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ABSTRACT

Drug discovery has a 90% rate of failure because preclinical platforms for drug testing do not mimic the in vivo
conditions. Doxorubicin (DOX) is a commonly used drug to treat breast cancer patients even though it has side
effects. Lab-on-a-chip (LOC) devices provide spatial control at the micrometer scale and can thus emulate the
cancer microenvironment. Here, using a multidisciplinary approach, a new drug testing platform based on 3D
tri-culture in LOC devices was developed. Breast cancer cells alone or with normal mammary epithelial cells and
macrophages were cultured in matrigel in LOC devices. The platform was used to test DOX and (R)-4’-me-
thylklavuzon (KLA), which is a new anti-cancer drug candidate. Results showed that DOX and KLA were equally
effective on breast cancer cells in 3D monoculture. KLA produced 26% less death for breast cancer cells than
DOX in 3D tri-culture. More importantly, DOX was not selective between breast cancer cells and normal
mammary epithelial cells in 3D tri- culture whereas KLA caused 56% less cell death than DOX for normal
mammary epithelial cells. Results strongly recommend that 3D tri-culture in LOC devices be used for assessment

of drug toxicity at the preclinical stage.

1. Introduction

A critical problem in the development of effective disease treat-
ments is the lack of adequate model systems to identify drug targets,
screen toxicity, and predict clinical drug efficacy. Traditional animal
models or conventional cell cultures do not accurately mimic human
physiology, and thus tend to fail to recapitulate diseases and to predict
human responses to medical treatments. This is a major cause of drug
development failures late in clinical trials, resulting in expensive new
drugs, and lack of medication for some diseases. In addition, ethical
questions raised by animal use increase the pressure to minimize animal
experimentation. For these reasons, the pharmaceutical industry is
looking for new ways to improve the drug development process.

Pharmaceutical companies spend a tremendous amount of money
on research and development each year, reaching nearly $179B
worldwide in 2018 (Waters, 2019). The drug discovery process can take
12-15 years from the discovery stage to FDA approval. A cancer drug
can cost $2.6B. Discovery and pre-clinical stages together constitute
approximately 30 % of the total cost and time period of the whole
process (Woodcock and Woosley, 2008; Alterovitz et al., 2018;
Schuhmacher and Gassmann, et al. 2018).

Doxorubicin (DOX), extracted from Streptomyces peucetius var. cae-
sius, is a fluorescent anthracycline antibiotic derivative
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(Arcamone et al., 1969). DOX has been considered as one of the most
effective agents against breast cancer (Brenner and Brenner, 1983;
Namer, 1993). The mechanism of action of DOX has been previously
studied (Keizer et al., 1990; Wang, et al., 2004, 2006, Tacar et al.,
2013). Goniothalamin, which is isolated from Goniothalamus macro-
phyllus, is a component with selective cytotoxic properties against
cancer cells. Kasaplar et. al., modified the structure of goniothalamin
and synthesized a new molecule, a naphthalen-1-yl substituted o,-
unsaturated-8-lactone derivative and named it (R)-4’-methylklavuzon
(KLA), which has increased cytotoxic activity compared to the parent
molecule (Kasaplar et al., 2009, Tacar et al., 2015, Akcok, et al., 2017,
Kanbur et al., 2017). The mechanism of action of KLA has also been
previously studied (Akcok et al., 2017; Delman et al., 2019). The me-
chanism of action of both molecules, DOX and KLA, involves more than
one intracellular target. DOX can act through DNA intercalation, Topo
II inhibition and histone eviction. KLA can cause cell death by inhibi-
tion of CRM1, Topo I and SIRT I enzymes. What is more important is
that the exhibition of inhibition is different at the molecular level: DOX
is a reversible inhibitor and its reversible interaction with the sur-
rounding totally occurs by physical attractive and repulsive forces. On
the other hand, KLA is an irreversible inhibitor. It can make covalent
bonds with the nucleophilic parts of the macromolecules, including the
proteins of matrigel. Therefore, a new drug testing platform should be
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tested with both reversible and irreversible inhibitors. DOX is a very
well-studied drug and is used in the clinic despite its known toxicity.
Here DOX was chosen as the reference drug. The new drug candidate,
KLA, was also tested.

A tumor in the human body is not comprised of cancer cells in a
monolayer. First of all, a 3D setting exists. Cancer cells are also not in
void, but exist in a scaffold of extracellular matrix. In addition, the
tumor microenvironment is composed of many different cell types in-
cluding cancer cells, normal epithelial cells, fibroblasts, immune cells,
etc. (Ma et al., 2010). In order to obtain clinically relevant results in
drug testing, the microenvironment of the test platform should mimic
the in vivo conditions as best as possible (Miki et al., 2012). 3D cell
culture has already proven to be superior to 2D cell culture by many
studies. (Cukierman et al. 2001; Shield et al, 2009;
Hirschhaeuser et al., 2010; Edmondson et al., 2014). These studies
show that morphology, proliferation, exposure to medium/drugs, stage
of cell cycle, gene/protein expression and drug sensitivity are closer
between 3D culture systems and the in vivo conditions than that of 2D
culture systems. For example, drugs that appear effective in 2D turn out
to be less effective in 3D. What is more, presence of non-cancer cells has
also been shown to affect results of drug tests even in 2D cell culture
(Goers et al., 2014; Imamura et al., 2015; Duval et al.,, 2017;
Kasurinen et al., 2018). Furthermore, a test platform that can faithfully
mimic the in vivo condition in human tissues will significantly reduce
animal testing (Amelian et al., 2017).

Microfluidic or lab-on-a-chip (LOC) devices are increasingly being
used in pharmaceutical and life sciences (Wielhouwer et al., 2011;
Ziolkowska et al., 2011; Farooq et al., 2019; Oliveira et al., 2019;
Khajuria et al., 2020). LOC devices aimed at cellular studies require
only a few microliters of culture medium or cells suspended in culture
medium or cells mixed with a matrix or drugs diluted to their working
concentrations, and thus reduce both reagent consumption and waste
generation. LOC devices are portable, low cost, disposable and thus are
well suited for high throughput, industrially scalable assays. More im-
portantly, LOC devices provide spatial and temporal control, which is
translated into fabrication of physiologically relevant microenviron-
ments (Huh et al., 2011; Bhatia and Ingber, 2014; Popova et al., 2015).
LOC devices can play various critical roles in the early detection, di-
agnosis and treatment of cancer patients (Barata et al., 2016) and are
especially well suited for the preclinical stages of the drug discovery
process.

Mimicking a tumor perfectly in vitro is still ongoing work. Here we
aimed to mimic the dimensionality and the cellular diversity to move
away from a 2D cancer cell monolayer model and closer to a real tumor.
The platform developed in this work is based on previous literature that
shows (1) cellular response to drugs in 3D is more relevant to the in
vivo response when compared with the cellular response in 2D; (2)
cellular response to drugs in the presence of multiple cell types is more
relevant to the in vivo response when compared with the cellular re-
sponse in mono-cultures. Here, the focus is on the assessment of the
toxicity of drugs by examining cell death. Such an assessment is in-
dispensable in the preclinical stage and provides preliminary data for
the clinical stage. When the assessment of toxicity is performed in a
setting that is relevant to the in vivo conditions as much as possible,
better selected candidate drugs can be forwarded to the animal and
clinical studies.

2. Materials and methods

MDA-MB-231, MCF10A and RAW264.7 cells were obtained from
ATCC (LGC Standards, Germany). Cell culture materials were pur-
chased from Biological Industries (Israel). Doxorubicin (DOX) and
media supplements were acquired from Sigma Aldrich (Germany).
Dextran Alexa Fluor 488; 10 kDa (Cat No: D22910), Dextran Alexa
Fluor 680; 3 kDa (Cat No: D34681), CellTracker Green CMFDA Dye (Cat
No: C2925), CellTracker Blue Dye (Cat No: C2110) and NucRed Dead
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Fig. 1. Chemical structure of (R)-4-methylklavuzon (KLA).

647 Reagent (Cat No: R37113) were obtained from ThermoFisher
Scientific (USA). PDMS elastomer base and curing agent were pur-
chased from SYLGARD Dow Corning (USA).

2.1. (R)-4’-Methylklavuzon synthesis

(R)-4-methylklavuzon (Klavuzon) was synthesized through a three-
step procedure starting from 4-methyl-1-naphthaldehyde as described
in the literature (Delman et al., 2019). The synthesis started with the
asymmetric allylation of 4-methyl-1-naphthaldehyde by addition of
allyltrimethoxysilane in the presence of (R)-Tol-BINAP.AgF catalyst
(Yanagisawa et al., 1999). Afterwards, produced chiral homoallylic
alcohol was converted to acrylate ester by addition of acryloyl chloride
under basic condition. Ring closing metathesis reaction of acrylate ester
with 1st generation Grubbs' catalyst yielded (R)-4’-methylklavuzon
(Fig. 1).

2.2. Cell culture

MDA-MB-231 (breast cancer, triple negative, invasive) cells were
cultured in DMEM High Glucose supplemented with 10% fetal bovine
serum (FBS), 1% pen-streptomycin and 1% L-glutamine. MCF-10A
(normal mammary epithelial) cells were cultured in DMEM/F-12 sup-
plemented with 5% donor horse serum, 20 ng/ml EGF, 0.5 ng/ml hy-
drocortisone, 100 ng/ml cholera toxin and 10 pg/ml insulin. RAW
264.7 (macrophage) cells were cultured in RPMI1640 supplemented
with 10% FBS, 1% pen-streptomycin, 1% L-glutamine. Cells were in-
cubated at 37 °C with 5 % CO,.

2.3. Fabrication of lab-on-a-chip (LOC) devices

The LOC devices were fabricated as described previously
(Ozdil et al., 2014). Briefly, SU-8 molds were prepared by UV litho-
graphy. SU-8 molds were used for casting PDMS structures. PDMS
structures were bonded with glass surfaces after UV/ozone treatment.
The LOC devices were sterilized by UV light before cell culture ex-
periments. The LOC device had three parallel channels separated by a
series of trapezoid posts (Fig. 2) that acted as capillary burst valves
(Yildirim et al., 2014) which made it possible to load a matrix into the
middle channel without leakage into the side channels. Having a series
of posts instead of a solid wall between channels also allowed molecules
to move between channels. The width of the middle channel was not
constant due to the trapezoid shapes of the posts: The minimum and
maximum widths of the middle channel were 1 and 2 mm. The widths
of the side channels were 2 mm. The heights of all channels were ~ 295
um. Lengths of channels were 8 mm. Fig. 2 shows the LOC device used
and the experimental set-up. Please also refer to Supplementary Data
Movie 1 that shows loading of green colored water into a LOC device.

2.4. Diffusion in LOC devices

Diffusion in LOC devices was determined by fluorescence time lapse
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Fig. 2. LOC and experimental set-up. (A) Photograph of LOC fabricated on a
standard microscope slide. (B) Experimental set-up (i) Empty LOC. Lines ending
in arrows showed the widths of the side channels while line ending in points
showed the width of the middle channel. (ii) The middle channel of LOC was
loaded with cell-laden matrigel, which polymerized after 30 min. (iii) Side
channels of LOC were loaded with medium and incubated for 24 h (iv) Media in
side channels of LOC were changed with drug containing medium and in-
cubated for another 48 h. White and black lines with arrows show the inlet and
outlet ports. Yellow triangle represents a 20 pl pipet tip.

imaging. Matrigel was diluted to 4 mg/ml with culture medium, loaded
into the matrix channel and the LOC devices were incubated at 37 °C for
30 min for matrigel polymerization. Fluorescently labeled 3 and 10 kDa
dextran molecules were loaded into one of the side channels of the chip.
Final concentration of both of the dextran molecules was 0.1 mg/ml.
Culture medium was loaded into the other side channel. Images were
taken with a Leica SP8 confocal microscope with 5X magnification
every 5 min for a total of 60 min. Signals were detected in green and far
red channels with laser excitations at 488 and 638 nm and emission
windows of 500-540 and 650-780 nm. Images were analyzed with
ImageJ/Fiji. Permeability coefficients were calculated as described
previously (van Duinen et al., 2017).

2.5. Cell culture in LOC devices

MDA-MB-231 and MCF10A cells were stained with CellTracker
Green and CellTracker Blue dyes, respectively, one day before being
loaded onto the LOC devices. Cells were processed for passaging, re-
suspended in medium and mixed with matrigel (8 mg/ml) at a 1:1 ratio
and loaded into the middle channel. Both the mixture and the LOC
devices were kept on ice before and during loading. Cell-laden matrigel
loaded LOC devices were kept at 37 °C with 5 % CO, for 30 min to
allow for the polymerization of the matrigel. Culture medium used for
MDA-MB-231 cells was loaded into the side channels for both mono-
and tri-culture experiments. MDA-MB-231 cells were used for mono-
culture. MDA-MB-231, MCF-10A and RAW 264.7 cells were used at
1:1:1 ratio for tri-culture. Final total cell density in LOC devices was 10
x 10° cells/ml for all experiments. LOC devices were placed in sterile
petri dishes housing pieces of autoclaved filter paper wetted with sterile
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H,0 to help prevent polymerization.
2.6. Drug treatment

After 24 h in culture, media in the side channels of LOC devices
were replenished with culture media containing DMSO, DOX or (R)-4'-
methylklavuzon. DMSO was used as a solvent for both drugs. Final
concentrations of DOX and (R)-4’-methylklavuzon were 10 pM and
100 puM in the LOC devices, respectively. The LOC devices were kept in
culture for another 48 h.

2.7. Cell viability assessment via 3D imaging

After a total of 72 h in culture, NucRed Dead 647 reagent was added
to the side channels of LOC devices and incubated for 1 h. Z-stack
images of the cell-laden matrigel containing middle channels of the LOC
devices were acquired using a Leica SP8 Confocal microscope at 10X
magnification. Excitation laser and emission window wavelengths for
blue, green, red and far-red channels were 405, 488, 552, 638;
410-507, 493-556, 557-634, 643-776 nm, respectively. Blue, green,
red and far-red channels correspondingly showed MCF10A cells, MDA-
MB-231 cells, DOX and all dead cells.

2.8. Image analysis

ImageJ/Fiji was used for image analysis (Schneider et al., 2012)
(Schindelin et al., 2012). Apparent volumetric occupancy was calcu-
lated from area fractions of selected regions of interest in the top views
of 3D images. For death index analysis, a custom in-house written
macro was used. Here, Z-stack images were converted to sum projec-
tions and thresholded. The death index for each cell type was defined as
the ratio of the number of pixels that were positive for both signall and
signal2, to the number of pixels that were positive for signall. Signall
was the raw integrated fluorescent signal from cells of interest and
signal2 was the raw integrated fluorescent signal from all dead cells.

2.9. Statistical analysis

For all experiments, at least three biological and three technical
independent experiments were performed. The data were expressed as a
mean * s.e.m. Student's t-test was used for statistical analysis. A p value
of <0.05 was considered significant.

3. Results and discussion
3.1. Determination of diffusion profiles in LOC devices

To ensure that culture medium components and drugs to be added
to the side channels of the LOC devices can efficiently reach the cells in
the middle channel, the diffusion profiles of 3 and 10 kDa fluorescent
dextran molecules in the LOC devices (Fig. 3) were determined. The
middle channel was loaded with cell-free matrigel. After polymeriza-
tion of matrigel was complete, one of the side channels of the LOC
device was loaded with culture medium containing fluorescent dextran
molecules while the other side channel was loaded with culture
medium only. The bright areas in the images showed the fluorescence
signal of the dextran molecules. Both dextran molecules showed dif-
fusion from the side channel they were loaded into to the middle
channel with matrigel. As expected, the diffusion was faster when the
molecular weight of the dextran was smaller. 3 kDa dextran crossed
over the whole middle channel before the 10 kDa dextran (Fig. 3A, 3B).
The dashed line along the border of the source channel and the matrigel
showed the position for examining the distribution of fluorescence in-
tensities. A representative intensity profile for the 0 and 60 min time
points showed that there is a clear difference between the 3 kDa and the
10 kDa intensity profiles (Fig. 3C). Permeability coefficients of 3 and
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Fig. 3. Diffusion in LOC. Time lapse fluores-
cence images of (A) 3 kDa dextran in purple
and (B) 10 kDa dextran in green. Time points
are from 0 min. (top) to 60 min. (bottom). (C)
Intensity profiles for 3 and 10 kDa dextran
along the dashed lines in (A) and (B) for the 0
and 60 min. time points. (D) Permeability
coefficients for 3 and 10 kDa. Mean * s.e.m.
were shown. Scale bars 1 mm. (For inter-
pretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)
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10 kDa dextran were 80.89 + 4.07 and 15.10 + 1.63 cm/sec, re-
spectively, in agreement with previous studies (Kihara et al., 2013;
Thomas et al., 2017; van Duinen et al., 2017; Frost et al., 2019). These
results showed that the LOC devices allowed for diffusion of materials
between the side and middle channels. Thus culture medium compo-
nents can reach the cells embedded in the matrigel in the middle
channel and support their viability. What is more, the molecular
weights of DOX and KLA are 578.98 and 238.29 Da, respectively. These
drugs are ~ 10-fold smaller than the 3 kDa dextran, and therefore,
when loaded into the side channels, they can easily reach the cells in
the middle channel.

3.2. Determination of the effect of drugs on the viability of cells in 3D
monoculture in LOC devices

To confirm homogenous cell distribution in LOC devices,
CellTracker Green stained MDA-MB-231 cells mixed 1:1 with matrigel
were loaded into the middle channel of the LOC devices, side channels
were loaded with culture medium and LOC devices were maintained in
culture. Images of cells throughout the middle channel after 24 h
showed that cells were distributed evenly in the middle channel (Fig. 4,
Supplementary data Movie 2). 3D images at times indicated a slightly
increased cell density towards the glass bottom of the LOC devices,
possibly due to the fact that LOC devices were cultured with the glass
part at the bottom side. Rotation during matrigel polymerization can
therefore be preferred. Total cell density in LOC devices was 10 x 10°
cells/ml resulting in an optimal apparent volumetric occupancy of
45 + 4% of cells in matrigel.

To determine cell viability in monoculture in the presence and ab-
sence of drugs, MDA-MB-231 cells were first cultured in LOC devices for
24 h. Then, culture media in the side channels were replaced with fresh
media containing DMSO, DOX or KLA. Culture was continued for an-
other 48 h. Confocal imaging revealed the homogenous distribution of
cells in the x-y plane was maintained throughout the 72 h of culture
(Fig. 5, Supplementary data Movie 3, Fig. 7A). Dox was readily detected
in the red channel because it has fluorescent property (Karukstis et al.,
1998; Shah et al., 2017). Dead cells were detected in the far-red channel
via NucRed Dead 647 staining. Cells treated with DMSO did not show

significant signal in the far-red channel as expected (Fig. 5A, Fig. 7A).
On the other hand, DOX and KLA treated cells showed prominent far-
red signal (Fig. 5B, 5C, Fig. 7A). Quantification of images showed that
the death index for DMSO, DOX and KLA were 0.022 *= 0.006,
0.225 + 0.036 and 0.276 = 0.016, respectively (Fig. 7A). The death
indexes for DOX and KLA treated cells were significantly higher than
that for DMSO treated cells, as expected (p < 0.05). Actually, the death
indexes of DOX and KLA treated cells were 10 and 13 fold higher than
that for DMSO treated cells. These results showed that KLA was as ef-
fective as DOX in killing MDA-MB-231 cells in 3D mono-culture in LOC
devices; there was no statistically significant difference in the death
indexes between DOX and KLA treated cells.

3.3. Determination of the effect of drugs on the viability of cells in 3D tri-
culture in LOC devices

Cancer cells do not exist isolated in vivo. Therefore, determination of
any effects of drugs on other cell types is crucial. Here, 3D tri-culture in
LOC devices with and without drugs was performed. MDA-MB-231,
MCF10A and RAW 264.7 cells were mixed at 1:1:1 ratio and then with
matrigel before being loaded into the middle channel of LOC devices.
Then side channels were loaded with culture medium. LOC devices
were cultured for 24 h before the media in the side channels was re-
placed with fresh media containing DMSO, DOX or KLA and culture was
continued for another 48 h. Using confocal fluorescence microscopy,
MCF10A cells, MDA-MB-231 cells and all dead cells were detected in
the blue, green and far-red channels, respectively. RAW264.7 cells were
not labeled and thus were not visualized. Future work aims to include
other stromal cell types and label all cells to better dissect drug effects.

3D images showed that the homogenous distribution of cells in the
x-y-z volume was maintained throughout the 72 h of culture (Figs. 6,
and 7B). As was the case in 3D mono-culture, DMSO treated cells did
not show significant signal in the far-red channel corresponding to dead
cells (Figs. 6A, and 7B) whereas DOX and KLA treated cells showed
prominent far-red signal (Figs. 6B, 6C, 7B). To differentiate effects of
DOX and KLA on MDA-231 and MCF10A cells, quantitative image
analysis was carried out. The death indexes for DMSO, DOX and KLA
treated MDA-MB-231 cells were 0.074 *+ 0.021, 0.495 + 0.018 and
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Fig. 4. (A) 2D Phase contrast image of LOC with MDA-MB-231 cells mixed with matrigel and loaded into the middle channel (time point: 24 h). (B) 2D image of
CellTracker Green stained MDA-MB-231 cells in the same LOC. (C) 3D Top view of region of interest (ROI) in (A). (D) 3D Side view of ROI in (A). Scale bars 1 mm for

(A) and (B), 200 um for (C) and (D).

0.365 = 0.016, respectively (Fig. 7B). The death indexes for DOX and
KLA treated MDA-MB-231 cells in 3D tri-culture were both significantly
higher than for DMSO treated cells (p < 0.05). Actually, the death
indexes of DOX and KLA treated MDA-MB-231 cells were 7 and 5 fold
higher than that of DMSO treated cells. Compared with KLA treated
cells, DOX treated MDA-MB-231 cells had a 1.35-fold higher death
index (p < 0.05) revealing that KLA caused 26% less cell death for
MDA-MB-231 cells than DOX in 3D tri-culture in LOC devices.

The death indexes for DMSO, DOX and KLA treated MCF10A cells
were 0.052 = 0.013, 0.453 = 0.022 and 0.201 = 0.015, respec-
tively (Fig. 6B). The death indexes for DOX and KLA treated MCF10A
cells in 3D tri-culture were both significantly higher than for DMSO
treated cells (p<0.05). In fact, the death indexes of DOX and KLA
treated MCF10A cells were 9 and 4 fold higher than that of DMSO
treated cells. Compared with KLA treated cells, DOX treated MCF10A
cells had a 2.25-fold higher death index (p <0.05) revealing that KLA
caused 56% less cell death for MCF10A cells than DOX in 3D tri-culture
in LOC devices. The death index for DOX treated MCF10A and MDA-
MB-231 cells were not statistically different in tri-culture, showing that

DOX was not selective between cancer and normal mammary epithelial
cells. On the other hand, the death index for KLA treated MDA-MB-231
cells was 1.81 fold higher than for MCF10A cells (p <0.05), signifying
that KLA was more effective on cancer cells. It is desired that anti-
cancer drugs selectively act on cancer cells with minimum effects on
other cells. In this regard, KLA is a promising anti-cancer drug candi-
date.

Comparing 3D mono- and tri-culture results revealed that the death
index for DMSO treated MDA-MB-231 cells was higher in tri-culture
(p<0.05). In addition, both DOX and KLA induced 2.2 and 1.3 more
cell death in MDA-MB-231 cells in tri-culture than in mono-culture,
respectively (p<0.05). In mono-culture models, cells do not reflect
exactly the effect of drugs due to lack of stromal components in co-
culture conditions (Brancato et al., 2018).The difference between
mono- and tri-cultures observed here is probably due to the inter-
cellular interactions in tri-culture conditions (Kawada et al., 1999;
Betriu and Semino, 2018).

DOX is fluorescent, thus it is possible to quantify DOX uptake by
cells. Image analysis revealed that DOX wuptake indexes were
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Fig. 5. Confocal fluorescence images of MDA-MB-231 cells treated with (A) DMSO, (B) DOX, (C) KLA. Images in the left and right showed top and side views,
respectively. MDA-MB-231 cells, dead cells and DOX were shown in green, purple and red channels, respectively. Scale bars 200 um. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

0.37 =+ €0.046, 0.20 + €0.006 and 0.39 =+ €0.019, for MDA-MB-231
cells in mono-culture, MDA-MB-231 cells in tri-culture and MCF10A
cells in tri-culture, respectively. MDA-MB-231 cells had 1.81 fold more
DOX in mono-culture than they did in tri-culture (p <0.05) probably
due to the presence of other cells which also uptook DOX in tri-culture.
Interestingly, DOX uptake by MCF10A cell was 1.96 fold higher than
that by MDA-MB-231 cells in tri-culture (p <0.05). This is expected, yet
undesired, because cancer cells can transport intracellular drugs to the
extracellular media and even acquire drug resistance (Tredan et al.,
2007; Kibria et al., 2014; Au, et al., 2016; Moiseenko et al., 2017). Here,
the death indexes between DOX treated MDA-MB-231 and MCF10A
were not significantly different (Fig. 7B, 7C) showing that DOX was not
selective. However, DOX can affect phenotypes in cells other than cell
viability (Pilco-Ferreto and Calaf, 2016). Therefore, significantly more
uptake of DOX by normal cells is likely to cause other unwanted effects
than cell viability that was tested here (Davis et al., 2008;
Demaria et al., 2017; Renu et al., 2018). These results are in agreement
with in vivo studies for DOX. In vivo studies for KLA are a focus of future
work and are expected to correlate with the results reached here. KLA is
not a fluorescent molecule, and therefore its uptake by cells could not

be studied. Future work can benefit from fluorescent conjugates of KLA.

Previous studies show that 3D cultures reflect the patient profile
better than 2D cell cultures and different drug responses occur in 3D
versus 2D cultures (Bonnier, et al., 2015; Casey et al., 2016). In addi-
tion, it is known that the effects of the drugs differ even between mono-
and co-cultures. As the number of different cell types in the culture
increases, the physiological relevance increases (Goers et al., 2014;
Kasurinen et al., 2018). Furthermore, LOC devices enable local maxima
for factors secreted from cells and better mimic the fluid/matrix to cell
ratio observed in vivo (Paguirigan and Beebe, 2009). In the current
study, the drug testing platform was based on 3D cell culture in LOC
devices and mono- and tri-cultures were compared. Combination of 3D
mono- and tri-culture results reveal that comparison of DOX and KLA is
better performed in 3D tri-culture. In mono-culture, it was not possible
to examine drug effects on other cells. What is more, effectiveness of
drugs was different between mono- and tri- culture settings. 3D tri-
culture is a better mimic of the in vivo conditions, and results of this
study strongly recommend that 3D tri-culture rather than 3D mono-
culture be used for drug testing.
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Fig. 6. Confocal fluorescence images of MDA-MB-231, MCF10A and RAW264.7 cells treated with (A) DMSO, (B) DOX, (C) KLA. Images in the left and right showed
top and side views, respectively. MDA-MB-231 cells, MCF10A cells, dead cells and DOX were shown in green, blue, purple and red channels, respectively. RAW264.7
cells were not stained. Scale bars 200 pm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. Conclusion

In this study, using a multidisciplinary approach, a new drug testing
platform based on 3D tri-cultures in LOC devices was developed and
used to compare two drugs, namely doxorubicin (DOX) and (R)-4’-
methylklavuzon (KLA). Results showed that KLA was as effective as
DOX in 3D mono-culture. While KLA resulted in 26% less cancer cell
death than DOX in 3D tri-culture, the death index of KLA treated cancer
cells was still 5 fold higher than untreated cancer cells. More im-
portantly, KLA caused 56% less normal mammary epithelial cell death
than DOX in 3D tri-culture showing that it is a promising, selective anti-
cancer drug candidate. Collectively, the results clearly showed that cell
culture conditions such as cellular diversity and dimensionality mod-
ulate effects of drugs.

The lack of adequate preclinical models is a major cause of the 90%
failure rate in the drug discovery process. Therefore, development of
platforms that can mimic the in vivo tissue microenvironment is an
urgent need. This study developed, using a multidisciplinary approach,
a platform based on 3D tri-culture in LOC devices. The platform pro-
vided physiologically relevant microenvironment and was able to

realistically differentiate effects of drugs. Results strongly recommend
that 3D tri-culture in LOC devices be used for assessment of drug
toxicity at the preclinical stage.

The new platform can be used in future studies that perform high
throughput comprehensive screens that include not-yet-characterized
new molecules.
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