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Abstract: Recently, increasing numbers of cell culture experiments with 3D spheroids pre-
sented better correlating results in vivo than traditional 2D cell culture systems. 3D spheroids
could offer a simple and highly reproducible model that would exhibit many characteristics of
natural tissue, such as the production of extracellular matrix. In this paper numerous cell lines
were screened and selected depending on their ability to form and maintain a spherical shape.
The effects of increasing concentrations of doxorubicin (DXR) on the integrity and viability of
the selected spheroids were then measured at regular intervals and in real-time. In total 12 cell
lines, adenocarcinomic alveolar basal epithelial (A549), muscle (C2C12), prostate (DU145),
testis (F9), pituitary epithelial-like (GH3), cervical cancer (HeLa), HeLa contaminant (HEp2),
embryo (NIH3T3), embryo (PA317), neuroblastoma (SH-SYS5Y), osteosarcoma U20S, and
embryonic kidney cells (293T), were screened. Out of the 12, 8 cell lines, NIH3T3, C2C12,
293T, SH-SYSY, A549, HeLa, PA317, and U20S formed regular spheroids and the effects of
DXR on these structures were measured at regular intervals. Finally, 5 cell lines, A549, HeLa,
SH-SY5Y, U208, and 293T, were selected for real-time monitoring and the effects of DXR
treatment on their behavior were continuously recorded for 5 days. A potential correlation
regarding the effects of DXR on spheroid viability and ATP production was measured on days 1,
3, and 5. Cytotoxicity of DXR seemed to occur after endocytosis, since the cellular activities
and ATP productions were still viable after 1 day of the treatment in all spheroids, except SH-
SYS5Y. Both cellular activity and ATP production were halted 3 and 5 days from the start of
the treatment in all spheroids. All cell lines maintained their spheroid shape, except SHSY-5,
which behaved in an unpredictable manner when exposed to toxic concentrations of DXR.
Cytotoxic effects of DXR towards SH-SYS5Y seemed to cause degradation of the extracellular
matrix, since all cells were dismantled from the spheroid upon cell death. On the other hand,
293T spheroids revealed retarded cellular activity and ATP productions upon DXR treatment
throughout the experiment. Since 293T was the embryonic kidney cells, the fast clearance or
neutralizations could have made them resistant towards DXR. In conclusion, the same degree
of sensitivity from the 2D system did not translate to a 3D culture system, resulting in higher
IC50 values than the 2D system. The varying sensitivities and tolerances to drugs could be
better understood with a 3D cell culture system.

Keywords: doxorubicin, 3D spheroid, cytotoxicity

Introduction

Traditionally, monolayer cell cultures were used to monitor behavior and identify
effective anti-tumor activities.! Initial work using extracted nerve cells from the
notochord of frogs highlighted the challenges of growing 3D cellular structures
in vivo.>3 In 1951, the HeLa cell line was established by Master and Lucey et al,
which jump-started the full-scale research with animal cells.** Since then, various
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types of cell lines were established with detailed under-
standing of the intracellular mechanisms in 2D cell culture
systems. However, limitations of 2D models such as reduced
cell—cell or cell-extracellular matrix interactions, absence
of blood vessel networks, nerves, and lymph nodes meant
significant findings from a monolayer or 2D model did not
often translate to results from in vivo models. Overcom-
ing these limitations would bridge the gaps between the
conventional 2D cell experiments and animal studies.®’
Fortunately, cells in multicellular spheroids often behave
in a similar manner to those found in vivo. It was observed
that spheroids (>200 uM) could be made, composed of
a necrotic core, quiescent intermediate and proliferating
periphery regions. Hence, 3D spheroids could offer a simple
and highly reproducible model that would exhibit many
characteristics of natural tissues, such as the production
of extracellular matrix (ECM) and cell—cell interactions.®
Recently, research from Goodman et al demonstrated that
the incorporation of ECM modulating collagenase hindered
the penetration of polystyrene nano-beads (20—200 nm)
significantly.’

To date, the suitability of more than 380 cell lines has
been investigated.! Of particular note is the recent work
by Vinci et al, in which the spheroids from 40 tumor cell
lines were classified in accordance with their compact-
ness, regularity, and presence of friable aggregates.'* Ideal
spheroids (tight, spherical, and regular) were generated
with SF188 glioblastoma tumor cell lines. In another
study, A2780, CaOV3, HCT-116, MCF-7, MDA-MB-231,
0OV2008, SF268, SH-SY5Y, SKOV3, U208, along with
70 other cell lines were tested, and a dozen cell lines were
confirmed to form 3D spheroids.!'""* Several methods are
currently used to generate tumor spheroids, such as spin-
ner flasks,' rotary cell culture's and hanging drop,'s gel
matrix culture,'” polymer micro-patterned and polymeric
scaffolds.!® The technique that most accurately mimics the
in vivo cell growth environment was often chosen. The
advantage of the 3D culture is that it permits investigators
to accurately model the effects of anti-tumor agents at low
cost compared to an in vivo situation. In addition, Fitzgerald
et al and Mikhail et al revealed that a 3D culture system
was useful in replacing animal models for probing drug
resistances. '

Doxorubicin (DXR) is a widely used anti-tumor agent,
which belongs to a class of compounds with similar struc-
tures namely, anthracyclines. DXR was shown to have great
efficacy in the killing of cancer cells in both liquid and

solid tumors. However, the emergence of drug resistance
and serious side effects, such as heart damage, has limited
its use. The mechanisms by which DXR caused cell death
remained unclear. A number of models have been proposed,
including ceramide overproduction, DNA adduct formation,
oxidative stress and topoisomerase II (TOP II) poisoning.
Many examples were also reported in which DXR mediated
cell death did not involve Top (II). For example, DXR was
shown to evict histones independent of TOP (II) leading to
cell death.? Thus, it was highly likely that DXR could kill
cancer cells through a variety of mechanisms by inhibiting
the synthesis of DNA and RNA, and eventually inhibiting
cell divisions, as anti-cancer effects, especially in lung and
ovarian cancers.?> 2

For DXR, cardiomyopathy is the biggest side effect,
causing damage to non-dividing cells, where TOP IIf is the
major form. It has been shown that depletion of this subtype
protects mice from DXR induced heart failure.**° Hence,
cellular sensitivity would be important in chemotherapy and
responsible for all drug administration programs in treating
millions of people worldwide. The key problem is that cells
at any time within a tumor are in different phases of the cell
cycle, yet the majority of drugs are only effective towards
tumor cells in the exponential phase. The advantage of DXR
is that it induces arrest at all stages of the cell cycle. Recent
studies suggested that the reduced form of DXR could induce
fragmentations and DNA damage by releasing reactive free
radicals, hydroxyl radicals and superoxides.’!*?> DXR could
also induce H,O, formation by an iron-mediated reaction,
catalyzed by ferredoxin reductase.®* A report from Zhang
et al showed that the penetration depth of DXR in vivo and
in vitro was dependent on the composition and function of
the ECM within a given tumor or spheroid.** Understanding
these properties would be essential in the development of
efficient non-toxic anti-cancer vehicles.

In addition, recent studies®-” using cancer cell lines,
Hep3B, HeplJ5, ES-2, SKOV-3, OVCAR-3, MCF-7, revealed
significant decreases in cell viability after DXR exposure. On
the other hand, the same degree of sensitivity from the 2D
system did not translate to a 3D culture system, resulting in
higher IC50 values than the 2D system.?® Greatly reduced cell
viabilities from DXR treatments were observed from uterus/
endometrium cancer (KLE) and colon carcinoma (HCT116),
osteogenic sarcoma (Saos-2), and bone osteosarcoma (HOS),
which were cultured in 3D system.?33>% In addition, a signifi-
cant effect of DXR towards 3D-spheroid forms of Ishikawa
human endometrial cancer cells (RL95-2) was revealed by
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measuring cell viability.* Therefore, the varying sensitivities
and tolerances to drugs could be better understood with a 3D
cell culture system.

The goal of this study was to monitor and measure the
effects of DXR on the growth, shape, movement, energetics,
and behavior of tumor 3D-spheroids in real-time over a
5 day period.

Materials and methods

Materials

Cell lines from the American Type Culture Collection,
Manassas, VA, USA in the current study were osteosar-
coma (U20S), cervical cancer (HeLa), HeLa contaminant
(HEp2), neuroblastoma (SH-SY5Y), muscle (C2C12),
pituitary epithelial-like (GH3), embryo (NIH3T3), prostate
(DU145), testis (F9), adenocarcinomic alveolar basal epithe-
lial (A549), embryonic kidney (293T), and embryo (PA317)
cells. For cell culture, Dulbecco’s Modified Eagle’s Medium
(DMEM) and Roswell Park Memorial Institute (RPMI)
medias, Dulbecco’s phosphate-buffered saline (DPBS), fetal
bovine serum (FBS), trypsin (0.05%)-ethylenediaminetet-
raacetic acid (EDTA) (0.002%), and penicillin-streptomycin
were from WELGENE, Inc. (Seoul, Republic of Korea).
Spheroid microplates (96 well, C. 4520) in 3D-spheroid
formation assay was purchased from Corning Inc. (Corn-
ing, NY, USA). Dimethyl sulfoxide (DMSO) and DXR for
the 3D cancer spheroid screening and cell anti-proliferation
assay were obtained from Sigma-Aldrich Co. (St Louis, MO,
USA) and LC Laboratories (Woburn, MA, USA), respec-
tively. CellTiter-Glo® reagent for measuring 3D ATP level
in the 3D cell viability assay was purchased from Promega
Corporation (Fitchburg, WI, USA). Automated Fluorescence
Cell Counter Arthur (NanoEnTek, Seoul, Korea) was used to
count the cells. 3D-spheroid cell cultures were monitored and
confirmed by JuLI Stage: Real-Time Cell History Recorder
(NanoEnTek). 3D cell viabilities were measured by Infinite
Elisa Reader (Tecan, Médnnedorf, Switzerland).

Cell culture

A549, C2C12, DUI145, F9, GH3, HeLa, HEp2, NIH3T3,
PA317,SH-SY5Y, and 293T cells were cultured with DMEM,
10% FBS and penicillin-streptomycin (1% 100 units/mL).
RPMI medium with 10% FBS and penicillin-streptomycin
(1% 100 units/mL) was used to grow U20S cells. Media were
monitored daily and replaced with fresh media two to three
times per week. After washing cells in the flask with DPBS
(pH 7.0), cells were harvested with trypsin (0.05%)-EDTA

(0.002%), and cells were then separated by centrifugation
for subsequent cultures with terms of 2~4 days in 75 mL
flasks with 14~20 mL.

Spheroid formation assay

The following cells, A549, C2C12, DU145, F9, GH3, HeLa,
HEp2, NIH3T3, U20S, PA317, SH-SYS5Y, and 293T, were
plated with 200 uL of 5x103~3x10* cells per well onto
Corning® 96 Well Spheroid Microplates. After centrifuging
the plate at 1000 revolutions per minute (RPM) for 5 minutes,
the plate was incubated at 37°C for 72 hrs in a CO, incubator.
Formation of spheroid was confirmed by observing under
JuLlI Stage.’

3D-spheroid cell anti-proliferation

screening

Eight cell lines were plated and monitored for potential
spheroids in the microplates by transferring 100 uL of A549
(2x10%), C2C12 (1.5%x10%), HeLa (2x10%), NIH3T3 (1.5x10%),
PA317 (5x10%), SH-SY5Y (2x10%), U20S (2x10%), and 293 T
(2x10%) cells onto Corning® 96 Well Spheroid Microplates.
After centrifuging the plates at 1000 RPM for 5 minutes,
cells were incubated for 72 hrs in a CO, incubator at 37°C.
Subsequently, 100 uL of DXR (10 mM in DMSO and
media) was added for the final concentrations, 10, 20, 40,
80 and 320 uM. DMSO in media (100 puL) was also added
as a control. Next, after centrifuging plates at 1000 RPM for
5 minutes at 37°C, they were transferred to JuLI Stage in CO,
incubator at 37°C for the anti-proliferation screening assay.
The photos of the cells and their viabilities were taken and
measured with 30 minute intervals for 5 days.'*?

3D-spheroid cell anti-proliferation assay

U20S (1x10%), HeLa (2x10%), SH-SYS5Y (2x10%), A549
(2x10%), 293T (2x10%) cells were plated (100 UL per well)
onto Corning® 96 Well Spheroid Microplates. The plates were
centrifuged at 1000 RPM for 5 minutes and then incubated
for 72 hrs in a CO, incubator at 37°C. Afterwards, 100 uL
of DXR (10 mM in DMSO and media) was added to each
of the wells for the final concentrations between 20~100 uM
for U20S, HeLa, SH-SYSY, A549 cells and 10~50 uM for
SH-SYS5Y and 293T cells. DMSO in media (100 uL) was also
added as a control. Next, plates were centrifuged at 1000 RPM
for 5 minutes at 37°C, and transferred to JuLI Stage ina CO,
incubator at 37°C for the anti-proliferation assay. Cell viabili-
ties and their photos during 5 days of the anti-proliferation
assay were measured and taken with 30 minute intervals.
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3D cell viability assay

The 3D cell viability assay was conducted in parallel with
the 3D-spheroid cell anti-proliferation assay. In addition to
measuring and filming cell viabilities, the effect of DXR
treatment on spheroid ATP levels was also measured on
days 1, 3 and 5. For the viability assay U20S (1x10%),
HeLa (2x10%), SH-SY5Y (2x10%), A549 (2x103), 293T
(2x10%) cells were plated (100 uL per well) onto Corning®
96 Well Spheroid Microplates. The plates were centri-
fuged at 1,000 RPM for 5 minutes and then incubated for
72 hrs in a CO, incubator at 37°C. Afterwards, 100 puL of
DXR (10 mM in DMSO and media) was added to each
of the wells for the final concentrations between 20~100 uM
for U20S, HeLa, SH-SY5Y, A549 cells and 293T cells.
DMSO in media (100 pL) was also added as a control. Next,
plates were centrifuged at 1000 RPM for 5 minutes at 37°C,
and transferred to JuLI Stage in a CO, incubator at 37°C for
cell viability assay. Media were removed from each well
after 1, 3, and 5 days, and luminescence reagent (100 pL,
3D CellTiter-Glo®) was added to each well by following the
suggested protocol according to the manufacturer’s instruc-
tions. After the 30 minutes incubation at room temperature,
the luminescence values were measured using an Infinite
Elisa Reader (Tecan).

Results and discussion
Spheroid formation assay
As previously mentioned, 12 cell lines were screened and
based on their ability to maintain a regular spheroid shape,
selected for further investigation. After growing the selected

lines for 1 day, the cells were centrifuged and transferred
onto the spheroid plate to observe spheroid formation.
Eight cell lines, A549, C2C12, HeLa, NIH3T3, U20S,
PA317, SH-SY5Y, and 293T, were chosen. GH3, DU145,
F9, and HEp2 did not maintain their spheroid form due to
a rapid doubling time and surface interferences. DU145
and F9 cell lines revealed irregular 3D-spheroid shape, see
Figure 1. HEp2 behaved similar to the HeLa cell line and
was not selected.

3D-spheroid cell anti-proliferation
screening with DXR

The selected 8 cell lines for 3D-spheroid cell anti-proliferation
assay with DXR were A549, C2C12, HeLa, NIH3T3, PA317,
SH-SYS5Y, U20S and 293T. Figure 2 shows the compiled
still photos of 8 cell lines 5 days after treatment with vari-
ous concentrations of DXR, 10, 20, 40, 80 and 320 uM, and
the other compiled shots at 1 and 3 days were included in
Figures S1 and S2. The real-time recording of entire experi-
ments will be presented in the Supplementary Video 1.
The size of the A549, HeLa, U20S and 293 T spheroids
became slightly larger with increasing concentrations of

DXR and the spheroid was maintained with irregular edges.
SH-SYSY spheroid revealed the most dramatic changes in
shape and size. The growth and ability to maintain the spher-
oid shape would be governed by the cell-cell interactions by
surface proteins, receptors and ligands through ECM. Even
after the composition of spheroids by centrifugation, the
cell—cell interactions will create new biochemical composi-
tions with different porosity of ECM, which would affect

Figure | Formation of 3D-spheroids after 3 days of culturing 12 cell lines: prostate (DU 145), testis (F9), embryo (NIH3T3), muscle (C2C12), embryonic kidney (293T),
neuroblastoma (SH-SY5Y), adenocarcinomic alveolar basal epithelial (A549), cervical cancer (Hela), Hela contaminant (HEp2), pituitary epithelial-like (GH3), embryo
(PA317) and osteosarcoma (U20S) cells. *Indicates eight cell lines selected for further DXR cytotoxicity study.

Abbreviation: DXR, doxorubicin.
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Figure 2 Compiled still shot photos of eight cell lines, NIH3T3, C2C12, 293T, SH-SY5Y, A549, Hela, PA317 and U20S in a 96 well plate, 5 days after doxorubicin treatment.
One well of 293T cells was contaminated and revealed dark coloration. Other dark colorations at DXR 320 uM were due to its high concentration.

Abbreviation: DXR, doxorubicin.

the shape and drug permeability. JuLl Stage continuous
monitoring system was employed to observe the cellular
changes over 5 days in the presence of various DXR concen-
trations, revealing physical changes. Since sizes and shapes
of NIH3T3, PA317 and C2C12 cell lines were not affected
by various concentrations of DXR, they were excluded in
the follow-up study. The dark colorations of the wells at
320 uM in all cell lines were due to high concentration of
DXR with red color.

The effects of DXR on the growth of 3D

spheroids in real-time

A549, HeLa, SH-SYS5Y, U20S and 293T spheroids were
selected for detailed study. All spheroids treated with DXR
were smaller in diameter after 5 days, which is documented in
Table 1 and their changes shown in Figure 3. No significant
difference in behavior was observed between spheroids
treated with 20 UM or higher concentrations of DXR. Over
a time frame of 156 hrs at 6 hrs intervals the effects of 0,
20,40 uM and 0, 10 and 20 uM DXR concentrations on the
viability of A549, HeLLa, U20S cell lines and SH-SY5Y and
293T cell lines were recorded.

Hela cells

The control HeLa spheroid without DXR was monitored and
its diameter grew continuously over the entire period from
360 uM at 0 hr to 519 uM at 156 hrs. Spheroids treated with
20 and 40 uM DXR grew faster than the control until
24 hrs, and the diameter of spheroids shrank slowly until the
end of the experiment. The changed diameter of DXR treated
spheroids with 20 and 40 UM concentrations were 43 UM and
32 uM, respectively. When the spheroids were monitored in
real-time, movements of cells were not visible after 24 hrs
from periphery of spheroid to the core. Spheroids retained their
shape in all concentrations of DXR, indicating that the ECM

Table | Changes in the size (LM) of spheroids

Cell line Doxorubicin (LM)

Control 0 10 20 40
Hela 1574 NA 26124 2519
A549 —140+1 NA —190+23 —188+14
293T 248+| -79+24 —34+15 NA
SH-SY5Y 1,251l 322+170 32948 NA
U20s —50+1 NA —136x1 —61+23

Abbreviation: NA, not available.
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Figure 3 Still shots of five spheroid cell lines after DXR treatment. Spheroids treated with DXR at 0, 20, and 40 uM for U20S, Hela and A549, and with 0, 10, and 20 uM

for SH-SY5Y and 293T at time 0 min (A) and 158 min (B).
Abbreviation: DXR, doxorubicin.

was maintained, even after cell death. DXR treatments did not
kill cells in the spheroids immediately, rather, it occurred after
24 hrs. These observations suggested that the internalization
of DXR would have been needed to cause cytotoxicity.

A549 cells

After 156 hrs of monitoring, the diameter of A549 spheroid
controls decreased by a total of 141 uM. During that time,
spheroids treated with 20 and 40 uM of DXR also decreased,
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shrinking by —206 uM and —178 UM, respectively, the rate of
shrinkage was faster in the treated spheroids compared with
the controls. Similar cellular movements were exhibited by
all controls and DXR treated spheroids for the first 24 hrs.
Arrests in cellular movements occurred from periphery to the
core, indicating that A549 cells would not sustain the cyto-
toxicity of DXR at even 20 uM. Similar to HeLa spheroids,
A549 spheroids retained their shape, supporting that ECM
was still intact.

293T cells

The 293T control spheroids grew continuously for 156 hrs
increasing in size by 247 WM. Spheroids grew slowly for 6 hrs
after treatment with 10 and 20 uM of DXR, then gradually
contracted, finishing 89 uM and 45 uM smaller compared
to the control. Cells at the periphery or the core of spheroids
seemed to be active throughout the experiment, suggesting
that DXR may stop cell division without complete cellular
arrest. Also, 293T cells could have resistance towards DXR,
or different metabolic processes for neutralizing DXR. The
spheroid shape was intact in all treated cells.

SH-SY5Y cells

When the control SH-SY5Y spheroid without DXR was
monitored for 156 hrs, the spheroid grew continuously from
798 UM to 2,048 uM. Spheroids treated with 10 and 20 uM
DXR grew faster than the control until 24 hrs from the start
of the treatments, where the diameters were 1,038 um and
1,249 um for treated cells with 10 and 20 uM and 847 uM
for the control. An interesting phenomenon was observed
only from DXR treated SH-SY5Y spheroids in comparison
with other spheroids in this study. Even though diameter of
DXR treated spheroids grew faster than the control, suggest-
ing faster growth, DXR treated spheroids started to dismantle
and cells became separated from each other, leading to cell

death. This observation suggested that ECM was digested
upon DXR treatment. The faster growth and delayed cell
death until 24 hrs from the start of treatment could be due
to the endocytosis of DXR, which needed to be internalized
into the cytosol to become effective. In addition, various
proteases could be released from the cells for the digestion
of ECM and death. Upon closer examination of DXR treated
spheroid with 10 uM, tiny cellular activities were observed
at the core until the end of experiment.

U20S cells

U20S spheroids behaved similar to other A549, Hela,
U20S and 293T spheroids. The difference in diameter for
the control spheroids was —49 uM, and cellular activities
were continuously observed until the end of the experi-
ment. Spheroids treated with 10 and 20 uM DXR shrank
by —15 uM and —47 uM, respectively. Cellular activities
were observed until 24 hrs from the start of treatment and
arrested afterwards; supporting that DXR could be effective
after endocytosis, which would require 24 hrs.

A summary of the observable effects of DXR on the
spheroid core, intermediate and periphery over time is shown
in Table 2. For A549 and SH-SY5Y, there were no distinct
periphery or intermediate regions. Proliferation in SH-SY5Y
was observed at the core periphery and intermediate regions.
Controls for U20S and 293T spheroids maintained a dis-
tinct periphery, intermediate and core over the course of the
experiment, whereas the HeLa control exhibited an observable
increase in cellular proliferation at the core and a loss in the
intermediate region. The effects of increasing concentrations
of DXR generally resulted in a densification of the spheroid
core, loss in the intermediate regions and a drop in observ-
able peripheral activity (motion). The advantage of spheroid
densification to the cells initially led to a reduction in drug
permeability and cellular ATP requirements. However, the

Table 2 The observable effects of DXR on multiple spheroidal cell lines over 24 hours

Cell line Spheroid Spheroid Spheroid Spheroid
periphery intermediate core expansion/motion
293T control Yes Yes Yes Yes/Yes
293T DXR 20 uM No No No No/Yes
A549 control Yes No Yes Yes/Yes
A549 DXR 40 uM No No No No/No
Hela control Yes No Yes Yes/Yes
Hela DXR 40 uM No No No No/No
SH-SYS5Y control Yes Yes Yes Yes/Yes
SH-SY5Y DXR 20 uM No No No No/No
U20S control Yes Yes Yes Yes/Yes
U20S DXR 40 uM No No No No/No

Abbreviation: DXR, doxorubicin.
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Figure 4 The effect of increasing doxorubicin (DXR) concentrations on U20S, Hela, SH-SY5Y, A549 and 293T spheroidal ATP activity after (A) | day (B) 3 days’ and

(C) 5 days’ incubation.

high concentrations of DXR used herein induced quite a
unique reaction from the SH-SYS5Y spheroids causing them
to rapidly expand then collapse in less than 24 hrs. From
the examination of the real-time data, SH-SY5Y spheroids
could be classified as “compact aggregate” similar to breast
carcinoma MDA-MB-231 spheroids, which had higher ATP
requirements than tight spheroids. The aggregate nature of this
type of spheroid coupled with the lack of an established periph-
ery would allow DXR to permeate very quickly throughout the
spheroid. However, the aggregates at the core (higher magni-
fication) did remain active for several hrs after the collapse,
which suggests the ECM within the aggregates themselves
limited the permeation of DXR, prolonging the activity of the
cells, and the ECM is heterogeneous in nature.

3D cell viability assay: measuring ATP
production in comparison with anti-

proliferation assay

DXR produces ROS, causing damage to mitochondria lead-
ing to decreased glutathione levels, mitochondrial membrane
depolarization, calcium release into the matrix and mitochon-
drial permeability transition pore opening and impairment
of ATP synthesis and decreased ATP levels. DXR induced
nephropathy would occur, when the drug interfered with
the mitochondrial activity, reducing the activity of com-
plexes I and IV. Figure 4 and Table 3 showed the change
in the metabolic activity of HeLa, A549, 293T, SH-SYS5Y,

and U20S spheroids incubated in increasing DXR concen-
trations for 1, 3 and 5 days. The same degree of sensitivity
from the 2D system did not translate to a 3D culture system,
resulting in higher IC50 values than the 2D system. These
varying sensitivities seen in both 2D and 3D systems to
DXR are most probably due to the under- or over-expression
of the BID which can sensitize certain cancer cell lines to
apoptosis. Recently it was reported that over-expression of
BID can strongly sensitize HeLLa, A549 and other cell lines
to DXR, and that the extent of sensitization of particular cell
lines by BID is specific for DXR and does not overlap with
those observed for TNF-related apoptosis-inducing ligand or
camptothecin.*! The difference in DXR sensitivities regarding
the 2 and 3D models is due to cells in the 2D model being
well oxygenated resulting in the rapid build-up of ROS when

Table 3 Comparison of doxorubicin IC50 values of A549,
293T, Hela, U20S, and SH-SY5Y spheroids and effects over the
incubation times

Doxorubicin 1C50 value (uM)

Cell cultures 2D 3D(day l) 3D (day3) 3D (day5)
A549 1.54 NR I 10.1

293T 2.6 NR 16.5 26

Hela 1.0% NR 1.2 9.6

U20S 0.34 NR 9.7 10.7
SH-SY5Y 0.08* 15 9.5 10

Sa0s-2 0.12"  0.3* NR NR

HOS 0.12% 254 NR NR

Abbreviation: NR, IC50 not reached.
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exposed to DXR. However the opposite is true for cells at the
spheroid core which makes them far more resistant.

After 24 hrs, 4 out of 5 of the spheroids did not show any
significant change in their metabolic activity, when incubated
with increasing concentrations of DXR. This observation
at the initial stage could be attributed to spheroid densification
and a reduction in drug permeability. However, the metabolic
activity of HeLa, A549, SH-SY5Y, and U20S spheroids at
Day 3 had essentially collapsed with the exception of 293T.
This trend was repeated on Day 5, except the metabolic activity
0f293T was improved. In vivo, the high level of DXR induced
peroxides would be expected to kill 293T (kidney cells)
causing them to leak proteins leading to glomerulosclerosis
and eventually kidney failure. Unlike the liver, the ability of
the kidney to regenerate itself is generally poor, reducing its
ability to heal itself even when glomeruli are damaged. Yet,
HeLa spheroids were effectively dead by Day 3, whereas 293T
spheroids (kidney cell line) remained active. In our humble
opinion, the increased metabolic resistance seen in 293T from
Day 3 to Day 5 could be attributed to enhanced ceramide
production and over-expression of glucosylceramide genes
(GCS). It might also be theorized that DXR increased ceramide
production by activating sphingomyelinase.>* Taken together,
these two processes were suspected to induce a positive feed-
back cycle through Spl, generating an anti-apoptotic force.
However, the most likely explanation for the high metabolic
activity seen with 293T could be that the cells were ABCBS8
mediated, and the genome of the mitochondria is protected
through an ATP binding cassette.

In conclusion, cytotoxicity of DXR against 3D-spheroids
of adenocarcinomic alveolar basal epithelial (A549), cervical
cancer (HeLa), neuroblastoma (SH-SYS5Y), osteosarcoma
(U20S), and embryonic kidney (HEK293T) cell lines were
investigated in real-time with JuLi Stage in comparison with
measuring ATP production. Continuous monitoring of 5 sets
of 3D-spheroid forms in the presence of DXR pointed out
that it needed to be internalized by endocytosis to be effective,
since all cytotoxicities of all spheroids were visible after 1 day
of the treatment. Performing 3D cell cultures, anti-proliferation
assay, apoptosis assays and other continuous monitoring of
experiments over many days would be beneficial in studying
wound healing, apoptosis, drug treatments, transfection effi-
ciency, stem cell differentiations and tissue engineering.
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