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ntal topographic cues influence
migration dynamics of nasopharyngeal carcinoma
cells from tumour spheroids†

Bowie P. Lam,ab Sarah K. C. Cheung,bc Yun W. Lambc and Stella W. Pang *ab

Tumour metastasis is a complex process that strongly influences the prognosis and treatment of cancer.

Apart from intracellular factors, recent studies have indicated that metastasis also depends on

microenvironmental factors such as the biochemical, mechanical and topographical properties of the

surrounding extracellular matrix (ECM) of tumours. In this study, as a proof of concept, we conducted

tumour spheroid dissemination assay on engineered surfaces with micrograting patterns.

Nasopharyngeal spheroids were generated by the 3D culture of nasopharyngeal carcinoma (NPC43)

cells, a newly established cell line that maintains a high level of Epstein–Barr virus, a hallmark of NPC.

Three types of collagen I-coated polydimethylsiloxane (PDMS) substrates were used, with 15 mm deep

“trenches” that grated the surfaces: (a) 40/10 mm ridges (R)/trenches (T), (b) 18/18 mm (R/T) and (c) 50/50

mm (R/T). The dimensions of these patterns were designed to test how various topographical cues,

different with respect to the size of tumour spheroids and individual NPC43 cells, might affect

dissemination behaviours. Spreading efficiencies on all three patterned surfaces, especially 18/18 mm (R/

T), were lower than that on flat PDMS surface. The outspreading cell sheets on flat and 40/10 mm (R/T)

surfaces were relatively symmetrical but appeared ellipsoid and aligned with the main axes of the 18/18

mm (R/T) and 50/50 mm (R/T) grating platforms. Focal adhesions (FAs) were found to preferentially

formed on the ridges of all patterns. The number of FAs per spheroid was strongly influenced by the

grating pattern, with the least FAs on the 40/10 mm (R/T) and the most on the 50/50 mm (R/T) substrate.

Taken together, these data indicate a previously unknown effect of surface topography on the efficiency

and directionality of cancer cell spreading from tumour spheroids, suggesting that topography, like ECM

biochemistry and stiffness, can influence the migration dynamics in 3D cell culture models.
1. Introduction

Cancer metastasis is the major cause of patient morbidity and
mortality. The complex process of tumour metastasis involves
the migration of tumour cells from a primary site to distant
organs via the blood circulation and/or lymphatics system of the
body.1 When tumour cells undergo epithelial mesenchymal
transition, they acquire metastatic properties enhancing cell
mobility, extracellular matrix (ECM) invasion potential and
resistance to apoptotic stimuli.2 As a result, therapeutic inter-
ventions targeting cancer metastasis has become a major focus
of cancer research in recent decades.3
y University of Hong Kong, Hong Kong.

Nanotechnology, City University of Hong

f Hong Kong, Hong Kong

tion (ESI) available. See DOI:

f Chemistry 2020
Tumour metastasis is inuenced by a combination of
biochemical and physical cues in the surrounding microenvi-
ronment.4 Many model systems have been established to mimic
the physical tumour environment and study how the architec-
tural information of the extracellular milieu controls cancer cell
migration. We and others have demonstrated that, whereas
cells move randomly on at surfaces, their motility and direc-
tionality could be guided by topographical patterns on engi-
neered surfaces5–9 and microchannels.10 It is likely that cancer
cells interpret specic topographical signals through focal
adhesion (FA) maturation and cytoskeletal organisation, which
in turn generates anisotropic forces that control cell migra-
tion.8,11 Interestingly, cells respond to microenvironmental
topography differently depending on their transformation
status. For example, cancer cells in monolayered culture have
been shown to trespass vertical boundaries on the substratum,
while non-cancerous cells could not.12 Grating platforms with
zigzag patterns can even control the migration direction of cells
depending on their metastatic status.13

These discoveries indicate that simple patterned surfaces
can provide a versatile model system for the in vitro
RSC Adv., 2020, 10, 28975–28983 | 28975
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characterisation of the roles of microenvironmental cues on
cancer cell migration and spreading. However, most of the
studies in this research eld utilised two-dimensional (2D)
adherent cells, which did not provide a physiologically relevant
picture of cancer cell metastasis. Three-dimensional (3D)
tumour spheroids are frequently employed as a more clinically
relevant in vitro cell culture model of cancer cells.9 There are
many different experimental techniques to generate tumour
spheroids for in vitro cancer studies.14 One of the common ways
to generate tumour spheroids for in vitro cancer studies is the
use of ultra-low attachment plate together with hydrogels
consist of ECM.13 Tumour spheroids mimic the in vivo tumour
mass with an outer layer of proliferating cells and a central core
of hypoxic cells.9 These spheroid cells exhibit stem-cell like
properties, and they are resistance to chemotherapeutic drugs.9

Moreover, the outgrowth of cancer cells from tumour spheroids
into the surroundings, either in the form of a 2D surface,15 3D
gel matrix16 or membrane lter,17 have been used as a conve-
nient in vitro model for studying the mechanism of cell inva-
siveness and screening anti-metastasis compounds. For
example, glioblastoma spheroids, generated from the culture of
U-87MG and KNS42 cells in gelatin-coated at-bottomed wells,
have been observed to disseminate when transferred to a at
substrate.18 Individual cells rapidly invade radially from the
spheroids with locomotory dynamics characteristic of the
metastasis status of each cell line. Using tumour spheroids,
many researchers have studied the roles of tumour microenvi-
ronment in the spreading characteristics of 3D cultured cancer
cells.19,20 For example, a previous study introduced two-photon
laser to create 3D microtunnels in collagen, in which the
entire mouse mammary tumor spheroids were entrapped, and
observed the deformation of the microtunnel during the
subsequent cell invasion.21 Meanwhile, the dissemination of
epithelial ovarian cancer cells from tumour spheroids have
been shown to be strongly inuenced by substrate rigidity,
possibly involving ROCK and FAK pathways.22 This suggests
that the interplay of the interaction of ECM remodeling and the
mechanical properties of tumour microenvironment can exer-
cise important controls over metastasis. However, the roles of
other physical signals, such as tissue topography, in tumour
dissemination remain unexplored.

In our previous work, the investigation of nasopharyngeal
epithelial (NP460) and nasopharyngeal carcinoma (NPC43) single
cell migration speed, orientation, and morphology on grating
platforms with different dimensions of 5/5, 18/18, and 50/50 mm
ridges (R)/trenches (T) was reported.4 However, cells in our bodies
tend to cluster together and interact with their local microenvi-
ronment in reality. Cancer cells oen group together and grow
continuously to develop tumors,23 with epithelial cells and other
elements in the ECM to form spheroids.24 For collective cell
migration, many factors such as cell density and strength of cell–
cell adhesions also affect the response of cells to the extracellular
environment.25 Therefore, it is important to investigate the
migration behaviours of NPC43 cells from spheroids. This study
reports, for the rst time, the effect of microenvironmental
topography on the dynamics of cell spreading of tumour spher-
oids. As a proof of concept, we focused our study on
28976 | RSC Adv., 2020, 10, 28975–28983
nasopharyngeal carcinoma (NPC), one of the most common
malignancies in southern China and Southeast Asia.26 It is highly
invasive and metastatic.19 NPC is a very complex disease which is
poorly understood on the molecular genetic level. Therefore,
effective therapeutic interventions targeting cancer metastasis are
urgently needed. However, as NPC originates from the naso-
pharynx, which is structurally distinct from that in rodents,27 the
establishment of orthotropic animal models is technically chal-
lenging28 and most in vivo studies on NPC are based on subcuta-
neous xenogras which do not necessarily recapitulate the human
disease. The lack of physiologically relevant in vivo NPC models
makes the development of cell culture models a priority for the
study of NPC pathology and therapy. In this study, we investigate
the metastasis characteristics of NPC tumour spheroid cells on
engineered patterned substrates. This study will shed lights on the
impact of topographic cues on 3D NPC spheroid cells in vitro.
2. Material and methods
2.1 Cell culture

An EBV+ nasopharyngeal cell line (NPC43)20 was used in this
study. NPC43 cells, stably expressing Lifeact-mCherry,4 were
cultured in RPMI medium 1640 (1X, Gibco) supplemented with
10% fetal bovine serum, 1% antibiotic antimycotic (Gibco; 100
units per ml penicillin G sodium, 100 mg ml�1 of streptomycin,
and 0.25 mg ml�1 of amphotericin B), and 0.2% 2 mM rock
inhibitor Y-27,632 (ENZO) at 37 �C in a 5% CO2. NPC43 cells
were maintained in 2D culture, passaged every 3 days in 1 : 3
ratio until 80% conuence. Cells cultured for more than 20
passages were discarded. To generate NPC tumour spheroids,
NPC43 cells were harvested by trypsinization and resuspended
in ice-cold tumour spheroid medium (cell culture medium
containing 2% (v/v) Matrigel (CORNING, cat no. 354270)) at
a concentration of 106 cells per ml. 100 ml of the cell suspension
was mixed in 2.9 ml of cold tumour spheroid medium and
seeded on low attachment plate (CORNING, cat no. 3471) at
37 �C in a 5% CO2. Spheroids were harvested aer 4 days for
dissemination assays but were observed for up to 7 days in some
experiments.
2.2 Fabrication technology of patterned platforms and
collagen coating

Microfabrication technology was used to generate platforms
with different topographies. SPR6112 positive photoresist was
rst patterned on a silicon (Si) substrate using photolithog-
raphy. The Si substrate was etched with deep reactive ion
etching to create a Si stamp with 15 mm deep grating patterns.
Trichloro(1H,1H,2H,2H-peruorooctyl)silane (FOTS, 97%, J&K
Scientic) was coated on the Si stamp at 80 �C for 2 h, which
acted as an anti-sticking hydrophobic layer with surface energy
of 17 � 1 mN m�1 and this was needed to release the platforms
from the stamp when demolding. Polydimethylsiloxane (PDMS)
prepolymer was mixed with curing agent (Dow Corning Sylgard
184 kit) in 10 : 1 (w/w) ratio and spin-coated onto the Si stamp at
3000 rpm for 1min. The resulted 30 mm thick PDMS layer on the
stamp was baked at 80 �C for 6 h and then demolded. The
This journal is © The Royal Society of Chemistry 2020
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prepared platform was attached to a 35 mm confocal dish and
exposed to an oxygen (O2) plasma with 20 sccm O2 at 80 mTorr
and 60W RF power for 1 min to enhance the hydrophilicity with
surface energy of 71 � 3 mN m�1. Collagen I (100 mg ml�1 in
deionised water, Gibco) was added on the platform immediately
aer the O2 plasma treatment to cover the entire platform. The
sample was then kept at 18 �C for 1 h with ventilation. Aer
collagen coating, excessive collagen was washed away gently
using 1� phosphate saline buffer (PBS).

2.3 Tumour spheroid dissemination assay

NPC43 tumour spheroids were harvested at day 4 of 3D culture by
gentle pipetting and transferred to the PDMS platforms. The
spheroids were cultured in the absence of Matrigel. In some
experiments, the spheroids were incubated with Hoechst 33342
(Thermosher, cat no. 62249) at a nal concentration of 1 mg ml�1

in culture medium for 30 min.

2.4 Confocal microscopy

The size of tumour spheroids, hence the cell number per
spheroid, was highly heterogenous due to the random clus-
tering of cells during seeding. In order to normalise the number
of cells per spheroid in this study, only spheroids of diameters
of 40–50 mm on the day of seeding were selected for subsequent
analysis. Such normalisation would provide better analysis of
the number of FAs protruding from the spheroids on different
substrates. Coordinates of spheroids imaged on the rst day
were recorded so that the same spheroids were imaged in every
time point.

2.5 Scanning electron microscopy

Aer seeding the spheroids on the platforms for 4 days, they
were washed with 1� PBS and immersed in 4% para-
formaldehyde for 15 min for xation. To dehydrate the samples,
the xed spheroids were soaked in deionised water and a series
of ethanol (30%, 50%, 70%, 80%, 90%, 95%, and 100%) for
5 min for each concentration. The samples were transitioned
into a carbon dioxide environment using a critical point dryer
(EM CPD300, Leica). A thin layer of gold was coated on the
samples to prevent charging up of the sample. A scanning
electron microscope (SEM, Hitachi SU5000) was then used to
capture the images of NPC43 spheroids seeded on the
platforms.

2.6 Immunouorescence staining

At each time point, tumour spheroids were rinsed with 1� PBS (3�
5 min) and then incubated with 4% paraformaldehyde (in PBS) at
room temperature for 15 min. Aer washing in 1� PBS (2 � 10
min), the spheroids were permeabilised with 0.25% Triton-X100 (in
PBS) at room temperature for 10min and then washed with 1� PBS
(2 � 10 min). Aer that, spheroids were blocked with 1% (w/v)
bovine serum albumin (Sigma Aldrich) in PBST (0.01% Triton
X100 in 1� PBS) at room temperature for one hour. The spheroids
were then incubated with mouse anti-vinculin (Millipore, diluted
1 : 100 in PBST) for at 4 �Covernight. Aer washing in 1� PBST (2�
This journal is © The Royal Society of Chemistry 2020
10 min), the spheroids were incubated with Alexa 488-conjugated
goat anti mouse (Invitrogen, 1 : 500 in PBST) for at room tempera-
ture in the dark for one hour. Then, spheroids were washed with 1�
PBST (2 � 10 min). Finally, Hoechst 33342 (Thermosher, cat no.
62249) was added to the spheroids at a concentration of 1 mg ml�1

and the mixture was incubated at room temperature in the dark for
een minutes. Then, spheroids were immersed in 1� PBS and
imaged on a confocal microscope (Leica SPE).

2.7 Expression of EBV encoded genes

The expression of EBV genes was detected by qRT-PCR as
described previously.20 Briey, total RNA samples were extracted
using TRIzol reagent (Invitrogen) from NPC43 spheroids har-
vested aer 4 days of cultures and from NPC43 cells cultured in
2D with ROCK inhibitor from the same parental plate. Reverse
transcription and SuperScript First-Strand Synthesis System for
RT-PCR (Invitrogen) were performed according to the manu-
facturer's protocols. The primers for EBV genes are reported.20

The expression levels of these genes were normalised to GAPDH
and the relative expression levels of genes of interest were
determined by the 2�DDCt method.

2.8 Data analysis

The microscopy images captured in this project were analysed
using NIH ImageJ (version 1.50i) installed with manual tracking
plugin. Spheroids that contacted with other spheroids during the 4
day seeding period were excluded. To test the signicant correla-
tions, one-way analysis of variance (ANOVA) was used for
comparison of the mean values of two or more groups. All the
groups of data were labelled with the tick marks, and the results
were shown asmean� standard error of themean.When p > 0.05,
it indicated that the comparison test between the groups was not
signicant (NS). Tukey–Kramer method was used for post hoc test
on groups with overall p < 0.05 to compare the difference between
each pair of data.

3. Results
3.1 Establishment of nasopharyngeal spheroid culture

In this study, we investigated the impact of topographic cues on
the migration characteristics of nasopharyngeal cancer cells
from 3D spheroids. To achieve this, we used NPC43, a newly
established patient-derived cell line.20 NPC43 cells are shown to
remain EBV positive aer prolonged culture, a unique molec-
ular hallmark of NPC, making this cell line a promising in vitro
model for this cancer. For example, using this cell line, we have
recently demonstrated that the formation of invadosomes in
nasopharyngeal cancer cells was precisely regulated by the
topography of the surrounding space,4 suggesting that the
invasiveness of nasopharyngeal cancer is highly dependent on
the physical and mechanical information in the tumour
microenvironment.

Despite these advantages, the behaviour of NPC43 cells in 3D
culture have not been characterised. Here, we cultured NPC43
3D spheroids in ultra-low attachment plates with Matrigel. The
use of Matrigel provided the NPC43 spheroids with
RSC Adv., 2020, 10, 28975–28983 | 28977
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a biomimetic ECM.29 Fig. 1a shows that NCP43 cells readily
formed spherical aggregates aer one day of culture. The size of
the spheres gradually increased to an average of 100 mm on day
7 (Fig. 1c). Using a DNA-specic dye to label individual nuclei,
we observed a 10-fold increase in cell number (equivalent to 3.3
doubling) in 7 days (Fig. 1b and c). The cell doubling time
(about 2 day) was signicantly shorter than that of NPC43 cells
of similar passage number in 2D culture,20 suggesting these
cells proliferated more efficiently in a more physiologically
relevant culture condition. EBV-encoded genes were still
detectable in the spheroid (ESI Fig. S1†), with expression levels
even higher than those in 2D culture, indicating that the NPC43
spheroid is a valid model for NPC.

Next, we asked whether NPC43 cells could migrate out of the
3D spheroids when seeded on a at substratum. NPC43
spheroids collected aer 4 days of 3D culture were transferred to
a at PDMS surface without Matrigel and further cultured for up
to 4 days. While no signicant cell spreading was observed on
PDMS surface that was not coated with any ECM molecules,
NPC43 spheroids disseminated efficiently on the surface coated
with 100 mg ml�1 collagen I (Fig. 1d), in consistent with previous
observations on the importance of ECM coating in tumour
spheroid invasion assays.30 NPC43 cells appeared to migrate
collectively from the spheroids in a sheet-like manner, forming
at cellular protrusions on the leading edges. This migration
characteristic is similar to that of other tumour spheroids.31 As
individual cells could not be distinguished in this collective
migration, we stably expressed Lifeact-mCherry in NPC43 cells
in order to aid the observation of the spreading front (Fig. 1d,
arrowed). A previous study has shown that the expression of
Lifeact-mCherry did not affect the proliferation and migration
properties of NPC43 cells.4

3.2 Engineered surfaces for nasopharyngeal spheroid
dissemination assay: theoretical considerations

Next, the spreading characteristics of NPC43 spheroids on
PDMS platforms patterned with grating structures of different
Fig. 1 (a) Brightfield images showing NPC43 cells cultured on low
attachment plate with 2%Matrigel for 1 and 7 days (b) Hoechst-labeled
nuclei in NPC43 spheroids after 1–7 days of culture. (c) Diameter and
number of cells per spheroids of NPC43 spheroids after 1–7 days of
culture. (d) NPC43 spheroids 1 and 4 days after transferred to collagen
I-coated flat PDMS surface.

28978 | RSC Adv., 2020, 10, 28975–28983
geometries were studied. To achieve this aim, we have designed
a series of engineered substrates bearing a regular pattern of
ridges (R) and trenches (T) (Fig. 2a). Three platforms, varied in
ridge and trench widths, were fabricated: 40/10, 18/18, and 50/
50 mm (R/T, Fig. 2b–d). The dimensions of the surface topog-
raphies formed by the ridges and trenches of the grating plat-
forms were based on the NPC43 cell and spheroid sizes, and the
number of grating edges they would contact when seeded on the
platforms. The width of the trenches of 10, 18, and 50 mm was
designed to be much narrower, similar, and larger than the
typical size of a single NPC43 cell (15–20 mm). The depth of all
the grating structures was 15 mm and it matched the typical size
of an individual NPC43 cell. With such designs of surface
topographies, the NPC43 spheroids and the subsequently
protruding cells were exposed to different topographical
microenvironment, as indicated by the number of vertical edges
shown in Fig. 2e. Our previous work has shown that FA, known
to be important in regulating cell migration,32 are stabilised
along the edges of engineered substrates with uneven surfaces.5

Therefore, we hypothesize that the number of edges exposed to
NPC43 spheroids may inuence the dynamics of cell dissemi-
nation, possibly by providing larger surface area for cell adhe-
sion. First, we considered the number of edges in contact to
a NPC43 spheroid when it landed on a surface. Fig. 2e shows the
possible scenarios when a NPC43 spheroid with a diameter of
50 mm (typical size of the spheroids harvested aer 4–5 days of
Fig. 2 (a) Fabrication technology of the PDMS platforms with grating
structures. Micrographs of (b) 40/10 mm, (c) 18/18 mm, and (d) 50/50
mm (R/T) PDMS platforms with 15 mm deep grating platforms. (e)
Schematic of NPC43 spheroids with size of 50 mm diameter seeded
onto engineered grating platforms.

This journal is © The Royal Society of Chemistry 2020
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3D culture, Fig. 1b) was seeded on the different substrates used
in this study. The spacing between the ridges and the trenches
was designed to control the number of edges encountered by
the protruding NPC43 cells. As the spacing between edges of the
18/18 mm (R/T) grating platforms were similar to the size of
individual NPC43 cells, each NPC43 cell will likely to simulta-
neously contact to two edges when it migrates from the
spheroid. However, although the 50/50 mm (R/T) grating plat-
forms also consist of ridges and trenches in 1 : 1 ratio, the
spacing of this pattern is more than double of NPC43 cell size,
each protruding NPC43 cell could initially adhere to only one
edge. The 40/10 mm (R/T) grating pattern was designed with 4 : 1
ratio between the width of the ridges and the trenches. As
a result, the NPC43 cells had a higher chance to adhere to the
ridge than the trench. Also, the conned space of the 10 mm
wide trenches might restrict the access of NPC43 cells. Thus,
using these three patterns, we aimed to study how NPC43 cells
migrated when the spheroids were confronted with an uneven
surface with different number of edges, in different dimensions
relative to the size of individual spheroids.

3.3 NPC43 spheroids spreading on platforms with different
topographies

Fig. 3 shows the ultrastructure of NPC43 spheroids 4 days aer
spreading on at, 40/10, 18/18, and 50/50 mm PDMS surfaces
coated with 100 mg ml�1 collagen I. In consistent with the
brighteld morphology of NCP43 spheroids on at surface
(Fig. 1d), the SEM images show protrusion of a sheet-like structure
from the spheroid body. For the results shown in Fig. 3, the area
covering the entire sheet-like structure from spheroids on different
platforms was measured and the signicant difference among the
groups of platforms was statistically analysed by ANOVA, and the
difference between each pair of groups was veried by Tukey–
Kramer post hoc test. Multiple comparisons between different
groups were carried out and the 18/18 mm (R/T) grating platform
showed signicant effect on the NPC43 spheroid spreading area
compared to the at surface. NPC43 spheroids seeded on at
Fig. 3 Projected area of NPC43 spheroids obtained from SEMs after
seeding on flat, 40/10, 18/18, and 50/50 mm (R/T) grating platforms for
4 days (*p < 0.05, NS – not significant, one-way ANOVA with Tukey–
Kramer test).

This journal is © The Royal Society of Chemistry 2020
PDMS surface had the largest projected area of 26.7� 8� 103 mm2,
signicantly (*p < 0.05) larger than the spheroids on 18/18 mm (R/
T) grating platforms, which had the smallest spreading area of 7.8
� 2 � 103 mm2 among all platforms as shown in Fig. 3. The
spreading area of spheroids on the other two grating platformswas
also smaller than those on the at surface, albeit with no statistical
signicance (p > 0.05). Hence, these data indicate that spheroid
spreading, which may be related to the speed of the collective
migration of cells from NPC43 spheroids, could be inuenced by
occurrence of the grating surface in the invaded area.
3.4 NPC43 spheroids elongated and aligned with grating
orientation

On a at surface, cancer cells migrate radially from tumour
spheroids.33 Our previous work has demonstrated that asymmetry
of topographical patterns on cell culture substrate could inuence
themorphology andmigration dynamics of cells cultured in a non-
conuent condition.7 To study the effects of topographical cues on
the collective migration of cells from tumour spheroids, we seeded
NPC43 spheroids on the platforms with at surface, 40/10, 18/18,
and 50/50 mm (R/T) grating platforms and investigated their
spreading orientation during a 4 day period.

To observe the dynamics of cell spreading, we performed live
cell imaging of NPC43 spheroids on different platforms over
a period of 4 days (Fig. 4). To observe the dynamics of cell
spreading, we performed live cell imaging of NPC43 spheroids
on different platforms over a period of 4 days (Fig. 4). The time-
lapse imaging experiments performed in this study contained
only four time points, separated by 24 h intervals. This was
because the spheroid dissemination process was relatively slow
and continuous imaging would increase the risk of photo-
damages. The leading edges of the spheroids were dened by
the nucleus and cytoplasm of individual cells, indicated by
Hoechst 33342 and Lifeact-mCherry uorescence respectively.
Representative confocal images conrmed our SEM observa-
tions (Fig. 4a) that NPC43 cells appeared to spread out more
widely on the at PDMS surface than on the three grating
platforms. Interestingly, the spreading of NPC43 cells from the
spheroids appeared to be asymmetrical on the grating surfaces.
To quantitate the change of spheroid ellipsoidity during
spreading, we measured the aspect ratio of individual spher-
oids, dened by the ratio between the major and the minor axis
of the mCherry-labeled spheroid (Fig. 4b). The data represented
in Fig. 4c shows the effect of surface topography on the direc-
tionality of cell spreading from tumour spheroids. The at
PDMS surface was used as the control. Spheroids in suspension
before seeding on the platforms were also shown as day 0 for
comparison. The statistical analysis shown in Fig. 4c were
results of the one-way ANOVA with Tukey–Kramer test of the
NPC43 spheroids among results obtained aer day 1, 2, and 4
on different platforms. The results indicated that there was no
signicant difference for the aspect ratio of the NPC43 spher-
oids aer 1, 2 and 4 culture days for at surface, 40/10 mm and
50/50 mm (R/T) grating platforms. The aspect ratio of spheroids
on at surface remained unchanged, and close to one, over the
4 day period, in consistent with the radial spreading of other
RSC Adv., 2020, 10, 28975–28983 | 28979
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Fig. 4 (a) Morphology of NPC43 spheroids cultured on flat, 40/10, 18/18, and 50/50 mm (R/T) grating platforms for 1–4 days. (b) Definition of the
aspect ratio of NPC43 spheroids. (c) Aspect ratios of NPC43 spheroids on the four PDMS platforms after 1–4 days of culture days (***p < 0.001,
NS – not significant, one-way ANOVA with Tukey–Kramer test).

Fig. 5 Aspect ratio and spreading orientation of NPC43 spheroids on
patterned surfaces (*p < 0.05, NS – not significant, one-way ANOVA
with Tukey–Kramer test). (a) Micrograph of NPC43 spheroids on 18/18
mm (R/T) grating platforms and definitions of spreading statistics. (b)
Aspect ratio and (c) spreading orientation of NPC43 spheroids on flat,
40/10, 18/18, and 50/50 mm (R/T) grating platforms after 4 day seeding
period.
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cancer cells previously observed in spheroid invasion assays.
However, the NPC43 spheroids elongated on all grating plat-
forms. Spheroids on the 50/50 mm grating adopted on ellipsoid
morphology (aspect ratio ¼ 1.6) as early as 1 day aer seeding.
Spheroids on the 18/18 mm grating were initially symmetrical
(aspect ratio �1) on day 1, but rapidly elongated over the course
of 4 days, until their aspect ratios (�1.9) were comparable to the
spheroids on 50/50 mm grating. The aspect ratio of the spher-
oids on 40/10 mm grating was comparatively lower (1.5–1.8) but
was still higher than that on at surface (Fig. 4c).

As Lifeact-mCherry uorescence did not necessarily capture
the outline of the thin sheet-like structures protruding from the
spheroids, we characterised the morphology of NPC43 spher-
oids on day 4 of the dissemination assay by SEM (Fig. 5a). One-
way ANOVA followed by Tukey–Kramer method for post hoc test
were applied to analyse the aspect ratio and spreading orien-
tation of NPC43 spheroids on patterned surfaces obtained from
SEM was shown in Fig. 5b and c. Multiple analysis were carried
out to compare the statistically signicant difference between
each two groups of platforms. Multiple analysis were carried out
to compare the statistically signicant difference between each
two groups of platforms. Fig. 5b shows that NPC43 spheroids on
at PDMS surface remained relatively symmetrical aer 4 days
of spreading, with an average aspect ratio of 1.46. The aspect
ratio of spheroids on 40/10 mm (R/T) grating platforms was close
to that on the at PDMS platforms (1.5). NPC43 spheroids on
18/18 and 50/50 mm (R/T) grating platforms elongated to an
aspect ratio of 2.0 and 2.1 respectively. Thus, our ultrastructural
data were consistent with the data from confocal imaging,
underpinning the pronounced effect of 18/18 and 50/50 mm (R/
T) grating platforms on the cell spreading. Interestingly, our
SEM images (Fig. 5a) indicated that although the spreading of
the sheet-like protrusion on the grating platforms appeared
ellipsoid, the core of the spheroid remained relatively
symmetrical. This suggests that the surface topography affects
the directionality of the outspreading cells and not the general
shape of the tumour spheroid. To better characterise the
28980 | RSC Adv., 2020, 10, 28975–28983
dissemination behaviour, the orientation representing the
directionality of collective NPC43 cells released from the NPC43
spheroids was calculated by measuring the absolute deviation
angle between the grating orientation and the spheroid major
axis as shown in Fig. 5a. If the spreading of NPC43 cells was
completely aligned with the main axis of the grating, the
measured deviation angle would be 0�. As shown in Fig. 5c, the
spreading orientation of NPC43 spheroids on 40/10 mm grating
structures had a deviation angle of 19.5�. However, NPC43
spheroids spread along the grating orientation when seeded on
the 18/18 and 50/50 mm (R/T) grating platforms with a similar
deviation angle of 10.5� and 10.0�, respectively. Taken together,
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03740k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 3
/1

1/
20

26
 1

1:
52

:2
9 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
these data indicate that the spreading of NPC43 cells from
spheroids on the 18/18 and 50/50 mm (R/T) platforms was not
only more asymmetrical but also more aligned to the grating
platforms. Hence, compared to the 40/10 mm (R/T) grating
platforms, these two platforms appeared to provide better
guidance to NPC43 cell spreading from spheroids.
3.5 Effect of grating topography on FAs on leading edges
protruding from NPC43 spheroids

Filopodia are known to be important to cancer cell adhesion,
migration and invasion.34 We next investigated the localisation
and abundance of FAs, detected by vinculin immunouores-
cence, in the NPC43 spheroids cultured on at surface, 40/10,
18/18, and 50/50 mm (R/T) grating platforms (Fig. 6). As
NPC43 cells did not spread out from the spheroids as individual
amoeboid cells, we could not identify the FAs of each
protruding cell. Rather, we counted all the FAs on the leading
edge of the entire spheroid. Fig. 6b shows the total number of
FAs counted on spheroids of similar initial size (40–50 mm) aer
4 days of culture. The number of FAs per spheroid was analysed
by ANOVA on different patterned platforms and the results were
shown in Fig. 6b. Approximately 80 FAs were detected in
spheroids on at PDMS surface, with a higher number (109� 26
FAs) found in spheroids on the 50/50 mm (R/T) grating plat-
forms. Meanwhile, the number of FAs on the 40/10 and 18/18
mm (R/T) grating platforms was lower (39 � 4 and 48 � 18
FAs, respectively), but the difference was not statistically
signicant. Next, we asked whether the FAs of the protruding
NPC43 cells were preferentially formed on the ridge or the
trench of the grating platforms. To achieve this, we scored the
number of FAs on two confocal planes separated by 15 mm,
focusing on the ridge and the trench of each platform respec-
tively. As shown in Fig. 6c, there were consistently more FAs on
Fig. 6 (a) Confocal images of representative NPC43 spheroids on flat,
culture. (b) Average number of FAs detected in a NPC43 spheroid on the
(c) Number of FAs detected on the ridge (triangles) and the trench (squa

This journal is © The Royal Society of Chemistry 2020
the ridge region than the trench of all three grating platforms.
There were almost no detectable FA in the trench of 40/10 mm
(R/T) grating, suggesting that the 10 mm trench of this surface
was too narrow for NPC43 cells to enter. The number of FAs
detected in the trenches was apparently proportionally the
trench width, as there was more FAs in the 50 mmwide trenches
than in the 18 mm wide ones. The restriction of FA formation in
the trenches, especially in the 18/18 and 40/10 mm (R/T) grating
platforms was probably the cause of the lower FA number of
spheroids on these platforms than on at surface. However,
even for the 50/50 mm (R/T) grating, where both the ridges and
the trenches should be equally accessible, we still detected
signicantly more FAs on the ridges than in the trenches. These
data suggest a preference to the ridge for the formation of FAs
by NPC43 cells spreading from spheroids.
4. Discussion

The dissemination of tumour spheroids on cell culture surfaces is
a simple and powerful in vitro model for the study of cancer
metastasis.35 In these assays, cancer cells invade the surroundings
from 3D cultured clusters through the interaction with ECM
proteins. Here, we investigated the roles of topographical infor-
mation of the culture microenvironment on the dynamics of
nasopharyngeal tumour spheroid dissemination by using
a combination of imaging techniques. As far as we know, this
study is the rst of its kind, highlighting the feasibility and
convenience of usingmicrofabricated engineered surfaces to study
tumour metastasis in vitro. In this study, we designed and fabri-
cated three types of platforms based around the central theme of
grating. Grated surfaces of various dimensions have consistently
been shown to affect migration behaviours of cancer cells
depending on their metastatic properties.7,12,36–38 In particular, our
40/10, 18/18, and 50/50 mm (R/T) grating platforms after 1–4 days of
four PDMS platforms on day 4 (NS – not significant, one-way ANOVA).
res). Data from the same spheroid are linked by black lines.
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team has shown that the asymmetry and dimension of the
patterns signicantly inuences the migration speed and direc-
tionality of cancer cells.4–7 However, all these previous studies were
performed on non-conuent 2D cultured, independently
migrating cells. Here, as a proof of concept, we exposed NPC43
tumour spheroids to grating platforms with different spacing
regularities and dimensions, in order to observe how the number
and types of edges may affect tumour dissemination.

Our data indicate that, when other conditions such as ECM
coating and substrate elasticity, were normalised, NPC43
spheroids generally spread less efficiently and more asymmet-
rical on grated surfaces than a at surface. We observed that the
spreading of NPC43 cells was the more restricted on 18/18 mm
than on the 50/50 mm (R/T) grating platforms, suggesting the
density of edges encountered by the disseminating tumour
spheroids may inuence spreading efficiency. In consistent
with this hypothesis, despite the NPC43 spheroids encoun-
tering two to three grating edges on both the 18/18 and 40/10
mm (R/T) grating platforms, there is a higher probability that
a NPC43 spheroid would encounter three edges on the 18/18 mm
(R/T) grating platforms platform than the 40/10 mm (R/T)
grating platforms. This result suggests an inverse correlation
between the density of grating edges and the spreading area of
the NPC43 spheroids. The higher number of grating edges
could restrict the NPC43 spheroids from spreading out thus
leading to a smaller projected area of the spheroids.

We observed that NPC43 cells spread asymmetrically on grated
surfaces, leading to the formation of ellipsoid leading fronts around
the spheroids. For example, both uorescent and scanning electron
microscopy showed thatNPC43 spheroids on 18/18 and 50/50mm(R/
T) grating platforms elongated along grating structures with an
aspect ratio of close to 2, signicantly deviated from that on the at
surface. It is suggested that the edges of the 18/18 and 50/50 mm(R/T)
grating platforms provided additional surface area for NPC43
spheroid and cell attachment, guiding the outgrowingNPC43 cells to
migrate along the grating edges. This asymmetrical migration may
cause the NPC43 spheroids to form an elliptical shape aer the 4 day
seeding period on these grating platforms. Interestingly, spheroids
cultured on 40/10 mm (R/T) grating platforms appeared to offer the
least guidance: NPC43 spheroids spread on this platform with an
aspect ratio of 1.5, similar to that on the at PDMS surface. We
interpret this as an indication that NPC43 cells from spheroids on
the 40/10 mm (R/T) grating platforms were less likely to squeeze into
the conned 10 mmwide trenches. As a result, the spheroids tended
to spread out on the relatively more spacious 40 mm wide ridges in
random orientation as if they were a at surface. In consistent with
this interpretation, almost no FA was detected in the trenches of the
40/10 mm (R/T) grating platforms, suggesting that these conned
spaces were inaccessible to the spreading NPC43 cells.

Our previous work has demonstrated single cell migration
behaviours of NP460 cells on 5/5, 18/18, and 50/50 mm(R/T) grating
platforms with 1 mm depth. The results showed that the cells on
18/18 and 50/50 mm (R/T) grating platforms migrated with similar
speed but 18/18 mm (R/T) grating structures guided the cells to
migrate along the grating orientation with better alignment than
50/50 mm (R/T) grating platforms.4 The directionality and motility
of MC3T3-E1 cells on PDMS engineered platforms were
28982 | RSC Adv., 2020, 10, 28975–28983
investigated and the cells were found to elongate along the main
axis of the guiding patterns while they would spread randomly on
at surface.6 In addition, NPC43 cells were found to elongate more
with better alignment to the grating orientation on 5/5 mm (R/T)
grating platforms with deeper trenches.4 Similar to MC3T3-E1
cells, NPC43 cells extended lopodia in all directions without
following the main axis of the 100 nm deep grating platforms,4 as
the shallow pattern was similar to a at surface. In this project,
NPC43 spheroids were found to elongate along the orientation of
40/10, 18/18, and 50/50 mm (R/T) grating platforms. When
comparing the aspect ratio and spreading orientation of NPC43
spheroids under SEM aer seeding on the platforms for four days,
the spheroids showed similar behaviors of larger aspect ratio and
better alignment on the 18/18 and 50/50 mm (R/T) grating plat-
forms. However, single NP460 cell migration study showed 18/18
mm (R/T) grating platforms provided better guidance than 50/50
mm grating platforms4 due to enhanced topographical cues for
the single cells with size close to 18 mm. For NPC43 spheroids, the
18/18 and 50/50 mm (R/T) grating platforms provided similar
guiding effects since the size of theNPC43 spheroids was similar to
the 50/50 mm wide ridges and trenches. Therefore, the guiding
capability of a platformwould be affected by the size of a spheroid.
As spheroids elongated on grating structures, individual NPC43
cell could release from the spheroids with different migration
speed depending on the position of each cell in the spheroids. It
will be useful to monitor the migration speed of NPC43 cells
moving out of the spheroids in future study.

NPC43 spheroids appeared to navigate differently on
different part of the grating. Vinculin staining indicated that
mature FAs were more preferentially formed on the ridges than
in the trenches. It is possible the ridges, as the more elevated
surface of the platforms, represented the rst point of contact
when the spheroids were seeded, and it might take more time
for the NPC43 cells to adhere to the trenches. No FA was able to
form in the trenches of the 40/10 mm (R/T) platform (Fig. 6c),
suggesting that trenches narrower than the size of NPC43 cells
are inaccessible to the spreading cells. It is interesting to notice
that the dimension of the trenches appears to affect the number
of FAs on the ridges: NPC43 spheroids expressed on average
�60 FAs on the 50 mm ridges with 50 mmwide trenches, but only
�20 on the ridges of similar size (40 mm) when the trenches
were 10 mm wide. As the number of FAs is associated with the
speed of spheroid dissemination,22,39 the lower number of FAs
on the 40/10 mm (R/T) platform compared to other surfaces
(Fig. 6b) probably explains the slower cell spreading rate
observed on this platform (Fig. 3). Future investigations will be
focused on how the localised exposure of a tumour spheroid to
microenvironmental topography might affect molecular path-
ways that regulate cytoskeletal organisation and dynamics.

5. Conclusions

Taken together, our results demonstrate that tumour spheroids
exhibited different spreading characteristics on different
microenvironment. The experimental approach pioneered in
this project can be extended to study the effect of other types of
topographical signals on tumour dissemination. The
This journal is © The Royal Society of Chemistry 2020
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directional spreading of cancer cells from spheroids can also be
utilised to design microsystems that can guide and capture
metastatic cells. We believe this work represents an important
step towards the introduction of more physiological and
biomimetic environment for in vitro 3D cultured cell studies.
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