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Summary

The reduced effectiveness of chemotherapy in many patients undergoing treatment highlights
the need for novel drug combinations that target drug resistance mechanisms contributing to
tumor survival. Dynamic conditions within the tumor microenvironment influence the response
to anti-cancer drugs. Accordingly, identifying effective drug concentrations and interactions
(additive, synergistic, or antagonistic) in relevant tumor tissue models will inform new
treatment combinations. To address this need for combinatorial chemotherapeutic (CTx)
screening assays, we have developed a new assay called CombiCTx, which uses a device with
three reservoirs containing gels loaded with anti-cancer drugs. The drug-loaded device is
inverted and placed in a standard culture dish above cancer cells, and both are then enclosed in
gel. Drugs diffuse from the reservoirs and expose cancer cells to overlapping dynamic drug
gradients. We imaged diffusion of the anti-cancer drug doxorubicin in the assay using timelapse
microscopy, and established an imaging protocol for quantifying MDA-MB-231 breast cancer
cell survival responses along drug gradients. Finally, evaluating combination effects of
navitoclax and gemcitabine in the CombiCTx revealed localized effects of navitoclax, attributed
to limited diffusion, while gemcitabine seemed to diffuse readily throughout the assay and
revealed a mild synergy in navitoclax affected regions. These data demonstrate the capacity of
CombiCTx to evaluate the cytotoxic effect of anti-cancer drug combinations while accounting
for drug diffusion differences, which is relevant in the context of the 3D tumor environment
and may thereby help inform clinical treatment strategies.
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Introduction

The last decades have seen a surge in the development of anti-cancer drugs targeting specific
molecules and pathways required for cancer cell survival and cell division'- 2. However, the
potential of such targeted therapies may be compromised by various cellular mechanisms that
confer drug resistance, and factors within the tumor microenvironment that reduce drug
efficacy® 4. It is therefore necessary to identify novel combination therapies, where two or more
drugs that act by different mechanisms or modes of action are combined in an optimal dose
ratio to reduce the probability that resistance will develop’. There are several examples from
clinical trials in which the advantages and disadvantages of combinatorial treatments on patient
outcomes have been assessed®’. Confirming the patient benefits of such drug combinations
requires clinical data; however, the initial analysis of drug combinations relies heavily on
validated in vitro assays or well-established animal models!® . The latter are valuable model
systems, but given the vast number of possible drug combinations that could be evaluated it is
often not a logistically, economically or ethically reasonable approach.
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Pre-clinical in vitro testing is valuable to establish whether specific drug combinations produce,
additive, synergistic or antagonistic effects!?. For many clinically approved drug combinations,
efficacy benefits are predominantly attributed to additive rather than synergistic effects!s.
Nonetheless, assay systems that facilitate the detection of synergistic or unforeseen antagonistic
effects of drug combinations are useful, though the translation of such synergistic combinations
to patients is challenging!>'4. A recent in vitro study evaluating the potency and efficacy of
2,025 two-drug combinations of clinical interest on 125 breast, colorectal and pancreatic cancer
cell lines, demonstrated the benefits of combining different therapies, synergies were only
detected in 5.2% of the tested cancer cell lines with drug combination pairs!>. Such studies yield
a wealth of mechanistic insights and are invaluable datasets. However, in studies with such high
throughput analyses the assay conditions are typically simplified to conventional 2D well-plate
systems, and while highly efficient, these systems come at the expense of typically not being
able to account for the complexity of the tumor microenvironment. This is an important
consideration as cellular responses to drug treatments are also context-dependent and
modulated by a host of factors such as the composition and mechanical properties of the
surrounding extracellular matrix (ECM), which may impact the diffusion of drugs through the
tissue microenvironment'®-18,

There are ongoing efforts to develop scalable 3D assay systems that better recapitulate aspects
of the tumor microenvironment with the aim of more efficiently identifying promising
combination therapies'®-24. Many of these approaches rely on relatively complex microfluidic
and organ-on-chip systems, and while these technologies offer various advantages, their
operation typically requires experienced users and specialized equipment. In the current study
we have developed CombiCTx, an anti-cancer drug screening assay. The assay is relatively
simple to perform and is largely compatible with standard cell culture handling. A 2D culture
of cancer cells is encased in a 3D volume of hydrogel into which the CombiCTx device is
embedded. The device consists of three reservoirs preloaded with anti-cancer drugs prepared in
the same hydrogel, from which the drugs diffuse and create dynamic gradient landscapes over
the entire cell population. We describe a detailed protocol on how to conduct the CombiCTx
assay, and demonstrate an application to quantify diffusion of the chemotherapeutic
doxorubicin (DOX). We establish a time-lapse fluorescence imaging protocol to record
apoptosis and cell death of MDA-MB-231 breast cancer cells, using a caspase 3/7 reporter and
propidium iodide, and quantify responses to the apoptotic agent staurosporine in specific
regions of the CombiCTx drug diffusion landscape. Finally, we apply this protocol and use
CombiCTx to conduct a drug combination study using the anti-cancer agents navitoclax and
gemcitabine.

Materials and Methods

Design and fabrication of the CombiCTx insert. The CombiCTx insert was designed using
Autodesk Fusion 360 (Autodesk, San Francisco, USA) computer-aided design (CAD) software.
Prototype CombiCTx inserts were 3D-printed using a Prusa i3 MK3S+ printer (Prusa Research,
Prague, Czech Republic) with white X-PLA 1.75 mm filament (Add North 3D AB, Olsremma,
Sweden), which facilitated the testing of various design iterations. Prior to use the inserts were
sterilized by extensive spraying with 70% ethanol, followed by 30 min of UV irradiation in a
cell culture hood. These printed inserts were designed to fit into a 35 mm diameter cell culture
dish and each reservoir holds a volume of 100 pl. The finalized CombiCTx insert design was
milled from 8 mm thick sheets of polycarbonate using a CNC machine (Datron neo, Datron,
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CA, USA). This approach permits the production of a large number of inserts, and requirg§dg- 2o
post-processing. Prior to use these inserts were sterilized by autoclaving, and while relatively

similar in dimensions to the 3D-printed inserts, had a larger reservoir volume of 124 pl.

Cell culture. The MDA-MB 231 breast cancer cell line was obtained from the American Type
Culture Collection (ATCC, LGC Standards GmbH, Wesel, Germany). The genetic identity was
validated? by Idexx Bioanalytics (Ludwigsburg, Germany). Cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) Glutamax (Thermo Fisher Scientific, Uppsala, Sweden),
supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific), and routinely
grown and passaged before reaching confluency, at 37°C and 5% CO, in a humidified
incubator. For the various drug assays, cells were seeded to a density of 55 000 cells/cm? in
three wells of a tissue culture treated plastic 6-well plate one day before the start of the assay to
ensure a near confluent cell layer.

The CombiCTx assay setup. The CombiCTx insert consists of three reservoirs, which can be
loaded with drugs of interest that are diluted in a low melting point agarose (LMPA, Thermo
Fisher Scientific, Uppsala, Sweden) solution prepared with phenol red-free OptiMEM reduced
serum medium (Thermo Fisher Scientific, Uppsala, Sweden). The insert is ready to be used
once the LMPA has polymerized in the reservoirs. To activate a CombiCTx assay, cell media
is removed from a culture dish (35 mm in diameter) in which a 2D layer of cancer cells of
interest have been seeded in advance. The cells are covered with LMPA (700 nl; 37°C), and
thereafter the inverted CombiCTx is immediately inserted into the culture dish to activate the
assay. As the cell-covering LMPA polymerizes it embeds the drug-containing LMPA reservoirs
of the CombiCTx insert forming a continuous gel through which diffusion can occur (Fig. 1).
The inverted insert is lowered into the culture dish at an angle such that two of the support
pillars first touch the plate, followed by gently lowering the remaining pillar of the insert into
place. This ensures minimal disturbance of the cell layer and avoids the trapping of air beneath
the insert. To ensure the inserts remain stable during the polymerization process, a weight
(stainless steel disc) is placed on top of the insert during polymerization, which typically
occurred within 10-15 min. Media (1 ml) is then added to the culture dish to ensure all exposed
surfaces are submerged, whereafter the assay is moved to the microscope for imaging, which is
typically initiated within 10 min of activating the assay. We identified the LMPA-embedding
of the loaded CombiCTx device in the cell culture dish to be a critical step. The objective of
this process is to establish a continuum between the pre-polymerized LMPA in the reservoirs
with the LMPA in the culture dish. Therefore, it is important not to disturb the setup during the
polymerization process, and to subsequently handle the assay cautiously so as not to disturb the
device in the gel, which could interrupt the interface between the hydrogels or introduce tears.
Such imperfections may introduce channeling effects that will impact the diffusion from the
reservoirs and we attributed a number of assay failures to such issues. Depending on the specific
conditions of the diffusion assays, the LMPA gel solution used to cover the cell layer contained
combinations of the following cell stains: 2 uM propidium iodide (PI; Invitrogen Thermo Fisher
Scientific), 2 uM Cell event caspase-3/7 green detection reagent (Thermo Fisher Scientific) and
NucBlue live cell stain (Invitrogen Thermo Fisher Scientific), added in accordance with the
manufacturer’s instructions.
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Fluorophore preparation for CombiCTx assays using FITC and TRITC. Fluorescein 5/6-
isothiocyanate (FITC) or tetramethylrhodamine-5-isothiocyanate (TRITC) (Thermo Fisher
Scientific, Uppsala, Sweden) were diluted to a concentration of 25 uM in 0.3% LMPA and
added to separate adjacent reservoirs of a 3D-printed CombiCTx insert, and the remaining well
was filled with 0.3% LMPA only.
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Drug preparation for CombiCTx assays using DOX, staurosporine, navitoclax and
gemcitabine. For the drug diffusion assays, DOX (2 mg/ml (3.68 mM) in DMSO; Accord
Healthcare, Solna, Sweden; (Vnr: 189790)) was diluted to 100 uM, or staurosporine (10 mM
stock in DMSO; Abcam, Cambridge, United Kingdom) was diluted to 50 uM in 0.6% LMPA
and used to fill the desired number of reservoirs. For the combinatorial drug testing assays,
navitoclax (10 mM stock in DMSO, CAS number 923564-51-6, Seleck Chemicals, Fisher
Scientific) and gemcitabine (100 mM stock in DMSO, CAS number 122111-03-9, Seleck
Chemicals, Fisher Scientific), were each diluted to a concentration of 300 uM in 0.6% LMPA.
To ensure consistent LMPA concentrations, and to control for any potential effects of the
DMSO solvent, DMSO was added to drug-free gel reservoirs as follows. For DOX experiments,
drug-free reservoirs were loaded with LMPA containing 2.7% (v/v) DMSO. For the
experiments with navitoclax and gemcitabine drug-free reservoirs were loaded with LMPA
containing 3% (v/v) DMSO, to control for the highest DMSO concentration added in the
navitoclax reservoirs.

Physicochemical properties of the compounds used in the study. To facilitate discussions
about potential differences in the diffusion of the studied molecules, the molecular mass; pKa;
partition coefficient (Log P; a measure of a compound’s lipophilicity or hydrophobicity); and
the distribution coefficient (Log D; which additionally accounts for the compound’s ionization
state) are summarized in Table 1. The predicted Log P and Log D (at pH 7.4) values were
collected from the Chemspider database (https://www.chemspider.com/) and were calculated
using the PhysChem module of the ACD/Labs Percepta Platform software. Notably, predicted
physicochemical values differ between databases depending on the calculation software used,
and we provided the Chemspider records in Table 1 as it was the only source with Log P and
Log D (at pH 7.4) values for all the molecules studied here, with the exception of TRITC. While
we provide specific values in Table 1 we discuss differences in the lipophilicity between
molecules and the potential effect on diffusion behavior in relative terms.

Confocal microscopy, image acquisition, processing and analysis. All imaging was
performed on an LSM700 confocal laser scanning microscope (Zeiss, Jena, Germany) using a
5x/0,16 objective. Time-lapse images of fluorescently labelled cells, or fluorescent drugs were
acquired using Zen imaging software (Zeiss, Jena, Germany). The tile scan function was applied
to acquire 16-bit images from 11 x 11 fields of view using a digital zoom setting of 0.6, which
yielded images with total x, y dimensions of 21350 um x 21350 pum (2559 x 2559 pixels). The
durations of the recordings are specified in the respective figures. Image analysis was performed
using the Fiji version of ImageJ?®. For the doxorubicin and staurosporine data, the timelapse
series were acquired in one continuous imaging session (using a temperature-controlled
enclosure), whereas for the combinatorial drug experiments cells were returned to the incubator
between the three timepoints (0, 24 and 48 hours), which were combined for each well. Images
were then aligned in ImagelJ using the rigid body transformation of the Hyperstack Registration
plugin?’. To reduce edge-effects associated with the tile-scanning mode of acquisition
(discussed below), the tile-scanned images of FITC and TRITC fluorescence were processed
with the ImageJ Gaussian blur filter using a filter sigma (radius) of 75 pixels. The same
Gaussian filter was applied to visualize DOX fluorescence over time in a subregion of the
CombiCTx device (Fig. 3C), and DOX intensity was pseudocolored using the ‘Thermal’ color
scheme in ImagelJ. Quantitative analysis of DOX fluorescence was performed on the unfiltered
original images. As outlined in the region of interest (ROI) maps, four key ROIs associated
with each of the three reservoirs were analyzed. These were labelled as centre (c), edge (e),


https://www.chemspider.com/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lc00686d

Page 5 of 30 Lab on a Chip

middle (m) and interaction zone (i). This generated 10 independent ROIs (i.e. R1(c), RFfe), e core
R1(1), R2(c), R2(e), R2(1), R3(c), R3(e), R3(1), and (m), which was in the middle of the device
between all reservoirs). Subsequently, the mean fluorescence intensity of each ROI in all three
fluorescence channels was recorded for each well and at each specified timepoint. For instances
where the registration procedure failed to align the images satisfactorily, the ROIs were
positioned separately, and the analysis was performed as for all other wells. Quantification of
relative caspase 3/7 activity and PI signals were performed as follows: The average
fluorescence from each ROI was determined for each time point and for each of the three signals
i.e. caspase 3/7, PI and NucBlue. To account for potential differences in cell number between
ROIs the caspase 3/7 or PI signal for each timepoint was expressed relative to the NucBlue
signal acquired at the first timepoint. In the experiments with navitoclax and gemcitabine we
additionally normalized the quantification between the four biological replicates. Each
technical replicate consisted of one CombiCTx device loaded with navitoclax alone, one device
with gemcitabine alone, and one device with navitoclax and gemcitabine. The caspase
3/7/NucBlue or PI/NucBlue values for each set of technical replicates were normalized relative
to the navitoclax only experiments, using the value acquired in the ROI marked R3 at the O h
timepoint. The differences in signals collected at the 0 h and 48 h timepoints were used to assess
statistical differences between the ROIs and assay conditions.

Bliss independence calculations for drug combination effects. We applied the Bliss
independence model to calculate the expected combination effect (Ep;,) of navitoclax and
gemcitabine based on the cell death results from the same ROIs obtained in assays using
navitoclax only or gemcitabine only, and compared them to the results obtained in assays in
which navitoclax and gemcitabine were combined (Fig. 5C-E). We applied the same approach
to compare distinct ROIs within assays in which cells were treated with the combination of
navitoclax and gemcitabine (Fig. 5F). We selected the Bliss independence model as it assumes
that the drugs in question have distinct modes of action or targets?®, which is the case for
navitoclax and gemcitabine, and was calculated using the formula:

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Cl = EBliss
E(Nav+Gem)

CI values that were below, equal to, or above 1 were respectively indicative of drug synergies,
additive effects, or antagonisms?.

Statistical analyses. Statistical analyses were performed using Graphpad Prism 10 software.
The type of statistical test used to analyze specific datasets and the number of replicates
included in the analyses is described in the associated figure legends. Briefly, a Shapiro-Wilk
test was used to test for normality of data distribution. A Student’s t-test was applied to compare
differences between two groups, when data was collected from within the same CombiCTx
device. Significant main effect differences between more than two groups were assessed using
two-way ANOVA, and the differences between specific groups was identified using the
Tukey’s multiple comparisons post-hoc test.
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The CombiCTx assay is based on the previously developed CombiANT assay, used for
antibiotic interaction testing®’, and redesigned here for the purpose of studying the combined
interactions and effects of anti-cancer drugs on adherent cancer cells. Central to the assay is the
CombiCTx insert (Fig. 1A) that comprises three reservoirs, which can be filled with drugs of
interest that are dissolved in low melting point agarose (LMPA). The CombiCTx insert features
three support struts, each radiating outward from the midpoint of the outer wall of each
reservoir, with a suspension pillar at their distal end that fixes a spatial distance of 0.5 mm from
the bottom of the cell culture dish to the drug-loaded reservoir (Fig. 1B). The assay is activated
in a two-step procedure: firstly, the CombiCTx reservoirs are loaded with the LMPA containing
the drugs of interest and allowed to polymerize, next a 2D culture of cells is covered in a layer
of LMPA, and the drug-loaded CombiCTx is inverted and gently lowered into the LMPA
covering the cell layer prior to its polymerization (Fig. 1C). As the drug reservoirs face
downwards towards the cells, once the LMPA covering the cells polymerizes it forms a
continuous connection with the drug-containing LMPA in the reservoirs. This ensures that
drugs can diffuse from each of the three drug reservoirs in a continuous gel towards the cancer
cells, and thereby form dynamic gradient landscapes that expose cells to a wide range of drug
concentrations.

Imaging patterns of combined fluorophore diffusion in the CombiCTx assay

Diffusion in hydrogels will be influenced by the molecular mass as well as other
physiochemical properties of the compounds of interest; potential interactions between the
compounds and the diffusion matrix; as well as characteristics such as the pore size and
molecular occupancy of the hydrogel®!-34. To visually assess and characterize the formation of
dynamic gradients in the CombiCTx assay we imaged the diffusion of two fluorophores FITC
and TRITC from two different reservoirs of the CombiCTx insert, outlined in Fig. 2A. FITC
and TRITC have respective molecular mass of 389.4 g/mol and 443.5 g/mol, which are similar
to commonly used anti-cancer drugs such as DOX (543.5 g/mol), and the reported pore sizes
for agarose gels of a similar percentage to those used here are in the low micrometer range™>.
Using Molview (https://molview.org/) we estimated the molecular diameters of FITC and
TRITC to be respectively 1.25 nm and 1.46 nm, and so the relatively larger hydrogel mesh size
is unlikely to have size-exclusion effects on fluorophore diffusion®!. The isothiocyanate group
in both FITC and TRITC reacts with amine groups at pH 7-9, but as agarose gels are comprised
of linear galactose-based polysaccharides with chemical formula (C;;H;309),*%, no such
interactions are expected’’. Further, given that the average surface charge on agarose is
predicted to be neutral’®, the diffusion of fluorophores would not be expected to be extensively
electrostatically impeded. Together, this suggests that FITC and TRITC would diffuse freely in
a similar manner in the LMPA gels. To visualize this a field of view incorporating the FITC-
and TRITC-filled reservoirs was acquired by tile-scanning, which stitches together multiple
acquisition frames (Fig. 2B). Signal reduction was observed at the edges between adjacent
frames within the tile-scan, which is a recognized imaging artefact sometimes associated with
this acquisition mode?®®. In an effort to smooth the transitions between frames we processed the
tile-scanned images in ImageJ with a Gaussian blur (sigma radius of 75 pixels) filter (Fig. 2C).
A montage of the time-lapse imaging for the fluorophores illustrates their diffusion patterns
over a 15.1 h duration, during which they entered the central triangular area of the device (Fig.
2D). As the area directly below the apex of the triangle is closest to the FITC and TRITC
reservoirs, it would be the first region in which diffusing FITC and TRITC will combine. To
visualize this combination the fluorescence profile between the FITC and TRITC reservoirs
was quantified using a line plot (white line in Fig. 2C) in the 0 h and 15.1 h images, which
revealed the formation of overlapping and opposing FITC and TRITC gradients (Fig. 2E). To
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better visualize the temporal and spatial changes and overlap in FITC and TRITCD diffysion, a oo
threshold was set for the FITC and TRITC fluorescence from the timelapse in Fig. 2D and the
detectable moving front of these signals were outlined for each timepoint, and projected into a
single FITC, TRITC and Merge image (Fig. 2F). From the earliest timepoint the combination
of FITC and TRITC diffusion gradients between the adjacent FITC and TRITC reservoirs was
apparent as an overlap of FITC and TRITC fronts in the upper region of the device. At later
timepoints this overlap spread to the centre of the device. In regions where the FITC and TRITC
reservoirs were adjacent to the lower empty reservoir no FITC and TRITC signal overlap was
apparent (Fig. 2F). To quantitatively assess these differences, the total FITC and TRITC
fluorescence from three regions of interest (ROIs) were quantified from five independent
experiments. As expected, the combination of FITC and TRITC gradients in ROI(F+T),
resulted in a higher degree of total fluorescence than in ROI(F) or ROI(T), in which only FITC
or TRITC gradients had been observed (Fig. 2G). Notably, at the endpoint of the assay the sum
of the fluorescence recorded from ROI(F) + ROI(T) was 1.352 + 0.056 (mean £ SEM) fold
higher than the total fluorescence observed in ROI(F+T) (Fig. 2H). This indicates that fewer
FITC molecules entered ROI(F+T) than ROI(F), and fewer TRITC molecules entered
ROI(F+T) than ROI(T). This is likely due to differences in the concentration gradient of total
fluorophores that forms overtime between ROI(F+T) and the FITC and TRITC reservoirs,
which would be expected to be less steep than the gradients between ROI(F) and the FITC
reservoir, and ROI(T) and the TRITC reservoir. This likely reduces the diffusion rate of
fluorophores into ROI(F+T) and may explain why the fluorescence in ROI(F+T) is less than,
rather than equal to, the sum of fluorescence in ROI(F) + ROI(T). Together this data
demonstrates the diffusion landscapes that can be formed between different compounds in the
CombiCTx device, and highlights how distinct regions within the device can be used to
compare combinatorial interactions and effects with those of individual compounds.

Imaging doxorubicin (DOX) diffusion gradients in the CombiCTx assay

To characterize the formation of dynamic gradients of a small molecule anti-cancer drug within
the CombiCTx assay we imaged the diffusion of DOX, a widely studied and clinically used
anthracycline chemotherapeutic*’. DOX has a molecular mass of 543.5 g/mol, and its distinct
photophysical properties permit quantification of drug concentrations by measuring absorbance
or fluorescence’*#!, which enabled us to visualize drug diffusion by tracking DOX fluorescence
in the CombiCTx assay. The assay was conducted with LMPA-covered MDA-MB-231 cells,
which were labelled with the NucBlue nuclear stain. The CombiCTx device was loaded without
DOX (No DOX), with DOX loaded in reservoir 1, or DOX loaded in reservoirs 1 and 2.
Timelapse confocal microscopy images were collected over a total of 21 h 40 mins, and the
montage in Fig. 3A represent images from seven timepoints during 20 hours of imaging. To
facilitate visualization of DOX diffusion from one reservoir overtime, a rectangular subregion
was isolated from the tile-scanned images, and included the following regions of interest (ROI):
the centre (¢) of reservoir 1 (R1); the area at the outside edge (e) of the R1 wall; the middle
(m) of the entire device; and the interaction zone (i) that is furthest from R1, but closest to both
R2 and R3 (Fig. 3B). A montage of images from this subregion was prepared for the entire
timeseries (14 images over 21 h 40 mins) for each condition, and as in Fig. 2, these were
processed using the Imagel] Gaussian blur filter (75 pixels). The DOX fluorescence intensity
was pseudocolored with a gradient color scheme, such that areas of high DOX intensity were
red and low DOX intensity were dark blue (Fig. 3C). The DOX-free condition displayed a
consistent level of background fluorescence across all time points. In the conditions in which
DOX was loaded in R1, or in R1+2 simultaneously, the fluorescence from within the centre (c)
of the reservoir decreased over time as DOX diffused outwardly into the surrounding. In
comparison, the DOX intensity appeared to increase in areas towards the middle of the device,
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differences in DOX fluorescence intensities throughout the CombiCTx device, the average
fluorescence associated with the (¢), (¢), (m) and (i) ROIs associated with R1, R2 and R3 were
measured and plotted over time for conditions with DOX in R1, and DOX in R1+2 (SFig. 1A
and B).

To compare the highest levels of DOX exposure between each of the conditions, we analyzed
maximum DOX fluorescence values from each ROI (Fig. 3D and E). When DOX was loaded
only in RI, significant differences were detected between the selected ROIs that were
positioned along the concentration gradient. Specifically, relative to the average maximum
DOX values in the centre (c) of the reservoir, DOX values were 54.3% lower at the edge (e)
ROI, 78.2% lower in the middle (m) of the device, and 83.4% lower in the ROI that we term
the interaction zone (i) between R2 and R3. This is the ROI that is furthest from R1, but still
contained within the perimeter of the CombiCTx device (Fig. 3E). When DOX was loaded in
R1 and R2 near symmetrical gradients of DOX were observed from each side of the device,
which could be confirmed by comparing the maximum DOX fluorescence between spatially
equivalent paired positions. Such that, R1(e) was 54.3% lower than R1(c), and R2(e) was 54.7%
lower than R2(c); R1(1) was 70.1% lower than R1(c), and R2(i) was 68.3% lower than R2(c).
For DOX in RI1+R2 we also compared DOX exposure in the “interaction zones” between
reservoirs i.e. R1(1), R2(i) and R3(i) (Fig. 3D and E). The maximum DOX fluorescence in R3(1)
(between the DOX-containing reservoirs R1 and R2) was 1.63 £ 0.17 (mean + SD) fold higher
than that in R1(i) and 1.60 £ 0.09 (mean + SD) fold higher than that in R2(1). This was expected
due to the fact that both R1(i) and R2(i) are adjacent to the DOX-free reservoir R3. However,
as observed for FITC and TRITC (Fig. 2G), the DOX fluorescence in R3(i) was still 0.81 +
0.06 (mean £ SD) fold lower than what would have been predicted from the sum of the values
recorded in R1(1) and R2(i) (Fig. 3E, values enclosed by black rectangle).

To assess differences in DOX fluorescence within the perimeters of the reservoirs we identified
two additional regions of interest in the peripheries of each reservoir (distal 1 (d/), and distal 2
(d2)) and compared the maximum DOX fluorescence between these and the reservoir’s centre
(c) (SFig. 1C). The maximum DOX fluorescence in d/ and d2 of R1 were on average lower
than that recorded in the centre (c) of R1, and this was similar between conditions (18.5%
reduction for DOX in R1, and 18.2% for DOX in R1+2). A similar reduction (20.7%) was also
detected for the d/ and d2 positions in R2, compared to its centre (c); however, possibly due to
variability in the individual values, none of these reductions were statistically significant (SFig.
1D). Nonetheless, by using DOX fluorescence as a proxy for drug concentration, these data
demonstrate that there may be location-dependent differences within the perimeter of the
reservoirs. This may also reflect differences in diffusion rates, as DOX molecules from regions
close to the perimeter (e.g. the distal ROIs) would likely diffuse faster into the surrounding
DOX-free gel, than DOX molecules originating from the centre (c) of the reservoir, which are
surrounded by gel containing similarly high DOX concentrations.

To assess DOX interactions with the MDA-MB-231 cells seeded under the CombiCTx devices
in Fig. 3 we had imaged NucBlue fluorescence in parallel with DOX fluorescence. At the 0 h
timepoint the NucBlue signal from the middle of the device was similar between the No DOX,
DOX in R1, and DOX in R1+2 conditions, and revealed homogenous distributions of cells
(SFig. 2A and B). However, in the area contained within the perimeter of R1 and R2, the
presence of DOX was associated with a substantial reduction in the NucBlue signal. As DOX
diffused outwardly into the device the NucBlue signal similarly decreased (SFig. 2C). This
decrease was most evident during the initial 6 h 40 mins of the assay, but persisted until the
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end, and a greater overall decrease in NucBlue signal was observed for the condition with XX« 2o
in R1+R2 (SFig. 2C). DNA intercalation of DOX following cellular uptake has previously been
established to compete with binding of NucBlue (which is a formulation of Hoechst 33242),
and we have previously demonstrated a similar time-dependent, inverse relationship between
NucBlue and DOX fluorescence for HepG2 tumor cells exposed to a gradient of DOX*? 43,
Therefore, the decrease in the NucBlue signal associated with the MDA-MB-231 cells in SFig.
2C provides indirect evidence of cellular uptake of DOX and provides an additional proxy

measure of DOX diffusion in the CombiCTx device.

Together these data further support the observations in Fig. 2, which highlight the utility of
analyzing regions of interest within the same CombiCTx device for assessing dynamic
concentration gradients of drugs. The establishment of such gradients bears similarities with
how drugs diffuse in tissues, and such an in vitro assay that accounts for these diffusion effects
could provide valuable translational knowledge for locoregional anti-cancer treatments, such as
transarterial chemoembolization and local prostate injections*4-46,

Quantitative image analysis of apoptosis and cell death in the CombiCTx assay

To facilitate quantification of the cell response to anti-cancer agents using the CombiCTx assay,
we next adapted an imaging protocol using a caspase 3/7 reporter to detect apoptotic cells and
the nuclear stain propidium iodide (PI, which is impermeable to living cells) to detect dead
cells. MDA-MB-231 breast cancer cells were pre-seeded on the bottom of a cell culture dish
and cultured under standard conditions. Prior to initiating the CombiCTx assay, all three
CombiCTx reservoirs were loaded with 50 uM staurosporine, which has a molecular mass of
466.5 g/mol, which is similar though somewhat smaller than DOX; however, other
physiochemical properties such as lipophilicity, differs between the two, and may alter their
respective diffusion (Table 1). DOX was replaced by staurosporine in these experiments due to
the fact that DOX’s fluorescence emission profile overlaps with that of the caspase 3/7 reporter.
Staurosporine is a potent protein kinase C inhibitor and an established inducer of apoptosis*’,
capable of acting through both caspase-dependent and caspase-independent mechanisms*®. We
have previously demonstrated that staurosporine induces detectable caspase 3/7 activation in
MDA-MB-231 cells after approximately 5 h of exposure*. Prior to assay initiation, the cancer
cells were covered with an LMPA solution in which the caspase 3/7 reporter, PI, and NucBlue
stains were diluted. Time-lapse confocal microscopy imaging of labelled MDA-MB-231 cells
under and around the entire CombiCTx insert was carried out to visualize the induction of
apoptosis and occurrence of cell death over an 11 h timelapse experiment (Fig 4 and B). Gradual
caspase 3/7 activation and increased cell death (i.e. PI-positive cells) were primarily observed
in the regions directly under or close to the drug reservoirs (Fig. 4A-C). The subregion D’ (Fig.
4B and C), which included the centre (c) of R3; the R3-associated edge (e); the middle (m) of
the device; and the R3 interaction zone (i) between R1 and R2, was extracted from the tile-
scanned timelapse images and montages of the caspase 3/7, Pl and merged images are presented
in Fig. 4D. While a number of caspase 3/7 and PI-positive cells are visible during the initial 4
h of imaging, in and around R3(c), both signals most clearly started to increase from the 5 h
timepoint through to the final 11 h timepoint. This revealed a gradient of apoptotic and necrotic
(PI-positive) cells that decreases towards the middle (m) of the CombiCTx insert and increases
towards the interaction zone (i) between R1 and R2. These profiles are in agreement with
expected staurosporine concentration gradients. Higher magnification images of the (¢), (),
(m) and (i) ROIs illustrate the differences in caspase 3/7 and PI staining relative to the NucBlue-
positive cells in each (Fig. 4D).

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 01 January 2026. Downloaded on 1/2/2026 5:45:47 AM.

(cc)


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lc00686d

Lab on a Chip Page 10 of 30

To quantitatively assess differences in caspase 3/7 and PI fluorescence within the CombiCTx< <2
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device, the average fluorescence within the (c), (), (m) and (i) ROIs associated with R1, R2
and R3 were measured and plotted over time for a total of eight independent experiments in
which staurosporine was loaded into R1, R2 and R3 (SFig. 3A and B). Differences between
ROIs were evaluated for the final 11 h timepoint (Fig. 4E and F) where the caspase 3/7 and PI
signals were normalized to the average NucBlue signal recorded in the associated areas, to
account for potential differences in cell numbers. For caspase 3/7 and PI there was no significant
differences between R1, R2, or R3 for their respective ROI values, which suggests that in
applications of the CombiCTx assay where the same drug is loaded in all reservoirs then
spatially matched ROIs can function as technical replicates of each other. There was a high
degree of variability for the caspase 3/7 signals, particularly within the centre (c) ROIs for each
reservoir. As expected, the mean signal was highest there, and was on average 24% lower in
the edge (e) ROIs; 43% lower in the interaction zones (i) ROIs; and 57% lower in the middle
(m) of the device. However, these differences between ROIs were determined not to be
significant based on Tukey’s multiple comparisons (Fig. 4E). In contrast, compared to the PI
signals in the centre (¢) of each reservoir, the mean signals in the edge (e) ROIs were on average
66% lower, and 71% lower in the interaction zone (i) ROIs, which represented significant signal
reductions. The PI signal was further reduced by 85% in the middle (m) of the device. While
the differences between the (e) and (i) ROIs were not significantly different they were on
average lower in (1) than (e). Nonetheless, this suggests that the concentration of staurosporine
was greater at the edge (e) of the reservoirs than in the interaction zone (i). This contrasts
somewhat with what might have been expected based on the DOX experiments, where DOX
fluorescence was greater in the interaction zone R3(i) between R1 and R2, than in R1(e) or
R2(e) (Fig. 3E). These differences may reflect how the specific physiochemical properties of
DOX and staurosporine impact their diffusion. We also tested versions of the assay in which
staurosporine (50 uM) was loaded in R1 only or RI+R2, and at the 11 h timepoint the caspase
3/7 and PI signals were in line with expected diffusion patterns for the drug i.e. the greatest
areas of cell death were detected in the respective reservoirs and gradually decreased outwardly
into the surrounding gel areas (SFig. 3C).

As mentioned, caspase 3/7 values recorded in ROI (c) were variable for each of the reservoirs.
For three experiments in particular (values enclosed by a dashed square in Fig. 4E) the caspase
3/7 values in R1-R3(c), were lower than the average signal from the caspase 3/7 values in the
adjacent R1-R3(e) ROIs. However, all of the eight PI values from R1-R3(c), which were
acquired in the same experiments, were significantly higher than the R1-3(e) ROIs. Therefore,
MDA-MB-231 cells in the (¢) ROIs would have lost membrane integrity, becoming PI-positive,
without initiating caspase 3/7 activity. Given that equal staurosporine concentrations were used
throughout, and induced reproducible levels of PI-positive cells, this variability in caspase 3/7
activation is difficult to reconcile; although, as mentioned above staurosporine has previously
been demonstrated to induce cell death through caspase-independent mechanisms*®. These data
illustrate the benefits of being able to assess cell viability with more than one reporter in the
CombiCTx assay, which could be particularly useful when assessing cell responses to drugs
where the mode of cell death is not established.

In summary, this imaging strategy permits the quantitative assessment of anti-cancer drug
effects on cell viability, and can be spatially and temporally resolved in the CombiCTx assay

to study combinations of dynamic drug diffusion gradients.

Assessing the cytotoxic effects of combinations of navitoclax and gemcitabine using the
CombiCTx assay
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Finally, we applied the CombiCTx assay to assess the cytotoxicity of combinatigns of twa 2o
chemotherapeutic drugs with different physicochemical properties and mechanistic targets;
namely, navitoclax and gemcitabine. Navitoclax is a Bcl2-inhibitor that has been investigated
in phase I and II clinical trials**. Gemcitabine, an approved chemotherapeutic treatment of the
anti-metabolite class, inhibits DNA synthesis through integrating into the new DNA strand and
inhibiting the nucleoside salvage pathway, thus hindering DNA replication®!. Jaaks et al.
reported robust synergy between a navitoclax and gemcitabine combination treatment of basal-
like breast cancer cell lines (including MDA-MB-231 cells) in a 2D assay, with synergies
detected in approximately 69% of the 23 breast cancer cell lines included in the validated
subset!>. Navitoclax and gemcitabine have also been tested in a combinatorial dosing regimen
in a phase I clinical trial in patients with solid tumors and aimed to determine safety, optimal
dosing, and clinical activity. The regimen was well tolerated, but provided a best response of
stable disease i.e. the extent and severity of the cancer neither increased or decreased*?.

The MDA-MB 231 cells were exposed to navitoclax-only, gemcitabine-only, or navitoclax and
gemcitabine, these three conditions were tested in separate CombiCTx devices such that
navitoclax was loaded in R1; gemcitabine was loaded in R2; or navitoclax was loaded in R1
and gemcitabine was loaded in R2 (Fig. 5A). Reservoirs not loaded with drugs were loaded
with LMPA containing DMSO, as a solvent control. Imaging was performed directly after
activation of the CombiCTx assay and again after 24 h and 48 h, between which the assay was
returned to the incubator. The apoptosis and cell death imaging protocol described in Fig. 4 was
applied to determine the extent of cytotoxicity (Fig. SA). Examples of the collected tile scan
images from each of the three experiment conditions at the 0 h and 48 h timepoints are presented
in Fig. SA. In Fig. 5B, an enlarged view of the NucBlue and PI signal within the centre (c) of
R1 is presented for all three timepoints and illustrates how the PI signal increased overtime in
each of the conditions.

Quantification of relative caspase 3/7 activity and PI signals per NucBlue intensity was
performed as detailed in the Materials and Methods, and the values acquired in each ROI from
each time-point are presented in SFig. 4A-C. Caspase 3/7 activity increased over time, as
expected, with the highest activity recorded at 48 h in the navitoclax + gemcitabine assay in the
region directly under the navitoclax drug reservoir (SFig. 4B). Similarly, the maximum PI
signal was recorded after 48 h under the navitoclax-filled drug reservoir in the navitoclax +
gemcitabine assay (SFig. 4C). Two-way ANOVA revealed a significant main effect difference
for time in both the caspase 3/7 and PI data, but overall, the variability in the relative caspase
3/7 intensity was high between replicates, similar to that observed in Fig. 4 for the experiments
with staurosporine. Therefore, we focused our analysis on the PI dataset. Notably, at the 0 h
timepoints we detected elevated PI fluorescence under wells containing navitoclax (SFig. 4C).
As this timepoint is acquired directly after activation of the CombiCTx assay, the PI signal is
not readily attributed to cell death, and to our knowledge navitoclax has no intrinsic
fluorescence properties. Nonetheless, to ensure that subsequent quantitative comparisons would
only account for the degree to which the relative PI signal changed during the 48 h time period,
we subtracted the 0 h timepoint intensities from the 48 h data for the data presented in Fig. 5C-
F.
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As the establishment of diffusion gradients requires time, locations within the CombiCTx assay
that are closer to one drug source than the other can also be used to assess the effects of
sequential treatments. We compared the relative PI signal intensity in the centre (¢) of R1, in
which navitoclax was loaded in the navitoclax-only, and navitoclax + gemcitabine conditions,
and which was drug-free in the gemcitabine only conditions. In the navitoclax + gemcitabine
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followed later by a relatively lower concentration of gemcitabine. After 48 h, the relative PI
signal in R1(c) was significantly higher in the navitoclax + gemcitabine assay compared to the
gemcitabine-only assay (9.00 + 5.91 fold; mean = SEM), and while not significant it was also
higher (1.66 + 0.22 fold; mean £ SEM) than that observed for navitoclax-only (Fig. 5C). This
PI signal from the combined treatment assays were also 1.69 = 0.17 (mean + SEM) fold higher
than the Ep;, (Nav only) + (Gem only) values for R1(c), which calculates the expected effect
of combining these two drugs based on the effects recorded in the single drug assays (Fig. 5C,
datapoints within the rectangle). Furthermore, the combination indices calculated from these
Egijiss R1(c) values and the corresponding data for the effects (£) recorded in the navitoclax +
gemcitabine assays (Eng+cem) Were all below 1 (Fig. 5G), which was indicative of mildly
synergistic drug effects. In contrast, comparisons between the centrally located ROI (m) for the
different assays revealed no significant differences (Fig. 5D). If both drugs diffused at an equal
rate from their respective reservoirs the combined drug concentration in ROI (m) would be
predicted to be higher in the navitoclaxtgemcitabine than in the navitoclax-only or
gemcitabine-only assays. However, for the navitoclax-only conditions the relative PI signal was
close to 0 for the majority of replicates (0.40 = 0.37; mean = SEM), while elevated signals were
detected for the gemcitabine-only condition (0.84 + 0.33; mean = SEM) and the navitoclax +
gemcitabine condition (0.77 £ 0.25; mean + SEM) (Fig. 5D). A similar pattern was observed in
the centre (c) of R2, which was loaded with gemcitabine in the gemcitabine only and navitoclax
+ gemcitabine assay, and gemcitabine-free in the navitoclax-only assay (Fig. SE). This suggests
that the degree of navitoclax diffusion within the assay is much lower than that of gemcitabine.
The Egjiss/Enav+cem calculated for the (m) ROIs and R2 (c¢) were also highly variable, which may
in part be due to the relatively low navitoclax concentrations reaching these locations (Fig. 5G).
A possible explanation for these diffusion differences is the respective differences in the
molecular mass and lipophilicity of these two drugs. Gemcitabine is the smallest molecule in
our study (263.2 g/mol)33, and is substantially less lipophilic than navitoclax (see Table 1) and
has negligible protein binding affinities>*. In contrast, navitoclax was the largest drug tested in
the assay with a molecular mass of 974.6 g/mol and high lipophilicity (see Table 1), with strong
protein binding properties> 6. Therefore, it is likely that gemcitabine readily diffuses
throughout the assay space impacting viability at a greater range, while navitoclax diffuses more
slowly causing more localized effects, and may be further hindered by interactions with the
cells seeded directly under the navitoclax reservoir. To compare the combined effect of
navitoclax and gemcitabine exposure with the effect from predominantly navitoclax or
gemcitabine alone within the same CombiCTx assay, we compared the relative PI signal
recorded in the interaction zones associated with each reservoir i.e R1(i), R2(i) and R3(i). A
similar degree of cell death was observed in all three locations, and the predicted combination
effect (Ep;sR2(1)+R1(1)) calculated by combining the cell death observed in R2(i) (nearest
navitoclax) with that in R1(i) (nearest gemcitabine) was not observed in R3(i) (which is equally
near the navitoclax and gemcitabine reservoirs; Fig. 5F). As a result, the Egjis/Enay+Genm Indices
in R3(i) were above 1, indicating a mildly antagonistic effect of the combined drugs in this
location (Fig. 5G). As noted, Jaaks et al. demonstrate that a navitoclax and gemcitabine
combination has synergistic effects in 2D cultures of breast cancer cells!>. We similarly
observed evidence of synergy using a standard 2D cell viability assay, where combinations of
gemcitabine (fixed at 20 uM) with increasing concentrations of navitoclax were added in
solution to cultures of MDA-MB-231 cells (SFig. SA-C). A significant decrease in viability
was observed after 48 h when cells treated with increasing concentrations of navitoclax were
simultaneously treated with gemcitabine (20 uM) (SFig. 5B). The 20 uM concentration of
gemcitabine alone reduced viability on average to approximately 75%. Viability differences
between navitoclax conditions with or without gemcitabine proved negligible when navitoclax
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concentrations exceeded 1 uM, which reduced cell viability to approximately 30% o1 lowet; AS oo
in Fig. 5 we calculated the Ejgj;/Enav+cen indices and determined that synergistic effects (i.e.
<1) on cell death were detected when 20 uM of gemcitabine was combined with navitoclax
concentrations at or below 1 uM (SFig. 5C). This demonstrates that low doses of navitoclax
can potentiate the effects of gemcitabine when cells are exposed to solutions of the drugs in a
conventional plate assay format. In the CombiCTx experiments we identified a potential
synergy between navitoclax and gemcitabine, compared to navitoclax alone in the R1(c)
position (Fig. 5C and G), but no effect was observed in the R2(c) position (Fig. 5D and G) i.e.
where high gemcitabine concentrations would have been expected to combine with low
navitoclax concentrations if it had readily diffused. Together these observations highlight the
importance of complimenting standard 2D drug tests with assays such as CombiCTx that can
account for the effects of the extracellular environment on drug diffusion and potentially
facilitate better predictions of drug efficacies.

Limitations of the current study

While the CombiCTx assay represents some important similarities with how drugs are delivered
to tumor cells in the body, there are a number of limitations to be considered. Firstly, the tumor
cells are grown in standard tissue culture dishes as 2D monocultures of MDA-MB-231 cells.
Therefore, while the extracellular matrix that covers the cells to mimic the tumor
microenvironment is 3D in nature, the cell culture is not. An advantage of culturing cells in 2D
is that they are easily imaged with standard protocols, and the assay could be further adapted
for other high content imaging protocols such as Cell Painting to phenotypically profile cell
responses within gradients of drugs or other effector combinations®*-!. In vivo the presence of
multiple different cell types in the tumor stroma may impact the effect of tumor cell drug
responses, and heterogeneity between tumor cells will result in different susceptibilities to
treatments. This complexity is not recapitulated in the applications described here, which is
limited to analyses of the MDA-MB-231 triple negative breast cancer cell line. However, it
would be possible to label and co-culture different tumor cell types with and without established
drug resistance, and/or stromal cells of interest, to compare cell-type specific responses within
the CombiCTx device. The assay could also be adapted for 3D cell cultures; for example, tumor
spheroids could be separately cultured and then distributed throughout the gel landscape, which
could be pre-populated with other cells of interest. Another simplification in the current assay
format is the use of low melting point agarose (LMPA) to model the 3D extracellular
environment. To increase complexity, it would be interesting to apply the CombiCTx assay to
evaluate how gradients and cell responses to drugs are affected by different types of tumor-like
matrices’* 3762, Determining what drug concentrations to load in the CombiCTx assay also
requires consideration. For example, for navitoclax we loaded 300 uM in the device reservoirs.
A Phase I trial with navitoclax detected peak plasma concentrations of approximately 6 uM,
following administration of a 150 mg oral dose®. From the reported area under the curve (AUC)
data, the average plasma concentration over a 24 h period was approx. 1.79 uM (equal to 43
pM.hours), and in each 21-day treatment regimen patients were administered a daily navitoclax
dose for three or five consecutive days. Therefore, for the five daily dose regimen this would
result in cumulative exposure of over 215 uM.hours (more if navitoclax is not eliminated in
each 24 h period). It is difficult to translate such clinical data into a recommended dose to use
in the CombiCTx device, but for readily diffusible drugs that will establish dynamic
concentration gradients throughout the assay overtime, it is likely necessary to consider loading
higher drug concentrations than those found to be effective in conventional 2D assays, to ensure
that the full spectrum of drug effects is captured. Relatedly, due to the design of the device, we
assume that cell responses in locations that are suitably far from the reservoirs can serve as
drug-free controls. However, we cannot rule out the possibility that drug-induced paracrine
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signals may diffuse into these control regions and elicit unforeseen responses. Sych effects e onne

could potentially be accounted for by initially characterizing control cell responses in drug-free
devices. Further developments of the CombiCTx device could incorporate modular dosing
reservoirs, to accommodate repeat dosing regimens. Additional complexity could be added
through the integration of fluidic channels, which would permit the evaluation of perfusion
effects on drug diffusion, cell permeability, and potentially even drug clearance. Further,
enclosing the assay in such a microfluidic system would also facilitate regulation of other
parameters such as pH, oxygen availability and nutrient access, which will also alter sensitivity
to drugs, and a number of relevant systems are already under development by others?# 63-63,

In conclusion, this study demonstrates the capacity of CombiCTx to evaluate the cytotoxic
effect of combinations of anti-cancer drugs in an assay format that captures differences in drug
diffusion characteristics. As the tumor microenvironment may similarly differentially impact
drug combinations in vivo, the assay provides a useful testing ground to evaluate such effects.
Such data will better inform the selection of drug combinations, and in future research the
platform may be applied to assess chemotherapy combinations for TACE-like treatment
strategies, which involve the locoregional delivery of chemotherapies to the tumor.
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Data availability DO, 10.1039/D5LC00686D
The quantitative image analysis files used to plot data in this paper are provided as a

supplementary file. The CAD files for the CombiCTx device are available on request.
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Table legend: DOI: 10.1039/D5LC00686D
Table 1. Physicochemical properties of the compounds used in the study

Molecular mass (g/mol) were collected from PubChem (https://pubchem.ncbi.nlm.nih.gov/), as

were the predicted pKa values for DOX, which cites the hazardous substances data bank as the

data source. The remaining predicted pKa values were collected from the Drugbank database
(https://go.drugbank.com/), which were calculated using Chemaxon software. The predicted

Log P and Log D (at pH 7.4) values were collected from the Chemspider database
(https://www.chemspider.com/), which were calculated with the PhysChem module of the
ACD/Labs Percepta Platform software. All data was collected February 2025. (n/a; not
available).
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Figure legends: DOI: 10.1039/D5LCO0686D

Figure 1. Overview of the CombiCTx insert and assay
A. Photograph of a CombiCTx insert.
B. Computer-aided design rendering of the CombiCTx insert with relevant parts labelled.

C. Overview of the CombiCTx assay. Cells are grown to a confluent 2D layer in a standard 6-
well plate. Culture medium is aspirated and cells are covered in a layer of low-melting point
agarose (LMPA). Reservoirs (R1-R3) in the CombiCTx insert are pre-filled with drugs of
interest in polymerized LMPA. The CombiCTx insert is inverted and positioned over the
LMPA-covered cells. The support struts help to centralize the insert within the well, and the
suspension pillars ensure the insert is positioned a fixed distance above the cells. Cell responses
are monitored by time-lapse confocal microscopy.

Figure 2. Timelapse imaging of FITC and TRITC diffusion gradients in the CombiCTx
assay

A. Schematic illustration of the diffusion assay. The fluorophores FITC and TRITC were loaded
in two adjacent reservoirs of the CombiCTx device.

B. FITC and TRITC fluorescence signals at the 0 h timepoint from within the reservoirs of a
CombiCTx device, acquired by tile-scanning. Scale bar; 2 mm.

C. The image in B (and associated timelapse image stack) was subjected to the Gaussian blur
processing function (with a sigma (radius) of 75 pixels) in ImageJ to smoothen the FITC and
TRITC fluorescence signals acquired by tile scanning.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

D. Montage of the FITC and TRITC fluorescence from the CombiCTx insert in C, as imaged
by timelapse confocal microscopy. Scale bar; 2 mm.

Open Access Article. Published on 01 January 2026. Downloaded on 1/2/2026 5:45:47 AM.

E. Fluorescence profile plots of FITC and TRITC fluorescence at the start (0 h) and at the end
(15.1 h) of the fluorophore diffusion assay. FITC and TRITC fluorescence were measured under
the white line in C.

(cc)

F. Projections for the timelapse image stacks of the detectable diffusion fronts of FITC and
TRITC fluorescence as they diffused from their respective CombiCTx reservoirs (see Material
and Methods for details). For each fluorophore the innermost boundary line representing the 0
h timepoint, and the outermost boundary line representing the 15.1 h timepoint, is labelled.

G. Quantification of the total fluorescence (FITC and TRITC) measured over time in the
regions of interest (ROIs) identified in F as ROI(F+T), in which FITC and TRITC diffusion
gradients were combined, and as ROI(F) and ROI(T), in which respectively FITC-only and
TRITC-only fluorescence was observed. The plots represent the mean (dots) £ SD (shaded
bands) from five independent experiments.

H. Comparison of the fold change in combined total fluorescence between the FITC and TRITC

fluorescence recorded in ROI(F+T) and the sum of the total fluorescence measured in ROI(F)
and ROI(T) at the 15.1 h timepoint. The plot represents mean values from the five independent
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was assessed by paired Student’s t-test.

Figure 3. Doxorubicin diffusion in the CombiCTx assay

A. Montage of tile-scanned overview images of CombiCTx devices in which no reservoirs were
loaded with doxorubicin (DOX); DOX was loaded in reservoir 1 (R1); or DOX was loaded in
reservoirs 1 and 2 (R1+2) and DOX fluorescence was imaged over time by fluorescence
microscopy. The white line drawing of the CombiCTx device is superimposed at the 0 h
timepoint for orientation, and to indicate the position of reservoir 1 (R1), reservoir 2 (R2), and
reservoir 3 (R3). Scale bar: 5 mm.

B. Overview map identifying four key regions of interest (ROI) located within the CombiCTx
device. These are presented relative to reservoir 1 (R1), and include the reservoir’s centre (c);
the edge (e) outside the reservoirs inner wall; the middle (m) of the entire device; and an
interaction zone (i), between adjacent reservoirs.

C. Montage of DOX fluorescence over time acquired from the framed rectangular region
enclosing the four key ROIs in B. The same region is presented for the No DOX, DOX in R1,
and DOX in R1+R2 experiments from A. The DOX fluorescence signal was filtered using the
ImagelJ Gaussian blur function (applying a sigma (radius) of 75 pixels), and the DOX
fluorescence intensities were illustrated using the ‘Thermal’ option from ImageJ’s look-up table
of pseudocolors.

D. Overview map identifying the four key ROIs (centre (c), edge (), middle (m) and interaction
zone (1)) associated with each of the three CombiCTx reservoirs (R1-3).

E. Quantification of maximum DOX fluorescence recorded in each of the indicated ROIs during
the complete imaging period (21 h 40 mins). The scatterplot represents individual values from
four independent experiments, and the error bars represent the mean = SEM. Statistical
comparisons were evaluated by two-way repeated measures ANOVA, with Tukey’s multiple
comparisons post-hoc test. For clarity only the post-hoc statistical differences between specific
ROIs for the DOX in R1 and DOX in R1+2 conditions are illustrated on the scatterplot. Dashed
line represents average values for maximum fluorescence recorded from all of the ROIs in the
No DOX condition. Significant main effect differences between all ROIs was P < 0.001, and
between the DOX in R1 and DOX in R1+R2 conditions was P = 0.0099.

Figure 4. Assessment of apoptosis and cell death in distinct regions of interest in the
CombiCTx assay

A. Tile-scanned overview montage of an 11 h CombiCTx assay in which MDA-MB-231 cells
were exposed to staurosporine, which was loaded at a dose of 50 uM into each of the three
CombiCTx reservoirs. MDA-MB-231 cell nuclei were labelled with NucBlue, apoptotic cells
were identified using the Cellevent caspase 3/7 (C3/7) reporter, and dead cells were labelled by
propidium iodide (PI) staining.

B. Merged image of C3/7, PI and NucBlue fluorescence from the assay in A. at the 11 h
timepoint. Dashed line frame encloses subregion D’. Scale bar; 2 mm.
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C. Overview map identifying the four key ROIs (centre (¢), edge (¢), middle (m) ang interagtion 2o
zone (1)) associated with each of the three CombiCTx reservoirs (R1-3). Dashed line frame

encloses subregion D"

D. Enlarged views of the time-lapse images collected from the enclosed rectangular region
labelled in B and C as D’. The upper panels represent the individual C3/7 (left) and PI (right)
channels, which are merged in the lower panels. The four panels to the right are further
enlargements of the key ROIs (c, e, m and 1) that are enclosed by the white frames at the 11 h
timepoint in the merged panels. Scale bar; 200 pum.

E and F. Quantification of caspase 3/7 (C3/7) fluorescence (E) and propidium iodide
fluorescence (F) normalized to the NucBlue fluorescence at the 11 h timepoint for each of the
ROIs outlined in C. Scatterplots represent data from eight independent experiments and the
error bars illustrate the mean + SEM. Statistical comparisons were evaluated by two-way
ANOVA, with Tukey’s multiple comparisons. No significant (ns) main effect differences were
detected for the collective ROIs (c, e and 1) between the three reservoirs (R1, R2 and R3) for
the C3/7/NucBlue (E) or PI/NucBlue (F) analyses. The only significant main effect (P =
0.0037) for the C3/7 analyses was detected between ROIs ¢ and i for all reservoirs (E).
Significant differences between the ROIs ¢, e and i associated with their respective reservoirs,
were determined by Tukey’s multiple comparisons and annotated on the PI/NucBlue
scatterplots (F).

Figure 5. Assessment of navitoclax and gemcitabine cytotoxicity using the CombiCTx
assay

A. Tile-scanned overview of a CombiCTx assay in which MDA-MB-231 cells were exposed to
navitoclax only (loaded in R1), gemcitabine only (loaded in R2), or both (Nav+Gem) with
navitoclax in R1 and gemcitabine in R2 over 48 h and imaged by fluorescence microscopy. Cell
nuclei were labelled with NucBlue, apoptotic cells were identified using the caspase 3/7 (C3/7)
reporter, and dead cells were labelled with propidium iodide (PI). Scale bar; 2 mm.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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B. Enlarged views of the respective areas enclosed in R1 from the merged panels in A. Each
montage depicts the PI and NucBlue signal at 0, 24 and 48 h. Scale bar; 100 um.
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C-E. Inter-assay statistical comparisons of cell death as measured by PI/NucBlue intensity after
48 h (corrected for intensities at the 0 h timepoint) in the ROIs indicated on the ROI map to the
left. Data is derived from four independent experiments, including the example illustrated in A,
where CombiCTx devices were loaded with navitoclax only (Nav; loaded in R1), gemcitabine
only (Gem; loaded in R2) or navitoclax (loaded in R1) and gemcitabine (loaded in R2) i.e.
Nav+Gem. For comparison with the Nav+Gem condition, the framed datapoints labelled as
Egiiss (N) + (G) represent the calculated drug combination effects, based on the Bliss
independence model, for the PI/NucBlue intensities recorded in the respective ROIs for the Nav
only (N) and Gem only (G) assays.

F. Intra-assay statistical comparisons of cell death as measured by PI/NucBlue intensity after
48 h (corrected for intensities at the 0 h timepoint) in ROIs R2(i), R3(i), R1(i), indicated on the
associated ROI map to the left. Data is derived from four independent experiments, including
the example illustrated in A where CombiCTx devices were loaded with Nav and Gem
(Nav+Gem). For comparison with R3(i) (which is closest to both the Nav and Gem wells), the
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framed datapoints labelled as Ep);sR3(1) represent the calculated drug combination gffect (baséd: 2o
on the Bliss independence model) for the PI/NucBlue intensities recorded in R2(i) (which is
closest to Nav and furthest from Gem) and R1(i) (which is closest to Gem and furthest from

Nav).

G. Calculated indices (CI) of the predicted combination effects (Epj;;) compared to the
experimentally observed drug combination effects (En,,+cenm). Values that are below, equal to,
or above 1 are respectively indicative of drug synergies, additive effects, or antagonisms.

All datapoints, including the presented mean and standard deviations, represent values from
four independent experiments. The significant difference in C was determined using a one-way
ANOVA and a Tukey’s multiple comparisons test. No significant differences were detected
between any of the other groups
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Table 1.

Compound Abbreviation Molecular mass (g/mol) pKa Log P Log D (at pH 7.4)

Tetramethylrhodamine-5-isothiocyanate TRITC 443.5 n/a n/a n/a

Fluorescein 5/6-isothiocyanate FITC 389.4 n/a 4.00 4.64

Doxorubicin DOX 543.5 7.34 (acidic, 1); 8.46 (2); 9.46 (basic, 3) 2.82 -0.79

Staurosporine STA 466.5 13.46 (acidic), 9.55 (basic) 3.29 3.30

Gemcitabine Gem 263.2 11.52 (acidic), 3.65 (basic) -0.47 -1.40

Navitoclax Nav 974.6 4.26 (acidic), 8.30 (basic) 12.14 8.31
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Data availability

The quantitative image analysis files used to plot data in this paper are provided as a supplementary

file. The CAD files for the CombiCTx device are available on request.
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