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Abstract

the 3D chip to spheroids embedded in 24-well plates.

Bovine collagen |

Objective: The spheroid model provides a physiological platform to study cancer cell biology and drug sensitivity.
Usage of bovine collagen | for spheroid assays is costly especially when experiments are conducted in 24-well plates,
as high volume of bovine collagen | is needed. The aim of the study was to downsize spheroid assays to a microfluidic
3D cell culture chip and compare the growth, invasion and response to drug/compound of spheroids embedded in

Results: Spheroids generated from nasopharyngeal carcinoma cell line HK-1 continuously grew and invaded into
collagen matrix in a 24-well plate. Similar observations were noticed with spheroids embedded in the 3D chip. Large
spheroids in both 24-well plate and the 3D chip disintegrated and invaded into the collagen matrix. Preliminary drug
sensitivity assays showed that the growth and invasion of spheroids were inhibited when spheroids were treated
with combination of cisplatin and paynantheine at high concentrations, in a 24-well plate. Comparable findings were
obtained when spheroids were treated with the same drug combination in the 3D chip. Moving forward, spheroid
assays could be performed in the 3D chip in a more high-throughput manner with minimal time and cost.
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Introduction
Nasopharyngeal carcinoma (NPC) manifests beneath the
nasopharyngeal mucosa or within the pharyngeal recess,
known as the Fossa of Rosenmdiller [1, 2]. NPC is respon-
sible for more than 100,000 new cases and 72,987 deaths
in 2018 [3]. Deeper understanding of the molecular
mechanisms of NPC has led to testing of targeted thera-
pies, immunotherapies and combination of these thera-
pies with chemotherapeutic drugs.

Sensitivity of cancer cells to potential therapeutic
agents are first evaluated in monolayer culture. Mon-
olayer culture is economical, high-throughput and
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provides first-hand information on sensitivity of cells to
drugs tested [4]. However, the model does not mimic the
behaviour and microenvironment of tumour cells in vivo
[4, 5]. The spheroid model recapitulates the properties of
tumors in vivo such as cellular heterogeneity, microenvi-
ronment, cell-cell interactions, cell-extracellular matrix
(ECM) interactions, growth kinetics, gene expression and
drug resistance mechanisms [4, 6, 7]. Thus, the spheroid
model provides a more physiological platform for drug
screening [7-9].

Thus far, we have conducted spheroid assays in 24-well
plates as described by Abdul Rahman et al.[10]. This
method described in Abdul Rahman et al., was a modi-
fication of the method described in Smalley et al.[11].
Although the 24-well plate format allows different con-
centrations of drugs (e.g. double or triple drug combina-
tions) to be tested, it is not amenable for testing multiple
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cancer cell lines and large collections of drugs at one
time. The 24-well plate is coated with collagen matrix to
re-create the microenvironment that tumours encoun-
ter in vivo. The main ingredient of the collagen matrix is
bovine collagen 1. The collagen type I is the major extra-
cellular protein found in human organs. Given that the
collagen type I is available in abundance in the bovine
collagen 1, it is preferred in our experiments [12]. How-
ever, spheroid assays conducted in 24-well plates require
high volume of collagen matrix. Hence, high volume of
bovine collagen I is needed which is costly. Moreover, the
set-up of experiments is laborious and time-consuming.

We employed the 3D cell culture chip (hereafter will be
referred to as ‘3D chip’) to conduct spheroid drug sen-
sitivity assays. The 3D chip is amenable to test multiple
cancer cell lines, subjected to different drug combina-
tions and concentrations. The spheroids are embedded
in collagen matrix, recapitulating the tumour microen-
vironment in vivo. The 3D chip requires 10 times less
bovine collagen I to prepare the collagen matrix and the
experiment set-up takes less than an hour. Collectively,
the 3D chip allows drug screening to be conducted with
minimal cost and in a high-throughput manner without
having to compromise tumour microenvironment.

In this pilot study, prior to conducting drug sensitivity
assays, growth and invasion of HK-1 spheroids (sphe-
roids generated from NPC cell line HK-1) embedded in
the 3D chip and the 24-well plate were first compared. In
order to ensure that the findings of drug sensitivity assays
conducted in the 24-well plate is comparable to the find-
ings in the 3D chip, HK-1 spheroids were treated with
combination of cisplatin and paynantheine (a mitragyna
alkaloid compound which was isolated and purified from
kratom leaves—a local medicinal plant found in Malay-
sia) [13] in the 3D chip and the 24-well plate, simulta-
neously. Snapshots of HK-1 spheroids were taken every
24 h to monitor the effect of the drug combination on
spheroid growth and invasion.

Main text

Methods

More detail steps on how to embed spheroids in the 3D
chip are shown in Additional file 1.

Embedding HK-1 spheroids into collagen matrix

The HK-1 cells were authenticated using the AmpFISTR
profiling and obtained from the Molecular Pathology
Unit, Institute for Medical Research (IMR), Malaysia.
Spheroids were generated as described in Abdul Rahman
et al. [10]. Spheroids generated from 800 to 1000 HK-1
cells grow into appropriate sizes to be embedded into the
3D chip (AIM Biotech, Singapore) (Fig. 1a). Media were
completely removed from the microcentrifuge tubes and
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the spheroids were re-suspended with 11 uL of colla-
gen mix. Spheroids were embedded into the 3D chip as
described [14]. Five microliters of collagen mix contain-
ing spheroids were injected into the 3D chip’s gel inlet
from one end and stopped when the collagen reached
the middle of the channel (Fig. 1b—refer to the dark blue
region). The remaining 5 pL of the collagen mix contain-
ing spheroids were injected into the other end of the gel
inlet until the collagen front merges (Fig. 1b—refer to the
light blue region). The collagen mix containing spheroids
must be carefully and slowly injected into the gel inlets to
avoid formation of bubbles. The 3D chip was transferred
into a humidified chamber and the chamber was covered
with a thin sheet of aluminium foil. The chip was incu-
bated in a humidified incubator at 37 °C with 5% CO,
for 30 min to allow solidification of the collagen matrix.
The 3D chip’s media channel was hydrated with 15 pL
of media+ drug (Fig. 1c). One end of the media channel
port was filled with 70 puL of media+ drug and the oppo-
site end with 50 uL of complete media+drug to create
a pressure gradient for smooth and continuous flow of
the liquid. The same steps were repeated for the adja-
cent media channels (Fig. 1c). The chip was placed in a
humidified chamber and the chamber was covered with a
thin sheet of aluminium foil. The chip was incubated in a
humidified incubator at 37 °C with 5% CO,. As for sphe-
roid assays conducted in 24-well plate, spheroids were
embedded as described [10-12]. Snapshots of spheroids
growth and invasion in both 24-well plate and 3D chip
were taken every 24 h using a phase contrast microscope
and images were analysed using Image J [15].

Replenishment of media and drug

Media and drug must be replenished every 72 h for
long-term experiments to avoid formation of air col-
umns in the gel channels and complete dryness of the
channels in the 3D chip. Media in the media ports were
aspirated from the troughs (Fig. 1d). Media and drug
were replenished in the media channel ports using the
same volumes as described in the previous section. The
3D chip was placed in a humidified chamber and the
chamber was covered with a thin sheet of aluminium
foil. The 3D chip was incubated in a humidified incu-
bator at 37 °C with 5% CO,. Similarly, media and drug
were replenished in the 24-well plate every 72 h for
long-term experiments.

Quantification of spheroid growth

Spheroid growth were analysed using the Image ] soft-
ware [15]. More detailed steps on spheroid growth quan-
tification can be found in Additional file 2.



Teh et al. BMC Res Notes (2021) 14:310

Page 3 of 6

Media channel inlet

Media channel inlet trough

QO
&

75mm

Troughs

Images were modified from the AIM Biotech official webpage [14]

Fig. 1 The 3D cell culture chip. a The design of the 3D cell culture chip (AIM Biotech). The chip is designed as a standard size microscope specimen
slide and it consists of three columns. Each column comprises of a gel channel surrounded by two media channels. Spheroids were passed through
the gel channels after resuspending the spheroids with collagen. Media channels were filled with either complete media or complete media plus
drugs depending on the objectives of the experiment. b Suspension of collagen matrix with spheroids into the gel channels of the 3D chip. ¢
Hydrating the media channel ports with media only or media 4 drug. d Replenishment of media or media 4 drug in the chip

Results

Spheroid assays conducted in the 3D chip were comparable
to spheroid assays conducted in a 24-well plate

Given that this is the first time we were using the 3D
chip, to perform experiments with the HK-1 spheroids,
the growth and invasion of the spheroids were tested in
the 24-well plate and in the 3D chip simultaneously. This
assessment was to ensure that there were no discrep-
ancies in the ability of the HK-1 spheroids to grow and
invade in the 3D chip as compared to in the 24-well plate.
Snapshots of the HK-1 spheroids, in the 24-well plate,
showed that the spheroids continually grew and invaded
into the collagen matrix (Fig. 2a). Quantification of rela-
tive spheroid growth area demonstrate that spheroids
were viable throughout the duration of the experiment,
as the spheroids grew in size to cover more area of the
collagen matrix, over 7 days (Fig. 2b). Similar observa-
tions were noticed with spheroids embedded in the 3D
chip (Fig. 2¢, d). Spheroids in both the 24-well plate and

the 3D chip disintegrated and invaded into the collagen
matrix over time (Fig. 2a and c—see the holes in the
spheroids that were not masked by the imaging software).
It appears that this disintegration of cells occurred more
rapidly in spheroids embedded in the 3D chip (by day 3)
compared to in the 24-well plate (Fig. 2a and c).

In order to ensure that the findings of the spheroid drug
sensitivity assay conducted in the 3D chip is comparable
to the findings of the same assay conducted in a 24-well
plate, the spheroid drug sensitivity was conducted in the
3D chip and in the 24-well plate, simultaneously. The
spheroid drug sensitivity assay performed in the 24-well
plate often employs spheroids generated from 5000 cells.
Although the HK-1 spheroids generated from 800 to
1000 cells produced more appropriate spheroid sizes for
the 3D chip, the spheroids generated from 5000 HK-1
cells were embedded in the 3D chip in order to avoid dis-
crepancies in data. The spheroids embedded in the chip
and in the 24-well plate were treated with combination
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Fig. 2 Growth and invasion of HK-1 spheroids in the 24-well plate and in the 3D chip. a Growth and invasion of an untreated HK-1 spheroid
embedded into collagen matrix in the 24-well plate. Spheroid continuously grew and invaded into the collagen matrix. Images were masked
using Image J to show clarity of the growth and invasion of the spheroids. Image crop factor: 500 x 500. Images were resized to 120 x 120 pt on
Adobe lllustrator. (Size bar: 200 um). b Graphs show corresponding quantification of spheroid growth in the 24-well plate for the days shown,
n=2 spheroids. Error bars indicate standard errors. ¢ Growth and invasion of an untreated HK-1 spheroid embedded into collagen matrix in the

3D chip. Spheroid continuously grew and invaded into the collagen matrix. Images were masked using Image J to show clarity of the growth and
invasion of the spheroids. Image crop factor: 798 x 900. Images were resized to 120 x 140 pt on Adobe lllustrator. (Size bar: 200 um). d Graphs show
corresponding quantification of spheroid growth in the 3D chip for the days shown, n=2 spheroids. To eliminate the different spheroid sizes on day
0, spheroid growth on day 0 was set at zero (spheroid growth on day 0—spheroid growth on day 0). The relative spheroid growth for each day was
determined by subtracting the spheroid growth obtained on a particular day with the spheroid growth obtained at day 0 (for example, spheroid

growth on day 2—spheroid growth on day 0). Error bars indicate standard errors

of cisplatin and paynantheine at high concentrations. The
drug combination inhibited spheroid growth and inva-
sion in the 24-well plate (Fig. 3a and Additional file 3a).
Similar drug combination effect was observed with sphe-
roid embedded in the 3D chip (Fig. 3b and Additional
file 3b) demonstrating that the findings in the 3D chip
and 24-well plate were analogous.

Discussion

The spheroid model provides a physiological platform
for drug screening as it closely mimics tumours in vivo
[4]. Spheroid assays conducted in 24-well plates require
high volume of bovine collagen I which is costly and

therefore drug sensitivity assays cannot be performed in
a high-throughput manner. The 3D chip only requires a
small amount of bovine collagen I, thus reducing the cost
of conducting spheroid assays considerably. Given that
there were lack of optimized protocol for embedding and
conducting drug sensitivity assays with spheroids gener-
ated from NPC cell lines, in the 3D chip, the discussion
provided are primarily based on our experience with the
3D chip.

Injecting collagen matrix together with spheroids
into the gel channel inlets is a crucial step. The collagen
matrix with spheroids is first injected from one gel inlet
until the gel front reaches the middle of the channel. The
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Fig. 3 The effect of combination of cisplatin and paynantheine on
the growth and invasion of HK-1 spheroids. Spheroids embedded in
the 24-well plate and in the 3D chip were treated with combination
of cisplatin and paynantheine at high concentrations. a The drug
combination inhibited the growth and invasion of the spheroid in
the 24-well plate. Images were masked using Image J to show clarity
of the growth and invasion of the spheroids. Image crop factor:
900 x 900. Images were resized to 120 x 102 pt on Adobe lllustrator.
(Size bar: 200 um). b The drug combination inhibited the growth and
invasion of the spheroid in the 3D chip. Images were masked using
Image J to show clarity of the growth and invasion of the spheroids.
Image crop factor: 798 x 900. Images were resized to 120 x 140 pt on
Adobe lllustrator. (Size bar: 200 um)

remaining collagen matrix is injected slowly and carefully
from the opposite gel inlet and must be stopped immedi-
ately once the collagen matrix meets the gel front. Failure
to do so, may create a strong pressure and may push the
injected spheroids back to the gel channel inlet. Moreo-
ver, slanting the 3D chip while transferring it to the incu-
bator must be avoided. At this point the collagen matrix
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is still in its aqueous form and the slant may cause sphe-
roids to flow back and get trapped in the gel inlets (Addi-
tional file 3c).

The chip is able to accommodate large spheroids gen-
erated from 5000 HK-1 cells. However, smaller spheroids
generated from 800 to 1000 cells are preferred due to
several reasons. Large spheroids generated from 2000 or
5000 cells have the tendency to embed closer or trapped
between the ‘teeth’ like structures of the gel channel bor-
ders (Additional file 3d, e). These ‘teeth’ like structures
cause obstacles during quantification of spheroid growth
and invasion. We speculate that larger spheroids proba-
bly resist flow during injection of the collagen matrix into
the gel channel, which in turn increases the tendency of
these spheroids to embed closer to the ‘teeth’ like struc-
tures of the gel channels.

Large spheroids should be avoided in experiments
exceeding more than three days. Although at times large
spheroids are embedded away from the ‘teeth’ like struc-
tures, during long-term experiments, these spheroids
eventually grow and invade and fully occupy the width
of the gel channel and touch the ‘teeth’ like structures
(Additional file 3f). Again, this may affect the quantifica-
tion of spheroid growth and invasion.

The 3D chip when it is not covered after placing it in
a humidity chamber, results in formation of air columns
in the gel channels and complete dryness of the chan-
nels. Failure to maintain humidity inside the 3D chip
chambers results in spheroids not receiving sufficient
nutrients. For example, in an experiment where humid-
ity was not maintained properly, growth and invasion
of spheroids were hampered (Additional file 3 g, h—see
spheroids generated from 800 and 2000 HK-1 cells). The
humidified chamber when loosely covered with a thin
sheet of aluminium foil, improved humidity inside the
3D chip chamber. Maintenance of humidity inside the 3D
chip chamber slowed down the evaporation rate of media
and ensured continuous capillary flow of media into the
gel channels which housed the spheroids. Spheroids
continuously grew and invaded into the collagen matrix
(Additional file 3i—see spheroid generated from 5000
HK-1 cells). As a note of caution, large spheroids may not
be ideal for experiments exceeding three days for the rea-
sons discussed above. Spheroids generated between 800
and 1000 cells may be more ideal for long-term experi-
ments provided humidity in the 3D chip chambers are
maintained.

Limitations

One limitation of the 3D chip is that there are only three
columns per chip. Multiple 3D chips have to be used
to test different drug combination concentrations. The
effect of combination of cisplatin and paynantheine at
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lower doses were not interrogated in this study. Ongoing
studies in the laboratory are investigating various drug
combination doses of cisplatin and paynantheine in order
to study the effect of these various combinations on NPC
cell proliferation.
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Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513104-021-05727-0.

Additional file 1. Steps to embed spheroids in the 3D chip.
Additional file 2. Steps to quantitate spheroid growth.

Additional file 3. Quantification of relative spheroid size in the presence
and absence of combination treatment of paynanthiene and cisplatin.

Acknowledgements
We would like to thank Professor Dr. George Sai Wah Tsao (University of Hong
Kong, Pokfulam, Hong Kong, China) for providing the NPC cell line HK-1.

Authors’ contributions

NM-K designed the experiments and wrote the manuscript. JL-T, SFAR, GD and
NJY-C performed the experiments, analyzed, and interpreted the data. JL-T,
GD, LS and NM-K prepared the figures and video. DS corrected and proofread
the manuscript. All authors approved the final manuscript.

Funding

This work was funded by the Fundamental Research Grant Scheme, Ministry
of Higher Education Malaysia (203/PBIOLOGI/6711541) and Universiti Sains
Malaysia Research University Grant (1001/PBIOLOGI/8012268).

Availability of data and material
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflict of interests.

Author details

'School of Biological Sciences, Universiti Sains Malaysia, 11800 Penang,
Malaysia. 2Centre for Drug Research, Universiti Sains Malaysia, 11800 Penang,
Malaysia.

Received: 16 November 2020 Accepted: 3 August 2021
Published online: 13 August 2021

Page 6 of 6

References

1. Chua MLK, Wee JTS, Hui EP, Chan ATC. Nasopharyngeal carcinoma. The
Lancet. 2016. https://doi.org/10.1016/50140-6736(15)00055-0.

2. Tsao SW, Tsang CM, Lo KW. Epstein-barr virus infection and nasopharyn-
geal carcinoma. Philos Trans R Soc B Biol Sci. 2017. https://doi.org/10.
1098/rs5tb.2016.0270.

3. BrayF Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality
worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2018. https://
doi.org/10.3322/caac.21492.

4. Sankar PS, Mat MFC, Muniandy K, Xiang BLS, Ling PS, Hoe SLL, et al. Mod-
eling nasopharyngeal carcinoma in three dimensions (Review). Oncol
Lett. 2017. https://doi.org/10.3892/01.2017.5697.

5. Edmondson R, Broglie JJ, Adcock AF, Yang L. Three-dimensional cell
culture systems and their applications in drug discovery and cell-based
biosensors. Assay Drug Dev Technol. 2014. https://doi.org/10.1089/adt.
2014.573.

6. Costa EC, Moreira AF, de Melo-Diogo D, Gaspar VM, Carvalho MP, Correia
1J. 3D tumor spheroids: an overview on the tools and techniques used for
their analysis. Biotechnol Adv. 2016. https://doi.org/10.1016/j.biotechadv.
2016.11.002.

7. Chatzinikolaidou M. Cell spheroids: the new frontiers in in vitro models
for cancer drug validation. Drug Discovery Today. 2016. https://doi.org/
10.1016/j.drudis.2016.06.024.

8. Menshykau D. Emerging technologies for prediction of drug candidate
efficacy in the preclinical pipeline. Drug Discov Today. 2017. https://doi.
0rg/10.1016/j.drudis.2017.04.019.

9. Hamilton G, Rath B. Applicability of tumor spheroids for in vitro chemo-
sensitivity assays. Expert Opin Drug Metab Toxicol. 2019. https://doi.org/
10.1080/17425255.2019.1554055.

10.  Abdul Rahman SF, Muniandy K, Soo YK, Tiew EYH, Tan KX, Bates TE, et al.
Co-inhibition of BCL-XL and MCL-1 with selective BCL-2 family inhibitors
enhances cytotoxicity of cervical cancer cell lines. Biochem Biophys Rep.
2020. https://doi.org/10.1016/j.bbrep.2020.100756.

11. Smalley KSM, Haass NK, Brafford PA, Lioni M, Flaherty KT, Herlyn M. Mul-
tiple signaling pathways must be targeted to overcome drug resistance
in cell lines derived from melanoma metastases. Mol Cancer Ther. 2006.
https://doi.org/10.1158/1535-7163.MCT-06-0084.

12. Smalley KSM, Lioni M, Noma K, Haass NK, Herlyn M. In vitro three-dimen-
sional tumor microenvironment models for anticancer drug discovery.
Expert Opin Drug Discov. 2008. https://doi.org/10.1517/17460441.3.1.1.

13. Sharma A, Kamble SH, Ledn F, Chear NJY, King Tl, Berthold EC, et al. Simul-
taneous quantification of ten key Kratom alkaloids in Mitragyna speciosa
leaf extracts and commercial products by ultra-performance liquid chro-
matography—tandem mass spectrometry. Drug Test Anal. 2019. https://
doi.org/10.1002/dta.2604.

14. General Protocols 3D Cell Culture Chip (Version 5.4). https://www.aimbi
otech.com. Accessed 1 Oct 2020.

15. Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch
T, et al. Fiji: An open-source platform for biological-image analysis. Nat
Methods. 2012. https://doi.org/10.1038/nmeth.2019.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1186/s13104-021-05727-0
https://doi.org/10.1186/s13104-021-05727-0
https://doi.org/10.1016/S0140-6736(15)00055-0
https://doi.org/10.1098/rstb.2016.0270
https://doi.org/10.1098/rstb.2016.0270
https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21492
https://doi.org/10.3892/ol.2017.5697
https://doi.org/10.1089/adt.2014.573
https://doi.org/10.1089/adt.2014.573
https://doi.org/10.1016/j.biotechadv.2016.11.002
https://doi.org/10.1016/j.biotechadv.2016.11.002
https://doi.org/10.1016/j.drudis.2016.06.024
https://doi.org/10.1016/j.drudis.2016.06.024
https://doi.org/10.1016/j.drudis.2017.04.019
https://doi.org/10.1016/j.drudis.2017.04.019
https://doi.org/10.1080/17425255.2019.1554055
https://doi.org/10.1080/17425255.2019.1554055
https://doi.org/10.1016/j.bbrep.2020.100756
https://doi.org/10.1158/1535-7163.MCT-06-0084
https://doi.org/10.1517/17460441.3.1.1
https://doi.org/10.1002/dta.2604
https://doi.org/10.1002/dta.2604
https://www.aimbiotech.com
https://www.aimbiotech.com
https://doi.org/10.1038/nmeth.2019

	Rapid spheroid assays in a 3-dimensional cell culture chip
	Abstract 
	Objective: 
	Results: 

	Introduction
	Main text
	Methods
	Embedding HK-1 spheroids into collagen matrix
	Replenishment of media and drug
	Quantification of spheroid growth

	Results
	Spheroid assays conducted in the 3D chip were comparable to spheroid assays conducted in a 24-well plate


	Discussion
	Limitations
	Acknowledgements
	References




