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ARTICLE INFO ABSTRACT

Edited by Dr. A.M Tsatsaka Two-dimensional (2D) culturing of cancer cells has been indispensable for the development of anti-cancer drugs.
Drug development, however, is lengthy and costly with a high attrition rate, calling to mind that 2D culturing
does not mimic the three-dimensional (3D) tumour microenvironment in vivo. Thus, began the development of
3D culture models for cancer research. We have constructed a 3D 96-well plate using electrospun fibres made of
biocompatible polycaprolactone (PCL). Finely-cut PCL fibre pieces in water/ethanol solution was pipetted to the

wells of hydrophobic 96-well plates. A fibrous network of approximately 200 pm thickness and high porosity was
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Multi-well plates formed after crosslinking and drying. Human JIMT-1 breast cancer cells or fibroblasts were seeded into the
Hypoxia network. Confocal microscopy shows that the cells grow throughout the fibre network. The toxicity of paclitaxel

and an experimental salinomycin analogue was assessed and compared in 2D and 3D cultures incubated under
conditions of normoxia and hypoxia often found in tumours. The toxicity of both compounds is lower when the
cells are cultured in 3D compared to 2D in either normoxia or hypoxia. We conclude that our 96-well assay is a
cost-efficient tool that may be used for high-throughput pre-clinical screening of potential anti-cancer

compounds.

1. Introduction

The high-throughput screening (HTS) concept in drug discovery
using microtiter plates was introduced in 1986 [1]. Before too long, HTS
was applied to two-dimensional (2D) cell cultures in multi-well settings
to efficiently screen thousands of compounds for the discovery of
chemical compounds in the search for new drug candidates. 2D cell
culturing has without doubt resulted in a wealth of valuable insight and
information contributing to the understanding of the mechanism of
action and toxicity of chemical compounds that potentially could be
used in the treatment of various diseases. At the same time, it is well
known that the pre-clinical drug discovery process is a slow and costly
business and it’s high attrition rate has partly been attributed to the
morphological and functional difference between 2D cell culturing of
single cell types grown on planar rigid plastic surfaces compared to the
three-dimensional (3D) structure in the human body. As a result, sig-
nificant efforts have been put into developing 3D cell cultures that can
be used as tools in early drug development stages during the last two
decades. The scientific basis of this work is the realization that 2D cell

culturing lacks the in vivo tissue-specific architecture with cell-to-cell
and cell-to-matrix communications, including mechanical and
biochemical cues involved in these interactions [2,3].

A wide range of 3D cell culture technologies for drug discovery are
under development including multicellular spheroids, organoids, scaf-
folds, hydrogels, organs-on-chips, and 3D bioprinting [4]. One impor-
tant aspect of 3D cultures is the consideration of the extracellular matrix
(ECM) as a crucial feature in the formation of a 3D cellular organization
and structure similar to the properties of the microenvironment in vivo
[5]. Scaffold-based 3D cultures made of natural or synthetic materials
can be used to ensure cell-to-cell contact, ECM deposition, proliferation,
3D morphology, and polarization of the cells [6]. On the other hand,
scaffold-free 3D cell cultures rely on the self-aggregation of cells by the
contribution of their own secreted ECM. 3D multicellular spheroids and
organoids have so far been successfully used for screening of large li-
braries of chemical compounds [7,8]. However, there is ongoing dis-
cussions concerning the efficiency of the application of spheroids and
organoids in HTS but also the limitations related to consistency in size
and morphology, robustness, labour intensity, and time consumption [9,
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10]. Therefore, the development and application of robust HTS 3D cell
culturing still remains a challenge. So far, there has been no 3D system
that seems to “fit all” in the same manner as 2D cell culturing has been
used in HTS drug discovery. Neither are there any 3D HTS assays yet that
have been proven to predict in vivo toxicity and at the same time be truly
biologically relevant. Thus, there is room for more ideas to be exploited
in the search for an optimal 3D HTS assay that will result in better
pre-clinical drug prediction than is obtained today.

Many of the scaffold-based 3D assays utilize natural products derived
from animals such as collagen, gelatine, and Matrigel™, which are
ethically questionable [11]. In addition, these components display large
batch-to-batch variations, which is specifically apparent regarding
Matrigel™ owing to its complex, ill-defined, and variable composition
[12]. We have utilized biocompatible electrospun polycaprolactone
(PCL) fibres as a 3D scaffold for formation of 3D mono-cultures of cancer
cells or fibroblasts [13,14] and also 3D co-cultures of cancer cells and
fibroblasts [15]. However, our previously investigated 3D scaffold
structures cannot be down-scaled to be used in multi-well plates. To
address this, we decided to develop a 96-well plate with a 3D PCL-based
fibre network that can be produced without advanced instruments or
expertise in a cost-efficient manner. In the present study, we compare
the toxicity of paclitaxel and a salinomycin analogue in JIMT-1 breast
cancer cells and human dermal fibroblasts (HDFs) grown in conven-
tional 2D 96-well plates and in our 3D PCL-based 96-well plate incu-
bated under both normoxic and hypoxic conditions. We included
hypoxic conditions for two reasons. Firstly, it is well known that tumours
contain regions of hypoxia and that they contribute to drug resistance
[16,17; Trédan et al., 2007]. Secondly, knowing this fact, there is sur-
prisingly scarce information about HTS of anti-cancer drugs in hypoxia.
The JIMT-1 cancer cells and HDFs show differential toxicity in response
to the compounds in cultures incubated in normoxia or hypoxia, where
cells in 2D cultures are more sensitive to treatments compared to those
in 3D cultures under both conditions. We believe that this 3D 96-well
assay can complement and contribute to better selection of potential
anti-cancer drugs compared to the 2D HTS assays used today.

2. Materials and methods
2.1. Electrospinning of aligned PCL fibres

The PCL fibres were prepared according to Jakobsson et al. [13],
however, using a rotating collector. The biocompatibility of the fibres is
investigated and discussed in Malakpour-Permlid et al. [14]. The mean
fibre diameter size obtained is 500 nm [13]. In short, a 15 % PCL so-
lution was prepared by dissolving PCL pellets (80 kDa) (Sigma-Aldrich
Sweden AB, Stockholm, Sweden) in acetone overnight at room tem-
perature. The electrospinning process was performed horizontally using
a syringe pump (Aladdin-1000, World Precision Instruments, Sarasota,
FL, USA) set at a continuous flow rate of 2.0 mL/h, a high voltage power
supply (+16 kV) (FuG Elektronik GmbH, Schechen, Germany), and a
blunt needle tip-collector at a distance of 20 cm. The aligned fibres were
deposited and collected on a rotating collector with 15 cm diameter and
a controllable rotation speed of 1500 rotations per minute at room
temperature.

2.2. Preparation of polycaprolactone 3D meshes in 96-well plates

The electrospun PCL fibres were kept at —80 °C. Also, a mixture of
99.6 % ethanol and Millipore water (2:1) was stored at —80 °C. The PCL
fibres were quickly cut into smaller pieces and mixed into the semi-solid
ethanol/water mix at a concentration of 4 mg PCL fibre per ml solution.
The mixture was stored at —80 °C overnight. The semi-solid PCL
ethanol/water mixture was scoped into the sterilized Waring LB20ES
laboratory mixer (Radnor, PA, USA) placed in a laminar air flow (LAF)
bench. The cutting process was performed at maximum speed for 15
min. At approximately 3 min intervals, the mixer was stopped and liquid
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nitrogen added (10 mL per 100 mL mixture). The purpose of the liquid
nitrogen addition was to keep the temperature of the mixture below —60
°C, the glass transition point of PCL. Then, the solution was removed
from the blender to a reservoir. A multi-pipette was used to pipette 150
pL of the solution to the wells of round-bottomed hydrophobic 96-well
plates (Nunc, Roskilde, Denmark) only filling rows B-G and columns
1-11. The plates were then incubated without the lids at 59 °C for 7 min
and immediately placed on ice afterwards. The plates were then allowed
to dry in a LAF bench. The PCL mesh-incorporated 96-well plates were
subjected to Oy plasma treatment for 10 s in a ZEPTO low-pressure
plasma laboratory unit (Diener electronic GmbH Co., Ebhausen, Ger-
many) to obtain hydrophilic fibres [14]. Then, the plates were sterilized
in 99.6 % ethanol for 15 min and they were then rinsed three times with
sterile phosphate-buffered saline (PBS) before seeding cells.

2.3. Scanning electron microscopy

After preparation and Oy plasma treatment, 3D PCL fibre meshes
from different 96-well plates were extracted from the wells and sub-
jected to dehydration in an hexamethyldisilane (HMDS) series (25 %, 50
%, 75 %, and 100 %) for 15 min in each step. Then, they were left to dry
at room temperature overnight before mounting on aluminium stubs
using adhesive carbon tape. The samples were then sputter-coated with
a thin layer of gold using a Cressington 108auto sputter coater (Cres-
sington Scientific Instruments Ltd.) for 55 s at 20 mA. The 3D fibre
meshes were visualized with a scanning electron microscope (SEM)
(Model SU3500, Hitachi, Krefeld, Germany) and images were captured
at an accelerating voltage of 5 kV. Three replicates were imaged and 3-5
images taken per replicate.

2.4. Cell lines

The human breast carcinoma cell line JIMT-1 was purchased from
the German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany). The cells were tested for mycoplasma during
the experimental period and were found to be negative (Eurofins Sci-
entific, Cologne, Germany). HDFs were purchased from Sigma-Aldrich
Sweden AB (Stockholm, Sweden). The HDFs were maximally used for
up to 7 passages. The cell lines were cultured in Dulbecco’s modified
Eagle medium/Ham’s F-12 (1:1) supplemented with 5 % heat-
inactivated donor herd horse serum (DHHS) (Sigma-Aldrich Sweden
AB), 5 pg/mL insulin (Sigma-Aldrich Sweden AB), 10 ng/mL epidermal
growth factor (Lonza, Basel, Switzerland), 0.5 pg/mL hydrocortisone
(Sigma-Aldrich Sweden AB), 1 mM Na-pyruvate (Sigma-Aldrich Sweden
AB), 50 pg/mL transferrin (Sigma-Aldrich Sweden AB), 2 mM L-gluta-
mine (VWR, Lund, Sweden), 1 mM non-essential amino acids (VWR),
100 pg/mL streptomycin (VWR), and 100 U/mL penicillin (VWR). The
cell lines were maintained in a humidified incubator (95 % humidity)
with 5 % COs in air at 37 °C (CO incubator). The cells were passaged
twice a week using Accutase™ (Sigma-Aldrich Sweden AB).

2.5. Compounds for treatment

The salinomycin analogue 20-ethyl carbonate-Na (SAEC) was kindly
provided by Bjorn Borgstrom and Daniel Strand at the Centre for Anal-
ysis and Synthesis, Department of Chemistry, Lund University [18,19].
SAEC was used because of its higher toxicity and anti-cancer stem cell
specificity compared to the mother compound salinomycin [18,19]. A
10 mM stock solution was made in 100 % dimethyl sulfoxide (DMSO),
which was stored at —20 °C. A serial dilution using PBS with 5000, 2500,
1000, 500, 10, 50, and 10 nM concentrations was prepared and used.
The conventional chemotherapeutic drug, paclitaxel was obtained from
Tocris Bioscience (Abingdon, United Kingdom). A 100 mM stock solu-
tion was made in 100 % DMSO which was stored at —20 °C. A serial
dilution using PBS with 8000, 2000, 500, 125, 31.2, 0.78, and 0.19 nM
concentrations was prepared and used.
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2.6. Dose response assay

The cells were detached using Accutase™ Sigma-Aldrich Sweden AB
(Stockholm, Sweden) and counted in a hemocytometer. Cell suspensions
were made with 7000 cells per 180 pL growth medium (2D cell
culturing) and 21,000 cells per 180 pL growth medium (3D cell
culturing). The cell suspensions were added to the custom-made 3D PCL-
based 96-well plates and to conventional flat-bottomed 96-well 2D
plates (Nunc, Roskilde, Denmark). The plates were incubated for 24 h
before addition of the compounds at the concentrations described above.
The compounds were added in 20 pL aliquots resulting in 10 times di-
lutions. Control wells received PBS with 0.05 % DMSO for SAEC and
0.008 % DMSO for paclitaxel yielding final DMSO concentrations of
0.005 % and 0.008 % DMSO, respectively. The plates were then trans-
ferred to the regular CO5 incubator (5 % CO4 and 18 % O, in air) [20] or
to a hypoxia station Don Whitley Hypoxia station (Don Whitley Scien-
tific, Victoria Works, United Kingdom) set at 1 % Oy [21]. After 72 h of
incubation, MTT solution was added (Sigma-Aldrich Sweden AB: 20 pL
of 5 mg/mL MTT in PBS) and the plates incubated for 2 h. The MTT
containing medium was removed and DMSO was added to the plates
(100 pL/well for 2D plates and 150 pL/well for 3D plates). The plates
were shaken on a lab shaker protected from light. The absorbance in the
2D plates was measured after 15 min of incubation. The 3D plates were
shaken for 2 h to dissolve all formazan crystals in the 3D mesh. Then,
100 pL of the DMSO solution with dissolved formazan was transferred to
a flat-bottomed 96-well plate and the absorbance was measured at 540
nm in a Multiskan™ FC Microplate Photometer (Thermo Fisher Scien-
tific, Lund, Sweden) using the software SkanIt 3.1. Background was
obtained from 2D flat wells and 3D wells with fibre mesh that did not
contain cells. This background was subtracted from all values obtained
from wells with cells. At least three experiments were performed for
each condition with 3—-6 wells per concentration (a total of n = 12-18 for
each concentration from three experiments). GraphPad Prism version 8
(GraphPad Software, La Jolla, CA, USA) was used for drawing dose
response curves and calculating the ICsq values, i.e. the dose giving 50 %
reduction in MTT readout which is supposed to reflect a 50 % reduction
in cell number.

2.7. Cells for confocal microscopy imaging

JIMT-1 cells and HDFs were also seeded in 3D 96-well plates for
confocal microscopy imaging as described above for the dose response
curve assay. In addition, we co-seeded 15,000 JIMT-1 cells and 15,000
HDFs in 180 pL medium to obtain co-cultures. These cultures were fixed
in 3.7 % formaldehyde at 4 days after seeding i.e. they were equivalent
to the controls used in the MTT dose response assays.

2.8. Staining of cultures

The fixed cultures were washed three times with PBS before blocking
and permeabilization with blocking buffer (1 % bovine serum albumin
and 1 % Tween 20 in PBS) at room temperature for 1 h. For the labelling,
different antibodies were used. To label CD44 on JIMT-1 cells, the pri-
mary rabbit anti-CD44 antibody (ab189524, 1:300) (Abcam, Cam-
bridge, United Kingdom) was used. HDFs in mono- and co-cultures were
stained with the primary mouse anti-vimentin antibody (ab8069, 1:500)
(Abcam, Cambridge, United Kingdom). Vimentin was used to distin-
guish JIMT-1 cells from the HDFs in co-cultures. The samples were
incubated overnight at 4 °C with the primary antibody followed by
washing three times with PBS, and incubation for 2 h at room temper-
ature with the secondary antibody Alexa Flour™ 594 goat anti-rabbit
(A11037, 1:600) (ThermoFisher Scientific, Waltham, MA, USA) or
Alexa Flour™488 goat anti-mouse (A11029, 1:1000) (ThermoFisher
Scientific, Waltham, MA, USA). Then, the cultures were washed three
times with PBS and the cell nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI) (1 pg/mL PBS) (ThermoFisher Scientific, Waltham,
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MA, USA) for 2 min at room temperature.
2.9. Confocal microscopy

The stained samples were mounted with RapiClear® 1.49 clearing
agent (10 pL) (SunJin Lab Co., Hsinchu, Taiwan) on glass cover and
images were taken with Leica SP8 DLS inverted confocal laser scanning
microscope (Leica Microsystems, Wetzlar, Germany) using 20x/0.75
IMM oil immersion objective. At least three replicates were imaged for
each culture condition and 3-7 images taken per replicate.

3. Results
3.1. Characterization of the PCL fibre network

We aimed to create an HTS-compatible 3D 96-well plate that can
replace the standard 2D 96-well plate for cytotoxicity evaluation of
compounds and that can be fabricated in any standard cell culturing
laboratory to a low cost. Fig. 1A shows the polystyrene round-bottomed
96-well plate with incorporated 3D PCL fibre networks. Due to the hy-
drophobic nature of PCL, the plates were subjected to O plasma treat-
ment before seeding to obtain hydrophilic PCL fibres to allow efficient
attachment [14]. Similar to conventional 2D cell seeding in 96-well
plates, the cells were seeded in columns 2-11, rows B-H. The 3D PCL
network wells in column 1 containing only media is used for background
correction.

The PCL fibre network in the 96-well plates was fabricated by adding
a solution of finely-cut PCL fibres in ethanol/water to the wells,
thermally-crosslinking the fibres, and drying at room temperature af-
terwards. SEM was used to investigate the topography and distribution
of the 3D fibre network and also to evaluate the pore size of the 3D
network (Fig. 1B). SEM analysis revealed different PCL fibre
morphology including larger fibres as well as densely packed areas with
thin fibrils that form the network. The mean pore area is approximately
50 um?. The thickness of the native fibre network without cells is around
200 pm (206 pM =+ 19 (SEM) for n = 12 images from 3 replicates)
(Fig. 1Q).

3.2. Morphology and distribution of cells in the HTS PCL fibre network

First, we studied the morphology, distribution, and infiltration of the
cells in the 3D HTS fibre network 96 h after seeding. 3D fibre networks
with non-treated cells were removed from the wells and were viewed in
the confocal microscope after fixation and labelling/staining (Fig. 2).
The cells were detected by immunostaining with specific markers for
cancer cells and HDFs, i.e. CD44 and vimentin, respectively. In addition,
we decided to co-culture JIMT-1 cells and HDFs to analyse the possi-
bility of using the 3D 96-well plates in order to recreate a more tumour
realistic setting. However, we have not performed MTT assays on co-
cultures as the readout does not distinguish between treatment effects
on the different cell types and it needs to be further optimized. Fig. 2
shows images taken in the centre of 3D fibre networks extracted from
96-well plates. As shown previously, the JIMT-1 cells are found growing
in tight clusters of different sizes while the HDFs spread out along the
PCL fibre network in both normoxia and hypoxia [14]. When
co-cultured, the JIMT-1 cancer cells grow in irregular clusters sur-
rounded by the fibroblasts in 3D fibre networks incubated in either
normoxia or hypoxia (unpublished results). This growth pattern has
been observed previously by Jaganathan et al. [22].

Confocal microscopy z stack imaging shows distribution and infil-
tration of cells throughout a depth of approximately 100 pm in the 3D
fibre network 96 h after seeding. Fig. 3 shows seven confocal plane
images taken at different z levels of JIMT-1 cells grown in 3D cultures in
normoxia (Fig. 3A) or hypoxia (Fig. 3B) indicating the depth of the 3D
culture. Therefore, the HTS PCL fibre network with a mean pore size of
50 pm, provides adequate spacing and porosity for cell penetration and
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Fig. 1. Image of the 96-well plate with 3D PCL-based fibre network (A), a scanning electron microscopy image of the top view (B), and cross-sectional view (C) of the
fibre network extracted from a well. Scale bars are 300 pm (B) and 400 pm (C). Images B and C are representative of 3 replicates.

ingrowth. JIMT-1 cells were observed with mean infiltration depth of
112 + 8.5 pm (n = 10) in the z direction into the HTS 3D fibre network
both in hypoxia and normoxia. This depth of cellular growth is lower
than the filter thickness shown in Fig. 1C, however, there is some
compression by the cells and handling of the fibre networks during
staining as we have observed previously [14].

3.3. Toxicity of anti-cancer compounds in 2D and 3D cultures

Figs. 4 and 5 show dose response curves of combined data deduced
from three independent experiments for HDFs and JIMT-1 cells,
respectively. The cells were treated with different concentrations of
SAEC or paclitaxel grown in normoxia or hypoxia. The individual dose
response curves from the independent experiments are found in Sup-
plementary Figures S1 and S2. An inhibitory concentration 50 (ICsq) was
extracted from each independent dose response curve, and the means
and SEM are shown in Table 1 for SAEC and Table 2 for paclitaxel. The
dose response curves show that both treatments resulted in dose
dependent decrease in MTT reduction in both cell lines when grown 2D
and 3D (except for SAEC-treated HDFs in hypoxia) (Figs. 4 and 5). All
curves obtained from 2D cultures are found to the left of curves obtained
from 3D cultures implicating lower toxicity of the compounds on cells in
3D cultures.

Table 1 shows that the ICs( values for SAEC are higher when the cells
are cultured in 3D compared to 2D cultures. Notable is also that the
toxicity of SAEC is higher in normoxia compared to hypoxia with the
exception of JIMT-1 cells in 2D. Thus, SAEC is more toxic to cells grown
in 2D cultures compared to cells grown in 3D cultures.

Table 2 shows that the ICgq values for paclitaxel are higher when the
cells are cultured in 3D compared to 2D and that the ICsy values are
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higher in hypoxia compared to normoxia. Thus, paclitaxel is more toxic
to cells cultured in 2D compared to cells cultured in 3D.

4. Discussion

Performing 2D dose response assays is a routine procedure in most
laboratories working with chemicals to deduce dose ranges of toxicity in
various contexts from basic research to chemical safety. Most commonly
so far, commercially available 2D 96-well plates are used for dose
response assays using various end point read outs based e.g on protein
content (sulforhodamine blue assay), cellular metabolism (MTT, Ala-
marBlue™, and WST assays), or lysosomal activity (neutral red uptake).
In an HTS industrial contexts, dose response assays are performed effi-
ciently by using 384- or 1536-well plates designed and manufactured for
robotic handling. However, the large failure rate of 2D-based data to
predict pre-clinical compound efficiency has called to mind that 2D cell
cultures actually do not mimic 3D in vivo physiology. Thus, the past
decades have witnessed significant efforts toward the development of
3D cell cultures that hopefully better mimic tissue-specific architecture
with multiple cell types and unique ECM, which consider mechanical
and biochemical cues, cell-to-cell, and cell-to-matrix interactions. These
3D models should have the capacity to be reproducibly used in small and
large laboratories and importantly can be applicable to HTS settings.
They should also be used with a minimum of animal-derived products in
the wake of governments suggesting the reduction of animal experi-
ments. Here, we present the development of an HTS-compatible 3D PCL-
based 96-well plate that can be produced in any standard laboratory
with access to electrospinning equipment to fabricate PCL fibres or
possibility to purchase commercially available PCL fibres.

In the process of producing the 3D fibre network, we observed that it
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JIMT-1 + HDF

Fig. 2. Single confocal microscopy plane images taken horizontally in the centre of 3D mono-cultures of JIMT-1 cells (A,B), HDFs (C,D), and co-cultures of both cell
lines (E,F) incubated in normoxia (18 % O5) (A,C,E) or hypoxia (1 % O3) (B,D,F). All the cultures were incubated in 3D 96-well plates for 96 h under normoxic or
hypoxic (24 h of normoxia and 72 h of hypoxia,) conditions. The PCL-fibre networks were then extracted from the wells and the cultures were fixed in 3.7 %
formaldehyde and labelled to visualize CD44 (red), vimentin (green), and cell nuclei (blue). All images are representative of 3 independent experiments. Scale bar

indicates 50 pm.

was important to keep the fibres at a temperature lower than or close to
the PCL polymer glass transition temperature (—60 °C) in order to pre-
vent the fibres to lump together due to their “stickiness” at higher
temperatures [23]. Thus, the aligned PCL fibres were kept at —80 °C
throughout the preparation procedures before being submerged into the
ethanol/water solution at —80 °C (on dry ice). Then, the cold solution
was transferred into the sterilized and cooled mixer (by adding liquid
nitrogen) kept in a laminar flow hood bench. To ensure the solution
stayed below —60 °C during the cutting of the PCL fibres into small
pieces, liquid nitrogen was added. However, liquid nitrogen addition has
to be carefully controlled to prevent complete freezing of the mixture,
which hinders the cutting process by the mixer. The obtained homoge-
nous PCL solution can then be pipetted at micro volumes into 96-well
plates using a multichannel pipette. It is preferable to pipette the PCL
solution into the wells of 96-well plates while the solution is still cold.
The 96-well plates with the PCL solution were allowed to reach room
temperature (1 h) before thermally cross-linking. The cross-linking time
of 7 min at 59 °C was found to be optimal for preparation of 3D fibre
networks with stability to allow extraction from the wells for visuali-
zation by SEM. Longer cross-linking times resulted in agglomeration of
the fibres into a dense structure. The 3D 96-well plates were subjected to
O, plasma treatment before sterilization, cell seeding, and compound
treatment as described in Materials and Methods section. For evaluation
of the dose response testing, we used the MTT colorimetric assay which
is based on the reduction of MTT by cellular metabolism resulting in the
formation of insoluble formazan in the cells [24]. As each cell is assumed
to reduce the same amount of MTT, the total amount of formazan pro-
duced should be proportional to the cell number. To be able to obtain
data from the formazan crystals, the medium is removed and 100 %
DMSO is added to the wells to dissolve the formazan into a coloured
solution. For 2D experiments, the cultures are incubated for approxi-
mately 15 min for cell lysis in order to obtain a homogenous purple blue
solution for measurement of absorption in a spectrophotometer. How-
ever, we found that 3D cultures need to be incubated for 2 h to ensure
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complete cell lysis and formazan solubilisation. In addition, it is not
possible to measure absorption directly in the round-bottomed 3D
96-well plates as the filters disturbed the light path of the spectropho-
tometer. Thus, the DMSO solution was transferred to new flat-bottomed
96-well plates before absorbance measurements in a spectrophotometer.
In conclusion, it should be feasible for any laboratory to produce these
3D 96-well plates for screening of chemical compounds. We believe this
system can be adapted to 384-and 1536-well microtiter plates as well as
it is possible to pipette small volumes of the PCL fibre solution.

SEM imaging shows that the PCL fibre size and the porosity of the 3D
filters are compatible with the PCL fibres in a number of published pa-
pers [13,14,25-27]. We show confocal microscopy images of the cells
grown in the fibre network of the 3D 96-well plate (Figs. 2 and 3). The
cells grow in a 3D manner similar to what we have observed before in
another type of 3D PCL-based culture set up [14]. Thus, with the
confirmation of a 3D growth of cells in the 96-well plates using z stack
measurements, we further proceeded to treat the JIMT-1 and HDF
mono-cultures with compounds and compared the toxicity in 2D and 3D
cultures incubated in normoxia and hypoxia.

We opted to choose paclitaxel since it is a well-established chemo-
therapeutic drug used in the clinic for the treatment of different cancers
[28]. There are also many studies comparing paclitaxel toxicity in 2D
and 3D cultures [29-32]. Furthermore, several other studies investi-
gated the potency of paclitaxel in 2D cultures under normoxic and
hypoxic conditions [33,34]. In addition, we used the experimental sal-
inomycin analogue SAEC in our study [19]. Salinomycin was identified
in HTS 2D cultures for selective breast cancer stem cell (CSC) inhibition
[35] and has subsequently been shown to effectively inhibit CSCs and
induce apoptosis in many cancer types [36]. Since the discovery of
salinomycin, extensive research has been ongoing to chemically modify
salinomycin to increase bioactivity. SAEC belongs to a group of the most
bioactive and potent semi synthetic salinomycin analogues so far ob-
tained by selective chemical modification strategies [18,19]. The
JIMT-1 cell line was chosen on the basis of our prior long-time
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Fig. 3. Focus stacking images of 3D cultures of JIMT-1 cells in normoxia (18 %
0) (A) and hypoxia (1 % O5) (B). The cultures were fixed in 3.7 % formal-
dehyde after 96 h incubation (for the hypoxic culture, 24 h of normoxia and 72
h of hypoxia) and labelled to visualize CD44 (red) and cell nuclei (blue). Seven
confocal plane images were obtained showing the depth of 98 pm and 103 pm
in representative cultures incubated in normoxia and hypoxia, respectively.
Scale bars are 100 pm.
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experimental knowledge of this cell line in the search for new
anti-cancer chemicals in 2D dose response testing [18,37-39]. We have
established 3D mono-cultures of the JIMT-1 cells and HDFs [14] as well
as co-cultures of the two cell lines and investigated toxicity of paclitaxel
and SAEC. However, the 3D cultures used in previous studies are not
scalable to microtiter plates and therefore cannot be used for dose
response testing which contributed to the need of developing the 3D
HTS-based culture plates presented here.

Here, we show dose response curves obtained using our 3D PCL-
based 96-well plates and compare them with dose response curves ob-
tained using conventional 2D 96-well plates. We have previously found
an ICsg of 90 + 0.02 nM for JIMT-1 cells in 2D cultures incubated in
normoxia treated with SAEC [18]. However, we obtained a higher ICsg
value of 119.5 £ 13.2 nM in this work, showing slightly lower inhibitory
effect compared to the previous investigation. We speculate that the
differences in these ICsq values (which is small) is a result of different
sera used in the two studies. In the former study, the most widely used
serum supplement, fetal bovine serum (FBS) was used, while we
currently have switched to DHHS in compliance with the 3R to reduce
the use of products derived by causing animal suffering. It is no doubt a
fact that the use of FBS raises serious scientific and ethical concerns
[40]. SAEC was less toxic to JIMT-1 cells in 3D culture compared to 2D
cultures, which was specifically evident when the cultures were incu-
bated in hypoxia where an ICsy was not obtained within the dose range
studied. Altogether, these data show the importance of investigating
compound toxicity in 3D as well as in both normoxic and hypoxic en-
vironments. It is well known that tumours have areas of hypoxia and
that these areas show lower sensitivity to drug treatment [16,17; Trédan
et al., 2007]. We have shown that JIMT-1 cells in 2D proliferate slower
in hypoxia compared to normoxia, which may also contribute to the
decreased sensitivity to paclitaxel treatment of JIMT-1 cells incubated in
3D in hypoxia compared to normoxia [41].

Regarding paclitaxel sensitivity, the cells incubated in 2D were more
sensitive than cells incubated in 3D. This has also been found by others
comparing toxicity of paclitaxel in cancer cells grown in 2D and 3D,
using 3D model systems that deviate from ours such as the use of a
hydrogel matrix and multicellular spheroid cultures [29-32]. Souza
etal. [31] evaluated paclitaxel chemoresistance in cancer cell lines using
magnetic 3D bioprinting to induce the cells to form spheroids in medium
supplemented with FBS. Loessner et al. [29] encapsulated cells in
polyethylene glycol-based hydrogel surrounded by medium containing
FBS resulting in the formation of spheroids. Nirmalanandhan et al. [30]
seeded cells in rat tail type I collagen hydrogel in FBS-supplemented
medium to obtain spheroids. Imamura et al. [31] suspended cells in
FBS-supplemented medium in specifically designed 96-well plates
which promoted formation of spheroids. We have not found any studies
comparing toxicity of paclitaxel in 2D and 3D in hypoxia as presented
here. However, there are studies comparing toxicity of paclitaxel in 2D
in cultures incubated in normoxia or hypoxia [33,34]. In line with our
study, they also show that paclitaxel is less toxic in hypoxia compared to
normoxia. It has previously been shown that hypoxia induces resistance
against various agents such as paclitaxel and decreases the efficacy of
paclitaxel in breast cancer cells [42-45]. The ICsq values obtained here
for paclitaxel-treated HDFs grown in 2D, is similar to that obtained in
other studies [46,471].

Here, we present data showing a decreased toxicity of two cytotoxic
compounds when cells are grown in 3D compared to 2D which is similar
to what has been reported by many groups when comparing toxicity in
3D using different model systems and conventional 2D cell culturing. It
should be kept in mind that most 3D cell culturing implies an increased
surface area to which the compound used for treatment can bind, thus
decreasing the true free treatment concentration that reaches the cells
[48]. The same holds true when comparing concentrations used in cell
cultures and doses applied to tumour bearing animals [48]. Thus, data
from 3D cell culturing may better reflect doses that should be used when
testing potential anti-cancer compounds in tumour bearing animals.
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Fig. 4. Dose response curves for human dermal
fibroblasts in 2D and 3D cultures treated with
SAEC or paclitaxel and incubated in normoxia
(18 % O3) or hypoxia (1 % O). The cells were
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Fig. 5. Dose response curves for JIMT-1 breast cancer cells in 2D and 3D cultures treated with SAEC or paclitaxel and incubated in normoxia (18 % O,) or hypoxia (1
% O5). The cells were seeded and incubated for 24 h in normoxia to allow cell attachment before addition of compound at the indicated concentrations. Cultures to be
incubated in hypoxia were then transferred to the hypoxia station. After 72 h of incubation, the toxicity was evaluated using an MTT assay. The curves are drawn in
GraphPad Prism 8 using all data from three independent experiments with n = 12-18 for each data point in the figure. Individual dose response curves for each of the
three experiments are found in Supplementary Figures S1 and S2.

This notion however, needs careful investigation of the pharmacoki-

5. Conclusions

netics of a compound i.e. comparing the distribution in different com-

partments in a 3D cell culture and in a tumour bearing animal. A vital
difference between a cell culture and an animal that will affect phar-
macokinetics is the lack of biotransformation in the former, which,

however, can be included in testing of chemicals.

In conclusion, we here present the fabrication and use of a unique 3D
96-well PCL-based plate that can be used for screening of compounds.
Commercially available 3D 96-well plates based on PCL or other poly-

mers are highly costly which may explain why they have not been used
extensively in 2D/3D drug efficacy investigations so far. Our 3D 96-well
plate can be produced in any laboratory setting with minimum level of
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Table 1

ICsp values in nM concentrations for HDFs and JIMT-1 cells grown in 2D or 3D
cultures treated with SAEC incubated in normoxia (18 % O,) or hypoxia (1 %
02);\.

HDF JIMT-1

2D 3D 2D 3D
Normoxia 97.7 £11.8° 150.3 + 34.4 119.5 +13.2 271.3 £52.2
Hypoxia 239.3 +£6.2 316.2 £ 35.1 80.4 +13.3 NA ¢

? The data is derived from the dose response curves found in Supplementary
Figures S1 and S2.

b Mean of three independent experiments + SEM.

¢ NA, not applicable within the dose range studied.

Table 2

ICs0 values in nM concentrations for HDFs and JIMT-1 cells grown in 2D or 3D
cultures treated with paclitaxel incubated in normoxia (18 % O5) or hypoxia (1
% Oo). .

HDF JIMT-1

2D 3D 2D 3D
Normoxia 61.7 +13.8" NA 49.9 + 14.8 332.9 £ 95.6
Hypoxia 157.1 + 34.0 NA 74.8 £18.6 NA®

? The data is derived from the dose response curves found in Supplementary
Figures S1 and S2.

b Mean of three independent experiments + SEM.

¢ NA, not applicable within the dose range studied.

expertise which we find specifically important in research groups with
limited funding. The future development of 3D plates for drug screening
should be based on compliance with the 3R to reduce the use of animal
derived products such as collagen and Matrigel™ as well as FBS as
medium supplement. As already stated, we have replaced FBS with
DHHS in the growth medium and we have an ongoing investigation to
use totally defined medium in our 3D culturing studies (unpublished
results). As the fibre network can be extracted from the wells of 96-well
plates and used for co-culturing, more advanced studies than basic dose
response assays e.g. cell-cell interactions, cell-ECM interactions, and
molecular studies can be performed efficiently and to a low cost. Further
studies are needed to investigate if 3D co-cultures can be used for
cytotoxicity testing. Here, the challenge is to have an HTS compatible
system to distinguish between effects on cancer cells and fibroblasts.
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