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ABSTRACT
Cancer cell separation is highly desirable for cancer diagnosis and therapy. Besides biochemical methods, engineered platforms are effective 
alternatives for sorting carcinoma cells from normal cells based on their unique properties in responding to the physical changes of the surrounding 
microenvironment. In this work, three-dimensional (3D) biomimetic scaffold platforms were developed to separate nasopharyngeal carcinoma (NPC43) 
cells from immortalized nasopharyngeal epithelial (NP460) cells based on precisely controlled design parameters including stiffness, number of layers, 
and structural layout. The migration characteristics of NPC43 and NP460 cells on the scaffold platforms revealed that NPC43 cells could squeeze into 
10 µm wide, 15 µm deep trenches while NP460 cells could not. The different migration behavior was mainly due to cells having different interactions 
with the surrounding microenvironment. NPC43 cells had filopodia-like protrusions, while NP460 cells exhibited a sheet-like morphology. Using these 
3D biomimetic platforms, 89% separation efficiency of NPC43 cells from NP460 cells was achieved on stiffer two-layer scaffold platforms with a 
40/10 μm ridge/trench (R/T) grating on the top layer and a 20/10 μm R/T grid on the bottom layer. Moreover, the separation efficiency was further 
increased to 93% by adding an active conditioned medium (ACM) that caused the cells to have higher motility and deformability. These results 
demonstrate the capability to apply biomimetic engineered platforms with appropriate designs to separate cancer cells from normal cells for potential 
cancer diagnosis and treatment.

1. Introduction

A tumor is a complex heterogeneous tissue that consists of extracellular matrix (ECM) filled with cancer cells and non-cancer 
stromal cells. Different kinds of stromal cells including fibroblasts, immune cells, macrophages, and endothelial cells co-occupy 
and interact with the surrounding cancer cells [1–5]. The ability to separate cancer cells from a heterogeneous cell population will 
be desirable in cancer diagnostics, monitoring, and therapeutics. Biomarkers are typically used to identify different cell types; for 
example, complementary fluorophore-conjugated antibodies are bonded to target cells so that the target cells can be identified by 
fluorescent detectors [6–9]. Alternatively, by combining antibody-conjugated magnetic beads to specific proteins on the cells of 
interest, labeled cells can be sorted by exerting a magnetic force on the beads via an applied external magnetic field [10–13]. Cells 
are also picked manually for single-cell isolation [14–16]. Micro-manipulators and micropipettes can be used to pick up specific 
cells under an inverted microscope. In addition, microfluidic systems have been developed for cell sorting and have the advantages 
of precise flow control, device minimization, and low sample consumption [17–20]. In addition to biomarkers, cell properties 
including cell size [21–23], shape [24–26], deformability [27,28], density [29], polarizability [30,31], and reflective index [32,33] 
have been utilized to separate cells in microfluidic systems with the help of microfluidic force. For example, funnel-shaped 
microstructures in microfluidic systems were used to block larger or more rigid cells, while smaller or more deformable cells 
could pass through under oscillatory flow [34,35]. Although cells can be separated with high efficiency [36], they often require 
external setups or forces such as biomarkers, antibodies, a magnetic field, or microfluidic flow, which make the process more 
complicated and expensive.

Aside from methods that utilize external biochemical agents or external magnetic or microfluidic forces to separate cells, other 
methods take advantage of cell interaction behaviors on designed platforms. Previously, our group studied a one-layer platform 
with different designs for cell migration and separation [37,38]. While one-layer platforms were found to be effective in providing 
guidance for cell migration, they were not able to separate cancer cells from normal cells. Therefore, three-dimensional (3D) 
platforms were developed to provide the capability for cell separation. 3D platforms also provide a better representation of the 
ECM in tissues, as the ECM is 3D in real life. In combination with the microfluidic channels in 3D platforms, isolated cells can 
be collected separately for further studies. Thus, in this study, the focus was on the separation of nasopharyngeal carcinoma (NPC) 
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cells from nasopharyngeal epithelial cells by using controllable 3D scaffold platforms. NPC is recognized as a highly invasive 
and metastatic cancer, and patients often do not exhibit clear symptoms in the early stage [39–41]. Unlike other types of cancers, 
NPC is strongly associated with Epstein–Barr virus (EBV). However, the EBV episomes often diminish when NPC cells are 
cultured in vitro [42,43]. Recently, a series of stable NPC cell lines was successfully established [44]. Therefore, it is important 
to carry out an in vitro study of NPC cells with regard to their migration behaviors, and to develop platforms for cancer cell 
separation without chemical additions or external force.

In this work, 3D scaffold platforms were designed and developed to utilize the inherent unique NPC cell morphology, migration 
characteristics, and different interactions with the surrounding microenvironment in order to separate NPC43 cells from 
immortalized nasopharyngeal epithelial (NP460) cells. As the size of NP460 and NPC43 cells is approximately 15 µm, when they 
were cultured on one-layer grating platforms with 10 µm wide and 15 µm deep trenches, these cells could hardly squeeze into the 
10 µm wide trenches, since the trench width was narrower than the cell size. Thus, by designing 3D scaffold platforms with 
different dimensions, layouts, and material properties, NP460 and NPC43 cells with similar size could be separated based on 
whether or not they could migrate into the narrow trenches. With the proper platform stiffness, multi-layer layouts, and layer 
dimensions, NPC43 cells had an 85% probability of squeezing into the 10 μm wide trenches, while NP460 cells only had a 10% 
chance of being in the narrow trenches. In addition, when NPC43 cells had higher motility due to being stimulated by an active 
conditioned medium (ACM), they showed a high probability of squeezing into the 10 µm wide trenches, resulting in a higher cell-
separation efficiency.

2. Materials and methods

2.1. Fabrication of engineered scaffold platform

One-layer and two-layer scaffold platforms were fabricated with a biocompatible elastomer polydimethylsiloxane (PDMS). A 
one-layer platform was formed by a replica molding technique, as reported previously [37,38]. The process flow for the two-layer 
platform is demonstrated in Fig. 1; this consisted of fabricating the top and bottom layers separately and stacking the two layers 
together by reversal imprinting after treating the layers with an oxygen (O2) plasma. The bottom layer was prepared identically 
as a one-layer scaffold platform, as shown in Fig. 1(a). After coating the silicon (Si) grating mold with an anti-sticking layer of 
trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane (FOTS), the PDMS mixture was cast on the mold and cured on a hotplate at 80 
°C for 6 h. The stiffness of the PDMS was modified by using a different prepolymer base and curing agent (Dow Corning Sylgard 
184 kit, USA) with three mix ratios of 5:1, 10:1, and 30:1 (w/w). The stiffness was characterized using a nanoindenter (Hysitron 
TI 700 Ubi, USA). The top layer was fabricated by reversal imprinting a PDMS layer using a Si grating mold coated with FOTS 
(surface energy = (71 ± 3) mN·m–1) and a Si substrate coated with another anti-stacking layer with a 4:1 mass mixture of 3-
methacryloxypropyltrichlorosilane (MOPTS) and FOTS (surface energy = (23 ± 3) mN·m–1). Both the top and bottom layers were 
then treated with an O2 plasma for 1 min with an O2 flow rate of 20 sccm (1 sccm = 1 cm3·min–1) a chamber pressure of 80 mTorr 
(1 mTorr = 0.133 Pa), and a radio frequency (RF) power of 60 W. The two grating layers were bonded together by stacking them 
perpendicularly to each other. After baking at 80 °C for 10 min, the two-layer scaffold platform was peeled off from the Si 
substrate.
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Fig. 1. Fabrication of a two-layer platform. (a) Si mold coated with FOTS for pattern replication on PDMS. (b) Si wafer coated with mixed silane with 
patterned PDMS formed by imprinting. (c) Two-layer platform formed by stacking two layers of patterned PDMS together after O2 plasma treatment. 
(d) Micrograph of the fabricated two-layer platform. FOTS: trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane; MOPTS: 3-
methacryloxypropyltrichlorosilane

2.2. Cell culture

Both the NP460 and NPC43 cells were obtained from the S. W. Tsao team developed by Lin et al. [44]. NP460 cells were 
cultured in the medium using a 1:1 mixture of EpiLife medium (Gibco, USA) fully supplemented with 1% EpiLife defined growth 
supplement (EDGS; Gibco, USA) and a defined Keratinocyte-serum free medium (1×; Gibco, USA) medium fully supplemented 
with 0.2% defined Keratinocyte growth supplement (Gibco, USA). NPC43 cells were maintained in Roswell Park Memorial 
Institute (RPMI) 1640 medium (1×; Gibco, USA) with 10% fetal bovine serum (FBS) and 0.2% of 2 mmol·L–1 rock inhibitor Y-
27632 (25 mg; ENZO, Switzerland). Both the NP460 and NPC43 cell culture mediums were mixed with 1% antibiotic antimycotic 
(Gibco, USA; 100 units (U) per milliliter penicillin G sodium, 100 mg·mL–1 streptomycin, and 0.25 mg·mL–1 amphotericin B) to 
avoid contamination. The mediums were changed every two days and cells were passed every five days.

2.3. Time-lapse and immunofluorescence imaging

The 3D scaffold platforms were bonded on 35 mm glass-bottom confocal dishes for imaging. Before cell seeding, the platforms 
were treated with an O2 plasma for 1 min with an O2 flow rate of 20 sccm, chamber pressure of 80 mTorr, and RF power of 60 
W to create a hydrophilic surface to enhance the attachment of cells onto the platforms. After the surface treatment, cells were 
immediately seeded at a density of 7 × 104 cells·mL–1 and 1.1 × 105 cells·mL–1 with a volume of 2 mL onto the one-layer and 
two-layer platforms, respectively, and put in the incubator for 6 h. After that, the medium was replaced by the 1:1 mixture of cell 
culture medium and carbon dioxide (CO2)-independent medium 18045–088 (Invitrogen, USA), which was supplemented with 10% 
FBS, 1% penicillin streptomycin (10 000 U·mL–1; Gibco, USA), and 1% GlutaMAX (100×; Gibco, USA) to provide an 
environment without the need for a CO2-filled incubator. A Nikon Eclipse Ni-E upright motorized microscope (Japan) was then 
used to take time-lapse images every 5 min for 15 h. Live cell immunofluorescence images were captured by the same microscope 
with the function of fluorescein isothiocyanate and tetraethyl rhodamine isothiocyanate imaging.

2.4. Data analysis

Cell migration speed and trajectory were tracked by the National Institutes of Health (NIH) ImageJ (version 1.50i; USA) 
packaged with a Manual Tracking plugin (USA). Cell morphology analysis was accomplished by the measure function in ImageJ 
after circling the cell shape; and the cell area, perimeter, and ellipse-fitted long axis and short axis were calculated. Cells that died, 
divided, or came into contact with other cells during the time-lapse imaging were excluded from the analysis.

Cell roundness (R) was calculated as follows:
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where A is the projected area and C is the perimeter of the cell.
To calculate the aspect ratio of the cell shape, an ellipse was overlaid on the cell with a short axis a and a long axis b, so that 

the aspect ratio was obtained by b/a. Statistical difference between groups was analyzed using a one-way analysis of variance 
(ANOVA) test with a significant level at p < 0.05. All the results are presented as mean ± standard error of the mean (SEM).

Cell-separation efficiency was defined by using the probability of NPC43 cells in the top-layer trenches or bottom grids divided 
by the probability of NPC43 and NP460 cells in that specific location.

2.5. Scanning electron microscopy

Cells on platforms were rinsed with 10× phosphate buffer saline (PBS) two times (5 min each), and then fixed by 4% 
paraformaldehyde for 15 min. Dehydration of cells was then performed by gradually increasing the ethanol concentration from 
30%, 50%, 70%, 80%, 90%, 95% to 100%; the cells were then kept in a critical point dryer for 3 h. The dried samples were then 
coated with a thin layer of gold (Au) to avoid charging and placed in a scanning electron microscope SU5000 (Hitachi, Japan) for 
imaging.

3. Results and discussion

3.1. Cell separation on one-layer platforms

3.1.1. Effects of platform stiffness
Substrate stiffness has been shown to influence cell behaviors such as migration speed, morphology, and proliferation [45–48]. 

In this work, one-layer grating platforms with trenches 10 μm wide and 15 μm deep were used to investigate the effects of platform 
stiffness on the probability of NP460 and NPC43 cells squeezing into the narrow trenches. The probability of cells squeezing into 
the 10 μm wide trenches is defined as the number of cells in the narrow trenches divided by the total cell number. Cells that had 
divided, died, or came into contact with other cells were excluded from the statistical analysis to avoid other effects due to cell 
status changes. Different platform stiffnesses were obtained by mixing different PDMS base:agent ratios. The measured Young’s 
modulus shown in Fig. 2(a) indicates that a higher mixing ratio resulted in a smaller Young’s modulus with softer platforms.

NP460 and NPC43 cells were seeded on the platforms separately and then incubated for 6 h followed by 15 h of time-lapse 
imaging. Fig. 2(b) shows that almost no NP460 cells could squeeze into the 10 µm wide trenches regardless of the platform 
stiffness, whereas 23% of the NPC43 cells were found in the narrow trenches on stiffer platforms. On stiffer platforms, NPC43 
cells could be separated from NP460 cells. The results shown in Fig. 2(b) indicate that the softer platform fabricated using a 30:1 
PDMS mix ratio could not be used to separate NPC43 cells from NP460 cells. Thus, relatively stiffer platforms that were 
fabricated using the 5:1 and 10:1 PDMS mix ratios were chosen for further investigation and characterization. The micrographs 
in Fig. 2(c) show the different morphologies of NP460 and NPC43 cells on the platforms with PDMS base:agent mix ratios of 
5:1 and 10:1. Typically, NP460 cells had larger cell bodies that spread in all directions. On the other hand, NPC43 cells were 
smaller; they aligned along the grating orientation on stiffer platforms but were more rounded on softer platforms. Cell roundness 
was calculated and is shown in Fig. 2(d) with a roundness of 1 for a circle. NP460 cell roundness had no significant dependence 
on platform stiffness, whereas NPC43 cells became more elongated on stiffer platforms and could have a higher probability of 
squeezing into the narrow trenches.
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Fig. 2. (a) Measured Young’s modulus of PDMS with different base:agent mix ratios (error bar ± 12 kPa). (b) Probabilities of NP460 and NPC43 cell 
migration into 10 µm wide trenches on one-layer platforms with different stiffnesses (error bars within 1%). (c) Micrographs and (d) cell morphology 
of NP460 and NPC43 cells on one-layer platforms with different stiffnesses. The trenches were 10 µm wide and 15 µm deep (cell numbers (N) > 20, 
NS: not significant, ***p < 0.001).

3.1.2. Effects of pattern shape and layout
Cell contact area in a tight opening can determine cell migration path, direction, or cell shape deformation. Therefore, one-

layer platforms with four different pore shapes with the same opening area, including a circle, hexagon, square, and triangle, were 
created to examine how NPC43 cells moved around pores with different shapes, as shown schematically in Fig. 3(a). The diameter 
of the 15 μm deep circular pore was 18 μm, which was roughly equivalent to the cell size; thus, all four shapes were designed 
with the same area of about 256 μm2. After cell seeding for 7 h, the cells were still rounded and could not completely fill the entire 
pore. Therefore, the degree of pore filling, which was defined by dividing the cell area by the pore area, was used to quantify the 
change of cell size in the pores. As shown in Fig. 3(a), the NPC43 cells initially had a different degree of filling in pores with 
different shapes, but could eventually fill the entire pores of the different shapes after 22 h. This indicated that the NPC43 cells 
could extend their bodies to fill in the tight openings of the different shapes.

Because of the abovementioned properties, the patterns on the one-layer platform were modified from a grating to a grid so 
that more contact area was formed at the grid intersections, which could allow more NPC43 cells to get into the 10 μm wide 
trenches for cell separation. The migration trajectories of NPC43 cells on the one-layer platforms with a grating and a grid have 
been plotted in Fig. 3(b). The figure shows that the grating pattern guided the cells to migrate along its orientation with more 
elongated morphology, while the grid pattern localized the cells at the intersections with more rounded morphology. The 
probability of NPC43 cells squeezing into the 10 µm wide trenches was higher on platforms with a grid, as shown in Fig. 3(c), 
which implies that a higher separation efficiency of NPC43 cells from NP460 cells was achieved with the grid design on the 
bottom layer.
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Fig. 3. (a) Degree of filling of NPC43 cells in 15 µm deep pores with different shapes but the same area. (b) Migration trajectories and (c) probability 
of NPC43 cells migrating into 10 µm wide trenches with a 40/10 µm ridge/trench (R/T) grating and grid. Depth of trenches was 15 µm and PDMS 
base:agent mix ratio was 5:1.

3.2. Cell separation on two-layer platforms

3.2.1. Effects of platform stiffness
Multi-layer 3D platforms were developed for cell separation, as shown in Fig. 4(a). Two-layer scaffold platforms were used to 

mimic the ECM in tissue, which consists of a 3D microenvironment, to enable the cells to migrate. The dimensions of the patterns 
on both the top and bottom layers were a 40/10 μm ridge/trench (R/T) grating that was 15 μm deep.

As shown in Fig. 4(a), the NP460 and NCP43 cells had different morphologies on the platforms. The NP460 cell developed 
sheet-like lamellipodia with a spread-out cell body. In contrast, the NPC43 cell extended filopodia-like protrusions with an 
elongated cell body to interact with the surrounding microenvironment, which made it easier for the cell to squeeze into the 10 
μm wide trench. These cell morphologies were representative of the majority of the cells (over 30 cells of each type) imaged by 
scanning electron microscopy after three independent runs under the same conditions. Fig. 4(b) shows that on the two-layer 
platforms, the NP460 cells had a 10% probability of squeezing into the 10 μm wide trenches, which was not possible on the one-
layer platforms. On the other hand, the NPC43 cells had a much higher probability of squeezing into the narrow trenches, at 70%. 
The effects of platform stiffness were studied on two-layer scaffold platforms with PDMS base:agent mix ratios at 5:1 and 10:1. 
As shown in Fig. 4(b), different platform stiffnesses had little effect on the probability of NP460 cells, but the probability was 4% 
higher for NPC43 cells on stiffer platforms. NP460 and NPC43 cell separation is related to their different cell morphologies on 
the patterned platforms. The probability of NPC43 cells squeezing into the 10 µm wide trenches was 64% higher than that of 
NP460 cells when a two-layer scaffold platform with 40/10 μm R/T gratings was used on the stiffer 5:1 PDMS base:agent mix 
ratio.
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Fig. 4. (a) Micrographs of NP460 cell on the top ridge and NPC43 cell in the top trenches on two-layer scaffold platforms with a top and bottom layer 
of 40/10 µm R/T (representative of over 30 cells of each type from three independent runs). (b) Probabilities of NP460 and NPC43 cells in 10 µm wide 
top trenches on two-layer scaffold platforms with different stiffnesses (error bars within 1%). The thickness of each layer was 15 µm.

3.2.2. Effects of bottom layer structure
In order to further increase the cell-separation efficiency, the bottom-layer pattern was changed from a grating to a grid and the 

top-layer grating was placed perpendicular to the bottom layer, as shown in Fig. 5(a). As the grid pattern provided more contact 
area at the intersections, more NPC43 cells could get into the narrow trenches. The platforms were made of a 5:1 PDMS base:agent 
mix ratio with a 40/10 μm R/T grating on the top layer and a 40/10 μm R/T grating or grid on the bottom layer, both 15 μm deep. 
Fig. 5(b) shows that changing the bottom-layer pattern from a grating to a grid had no effect on the NP460 cells, but led to a 3% 
increase in the probability of the NPC43 cells squeezing into the 10 µm wide trenches

Fig. 5. (a) Micrographs of two-layer platforms with 40/10 µm R/T gratings and grids in the bottom layer. (b) Probabilities of NP460 and NPC43 cells 
reaching the 10 µm wide trenches on the two-layer platforms with 40/10 µm R/T gratings and grids on the bottom layer (error bars within 1%). The 
depth of each layer was 15 µm and the PDMS base:agent mix ratio was 5:1.

The grid pattern not only provided more contact area at the intersections, but also allowed more filopodia-like protrusions of 
the NPC43 cells to come into contact with the trenches on the bottom layer, which resulted in more NPC43 cells squeezing into 
the 10 µm wide trenches. To study the effects of cell contact with the bottom-layer trenches on NP460 and NPC43 cell separation, 
two-layer scaffold platforms with a 40/10 μm R/T grating on the top layer and with the width of the bottom-layer ridges increasing 
from 10, 20, 40, 80 to 160 μm were fabricated, as shown in Fig. 6(a). The gradually increased distance between the 10 μm wide 
bottom-layer trenches made it more difficult for the NPC43 cell protrusions to come into contact with the bottom-layer trenches. 
Fig. 6(b) shows that the probability for NPC43 cells to squeeze into the narrow trenches decreased with increasing ridge width, 
most likely due to the reduced cell contact with the bottom-layer trenches.

Micrographs of NPC43 cells on two-layer scaffold platforms with bottom-layer grids of 20/10 and 40/10 μm R/T are shown in 
Fig. 6(c). When the ridge width was larger, the separation between the 10 µm wide trenches was also larger, and the NPC43 cells 
had to extend longer protrusions in order to reach the trenches in the bottom layer. Fig. 6(d) shows that with denser bottom grids, 
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there was little difference in the probability of the NP460 cells getting into the narrow trenches, while the probability of the 
NPC43 cells squeezing into the 10 µm wide trenches increased by 8%.

Cell polarization shape was quantified by fitting a cell into an ellipse and measuring its long and short axes. Typically, a more 
elongated cell shape could fit into a narrower trench. The short axis lengths of the NP460 and NPC43 cells on two-layer scaffold 
platforms with a bottom-layer grid of 20/10 μm R/T are compared in Fig. 6(e). The figure shows that the NP460 cells were more 
spread out on the platforms, with an average short axis length of 22 μm, while the NPC43 cells were more elongated, with a 
reduced average short axis length of 12 μm. The more elongated shape and smaller size of the NPC43 cells, compared with those 
of the NP460 cells, could have made it easier for them to squeeze into the 10 μm wide trenches in the 3D platforms; thus, there 
was a 75% higher probability of NPC43 cells squeezing into the 10 μm wide trenches, compared with NP460 cells, when a 20/10 
μm R/T grid pattern was used in the bottom layer.

Fig. 6. (a) Micrograph and (b) probabilities of NPC43 cells on two-layer platforms with bottom-layer ridges of 10, 20, 40, 80, and 160 µm widths. All 
trenches were 10 µm wide. (c) Micrographs of an NPC43 cell with extended protrusions to reach the bottom-layer grid trenches on a two-layer platform. 
(d) Probabilities of NP460 and NPC43 cells reaching the 10 µm wide top trenches on two-layer platforms with 20/10 and 40/10 µm R/T grids on the 
bottom layer (error bars within 1%). (e) Short axis lengths of NP460 and NPC43 cells on two-layer platforms with a 20/10 µm R/T grid on the bottom 
layer. The thickness of each layer was 15 µm and the PDMS base:agent mix ratio was 5:1 (N > 30, ***p < 0.001).
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3.3. NP460 and NPC43 cells co-cultured on two-layer scaffold platforms

Thus far, the NP460 and NPC43 cell-separation probabilities were based on seeding the two kinds of cells separately on the 
platforms. Next, NP460 and NPC43 cells were co-cultured on the optimized two-layer scaffold platforms with a 20/10 μm R/T 
grid on the bottom layer. Both the NP460 and NPC43 cells were transfected with differently colored fluorescent proteins so that 
they could be distinguished under fluorescent imaging; NP460 cells were green and NPC43 cells were red.

As mentioned above, cells that divided, died, or came into contact with other cells were excluded from the analysis. Thus, a 
cell density of 1.1×105 cells·mL–1 and a suspension volume of 2 mL were found to be optimal in this study. When NP460 and 
NPC43 cells were co-cultured, the same cell density was used for each cell. The total cell density of 2.2×105 cells·mL–1 was much 
lower in comparison with the number of cells available for a nasopharyngeal carcinoma tumor in its early stage [49]. Therefore, 
the proposed platform could be used for early diagnosis of NPC when the NPC43 cell density is low. The platform can also be 
scaled up to separate a large number of cells by using a platform with larger area.

Fig. 7(a) shows the fluorescent and bright-field images of co-cultured NP460 and NPC43 cells on the two-layer platforms with 
20/10 and 40/10 μm R/T grids on the bottom layer. After culturing the cells in the incubator for 6 h, live fluorescent images were 
taken, followed by continuous cell imaging under a bright field for 15 h. Fig. 7(b) shows that the NP460 and NPC43 cells had 
10% and 84% probability, respectively, of squeezing into the 10 µm wide trenches on the two-layer scaffold platforms with the 
20/10 μm R/T grids. Therefore, a separation probability of 74% was obtained when both the NP460 and NPC43 cells were co-
cultured on such platforms. The denser 20/10 µm R/T grids were more efficient for cell separation, as the NPC43 cells had a high 
probability of 84% of reaching the narrow trenches, compared with a lower probability of 73% on platforms with 40/10 μm R/T 
grids on the bottom layer.

Fig. 7. (a) Bright-field and fluorescent micrographs of NP460 and NPC43 cells co-cultured on two-layer platforms with a 20/10 µm R/T grid on the 
bottom layer. NP460 cells were transfected with green fluorescent protein and NPC43 cells were transfected with red fluorescent protein. (b) Separation 
probability of co-cultured NP460 and NPC43 cells on two-layer platforms with 20/10 and 40/10 µm R/T grids on the bottom layer (error bars within 
1%). The thickness of each layer was 15 µm and the PDMS base:agent mix ratio was 5:1.

After separation, the NPC43 cells could be preserved and collected through an exit port in the microfluidic platform near the 
bottom, while the NP460 cells could be channeled through another exit port on the top layer. Alternatively, laser microdissection 
technology [50] could be used to precisely cut off the top part of the platform and separate the platform into two halves. After the 
separation, the NP460 cells could be harvested from the top half and the NPC43 cells could be collected from the bottom half of 
the platform.

3.4. Effects of NPC cell motility on cell separation

The motility of NPC43 cells can influence cell movement in the 3D ECM, as cancer cells often have different motility during 
tumor progression [51–53]. The ACM obtained from the exosomes of a fibroblast have been shown to enhance the motility and 
metastasis of certain cancer cells [54,55]. In this study, ACM was added to the culture medium of NPC43 cells to examine the 
changes in motility and their effects on the separation efficiency of NPC43 cells from NP460 cells.

The migration speed of the NPC43 cells was faster on one-layer platforms with 40/10 μm R/T when the NPC43 cell-culturing 
medium was mixed with ACM in a volume ratio of 1:1, as shown in Fig. 8(a); this demonstrated that the ACM could enhance the 
motility of the NPC43 cells. It has been suggested that the tetraspanins Cd81 of the exosomes contained in ACM can promote the 
motility of cancer cells via Wnt-planar cell polarity signaling [54]. The changes in cell shape, as indicated by the cell aspect ratio, 
were monitored over time after the ACM was added, since the cells had a different probability of getting into the narrow trenches 
after the cell shape changed. As shown in Fig. 8(b), the NPC43 cells cultured with ACM showed a larger aspect ratio and were 
more elongated on the one-layer platforms with 40/10 μm R/T and a 5:1 PDMS base:agent mix ratio. Fig. 8(c) shows that 34% 
of the NPC cells were able to squeeze into the 10 μm wide trenches on the top layer, and then moved further into the bottom-layer 
grid. Thus there was a greater than eight-fold increase in the probability of NPC43 cells reaching the bottom layer grid when they 
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were cultured with added ACM. Therefore, these results show that the ACM effectively stimulated the NPC43 cells to modify 
their motility and morphology, which allowed the NPC43 cells to squeeze through the narrow trenches and move into the bottom-
layer grid in 3D platforms.

NPC43 cells with ACM were co-cultured with NP460 cells on two-layer scaffold platforms with a 20/10 μm R/T grid on the 
bottom layer and a 5:1 PDMS base:agent mix ratio. The results in Fig. 8(d) show a 5% increase of the probability of NPC43 cells 
squeezing into the 10 µm trenches when ACM was added. The addition of ACM increased the NPC43 cell speed and cell 
elongation, making it easier for the cells to move through the 10 µm wide trenches and further into the bottom-layer grid. However, 
the presence of ACM showed little influence on the movement of the NP460 cells into the top-layer trenches or the bottom-layer 
grid. Therefore, the addition of ACM in the culture medium helped to further separate the NPC43 cells from the NP460 cells in 
the bottom-layer grid. Using multi-layer platforms, a higher cell-separation efficiency could be achieved for more active cancer 
cells.

Fig. 8. (a) Migration speed and (b) aspect ratio of NPC43 cells stimulated by ACM on one-layer platforms with 10 µm wide trenches (***p < 0.001). 
(c) Probability of NPC43 cells reaching a 20/10 µm R/T bottom grid on two-layer platforms stimulated by ACM. (d) Probabilities of NP460 and NPC43 
cell migration stimulated by ACM in trenches on two-layer platforms with a 20/10 µm R/T bottom grid. The thickness of each layer was 15 µm and 
the PDMS base:agent mix ratio was 5:1.

4. Conclusion

Cell separation between normal and cancer cells is critical in cancer diagnostics, treatment, and drug development. Details of 
NPC cell migration behaviors have not been reported previously, due to the difficulty of establishing stable EBV-positive cell 
lines. In this work, 3D scaffold platforms were developed to separate NPC43 cells from NP460 cells based on the platform 
properties. Design parameters including platform stiffness, grating or grid pattern layouts, number of layers, and density of grid 
patterns were used to optimize the platform design in order to achieve the highest separation efficiency.

Using two-layer scaffold platforms with a 20/10 μm R/T grid on the bottom layer resulted in an 89% separation efficiency of 
NPC43 cells from NP460 cells in the top-layer 10 µm wide trenches. When NPC43 cells were granted enhanced motility through 
ACM stimulation, a 93% separation probability was obtained in the bottom-layer grid. As NPC cells are highly invasive and 
metastatic, it is important to be able to separate these cancer cells from normal cells. The results illustrated in Fig. 8 show that the 
NPC43 cells had higher motility and deformability after ACM stimulation, and the separation efficiency was improved. Based on 
this principle, the separation of other types of cancer cells from normal cells with different motilities and deformability will also 
be feasible. In our previous work [56], we demonstrated the capability of screening various types of cancer cells on platforms 
with appropriate topographical designs. Further studies will be conducted to investigate the optimal platform layouts and 
characteristics that can be used to separate other cancer cell lines.
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