
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
01

8.
 D

ow
nl

oa
de

d 
on

 3
/2

1/
20

26
 1

1:
39

:2
5 

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
View Journal  | View Issue
Study of oxygen
aDepartment of Engineering and System S

Hsinchu 30013, Taiwan
bResearch Center for Applied Sciences, Acade

tungy@gate.sinica.edu.tw
cTaiwan International Graduate Program

Program, Taiwan
dCollege of Engineering, Chang Gung Univer

† Electronic supplementary informa
10.1039/c8ra05505j

Cite this: RSC Adv., 2018, 8, 30320

Received 27th June 2018
Accepted 21st August 2018

DOI: 10.1039/c8ra05505j

rsc.li/rsc-advances

30320 | RSC Adv., 2018, 8, 30320–303
tension variation within live tumor
spheroids using microfluidic devices and multi-
photon laser scanning microscopy†

Sreerupa Sarkar,abc Chien-Chung Peng,b Chiung Wen Kuo,b Di-Yen Chueh,b

Hsiao-Mei Wu,b Yuan-Hsuan Liu,b Peilin Chenb and Yi-Chung Tung *bcd

Three-dimensional cell spheroid culture using microfluidic devices provides a convenient in vitromodel for

studying tumour spheroid structures and internal microenvironments. Recent studies suggest that oxygen

deprived zones inside solid tumors are responsible for stimulating local cytokines and endothelial

vasculature proliferation during angiogenesis. In this work, we develop an integrated approach

combining microfluidic devices and multi-photon laser scanning microscopy (MPLSM) to study variations

in oxygen tension within live spheroids of human osteosarcoma cells. Uniform shaped, size-controlled

spheroids are grown and then harvested using a polydimethylsiloxane (PDMS) based microfluidic device.

Fluorescence live imaging of the harvested spheroids is performed using MPLSM and a commercially

available oxygen sensitive dye, Image-iT Red, to observe the oxygen tension variation within the

spheroids and those co-cultured with monolayers of human umbilical vein endothelial cells (HUVECs).

Oxygen tension variations are observed within the spheroids with diameters ranging from 90 � 10 mm to

140 � 10 mm. The fluorescence images show that the low-oxygenated cores diminish when spheroids

are co-cultured with HUVEC monolayers for 6 hours to 8 hours. In the experiments, spheroids subjected

to HUVEC conditioned medium treatment and with a cell adherent substrate are also measured and

analyzed to study their significance on oxygen tension within the spheroids. The results show that the

oxygenation within the spheroids is improved when the spheroids are cultured under those conditions.

Our work presents an efficient method to study oxygen tension variation within live tumor spheroids

under the influence of endothelial cells and conditioned medium. The method can be exploited for

further investigation of tumor oxygen microenvironments during angiogenesis.
Introduction

Three-dimensional (3-D) cell cultures are valuable in studying
various aspects of tumor cell biology. Among various 3-D cell
culture techniques, cell spheroid culture has received
increasing attention. Such culture can bemore analogous to live
solid tumors, mimicking cell–cell and cell–extracellular matrix
(ECM) signalling, proliferation patterns, exposure to nutrition,
gases and the surrounding medium. More importantly, it can
provide a physiologically meaningful low oxygen tension
microenvironment compared to conventional monolayer
cience, National Tsing Hua University,

mia Sinica, Taipei 11529, Taiwan. E-mail:

(TIGP), Nano Science and Technology

sity, Taoyuan 33302, Taiwan

tion (ESI) available. See DOI:

29
cultures.1,2 It has been shown that oxygen tension lower than
the normal physiological values can trigger oxidative stress and
various responding signals within cells.3–6

In tumor biology, the oxidative stress induced dynamic
responses and early angiogenetic behaviors can be activated
when cells have an oxygen tension lower than the physiological
ones.7–9 Studies show that early stage tumor growth and
angiogenesis are greatly associated with hypoxia-inducible
factor (HIF) expression.10,11 In addition, several in vivo studies
have investigated hypoxia zones within solid tumors and their
relation to angiogenesis.12,13 Furthermore, endothelial cells play
a critical role during angiogenesis of tumors in physiological
microenvironments.10,14–20 Consequently, study of oxygen
tension within the spheroids and the roles of endothelial cells is
essential for biologists to better understand the early phase
angiogenetic behavior of solid tumors.

Various techniques have been developed for formation and
culture of the cell spheroids. For example, hanging drop plates
have been shown to be effective in high throughput spheroid
culture and analysis.21 Recently, microuidic devices provide
more convenient and powerful platforms for spheroid
This journal is © The Royal Society of Chemistry 2018
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formation and culture under controlled microenvironments
than conventional methods.21–30 Taking advantage of the
microuidic devices, spheroid models relating cellular oxygen-
ation to transcription factors like HIF-1,31 anti-carcinogenic
molecules,19,32,33 growth factors20 and associated ligands19,34,35

have been studied in recent years. However, the existing devices
have drawbacks, such as limited sample populations and diffi-
culty for collecting samples from the devices, which retard their
practical usage for further oxygen tension observation and
analysis.

Oxygen plays an important role in various biological activi-
ties; however, oxygen tension observation in live 3-D spheroids
is challenging due to susceptibility of such systems to physical
damage, loss of structural integrity during measurements, and
exposure to atmospheric oxygen. Despite recent development of
micro-computed tomography,36 electron parametric resonance
oximetry,37 immuno-histochemical staining,38 microelectrode-
based probes,39,40 and other clinical methods,41 they are inva-
sive and pose concerns of cytotoxicity and cell damage during
the observation. In comparison, non-invasive optical methods
for oxygen sensing using uorescence labelling and microscopy
techniques are more suitable for studying 3-D spheroid
samples.42,43 Nevertheless, these imaging procedures involve
xing the cell spheroids which poses an inconvenience to study
3-D/monolayer mixed co-culture systems,44,45 where cell-
substrate adhesion plays a key role in changing cellular activi-
ties. For live cell imaging, multiphoton laser scanning micros-
copy (MPLSM) provides a promising solution for thick samples,
like spheroids, with desired resolution and high penetration
depth.

In order to better observe oxygen tension within live tumor
spheroids under various physiological conditions, we develop
an approach by integrating microuidic devices and MPLSM in
this paper. Polydimethylsiloxane (PDMS) devices have been
shown to be oxygen permeable, render higher cell proliferation,
and decrease core hypoxia and probable necrosis in liver tumor
cell spheroids.46 The PDMS oxygen permeability can prevent
insufficient oxygenation of the cells that may cause artefacts for
the oxygen tension variation observation. In addition, the PDMS
microuidic devices are capable of providing convenient plat-
forms for formation and culture of uniform sized spheroids for
various biomedical applications.47–49 In this paper, we take
advantage of a previously developed PDMS microuidic device
capable of maintaining equal culture conditions, incubation
time, cell seeding concentrations and staining procedures for
a large number of uniform sized spheroids.48

In our experiments, uniform sized spheroids of human
osteosarcoma cell line (MG-63) are cultured using the micro-
uidic devices. The spheroids are labelled with an oxygen
sensitive uorescence dye, then harvested and observed using
MPLSM, which is non-invasive with less photo-toxicity as
desired for live imaging.50 To further demonstrate the capability
of the developed approach, the effects of endothelial cells on
tumor spheroid oxygen tension variation mimicking their
physiological arrangements are also studied. The oxygen
tension imaging of the tumor spheroids directly co-cultured
with monolayers of endothelial cells is then performed. In
This journal is © The Royal Society of Chemistry 2018
addition, the spheroids treated with endothelial cell condi-
tioned medium and spheroids cultured on adherent dishes are
also analyzed for investigating their individual effects. The
experimental results conrm the capability of the integrated
approach for observing variation of oxygen tension within live
tumor spheroids, in mono-culture and 3-D/monolayer co-
culture systems.
Materials and methods
Fabrication of PDMS spheroid culture chip

In the experiments, PDMS microuidic devices are exploited to
form and grow the cell spheroids. The device consists of two
PDMS layers: a bottom layer withmultiple cell culture chambers
with dimensions of approximately 200 � 200 � 200 mm3 in
width � length � height; and a top layer with one serpentine
channel of 240 mm height covering the culture chambers. Two
sets of inlets and outlets are made on the top layer. They are
connected to blunt needles that can be used to introduce/
withdraw cell suspensions, growth medium and other
reagents as shown in Fig. 1(A). The device is designed for the
formation and culture of 4000 uniform sized spheroids
according to the reported protocol.48 Alternative pairs of inlets
and outlets are used to seed cells and exchange growth medium
to minimize ow disturbances within the culture chambers
(one set of inlet and outlet is used at a time while another set is
plugged).

The microuidic device is fabricated using so lithography
replica molding process.49 The master molds are rst fabricated
using negative tone photoresist SU-8 2050 (Micro Chem Co.,
Newton, MA) patterned on top of silicon wafers by conventional
photolithography. The fabricated molds are then silanized with
1H,1H,2H,2H-peruorooctyltrichlorosilane (78560-45-11, AlfaAe-
sar, Ward Hill, MA) in a desiccator for more than 30 min at room
temperature to prevent undesired bonding between the molds
and PDMS. PDMS prepolymer (Sylgard 184, Dow Corning Co.,
Midland, MI) with a 1 : 10 curing agent to base ratio (by weight) is
poured on the molds and cured at 60 �C for more than 4 hours in
a convection oven. Aer curing, the inlet and outlet holes are
made using a biopsy punch with a diameter of 1.5 mm at the top
layer. The bottom layer is aligned and irreversibly bonded to the
top layer using oxygen plasma surface treatment at 110 W for
40 s. The PDMS device is then placed in a 60 �C oven overnight for
optimized bonding strength and complete curing of the PDMS
for better cell compatibility. The photos of the fabricated device
are shown in Fig. 1(B).
Cell culture

In the cell experiments, human osteosarcoma cells (MG-63)
obtained from Bioresource Collection and Research Center
(BCRC), Taiwan are employed for the spheroid formation to
mimic solid tumor in vitro. The physioxia state [O2] of osteo-
sarcoma is expected to closely resemble values reported for
bone marrow, which is 6.4 � 0.6%.3,7 In addition, the MG-63
cells are known to form 3-D spheroids within a relative short
period and exhibit hypoxia-inducible factor (HIF-1a) expression
RSC Adv., 2018, 8, 30320–30329 | 30321
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at relatively small sizes.50,51 The cell culture medium is
composed of Minimum Essential Medium (MEM) (Gibco 41090,
Invitrogen Co., Carlsbad, CA) with 10% (v/v) fetal bovine serum
(FBS) (Heat Inactivated FBS, Gibco 10082, Invitrogen), 1% (v/v)
antibiotic-antimitotic (Gibco 15240, Invitrogen), 1% (v/v)
sodium pyruvate (Gibco 11360, Invitrogen) and 1% (v/v) non-
essential amino acids (Gibco 11140, Invitrogen). For the endo-
thelial cell co-culture experiments, human umbilical vein
endothelial cells (HUVEC, C2519A, Lonza, Basel, Switzerland)
are used with culture medium consisting of EGM-2 BulletKit
Medium (CC-3162, Lonza). The stocks are maintained in T25
cell culture asks (Nunc 156367, Thermo Scientic Inc.,
Rochester, NY) in a 37 �C humidied incubator with 5% CO2.
0.25% trypsin–EDTA (Gibco 25200, Invitrogen) and TrypLE
Express Enzyme (1X) (Gibco 12604, Invitrogen) are used to
dissociate and subculture MG-63 cells and HUVECs, respec-
tively. For consistent experimental results, the HUVECs with
passage 4 to 10 are used in all the experiments.
Spheroid formation and harvesting

Before the cell culture experiments, the microuidic channel
walls of the PDMS device are made hydrophilic by oxygen
plasma treatment at 110 W for 300 s. The channel is then
treated with 1% (v/v) Synperonic F-108 (075711, Fluka, Sigma
Aldrich, Co., St. Louis, MO, USA) and incubated overnight to
make the channel walls resistant to cell adhesion. Prior to cell
seeding, the device is sterilized under ultraviolet light (wave-
length of 360 nm) for 1 hour and the excess F-108 was washed
out of the channels with the MG-63 cell growth medium.
Fig. 1 (A) Schematic design of the microfluidic device for spheroid fo
microfluidic channel patterns. The top layer is designed with a serpentine
chambers for cell aliquot and spheroid culture. (B) A photograph and a m

30322 | RSC Adv., 2018, 8, 30320–30329
Fig. 2(A) shows a schematic owchart of the experimental
procedure. Cell suspensions, with volume of 300 mL and cell
density of approximately 2 � 107 cells per mL are introduced
into the devices by pipetting cell suspension through the blunt
needles for formation of the spheroids with diameters of 120 �
10 mm. Spheroids with diameters of 90 � 10 mm and 140 � 10
mm are formed using the cell suspensions with concentrations
of 0.5� and 2� of the aforementioned cell density, respectively.
Aer the cell seeding, the devices are kept in the humidied cell
incubator with 5% CO2 at 37 �C. The seeded cells settle down in
the culture chambers due to gravity and form 3-D spheroids
within 24 hours, in absence of an adherent anchoring substrate.
Themedium is refreshed every 12 hours using the gravity-driven
ow, according to the reported protocol.47 Spheroids are
cultured for 56 to 72 hours, before harvesting out of the device.
For harvesting, Dulbecco's Phosphate Buffer Saline (DPBS,
14040-133, Gibco, Invitrogen) is owed through the device and
spheroids are collected in 15 mL centrifuge tubes (Falcon™ 14-
959-53, Fisher Scientic).48 Spheroids are then dispersed onto
non-adherent Petri plates (Anumbra, 632.492.003.060) with
growth medium and observed under a microscope to conrm
their integrity aer harvesting.
Viability assay

To conrm the cell viability of the spheroids, uorescence based
live/dead cytotoxicity assay (LIVE/DEAD Viability/Cytotoxicity kit,
L3224, Thermo Scientic Inc., Rochester, NY) is used to stain the
formed MG-63 spheroids, obtained aer culturing in the device.
The live/dead stain solution containing calcein AM (2 mM) and
rmation and culture. The device consists of two PDMS layers with
shape channel, and the bottom layer is designed with 4000 cell culture
icroscopic image of the fabricated PDMS device.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (A) Schematic flowchart showing the experimental steps of the
integrated approach. (B) Schematics of the algorithm exploited for
image processing and analysis to measure radial distribution of ORF
intensity in a spheroid from experimental images.
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ethidium homodimer-1 (EthD-1) (2 mM) is introduced into the
device, and the spheroids are allowed to stain for 45 minutes at
room temperature, protected from light. The spheroids are
observed using an inverted uorescence microscope (DMI6000B,
LeicaMicrosystems,Wetzlar, Germany). The viability assay is also
performed for the harvested spheroids by using the same dye
concentrations and incubation period.

To further investigate if the cells within the spheroids are
necrotic or apoptotic, a ow cytometry based apoptosis/necrosis
assay is performed on the spheroids with diameters of 140 �
10 mm. Aer 48 hours culture, the spheroids are harvested,
trypsinized with TrypLE Express Enzyme (1X), and then resus-
pended in DPBS. The staining process of the apoptosis/necrosis
assay is conducted according to the reported protocol,47 and
the analysis is performed using a commercially available Flow
cytometer (BD FACSVerse™, BD Biosciences, NJ).
This journal is © The Royal Society of Chemistry 2018
Estimation of response of reagent to oxygen tensions

In order to investigate the oxygen tension within the spheroids,
a commercially available oxygen sensitive uorescence dye,
Image-iT Red oxygen sensitive reagent (H10498, Thermo
Scientic Inc., Rochester, NY), is utilized for the experiments.
Image-iT Red is a live cell-permeable uorophore with red
uorescence emission ranging from 515 nm to 645 nm when
excited at 450 nm to 500 nm (single photon excitation) in
environments with low oxygen tension. Image-iT Red begins to
uoresce when [O2] is less than 5%, and its uorescence has
been shown to be associated with HIF-1a expressions in several
cell types.52

In order to estimate the uorescence response of Image-iT
Red within the MG-63 cells under different oxygen tensions,
the reagent is rst tested on monolayer culture of MG-63 cells in
a ask. The reagent and Cell Tracker Blue (C2110, Thermo
Scientic Inc., Rochester, NY) is prepared with 10 mM nal
concentration in the medium and the cells are incubated in the
staining solution overnight. The culture ask is then rinsed
with DPBS three times to remove excess stain, replenished with
fresh growth medium and kept in an oxygen-controlled cell
incubator set at different oxygen tensions for 1 hour, before the
uorescence imaging.28,29 In the incubator, different [O2]
between 1 to 20%, is generated by perfusing nitrogen gas into
the incubator. The cells are then observed using the uores-
cence microscope and their uorescent intensities are calcu-
lated from the images.
Imaging oxygen tension within spheroids

For observing oxygen tension within the cell spheroids, the
Image-iT Red oxygen sensitive reagent (10 mM nal concentra-
tion) is mixed with the cell suspension during seeding of MG-63
cells into the PDMS device. The same dye concentration is
maintained within the culture chambers during the growth
period by replenishing the dye in the growth medium. This
allows all the cells of growing spheroid to have continuous and
uniform reagent uptake. Fluorescence from the reagent is then
detected by live imaging of spheroids aer harvesting from the
device using Olympus Fluoview-FVMOE-RS MPLSM. Time
dependent imaging and Z-directional scanning is performed to
measure the oxygen-responsive uorescence (ORF) inside the
spheroids using 25� (XLPLN25XWMP2, Olympus) water lens of
2.0 mm working distance, sampling speed of 2 ms per pixel and
laser excitation at wavelength of 1100 nm for all the
experiments.

Using the integrated approach, co-culture of the three-
dimensional MG-63 cell spheroids and HUVEC monolayer is
further performed to study effects of spheroid-endothelial cell
interaction on oxygen tension variation. HUVECs are rst grown
as a monolayer over 3 days in a 60 mm-diameter Petri-dish
(Nunc 150288, Thermo Scientic) and stained with the Cell
Tracker Blue. One set of harvested spheroids are co-cultured
with the conuent HUVEC monolayers for at least 6 hours
using 40% MG-63 medium and 60% HUVEC medium. When
imaging mono-cultured spheroids, initially a reference dye
Hoechst 33342 nucleic acid stain (62249, Thermo Scientic Inc.,
RSC Adv., 2018, 8, 30320–30329 | 30323
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Rochester, NY) is added, as in Fig. 5(B) to track spatial
displacement of the spheroids during imaging. For the MG-63/
HUVEC co-culture experiments, no secondary stain is added to
spheroids to avoid uorescence overlap during imaging.

The effects of HUVECs on the spheroids might be from two
aspects: (1) effects of cytokines secreted from the HUVECs
resulting from endothelial–carcinoma interactions and/or (2)
cell–cell/cell–surface adhesion. Therefore, further experi-
ments are performed to evaluate the roles of the aforemen-
tioned culture conditions. In the experiments, 4 different
conditions are tested and characterized: rst (control) and
second conditions are mono-cultured spheroids in non-
adherent plates (blocking cell-substrate adhesion) and
monolayer HUVECs/MG-63 spheroid co-culture, respectively
for investigating the direct effects of the endothelial cells on
the oxygen tension variation within the spheroids. In the
third condition, the spheroids plated on non-adherent plate
are treated with conditioned medium from HUVEC cells
cultured for one day (HUVEC-CM) mixed with the MG-63 cell
growth medium in 3 : 2 (v/v) ratio to study the effects of the
cytokines secreted from the endothelial cells. In the fourth
condition, the mono-cultured spheroids are plated in
adherent Nunc™ Cell Culture/Petri dishes (NUNC, 150288) to
test the effects of cell adherence. Results from all four
conditions are analyzed by measuring ORF intensities of
Image-iT Red reagent within the spheroids obtained from
MPLSM imaging.
Fig. 3 (A) Merged fluorescence images of monolayer MG-63 cells
stained with Cell Tracker Blue (blue) and oxygen sensitive reagent,
Image-iT Red dye (red) under various oxygen tensions. Scale bar is 100
mm. (B) Average fluorescence intensities of the regent stained MG-63
cells cultured under different [O2] analyzed from the fluorescence
images shown in (A). Data are expressed as mean � standard deviation
(n ¼ 3).
Image analysis

To obtain the radial distribution of ORF intensity within
a spheroid, an image analysis script is written in MATLAB
(R2017b, Ver. 9.3, The MathWorks, Inc.), using 2-D image slices
at various z-depth, as illustrated in Fig. 2(B). The center point of
the spheroid is denoted as O(x0, y0, z0) at the center frame. At
any point P on a single image frame is denoted as P(x, y, z),
where x, and y are pixel numbers in x and y directions,
respectively; z is the z-directional frame number of the image
stacks. The radial distance of regions within spheroid from its
approximate center is denoted as R and is calculated by eqn (1).

R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððx� x0Þ � PxÞ2 þ

�ðy� y0Þ � Py

�2 þ ððz� z0Þ � PzÞ2
q

(1)

where frame height, Pz is of 0.5 mm from previous frame and
pixel size Px and Py represents 0.497 mm point P. Spherical co-
ordinate system is utilized henceforth, to combine the inten-
sity values from the 2-D images along the 3-D radius of the
spheroid and get normalised ORF intensity. For that, the mean
overall intensity is calculated for all points satisfying eqn (1) and
sorted accordingly. Graphs are plotted aer normalization, as I
vs. R which gives the normalized ORF intensity, I, at each point
with 1 mm increment in radial distance R, from the centre of the
spheroid (ORF plots). ORF plots thus obtained show the radial
distribution of ORF intensity and are used for studying oxygen
tensions within different spheroids under our experimental
conditions.
30324 | RSC Adv., 2018, 8, 30320–30329
Results and discussion
Characterization of oxygen sensitive reagent

The uorescence images and ORF intensities measured in
monolayers of MG-63 cells under different known [O2] is shown
in Fig. 3. The overlaid uorescence images in Fig. 3(A) of cells
stained with Cell Tracker Blue (blue) and Image-iT Red (red)
demonstrate visible uorescence response of the later for
oxygen tension lower than 5%. Corresponding plot from
Fig. 3(B) shows monotonic increase in uorescence, by nearly
two times when oxygen tension is reduced from 2.5 to 1%. The
values obtained are comparable with the reported results in
literature.52 The results conrm that the reagent can be exploi-
ted for identication of low oxygen tension conditions and
detect slight changes in oxygen tension from 5% and below.3,7

Since the solid tumors are typically known to initiate hypoxia-
related responses of similar range,31,53 further analysis of
oxygen tension variation in 3-D spheroids models are per-
formed using this reagent.
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (A) Microscopic images of seeding and forming MG-63 cell
spheroids within the PDMS device. Scale bar is 200 mm. (B) Fluores-
cence images of MG-63 cell spheroids during live/dead cytotoxicity
assay with live (green)/dead (red) stained cells, in the device and after
harvesting from the device. Scale bar is 100 mm.
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Cell spheroid culture and imaging

Fig. 4(A) shows bright eld microscopic images during spheroid
formation of MG-63 cells seeded in the culture chambers of the
microuidic device. Uniform spheroids are formed within 48
hours due to spontaneous cell–cell adhesion promoted by non-
adherent channel surfaces. The diameters of the spheroids
shown in the Fig. 4(A) are approximately 120 � 10 mm corre-
sponding to cell seeding concentration of 2 � 107 cells per mL.
The results of live/dead cytotoxicity assay on spheroids in the
device and aer harvest are shown in Fig. 4(B). The uorescence
images show that more than 90% cells are alive with intact cell
membrane while growing inside the microuidic device. The
cells possess good viability aer harvesting from the devices as
well (live cells > 90%). The results conrm that the device is
biocompatible and the process of spheroid formation, growth
and harvesting cause minimal damage to the MG-63 cells.
Moreover, the ow cytometry analysis obtained from the largest
spheroids (140 � 10 mm) show negligibly small necrotic or
apoptotic cell population (Fig. S1 in the ESI†). The result
suggests the absence of necrotic core within the formed MG-63
spheroids. Since the tendency to form necrotic cores decreases
with the decreasing spheroid diameter,39,50 the possibility of
necrosis in the smaller spheroids can be negated.
Fig. 5 (A) Bright field image and central slice of MPLSM image of
monoculture MG-63 spheroids stained with Image-iT Red oxygen
sensititve reagent (red) and Hoechst 33242 (blue). Scale bar is 50 mm.
(B) The 3-D image of the reagent stained MG-63 spheroid recon-
structed from a series of MPLSM images, and ORF plot of the same
spheroid showing radial distribution of ORF intensity. (C) Plot of
normalized ORF intensity within spheroid core regions with different
spheroid diameters. Data are shown as mean� standard deviation (n¼
4). There are no statistical differences between the three sets of data.
Analysis of oxygen tension within monoculture spheroids

Fig. 5(A) shows typical eld and uorescence images of mono-
culture MG-63 spheroids with diameters of 90� 10 mm captured
using the MPLSM, followed by the reconstructed 3-D image and
the corresponding ORF plot. The spheroids stained with Image-
iT (red) and counter stained with Hoechst 33342 (blue) show
presence of cells in relative low oxygen tension (<5% [O2])
This journal is © The Royal Society of Chemistry 2018
(corresponding to visible red uorescence emission around 645
nm). 3-D image reconstructions using an image process anal-
ysis soware, ImageJ (Ver. 1.51j8, National Institutes of Health,
USA) with a volume viewer tool, indicating a dense zone with
relative low oxygen tension near the centre of the spheroid. The
corresponding calculated intensity along the spherical radius,
as found from the ORF plot also emphasizes the presence of
oxygen gradient (Fig. 5B). The plot shows a trend of relatively
higher uorescence intensity towards the center of the
spheroid, indicating the cells deep inside the spheroid are low
on oxygenation.50 The region where maximum uorescence
intensity variations is observed lies within 30 mm radius
approximately, for all the spheroids imaged in our study and is
attributed to be the core region. The uorescence intensity falls
RSC Adv., 2018, 8, 30320–30329 | 30325
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Fig. 6 (A) Bright field image of cocultured MG-63 spheroids and
HUVEC monolayers. (B) Live/dead cytotoxicity assay of co-cultured
spheroids with HUVECs stained with Cell Tracker Blue. Result shows
similar live/dead cell ratio as in mono-culture MG-63 spheroids. Scale
bar is 60 mm. (C) ORF plot from MPLSM of MG-63 mono-cultures and
MG-63/HUVEC co-cultures, showing oxygenation conditions as
noted by fluorescence intensity of marker dye. Data are expressed as
mean � standard error (n ¼ 3).
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sharply for peripheral cells, which are in contact with medium
at atmospheric oxygen concentration (Fig. 5B).

For the spheroids with different sizes, the average ORF
intensity within the spheroid region increases with the increase
of the spheroid diameter as shown Fig. 5(C). Previous studies
have reported that the gaseous microenvironment within
a spheroid is largely dependent on its size as diffusion length of
oxygen and nutrients increases with increasing spheroid
diameter.54,55 The analysis results also show bigger spheroids to
be less oxygenated at the core region, although no statistical
difference is noted among the results.

Some studies have shown that core hypoxia is typical for
large spheroid culture (in vitro growth) with diameters of 160
mm and more.31,39,56 However, MG-63 spheroids (in vitro growth)
have been shown to actively express HIF-1a gene even for
smaller spheroids sizes.50 Therefore, the smaller spheroid size
range investigated in this paper can greatly help investigating
dynamic variations in oxygen tension within spheroids under
different culture conditions at the initial stages of tumor
growth. Moreover, the use of microuidic device to grow the
uniform MG-63 spheroids successfully brings out the intricate
variations in oxygen tension even for small differences in size.
The smaller size range of MG-63 spheroid (in vitro growth) can
be equated with early avascular growth phase of solid tumour
(in vivo); where tumors during this early phase remain in
diffusion limited microenvironment.10

Co-culture of spheroids and mono-layer endothelial cells

In order to study the effects of endothelium on oxygen tension
variation within the spheroids, co-culture of the formed MG-63
spheroids and mono-layer HUVECs is performed in the exper-
iments. First, the viability of MG-63 cells is estimated using the
live/dead cytotoxicity assay. Fig. 6(A) shows the bright eld and
uorescence images of the spheroids and HUVECs co-culture.
The images show similar cell viability (>90%) of the MG-63
cells in the co-culture compared to that of the mono-culture
spheroids. The results suggest that the presence of the endo-
thelium has minimum effects on the cell viability within the
spheroids. Fig. 6(B) shows the typical ORF intensity proles
within the mono-culture and co-culture spheroids. The
analyzed results show approximate six-fold reduction in ORF
intensity within the core region in co-culture samples, which
indicated the improved oxygenation comparing to the mono-
culture spheroids. In previous studies, low oxygen tension
within spheroids is shown to play a key role in tumor progres-
sion and promotion of angiogenetic cytokines like stromal cell
derived factor (SDF), IL-1b, TNF-a and vascular endothelial
growth factor (VEGF).57–60 In addition, the oxygenation is also
found to be improved by inuence of endothelial cells,61 which
agrees with the observation in the experiments.

Effects of surface interactions and endothelial conditioned
medium

To further investigate the possible reasons for the improved
oxygenation within the spheroid core regions with the pres-
ence of endothelial cells, two sets of experiments are
30326 | RSC Adv., 2018, 8, 30320–30329
conducted to study the effects of cell adherent and cytokines
secreted from endothelial cells. Fig. 7(A) shows the typical
bright eld and uorescence images of the representative
spheroids with similar sizes (120 � 10 mm) from four different
experimental conditions: (1) spheroids in a non-adherent plate
(control); (2) spheroids co-cultured with monolayer HUVECs;
(3) spheroids in a non-adherent plate treated with HUVEC-CM
and (4) spheroids in an adherent plate. The images show that
the spheroid in the control experiment maintains its integrity
and shows bright red uorescence from the Image-iT Red,
indicating the relatively low [O2] within the spheroid. In
contrast, the spheroid directly co-cultured with the HUVEC
monolayer loses its integrity and the cells tend to adhere onto
the substrate. For the spheroid treated with HUVEC-CM, the
spheroid maintains its integrity similar to that of the spheroid
in the control experiments. However, the ORF intensity is
slightly lowered than that in the control experiments, showing
the increasing of the oxygen tension in core region. For the
samples cultured on adherent plate, the peripheral cells show
dissociation from the spheroid as those in the co-culture
This journal is © The Royal Society of Chemistry 2018
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Fig. 7 (A) Bright field and fluorescence images (central slice) of the Image-iT Red oxygen sensitive reagent stained MG-63 spheroids under 4
different conditions. Scale bar is 30 mm. (B) ORF plot of the spheroids shown in (A) under different culture conditions. (C) Plot of normalized ORF
intensity within spheroid core regions with different culture conditions. Data are shown as mean � standard deviation (n ¼ 3).
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experiment, but the ORF intensity within the spheroid is
higher than that of the co-cultured spheroid.

For the quantitative analysis, Fig. 7(B) plots the corre-
sponding normalized ORF intensity proles along radius
distances calculated from the uorescence images of the
spheroids shown in Fig. 7(A). Comparing to the control exper-
iments, the ORF intensity of spheroids in direct co-culture with
HUVECs is greatly reduced, especially in the core region. In the
spheroid treated with HUVEC-CM, the low-oxygenated core
region is still observed; however, the overall ORF intensity is
This journal is © The Royal Society of Chemistry 2018
higher than that of direct co-culture experiment. In case of
spheroids cultured on adherent plates, the cell-substrate
adhesion loosens up the 3-D structures allowing diffusion of
oxygen from outside to enhance the oxygenation within the core
region. Therefore, the ORF intensity values are relatively low
compared to those obtained in the control and HUVEC-CM
experiments. The results indicate that under the control
experimental conditions, the dynamic [O2] prole within the
MG-63 spheroids can be imaged in intact 3-D clusters using the
developed approach. The oxygen tensions are affected by
RSC Adv., 2018, 8, 30320–30329 | 30327
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cytokines and other soluble factors secreted from the HUVECs
and the cell adhesion to the substrates. In both conditions, the
spheroid oxygenation is increased resulting in the ORF intensity
reduction. In direct co-culture, the combined effect of cell
adhesion and endothelial cytokines is most prominent result-
ing in minimal signal from the oxygen sensitive reagent. The
results suggest that under the direct co-culture condition, the
oxygen tensions within the spheroids are higher than 5%.
Fig. 7(C) statistically summarises the average ORF intensities
within the spheroid core regions (radius < 30 mm) under the four
experimental conditions obtained from different devices. For
statistical analysis, two tailed, unpaired Student's T tests are
performed. The analysis results suggest that the ORF intensities
within the spheroid core regions for the direct co-culture,
HUVEC-CM, and the adhesion plate experiments are signi-
cantly lower than that in the control experiments.

Conclusion

In this paper, we report an integrated approach to study oxygen
tension variation within live tumor spheroids. The approach
combines the advantages of microuidic devices for formation
and culture of uniform-sized cell spheroids, along with MPLSM,
for three-dimensional imaging of the spheroids harvested from
the device with the oxygen sensitive uorescence dye to inves-
tigate the low [O2] conditions within the spheroids. To
demonstrate the capability of the approach, the oxygen tension
variation observation of the osteosarcoma spheroids formed
using MG-63 cells is performed in this paper. In the experi-
ments, the spheroids with different sizes are formed and
cultured using the microuidic devices. The spheroids are then
harvested from the devices for the following MPLSM imaging.
The results conrm the presence of the low-oxygenated cores
within the spheroids with diameters larger than 80 mm and the
impeded oxygenation in the spheroids with larger diameters.
Furthermore, the spheroids are co-cultured with monolayers of
endothelial cells (HUVECs) to study the effects of endothelium
on the oxygen tension variation within the spheroids. The
results suggest the presence of the endothelial cells greatly
improve the oxygenation within the spheroids. In addition, the
spheroids treated with HUVEC-CM and plated on an adherent
plate are also imaged to investigate their effects. From the
images and the analysis, both culture conditions are shown to
contribute to the improved oxygenation within the spheroids in
degree less than the direct co-culture. The experimental results
conrm the capability of the reported approach for observing
low oxygen conditions in the live tumor spheroids and also
show the possible biomedical applications to study the spher-
oids cultured under different physiological conditions. The
presence of the low oxygen tension zones in the small spheroids
of MG-63, and their response to endothelial cells under the
studied conditions can shed light on the early onset behaviors
of hypoxia related biological responses of solid tumors.
Consequently, the approach provides a powerful tool to observe
oxygen tension variation within the spheroids that may alter
several important biological activities during tumor
progression.
30328 | RSC Adv., 2018, 8, 30320–30329
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