples were 
rinsed three times with phosphate-buffered saline (PBS) 
and fixed on a microscope for imaging.

2.5. Characterization of cell morphology and 
orientation
The staining samples were observed and photographed 
under an inverted phase-contrast fluorescence microscope 

(Leica, Germany) at 10× magnification. All the cells, nearly 
20 cells per group, in the channels were recorded and 
measured by Fiji/ImageJ (National Institute of Health, US). 
The morphology of cells was characterized by the aspect 
ratio, which was defined as the ratio of the length to width 
of the fitting ellipse of cells. The orientation angle of the cell 
was defined as the acute angle between the ellipse’s major 
axis that fits the cells’ shape and the tangent line on the 
pendant foot of the nucleus to the channel.

2.6. Characterization of cell migration
The front-end speed of collective cells and the migration 
speed of single cells were quantified as mentioned below. 
The front-end speed of collective cells was calculated by 
the ratio of the displacement of the front end of the cell 
population to the observation time without eliminating 
the influence of cell proliferation. Bright-field images 
were taken one day after the cells entered the channels 
to measure the displacement of the front end of the cell 
population; the time interval was 12 h.

The single-cell migration speed was defined as the 
average ratio of the migration distance of the cells to 
the observation time. The single-cell migration speed 
was recorded by a time-lapse microscope CytoSMART 
Lux2 (CytoSMART Technologies, Netherlands) after 
the cells entered the curved channels. Photographs were 
taken at 5-min intervals for 12 h. The microscopy images 
were imported into the Fiji/ImageJ software, the manual 
tracking function was used to track the displacement of 
30–40 cells per channel, and the average migration speed 
of cells was calculated accordingly.

2.7. Computational model of cell migration
The cell migration was modeled and simulated by 
modifying the methods based on Odde’s model[35]. The 
migration simulation was based on the force equilibrium 
between the membrane tension, cell–cell, and cell–
substrate interaction force. The boundaries were set as 
curved, which was consistent with our experiment. The 
detailed model description, parameter settings, and 
calculation programs were described in the supporting 
information. The calculation programs were solved by 
MATLAB (Mathworks, US).

2.8. Statistical analysis
The data from the experiments are expressed in mean 
± standard deviation, and the error bar represented the 
standard deviation of the mean value. The data were analyzed 
by OriginPro 2021 learning edition (OriginLab, US). The 
statistical significance was determined using a one-way 
statistical analysis of variance (ANOVA) followed by the 
Tukey’s post-hoc test for multiple comparisons. The statistical 
significance was defined as * P < 0.05 and ** P < 0.01.
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3. Results
3.1. Cell proliferation on curved structures
The CCK-8 test assessed cell proliferation. The structures 
for cell culture and proliferation test were the entire circle 
spreading over the entire glass sheet with the same perimeter 
but varying radii (Figure 2A). The cells proliferated well 
in all groups, indicating that the printed pattern materials 
and glass substrate were not toxic to cells (Figure 2B). The 
cell proliferation first increased and then decreased as the 
channel radius increased and was significantly faster in 
group R2 than that in the other groups on day 2 (P < 0.01) 
and day 4 (P < 0.05). The proliferation of groups R1.5, R2.5, 
and R3 showed no significant differences on day 2 and day 
4. The proliferation in straight lines was approximately 
equal to the proliferation in control on day 2 and day 4. 
Notably, the cells proliferated faster in all curved groups 
than in the straight lines and control on day 4, where 
groups R2 and R3 were both significantly faster than the 
straight lines and control (P < 0.05), and group R2.5 was 
considerably faster than the control (P < 0.05).

3.2. Cell morphology and orientation in curved 
channels
Cell morphology was characterized by aspect ratio, which 
was defined as the ratio of the major axis to the minor axis 
of the cell fitting ellipse (Figure 3A). The smaller aspect 

ratio corresponds to the more rounded shape of the cells. 
The curved channels used to observe the morphology of 
cells has the same length (500π μm), width (100 μm), and 
depth (150 μm) (Figure 3B). The straight channel had the 
same width and depth as the curved groups (Figure 3C). 
The effect of pattern curvature on the cell morphology 
and orientation was evaluated after 2 days of cell seeding 
by analyzing the microscopic fluorescence images 
(Figure  3D). The aspect ratio of cells first declined and 
then increased as the guided radius increased, and reached 
the minimum in group R2. The cells were elongated in the 
groups R1.5, R2.5, and R3 but shortened in the groups SL 
and R2 compared to the control (Figure 3E). Specifically, 
the elongation of cells in R3 was significantly larger than 
that in SL (P < 0.01), R2 (P < 0.01), and control (P < 0.05). 
The elongation of cells in R1.5 was significantly greater 
than in SL (P < 0.01). Interestingly, the aspect ratio at R2 
was closest to the control.

The orientation angle was employed to characterize cell 
orientation, which was defined as the acute angle formed 
by the major axis of the cell fitting ellipse and the tangent 
line on the pendant foot of the nucleus to the channel 
(Figure 3F). Cells were more oriented when the orientation 
angle was smaller. The distribution of cell orientation angle 
was uniform in the control, concentrated within 60° in the 
straight channels, and dispensed within 30° in the curved 

Figure 2. Cell proliferation on the patterns with varying curvature. (A) Curved structures for cell culture and proliferation test (scale bar = 10 mm). 
(B) The proliferation of M-22 cells (CCK-8 assay) after 1, 2, and 4 days of culture on the curved structures. The significant difference between the groups 
was indicated (*P < 0.05, **P < 0.01).
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Figure 3. Cell morphology in channels with different curvatures. (A) The measurement of cell aspect ratio; a and b represent the short and long axis of 
the ellipse, respectively (scale bar = 20 μm). (B) Microscopic image of the curved channels for cell culture and morphology analysis (scale bar = 100 μm).  
(C)  Microscopic image of the straight channels for cell culture and morphology analysis (scale bar = 500 μm). (D) Fluorescence images of F-actin 
(phalloidin, green) and nucleus (DAPI, blue) of cells on different channels (boundaries are marked in white) (scale bar = 20 μm). (E) Comparison diagram 
of cell aspect ratios on different curved channels after 2 days of culture. The significant difference between the investigated groups was indicated (*P < 0.05,  
**P < 0.01). (F) Schematic diagram of the cell orientation angle. (G) The distribution of cell orientation angles on different channels. (H) Comparison 
diagram of the percentage of cell orientation angle distributed in the range from 0° to 20°. (I) Comparison diagram of cell average orientation angle on 
different channels. The significant difference between the groups was indicated (*P < 0.05, **P < 0.01).
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channels (Figure 3G). More than 60% of cells oriented 
between 0° and 20° in the curved channels, suggesting that 
cells aligned with the curved channels (Figure 3H). The 
average orientation angle was 48.68° in the control group, 
implying that cells oriented randomly in an unpatterned 
plane (Figure 3I). The average orientation angle was 34.86° 
in straight channels, which was close to that in control 
(48.68°), indicating an unremarkable orientation. The 
average orientation angle of all curved channels fluctuated 
with increasing curvature, and cells were most oriented in 
group R2.

3.3. Cell migration in curved channels
The structures used to observe the cell migration were 
composed of eight sub-regions, each sub-region contained 
four kinds of curvature, and the sub-regions enclosed an 
intermediate area that was used to unify the migration 
starting line (Figure 4A). Based on time-lapse images, the 

migration profile of the M-22 cells is described below. Cells 
polarized and formed tentative pseudopodia at the front 
to create adhesion points, and then moved the main part 
of the cell in the direction of the protruding pseudopod. 
The cells were more likely to sustain the movement in the 
direction they previously took than to change until they hit 
an obstacle or other cells.

The cell migration was characterized by the front-
end speed of collective cells and the average single-cell 
migration speed. The front-end speed of collective cells 
was defined as the ratio of the displacement of the front 
end of the cell population (L) to the observation time (t), 
which did not eliminate the influence of cell proliferation 
(Figure 4B). The front-end speed of collective cells 
first increased and then decreased as the channel radii 
increased, reaching the maximum in R2 (Figure 4C). The 
R2 and R2.5 had significantly higher cell front-end speeds 

Figure 4. Cell migration in channels with varying curvatures. (A) Printed structure for observing cell migration. (B) The measurement of front-end 
speed of collective cells. (C) Front-end speed of collective cells in various curved channels. (D) Illustration diagram of the single-cell migration speed 
(n represents the number of cells counted). (E) Single-cell migration speed in various curved channels. The significant difference between the groups was 
indicated (*P < 0.05, **P < 0.01).
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than the other groups (P < 0.01), while the migration 
speed of R3 was significantly faster than SL (P < 0.05). The 
average single-cell migration speed was the average ratio 
of the cell migration distance (Li) to the observation time 
(t) (Figure 4D). The average single-cell migration speed 
first increased and then decreased with the increasing 
channel radii, reaching the maximum in R2, albeit only 
having a significant difference with straight channels (P 
< 0.05) (Figure 4E). Notably, the trends of the front-end 
speed of collective cells and single-cell migration speed 
with curvature were consistent, and the front-end speed 
of collective cells speed was smaller than the single-cell 
migration speed at the same curvature.

3.4. Simulation of cell migration in curved channels
The migration of cells in curved channels was simulated 
based on the modified Odde’s model, which considered 
the external force generated by cell–boundary and cell–cell 
interactions (Fext), the force acting on the cell body from 
the substrate (Fcell), the force acting on modules from the 
substrate (Fmod), and membrane tension (Fmem), with force 
balance in Cartesian coordinates to calculate cell migration 
(Figure 5A). The adhesion proteins (fibronectin) were 
strained to ensure that the external force generated by cell–
boundary and cell–cell interactions was exist (Figure S2).

First, the migration of cells in curved and straight 
channels with a width of 100 μm was simulated and 
compared to the experimental results to estimate the 
model’s applicability. The magnitude of the migration speed 
of all groups in the simulation was close to the speed of the 
experiment, and the trend of change in migration speed 
with curvature was also consistent with the experimental 
findings, indicating that the model can accurately describe 
the migration of cells in the curved channels (Figure 5B).

Subsequently, the cell migration in the channels with 
different widths (D = 50, 100, 150, and 200 μm) and 
various radii (R = 1.5, 2, 2.5, 3, and infinite mm) was 
simulated. Interestingly, the maximum migration speed 
was observed at various radii when the width of channels 
was different. The cell migrated the fastest at R1.5 when the 
channel width was 200 μm, but migrated fastest at R2 when 
the channel width was 150, 100, and 50 μm. The radius 
corresponding to the maximum migration speed increased 
as the channel width decreased, implying that the width 
of the induced channel and the relative size of the cells 
affected the migration speed of cells in the channels with 
the same curvature. Moreover, the migration speed was 
increased with a decrease in channel width at the same 
curvature, which was consistent with the experiment in 
reference[38].

Furthermore, the mechanism by which curvature 
affected cell behavior was explored. We observed and 

investigated the process of cell migration in the experiment. 
Cells polarize and form tentative pseudopodia at the front 
to create adhesion points during migration[39]. When a cell 
encounters a boundary that cannot cross, it will retract 
the original pseudopodia and form a new one in the other 
direction to change the migration direction due to the 
force between the cell and the channel wall. Therefore, we 
inferred that the curvature mainly influenced the force 
of cell–boundary interaction and the number of invalid 
pseudopodia (need to retract and form a new one) to 
regulate the cell behavior (Figure 5C). The forces generated 
from cell–boundary interaction were proportional to the 
area of the cell intersecting the boundary. The invalid 
pseudopodia were generated from the node of the cell 
perimeter within the boundary. Therefore, the accumulative 
intersection area and the number of invalid pseudopodia 
were recorded during the simulation, and their correlation 
with cell migration speed was analyzed to prove the 
hypothesis. The results showed that the accumulative 
intersection area was positively linear and correlated with 
cell migration speed (Figure 5D). The number of invalid 
modules was negatively allometric correlated with the cell 
migration speed (Figure 5E), indicating that our hypothesis 
was accurate.

Altogether, the abovementioned results demonstrated 
that the M-22 cells can sense and respond to curved 
structures with curvature on the millimeter scale.

4. Discussion
Most cells grow in a curved topographic environment that 
can impact their behavior and function. Meanwhile, the 
structures of the curved scaffolds can affect the activities 
of the seeded cells, which is crucial for the success of 
tissue engineering. The curvatures at the organ level 
(millimeter scale) sensed by cells are approximately planar. 
However, most of the research was concentrated on the 
effect of micro- and nano-scale spatial curvature on cells, 
underestimating the importance of milli-scale planar 
curvatures. In this study, planar channels with 1.5, 2, 2.5, 3, 
and infinity (straight line) mm in radius, 100 μm in width, 
and 150 μm in depth were printed on the silicide glass sheets 
to investigate the effect of planar milli-scale curvature on 
the proliferation, morphology, orientation, and migration 
of the spindle cells (M-22 cells). We demonstrated that 
the curved channels had a more significant impact on the 
cells than straight channels, with differences between 
the curved groups. The cell proliferation and migration 
speed first increased and then decreased with increasing 
channel radius, reaching a maximum in group R2. The 
cells were first round in shape and then elongated as the 
radius increased, and were roundest at R2. The orientation 
angle fluctuated with increasing radius, and cells were the 
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Figure 5. (A) A computational model of cell migration. (B) Simulation results of cell migration speed in curved channels with different widths (50, 100, 
150, and 200 μm) and different radii (1.5, 2, 2.5, 3, and infinite mm), which were consistent with the experiment data (dash line). (C) The mechanism of 
curvature affects the cell migration speed. (D) Correlation analysis diagram of the relationship between migration speed and accumulative intersecting 
cell–boundary area. (E) Correlation analysis diagram of the relationship between migration speed and the number of invalid pseudopodia.
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most oriented at R2. Also, a computational model was 
employed to explore the mechanism of the experimental 
phenomenon. The results showed that the curvature effect 
on the cells was mainly caused by the influence of the cell–
boundary interaction forces and the invalid number of 
pseudopods generated by the cells.

4.1. The interplay between proliferation, shape, and 
migration of cells
It should be noted that the changes in cell morphology and 
single-cell migration speed under the influence of curvature 
were relevant. Previous studies and our time-lapse 
videos (Videoclips S1–3) proved that cells extend their 
lamellipodia while migrating[40]. When a cell extends its 
lamellipodia, the cell body lays flat, causing the aspect ratio 
to decrease. In addition, the morphology was also related 
to cell proliferation. After analyzing the videos (Videoclips 
S1–3), we discovered that the cytoplasm shrinks inward 
first, and the cell takes on a spherical shape before dividing. 
Other studies also confirmed the transformation of cell 
morphology in the proliferation process[41]. The faster the 
proliferation and migration speed, the higher the probability 
of staining the dividing and migrating cells.

In addition, although the trend of the front-end speed 
of collective cells with channel curvature coincided with 
single-cell migration speed, the magnitude of the front-
end speed of collective cells was lower than the single-cell 
migration speed in all groups. The stochastic cell migration 
direction could explain the results; namely, cells will move 
forward, backward, or perpendicular to the channels 
randomly, but the front-end speed of collective cells only 
considers the cells that migrated forward (Figure 4D). 
Moreover, the difference value of the magnitude of the 
front-end speed of collective cells and single-cell migration 
speed in various curvatures was varied. One of the reasons 
was that the front-end speed of collective cells included cell 
proliferation, which was also influenced by curvature and 
could compensate for the effects of random cell migration. 
Another possible reason was that curvature could affect 
the proportion of cells moving forward, backward, and 
perpendicular to the channels during migration, which 
can be verified in the study’s next step.

4.2. Effect of channel width on cell’s  
response to curvature
The influence of channels with different widths (200, 150, 
100, and 50 μm), different radii (1.5, 2, 2.5, 3, and infinite 
mm), and the same cell diameter (20 μm) was compared 
in the simulation, which demonstrated that the migration 
speed increased as the channel width decreased regardless 
of the curvature (Videoclips S4–8). Besides, the maximum 
migration speed was observed at R1.5, R2, R2, and R2 
when the channel width was 200, 150, 100, and 50 μm, 

respectively. The above findings suggested that channel 
width was a crucial factor affecting the cellular response 
to the same curvature. Similar research that cultured cells 
on circular annulus grooves with 100, 150, and 200  µm 
in width confirmed this concept, and showed that the 
narrower the channels, the cells were more aligned along 
the channels[13]. However, a study concluded that the 
MC3T3-E1 cells oriented at curved channels with 50, 
100, 150, and 200 μm in radii only due to the width of the 
induction channel, but independent of curvature[42]. In 
our experiments and simulations, a significant difference 
between the curved and straight channels was not observed 
until the width of the channel was ten times (200 μm) the 
width of cells, which indicated that the millimeter-scale 
curvature could influence the behaviors of cells within a 
specific range of channel width.

The possible reason for this effect is that the proportion 
of cells directly in contact with the curved channel is 
various, and a greater fraction of cells interact directly with 
the curved channel wall in the narrower channel. Some 
studies proposed the entropy effect of lateral confinement, 
which contained the entropy of mixing between packets 
of unbound and bound stress fiber proteins with sites 
for bound proteins, and the entropy of mixing between 
unbound proteins and lattice sites, to explain why cells 
behave differently on the channel with different width[43]. 
In our experiment, stress fibers evolve between bound and 
unbound states in the process of cell migration; therefore, 
the entropy effect of confinement also existed in our 
experiment, and this made the interpretation more complex.

4.3. Underlying mechanism of millimeter-scale 
curvature on the cells
Previous studies demonstrated that cell behavior was 
changed by the topographic cues due to the changes 
in cell stress, which can activate the signal molecules 
and pathways of cells[44]. For instance, the compressive 
force can increase the expression of miR-494-3p in the 
MC3T3-E1 cells to inhibit cell proliferation[45]. Contrarily, 
tension stress facilitates the cell proliferation of the 
epidermal cell[46]. Moreover, the cells align along with the 
direction of maximum shearing stress[4], and the migration 
is intrinsically motivated by force[29]. Therefore, many 
force- and energy-based simulation methods, such as 
self-propelled particles, cellular Potts models, and vertex-
based approaches, have been developed[27]. Our model 
was a vertex-based approach, which was modified based 
on Odde’s model. The simulation results showed that the 
curvature influenced the cell migration by affecting the 
cell–boundary interaction force and the number of valid 
pseudopodia. However, this approach simplified the cell–cell  
and cell–boundary interactions to elastic collision, but 
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the actual interactions are far more complicated. Cellular 
interactions include not only mechanical forces but a series 
of signal transformations[47,48].

Moreover, recent research showed that cells tend 
to leave long-lived physicochemical footprints along 
their migration trajectories, which can alter the path of 
themselves and other cells[49]. This phenomenon should 
be transformed into a mathematical description and 
considered in a model in the future. Besides, the cells were 
regarded as a circle in this model, which did not correspond 
to spindle cells in the experiment and caused inaccuracy 
between the experiment and the simulation.

4.4. Effect of curvature ranging from nano-scale to 
milli-scale on the cells
Curvatures can influence the cell’s behavior on the 
nanometer to the millimeter scale. The curved structures 
at the supracellular scale only directly affect the cells near 
the curved pattern and indirectly impact the farther cells 
via cell–cell interactions[50]. Subcellular or cellular-scale 
curvature can directly contact and impact the cells[5].

Supracellular curvature can affect the cell’s behavior, 
especially in cell migration. Myoblasts migrated parallel 
to the longitudinal direction of the hemicylinder-shaped 
non-planar surfaces with diameters of 3–50 mm, and 
cell differentiation and orientation were also augmented 
on the surfaces[11]. In this study, we investigated the 
effect of curved channels with radii of 1.5–3 mm on cell 
proliferation, morphology, orientation, and migration, 
with the results showing that the curvature can influence 
the aforementioned cell behaviors in this range. The 
curvature slightly larger than cells (tens to hundreds of 
microns) can facilitate the alignment of cells[51,52] and 
change the migration trajectories and speed[53,54].

Curvatures at the cellular scale (a few microns to a 
dozen microns) can impact cell behavior, particularly can 
directly change the morphology and distribution of the 
cells. Cells avoided convex regions when migrating, and 
positioned themselves in concave valleys (radius: 1–30 μm, 
period: 10, 30, and 100 μm)[55]. Similar research showed 
that the convex regions (radius: 10 µm, period: 100 µm) 
acted as topographical barriers to control the organization 
of the actin cytoskeleton and nuclei, as well as the collective 
migration and orientation of cells[56].

Subcellular scale curves mainly regulate the spreading 
area, orientation, and migration speed of cells. Grooved 
substrates with radii ranging from 10 to 400 nm can increase 
the spreading area of the mouse embryonic fibroblasts, but 
reduce their polarization (aspect ratio) when the radius 
increased to 200 nm[57]. Only weak impact was put on the 
cell spreading area and polarization when the radius was 

200 and 400 nm. Fibers with 50–2000 nm in diameter can 
influence the migration speed of mouse mesenchymal stem 
cells, and the maximum migration speed was observed 
with the fibers with 800 nm diameter[58].

Interestingly, the cells are mainly directed by one of 
the curvatures when two different scales of curvature 
guide the cells simultaneously. Research has shown 
that mesoscale curvature can overrule the influence of 
nanoscale curvature[59]. Cell alignment and migration were 
governed by the nano-scale fibers (diameter: 100–200 nm) 
when the curvatures of the cylindrical surfaces were low 
(diameter > 1000 µm), and the cells increasingly aligned 
and migrated along the axis of the cylindrical surface as 
the surface diameter decreased (diameter: 250–1000 µm).

5. Conclusion
In this study, channels with customized curvature and width 
were printed using a two-stage temperature-controlled 
FDM method, and the effect of millimeter-scale curvature 
of curved channels on the proliferation, morphology, 
orientation, and migration of M-22 cells was systematically 
investigated in vitro. The experimental results indicated that 
the cells significantly changed their morphology and aligned 
along with the curved channels; the proliferation, single-cell, 
and front-end speed of collective cells were all increased on 
these curved structures, compared with the straight and 
unstructured counterparts. Moreover, the migration of 
cells in curved channels with varying widths and radii was 
numerically simulated, with the results showing that the 
channel width and relative size of the cells could influence 
their response to curvature. Our simulation results also 
demonstrated the mechanism involved, i.e., curved channels 
can affect the cell–boundary interaction force and the 
number of valid pseudopodia to regulate the cell behavior. 
Our findings proved that the cells could sense and respond 
to planar millimeter-scale curvatures and revealed the 
underlying mechanism of this phenomenon. To the best of 
our knowledge, this is the first time that the effect of planar 
milli-scale curvature on the cells has been explored. It 
provides a practical and straightforward way to manipulate 
cell behavior with millimeter-scale features rather than 
manufacturing expensive and complex micro-and nano-
patterns. The finding mentioned above, wherein milli-scale 
curvature can promote the proliferation, orientation, and 
migration speed of cells, can be applied to the design of 
tissue scaffolds and facilitate tissue repair in the future.
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