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ABSTRACT Nasopharyngeal carcinoma (NPC) is a highly invasive and metastatic disease occurring in the
nasopharynx. For early diagnosis or treatment, it is helpful to separate invasive nasopharyngeal carcinoma
(NPC43) cells from epithelial (NP460) cells. However, the lack of proper in vivo models significantly
hinders the systematic study of NPC. In this study, an in vitro two-layer scaffold platform was developed
to mimic the extracellular matrix of the tissue that allows the investigation of carcinoma and epithelial
cell migration behaviors. Three precisely controlled factors were designed to investigate how topographic
cues affected migration of NP460 and NPC43 cells: overlay angles between the top and bottom layers,
top layer thicknesses, and surface topography of the bottom layer ridges. These designs offered different
surface contact areas for cells to probe and form focal adhesions as they migrated on the platforms.
As NP460 and NPC43 cells respond differently to the surrounding microenvironments, when the top layers
were perpendicular to the bottom layers, 66.3% NPC43 cells could move into the 10 µm wide trenches
compared to 5.5% for NP460 cells. However, NP460 and NPC43 cells migrating into top layer trenches were
hindered when the top layer was too shallow or too thick. Moreover, the gratings added on the bottom layer
ridges promoted cells to squeeze into the trenches. These results yielded over 92.3% separation efficiency on
platforms with a 15-µm thick top layer being perpendicular to the bottom layer and gratings on the bottom
layer ridges.
INDEX TERMS Nasopharyngeal carcinoma (NPC), two-layer scaffold platform, cell separation, cell
migration.

I. INTRODUCTION

Cancer is one of the global leading causes of death and a
major obstacle in extending life expectancy. In 2020, it was
estimated that there were 19.3 million new cases of cancer
and nearly 10 million cancer deaths worldwide [1]. Early
cancer diagnosis and improved cancer therapy using technological innovations are important and helpful for cancer
patients. For instance, leukemia can be detected early by
isolating leukemia cells from the blood, thereby providing
valuable biological information for cancer treatment [2].
In tissue engineering, specific cells are identified and purified, then used to form the desired tissue [3]. Overall, the separation of cancer cells from normal cells helps improve the
The associate editor coordinating the review of this manuscript and
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characterization of cell phenotype, diagnostic accuracy, and
therapeutic efficacy [4].
The nasopharynx is a small tubular structure above the
soft palate that connects the nose to the oropharynx [5].
Nasopharyngeal carcinoma (NPC) is a highly invasive tumor
in the nasopharynx. NPC is more common in certain regions
of North Africa, Middle East, and Asia, particularly southeast
China [5]–[9]. The etiology of NPC is complex and has not
yet been fully understood. It is caused by multiple factors
such as viruses, environmental influences, and genetics. The
primary influence is strongly associated with infection by the
Epstein-Barr virus (EBV) [10]–[13]. In general, it is difficult
to establish NPC cell lines or animal models that are EBV
positive [14]–[16].
Existing cell separation technologies can be divided into
two categories. The first is based on physical criteria, such
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as differences in cell size, shape, and density, and involves
technologies for filtration and centrifugation [17]. However, they are disadvantaged by low specificity and scale-up
issues. The other category includes affinity methods based
on cell surface and biophysical characteristics, such as
fluorescence-activated cell sorting and magnetic cell sorting [18], [19]. Furthermore, microfluidic systems for cell
separation have been used in recent years. Their advantages
include low sample volume, high sensitivity, and higher
portability [20].
Cell migration involves the movement of a single cell
or collective cells in response to mechanical or chemical
signals [21]. It is a primary cellular process that occurs continuously, sometimes leading to the progression of pathogenic
diseases [22]. Previous studies reported cell migration behaviors on two-dimensional (2D) platforms with various engineered topographies [23]–[30]. However, 2D models do not
accurately represent the microenvironment of tumors in vivo.
With the additional vertical dimension, three-dimensional
(3D) models can better reflect the microenvironment of living
tissue in size, structure, and cell polarity [31]–[33]. While cell
migration is important in maintaining tissue health and homeostasis, unwanted migratory events are undesirable and can
lead to metastatic cancer and inflammatory disease [22], [34].
Therefore, understanding cell migration is an important step
in developing disease treatment.
It is difficult to observe cell separation, invasion behaviors,
and viability at the same time based on existing cell screening
methods. For example, microfluidic devices have been used
for high throughput cell screening. Although microfluidic
devices provide a controlled physical and chemical environment, the work mostly focuses on the lateral migration
of cells [35]. With our proposed platforms, NPC cell separation efficiency could be monitored through tracking the
traversing behaviors of NPC cells into narrow trenches from
the top layer, which could be observed using bright field
microscopy without additional complex immunofluorescence
staining [32], [35]. In addition, tracking of single cell movement could be achieved, which provides a rapid and convenient way to analyze cell migration behaviors.
The extracellular matrix (ECM) serves as a scaffold
structure for cells in tissues. It consists of a 3D network of fiber-forming proteins, such as collagen, laminin,
and fibronectin. Using a transmission electron microscope
(TEM), the cross-striated pattern of native collagen fibrils
could be observed [36]. The diameter of the ECM fiber is
tissue-specific and changes due to aging, fibrosis, or cancer,
affecting tissue organization and function. Moreover, two
patterns of fibril organization were observed by TEM. One
is the regular angle shift in fibril orientation from one to
another, with alternating parallel and orthogonal fibers. The
other one is an arced structure [36]. The geometry and dimensions of the scaffold have big impacts on cell adhesion and
migration [37]. Based on these findings, a two-layer scaffold
platform with three tunable factors was established, including
overlay angles between the top and bottom layers, the trench
113814

depth of the top layer, and the topography on the bottom layer
ridges, for cell separation.
Herein, a two-layer scaffold platform was developed to
mimic the ECM in the tissue. Using the microfabrication
technologies, three designed elements were precisely controlled to form different surface contact areas for studying cell
migration. In this study, platforms were developed based on
previous studies to mimic the physical properties of the ECM
and to further investigate how these physical properties influence cell adhesion and migration. Nasopharyngeal epithelial
(NP460) and carcinoma (NPC43) cells were used and their
movements were observed in real-time. The discrepancies
of NP460 and NPC43 cells in cell motility, morphology,
and traversing behaviors were examined. The scaffold platform was optimized to effectively separate NPC43 cells from
NP460 cells. This result could potentially be used as a basis
to develop early diagnosis and treatment methods for NPC
tumors.
II. EXPERIMENT AND METHODS
A. FABRICATION TECHNOLOGY OF TWO-LAYER
SCAFFOLD PLATFORMS

The fabrication technology of two-layer scaffold platforms
is shown in Fig. 1. Figure 1(a) shows the formation of the
bottom layer. By deep reactive-ion etching with SPR6112R
positive photoresist as an etch mask, a silicon (Si) stamp with
a 15 µm deep grating was first fabricated. The Si stamp was
then coated with trichloro (1H, 1H, 2H, 2H-perfluorooctyl)
silane (FOTS) and baked for 20 min at 80 ◦ C, which resulted
in a low surface energy of 16±0.3 mN/m to promote easy
demolding of polydimethylsiloxane (PDMS). PDMS was
prepared by mixing PDMS prepolymer and curing agent
(Dow Corning Sylgard 184 Kit) at a 10:1 ratio. The PDMS
was casted on the Si stamp and baked for 6 h at 80 ◦ C. The
bottom layer was formed by peeling off the cured PDMS
replica from the Si stamp.
The top layer of the scaffold platform was formed by
imprint lithography under 3 × 104 Torr for 5 min at 130 ◦ C so
that the grating structure could be transferred from a Si stamp
to a PDMS layer on the Si substrate, as shown in Fig. 1(b).
Before PDMS coating, the Si substrate was coated with a
mixture of 3-methacryloxypropyltrichlorosilane and FOTS in
a 4:1 ratio and baked for 2 h at 80 ◦ C. This saline mixture
provided a higher surface energy of 20±0.6 mN/m compared
to FOTS, which allowed the patterned PDMS to stay on the
Si substrate but released from the Si stamp. The Si stamp
consisted of 15 µm deep gratings coated with FOTS. The
imprinted top layer was placed on a hot plate for 3 min at
120 ◦ C to cure the PDMS. After imprinting, reactive-ion etching was applied using 5/20 sccm O2 /SF6 , 10 mTorr pressure,
and 250 W RF power for 5 min to remove the residual PDMS
layer on the imprinted top layer. The imprinted top layer
was aligned with a 30◦ , 60◦ , and 90◦ offset from the bottom
layer. To bond the two layers together, an O2 /N2 plasma
was applied with 400/400 sccm O2 /N2 , 150 mTorr or mbar
pressure, and 200 W RF power for 75 s, followed by baking
VOLUME 9, 2021
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of amphotericin B), and 0.2% 2 mM rock inhibitor Y-27632
(25 mg, ENZO). The cells were kept in an incubator at 37 ◦ C
in 5% CO2 , and the medium was changed every two days.
These NP460 and NPC43 cells were passaged every three
days and cells with over 20 passages were discarded.
C. TIME-LAPSE IMAGING

FIGURE 1. Fabrication technology of two-layer scaffold platform.
(a) Bottom layer was obtained by demolding PDMS from Si stamp. (b) Top
layer was fabricated by imprinting grating structure to Si substrate.
(c) Stacking two layers after O2 plasma to form scaffold platform. (d),
(e) Micrographs of two-layer scaffold platforms with overlay angles
of 30◦ , 60◦ , and 90◦ . Both top and bottom layers were gratings with
40 µm wide ridges, 10 µm wide trenches, and 15 µm deep.

on a hot plate for 10 min at 80 ◦ C, as shown in Fig. 1(c).
After the O2 /N2 plasma, the PDMS layers had the higher
surface energy of 70±1 mN/m. Figures 1(d-e) show top and
side views of the two-layer scaffold platforms with 15 µm
deep, 40 µm wide ridges and 10 µm wide trenches. The
scaffold platforms with the desired offset angles were placed
on 35 mm diameter confocal dishes and treated with an O2 /N2
plasma to increase the hydrophilicity of the platforms before
time-lapse imaging.
B. CELL CULTURE

Immortalized NP460 cells, stably expressing green fluorescent protein fused with LifeAct, and cancerous NPC43 cells,
stably expressing Lifeact-mCherry, were used in this
study. The immortalized NP460 cells were cultured in a
1:1 mixture of EpiLife medium supplemented with 1%
EpiLife defined growth supplement (EDGS, Gibco) and
defined keratinocyte serum-free medium supplemented with
0.2% defined keratinocyte growth supplement (Gibco). 1%
antibiotic-antimycotic (Gibco, 100 units/ml penicillin G
sodium, 100 mg/ml of streptomycin, and 0.25 mg/ml of
amphotericin B) was added to the medium. NPC43 cells were
cultured in Roswell Park Memorial Institute 1640 medium
(1X; Gibco) supplemented with 10% fetal bovine serum
(FBS), 1% antibiotic-antimycotic (Gibco, 100 units/ml penicillin G sodium, 100 mg/ml of streptomycin, and 0.25 mg/ml
VOLUME 9, 2021

Plasma with 400/400 sccm O2 /N2 , 150 mTorr pressure,
and 200 W RF power for 75 s was applied to clean the
35 mm confocal dish (SDL Life Sciences) and make it
hydrophilic. The two-layer scaffold platforms were bonded
onto the confocal dish and treated with O2 /N2 plasma under
the same conditions to increase the surface energy, providing
a hydrophilic surface for better cell attachment. After the
plasma treatment, the platforms were immersed in deionized (DI) water to maintain the hydrophilic surface. 70%
ethanol and 1X phosphate-buffered saline (PBS) were used
to wash the platforms twice sequentially before cell seeding.
2 ml of NP460 and NPC43 cells with a concentration of
8 × 104 cells/ml were seeded onto the platforms. After 6 h of
incubation for initial attachment, cells were evenly distributed
on all platforms. Before imaging, the medium in the dish
was removed and replaced with a mixture of the culturing
medium and CO2 independent medium (Gibco) with 10%
FBS, 1% antibiotic-antimycotic (Gibco, 100 units/ml penicillin G sodium, 100 mg/ml of streptomycin, and 0.25 mg/ml
of amphotericin B), and 1% GlutaMAX supplement (100X,
Gibco) in 1:1 ratio. The cells were kept at 37 ◦ C and images
were captured every 5 min for 16 h by an upright microscope
(Nikon Eclipse NI-U).
D. DATA ANALYSIS

Both NP460 and NPC43 cells were tracked by the NIH
ImageJ software with a manual tracking plugin (version
1.48). Only live cells that did not contact other cells or were
not divided were included in the analysis. Migration trajectories, directionality, and speed of NP460 and NPC43 cells
were calculated. Traversing probability was used to indicate
the percentage of cells migrated from the top ridges to the
10 µm wide trenches among all the cells. Cells that stayed
in the top layer trenches for more than 10 h were counted
as traversed cells. Cell solidity was calculated using the cell
area divided by the cell convex area. Statistic differences were
evaluated using one-way analysis of variance (ANOVA) with
post-hoc Tukey HSD test between two or more groups. The
results in this paper are presented as mean ± standard error
of mean. Each set of experiments were repeated at least three
times to ensure reliable results.
E. SCANNING ELECTRON MICROSCOPY

After culturing the cells for 22 h on the scaffold platforms,
the cells were washed with 1X PBS twice and immersed
in 4% paraformaldehyde for 20 min for fixation. To dehydrate
fixed cells, they were immersed in DI water for 10 min and
a series of graded ethanol concentrations (30%, 50%, 70%,
80%, 90%, 95%, and 100%) for 5 min for each concentration.
113815
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The dehydration process was finished using a critical pointer
dryer (EM CPD300, Leica) to transition the ethanol into
CO2 . To avoid charging during imaging, a layer of gold
was deposited on the samples. The cells morphologies were
imaged by a scanning electron microscope (Hitachi SU5000).
III. RESULTS AND DISCCUSION
A. TWO-LAYER SCAFFOLD PLATFORMS FOR CELL
CULTURING

A number of microsystems have been developed to study
cell migration behaviors [38]–[41]. Most of the systems
were complicated and time-consuming to form. In this
paper, two-layer scaffold platforms with three precisely controlled elements, including overlay angle between the top
and bottom layer, top layer thickness, and topography on
bottom layer ridge, were established with the intention to
separate NPC43 cells from NP460 cells. These controlled
elements were designed to mimic the organization, fibril size,
and topography of the ECM. The fabrication technology of
the double layer platforms is illustrated in Figs. 1(a-c). The
micrographs in Fig. 1(d) demonstrate two layers of grating
structures aligned with an overlay angle of 30◦ , 60◦ , and 90◦
between the top and bottom layers, similar to fibrils in the
ECM with angle shift [3]. Each layer consisted of a grating
with 40 µm wide ridges and 10 µm wide trenches, with a
depth of 15 µm, as shown in Fig. 1(e). The dimensions of the
grating ridges and trenches were designed to be larger and
smaller, respectively, than the typical size of the cells, which
is 15– 20 µm [42]. In our previous study, both NP460 and
NPC43 cells could hardly move into the 10 µm wide top layer
trenches when they were seeded on one-layer platforms with
40 µm wide ridges, 10 µm wide trenches, and 15 µm deep
gratings. Nevertheless, with the presence of a bottom layer
in a two-layer scaffold platform, more invasive NPC43 cells
could squeeze into the 10 µm wide trenches while most of the
NP460 cells stayed on the 40 µm wide top ridges. Apart from
the overlay angles, the effect of different top layer thicknesses
on cell migration behaviors of NP460 and NPC43 cells was
also investigated. The thickness of top layers was decisively
controlled to be 5, 10, 15, and 30 µm, mimicking fibrils
with various dimensions in ECM [3]. Additionally, the effect
of the bottom layer surface topography on the traversing
probability of NP460 and NPC43 cells was also studied.
The aim of using these three controlled components was to
provide different surface contact areas for cells to form focal
adhesions, and the platforms were optimized to improve cell
separation efficiency.
B. TWO-LAYER SCAFFOLD PLATFORMS WITH DIFFERENT
OVERLAY ANGLES
1) CELLS TRAJECTORY AND DIRECTIONALITY OF
NP460 AND NPC43 CELLS

Previous studies showed that NP460 and NPC43 cells exhibited different migration behaviors when seeded on two-layer
scaffold platforms with different dimensions [32], [43].
113816

FIGURE 2. Trajectories of (a) NP460 and (b) NPC43 cells on flat and
two-layer scaffold platforms with different overlay angles.

The top layers were fixed to 40/10-µm-wide ridges
(R)/trenches (T), and the bottom layers were changed from
40/10, 18/18, to 50/50 µm (R/T). In the presence of a
40/10 µm wide (R/T) bottom layer, many NPC43 cells could
squeeze into the 10 µm wide top trenches, while only a few
NP460 cells could migrate into them. When the bottom layers
were 18/18 and 50/50 µm (R/T), both cell lines showed a
similar probability of migrating into the 10 µm wide top
layers. All the scaffold platforms had a 90◦ offset angle.
In this study, a systematic approach was utilized to investigate
how the offset angles between the top and bottom layers
influenced NP460 and NPC43 cell separation. Double-layer
scaffold platforms were designed with 30◦ , 60◦ , and 90◦
offset angles. Figure 2 shows the NP460 and NPC43 cell
migration trajectories. Both cells had random trajectories on
the flat PDMS. As shown in Fig. 2(a), NP460 cells displayed
the same random movements on the patterned platforms.
Therefore, their migration trajectories were independent of
the overlaying angles between the two layers. On the contrary, NPC43 cell movements were influenced by the top
layer orientation, as shown in Fig. 2(b). The trajectories of
NPC43 cells were aligned with the grating orientation of the
top layers on the platforms with different overlaying angles.
Based on the cell trajectories, cell migration speed along
the x- and y-directions were also calculated, as shown
VOLUME 9, 2021
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into the trenches compared to NPC43 cells. Lamellipodia,
the extended sheet-like membranes of NP460 cells, could not
contact the sidewalls of the narrow trenches or the bottom
layer as easily as the long protrusions stretched out from
NPC43 cells [32].
According to the above results, immortalized NP460 and
cancerous NPC43 cells respond differently on the engineered
platforms. These findings agreed with a previous study,
in which it was found that cells with different metastasis
statuses exhibited different migration behaviors when they
were seeded on different engineered platforms [24]. Following these findings, cell motility and traversing probability
were investigated on these platforms with different overlay
angles next.
2) CELL MOTILITY AND MORPHOLOGY OF NP460 AND
NPC43 CELLS

FIGURE 3. (a) NP460 and NPC43 cell migration directions on flat and
two-layer scaffold platforms with different overlay angles. (b) Migration
speed of NP460 and NPC43 cells on two-layer scaffold platforms with
different overlay angles (∗ p < 0.05, ∗∗ p < 0.01, one-way ANOVA with
post-hoc tukey HSD test).

in Fig. 3(a). The diagonal line in the graph indicates equal
speed in the x- and y-directions, which represents random
cell migration. When the migration speed in the y-direction
is faster than in the x-direction, it indicates greater cell
migration directionality along the grating orientation on the
top layer. The deviation angle measured from the y-axis
could be used to express cell migration directionality; the
smaller the deviation angle, the stronger the cell migration
alignment along the top layer grating. On the flat surface,
both NP460 and NPC43 cells migrated randomly with a 45◦
deviation angle. Very few NP460 cells could migrate from the
top layer ridges to the 10 µm wide trenches, and they showed
similar random migration on all two-layer platforms with
various overlay angles. However, the deviation angle was 39◦
and 36◦ for NPC43 cells with some migration guidance when
they were on the platforms with 30◦ and 60◦ overlays, respectively. The deviation angle was 26◦ for NPC43 cells on the
platforms with 90◦ overlay angle, indicating stronger guidance along the grating orientation. Therefore, NPC43 cells
were better guided by the top layer gratings with increased
overlay angle. Typically, a majority of NP460 cells moved
randomly on the top layer ridges, and few were guided by the
top layer grating. On the other hand, NPC43 cells were better
guided by the top layer grating and more cells moved into
the 10 µm wide trenches on the top layer. The initial location of cells was also considered. When cells were initially
seeded on the top of trenches instead of ridges, they had a
higher probability of migrating into the trenches over 16 h.
However, even if the initial location of NP460 cells was near
the trenches, it was still more difficult for them to squeeze
VOLUME 9, 2021

The migration speed of NP460 and NPC43 cells over the
16 h imaging time was calculated. Although both NP460 and
NPC43 cells showed no significant migration speed dependence with the overlay angle between the top and bottom
layers, NPC43 cells moved slightly faster on the scaffold
platforms than on the flat PDMS. The enhanced migration speed is most likely due to more cells in the confined
trenches that could trigger the regulation of intracellular
signaling and morphology changes [35], [44]–[46]. Overall,
NP460 cells moved faster than NPC43 cells on all the platforms, as shown in Fig. 3(b). Most NP460 cells stayed on the
40 µm wide top ridges, while many NPC43 cells migrated
from the top ridges to the 10 µm wide top layer trenches.
This could be further explained by their differing cell
morphology [47].
Figure 4(a) shows the scanning electron micrographs of
NP460 and NPC43 cells on the top layer ridges. The cell
morphology was different between the two cell lines, but
independent of the overlay angle between the two layers.
In Fig. 4(a), NP460 cells spread on the 40 µm wide ridge
with large sheet-like lamellipodia around the cell body. On the
other hand, NPC43 cells had more long protrusions stretched
out in all directions, as shown in the micrographs. The
sheet-like lamellipodia and long protrusions could enhance
cell migration as they are rich in myosin II, a motor protein
that plays an essential role in cell motility [46].
To quantify the morphological differences of these two cell
lines, cell solidity was evaluated. Cell solidity was defined
as the actual cell area divided by the convex area of the
cell; it is an indicator of the margin undulation of cells. The
convex area of a cell is the convex enclosure around the cell
perimeter, and it becomes less than one when there are gaps
between the convex enclosure and the actual cell perimeter [48]. The actual cell area is indicated with a white line,
while the convex area is indicated by a yellow dotted line,
as shown in Fig. 4(b). The solidity of NP460 cells was found
to be 0.83, larger than a solidity of 0.52 for NPC43 cells.
The NP460 cells were more rounded with higher solidity
113817
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FIGURE 4. (a) Morphologies of NP460 and NPC43 cells on top layer
ridges. Yellow dotted lines outlined spreading of lamellipodia of
NP460 cells and white arrows represented protrusions of NPC43 cells.
(b) Solidity of NP460 and NPC43 cells when they were on the 40 µm
ridges (∗∗∗ p < 0.001, one-way ANOVA test).

On the contrary, NPC43 cells had higher traversing probability and could migrate from the top layer ridges to the
10 µm wide trenches more easily. The traversing probability
was 27.0%, 33.7%, and 66.3% for NPC43 cells when the
overlay angles were 30◦ , 60◦ , and 90◦ , respectively. After
NPC43 cells moved into the top layer trenches, they migrated
along the trench sidewalls and were influenced by the offset
angles between the top and the bottom layers. NPC43 cells
were more directional, as shown in Fig. 3(a). When the top
layer was perpendicular to the bottom layers, it created the
smallest non-overlap area by the two gratings. The length of
the non-overlap area was 40, 16, and 10 µm as the overlay
angle between the top and the bottom layers varied from 30◦ ,
60◦ , to 90◦ , respectively. When the top layer was aligned to
the bottom layer with a 30◦ offset, it had the longest distance
for the non-overlap areas, which reduced the surface area
where cells could contact both adjacent grating as well as the
sidewalls of the bottom layers. This reduced surface contact
area with the top and bottom layers grating caused a lower
probability of cells traversing into the 10 µm wide trenches
of the top layer [31], [32].

compared to NPC43 cells, which had many long protrusions.
The different cell morphologies influenced the cell speed,
directionality, and traversing behaviors.
3) OVERLAY ANGLE AFFECTED CELL TRAVERSING
BEHAVIORS

Double-layer scaffold platforms with different overlay
angles, varying from 30◦ , 60◦ , to 90◦ , were fabricated for
cell separation. These engineered platforms were used to
represent the ECM in tissue. Typically, the ECM has complex structures, and the overlay angle of the gratings on
the scaffold platform can mimic this 3D microenvironment.
The different angles between the top and bottom layers
provided different surface contact areas for cells to attach
and form FAs. The number of cells that moved into the
10 µm wide trenches on the top layer was monitored to
calculate the traversing probability as shown in Fig. 5 (a).
The traversed cells were defined as cells that stayed in the
top layer trenches for more than two-thirds of the entire
imaging time. The traversing probability for both NP460 and
NPC43 cells increased when the angle between the top and
bottom layers increased. For NP460 cells, only a few cells
moved into the 10 µm wide top trenches with the probability of 4.2%, 5.5%, and 5.5% at 30◦ , 60◦ , and 90◦ overlay
angles, respectively. When NP460 cells were seeded on the
platforms, they preferred to stay on the top layer ridges, which
is consistent with NP460 cell migration trajectories and directionalities shown in Figs. 2(a) and 3(a), as they were less
affected by the offset angles between the top and the bottom
layers.
113818

FIGURE 5. (a) Percentage of NP460 and NPC43 cells traversed into 10 µm
wide trenches of scaffold platforms with different overlay angles. Cell
morphologies of partially and fully traversed (b) NP460 and
(c) NPC43 cells on scaffold platforms with 90◦ overlay angle. Yellow
dotted lines outlined spreading of lamellipodia of NP460 cells and white
arrows represented protrusions of NPC43 cells.

As NP460 and NPC43 cells behaved differently on such
two-layer scaffold platforms, this indicates that it is possible
to separate different types of cells. The highest separation
efficiency of 92.3% for NPC43 cells was obtained when the
top layer was perpendicular to the bottom layer. NP460 cell
movement is shown in Supplementary video SV1(a) in the
VOLUME 9, 2021
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supporting material. The NP460 cell had a rounded shape at
the beginning, and became more elongated as it traversed into
the 10 µm wide trenches. Figure 5(b) presents an NP460 cell
with its wide lamellipodium extended into the 10 µm wide
top trench when trying to squeeze into the trench. After
it fully traversed into the top trench, the NP460 cell was
elongated along the trench sidewall. On the other hand, the
filopodia-like protrusions of NPC43 cell probed around the
surrounding environment [49]–[51], as shown in Supplementary video SV1(b). From the micrographs shown in Fig. 5(c),
depending on whether the NPC43 cells were partially or
fully traversed into the 10 µm wide top trench, the thin and
long filopodia-like protrusions sensed and extended around
the sidewalls of the top trenches [52]–[54], which made it
easier for them to move into the trenches. Therefore, more
NPC43 cells with more elongated cell shape and long protrusions were found in the 10 µm wide top trenches.

layer thickness on cell migration behaviors were investigated.
The depth of the bottom layer was maintained at 15 µm,
while the top layer thickness was changed from 5, 10, 15,
and 30 µm. The trench depth of the top layer is correlated
with the space available for cells to migrate in, which could
influence the traversing behaviors of cells [55]. The highest
traversing probability was achieved when the top layer was
15 µm deep, with 66.3% for NPC43 cells and 5.5% for
NP460 cells, as shown in Fig. 6(a). Thus, the highest separation efficiency reached 92.3%. When the top layer was
thinner or thicker than 15 µm, the traversing capability for
both NP460 and NPC43 cells dropped. The traversing probability of NPC43 cells was 21.8%, 40.0%, and 28.9% when
the top layer thickness was 5, 10, and 30 µm, respectively.
Correspondingly, the traversing probability for NP460 cells
was 2.1%, 2.9%, and 1.2% for 5, 10, and 30 µm deep top
layer trenches. There was minor variation in traversing probability for NP460 cells on platforms with different top layer
thicknesses.
Supplementary videos SV2(a-d) in the supporting material
show how NPC43 cells moved around top layer trenches
when the top layer thickness was varied. Shown in the videos
and the micrographs in Fig. 6(b), when the trench depth of
the top layer was 5 or 10 µm, which was smaller than the
cell size, NPC43 cells migrated directly across the trenches
or moved in and out of the trenches because of limited
trench depths. The cells could not completely stay in the
trenches. In Fig. 6(b), most of the cell bodies were on the top
ridges with 5 or 10 µm deep trenches. Thus, the traversing
probability for shallow trenches was lower. For 15 µm deep
and 10 µm wide trenches on the top layer, cells completely
squeezed and stayed in the trenches without any protrusion
or cell body on the top ridges. Although deeper trenches of
30 µm for the top layer provided more space in the trenches,
it became larger than the typical NPC43 cell size [42]. Cells
could not reach the bottom layer and it lowered the traversing
probability, as shown in Fig. 6(a). Figure 6(c) shows the
protrusion length of NPC43 cells on the top ridges. Out of
the 60 cells analyzed, most of them had protrusion lengths
less than 30 µm. Therefore, only a few cells could reach the
bottom layer grating when the top layer thickness was 30 µm,
causing a lower probability for cells to move into the top layer
trenches.

FIGURE 6. (a) Percentage of NP460 and NPC43 cells traversed into 10 µm
wide trenches of scaffold platforms with different top layer thicknesses.
(b) Micrographs of NPC43 cells traversed into 10 µm wide top layer on
two-layer scaffold platforms with different top layer thicknesses.
(c) Protrusion length of NPC43 cells when they were on top layer ridges.

D. TWO-LAYER SCAFFOLD PLATFORMS WITH DIFFERENT
TOPOGRAPHIES ON BOTTOM LAYER RIDGES

C. TWO-LAYER SCAFFOLD PLATFORMS WITH DIFFERENT
TOP LAYER THICKNESSES

Following the above results, the angle between the top and
bottom layer gratings was fixed to be 90◦ to achieve the
highest traversing probability. To further increase the cell
separation efficiency for NPC43 cells, the effects of the top
VOLUME 9, 2021

Cells could reach the bottom grating on the double-layer scaffold platform with a 90◦ overlay angle and 15 µm thick top
layer. To modify the surface topography on the bottom layer
ridges, a 2/2 µm wide ridge/trench1 µm deep grating was
patterned on the bottom layer ridges, parallel to the top layer
grating orientation. The effect of surface topography on the
bottom layer ridges on cell traversing behaviors was studied.
Figure 7 shows that the traversing probability for NP460 cells
increased from 5.5% to 7.6%. For NPC43 cells, the traversing
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shallow grating structures on the bottom layer ridges attracted
more NP460 and NPC43 cells to move into the 10 µm wide
top trenches. The traversing probability increased from 5.5%
to 7.6% for NP460 cells, and 66.3% to 74.3% for NPC43
cells. The highest efficiency of separating NPC43 cells from
NP460 cells was 92.3%, which was achieved by the top layer
grating being perpendicular to the bottom layer, a 15 µm
thick top layer, and 1 µm deep gratings on the bottom layer
ridges. These results showed that NPC43 cells could be effectively separated from NP460 cells on the proposed platforms.
If NPC43 cells are isolated, high throughput drug screening
could potentially be implemented for early diagnosis and
treatment of NPC.
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