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ABSTRACT 

Multicellular tumour spheroids are an ideal in vitro tumour model to study clonal heterogeneity and drug 
resistance in cancer research because different cell types can be mixed at will. However, measuring the 
individual response of each cell population over time is challenging: current methods are either destructive, 
such as flow cytometry, or cannot image throughout a spheroid, such as confocal microscopy. Our group 
previously developed a wide-field fluorescence hyperspectral imaging system to study spheroids formed 
and cultured in microfluidic chips. In the present study, two subclones of a single parental ovarian cancer 
cell line transfected to express different fluorophores were produced and co-culture spheroids were formed 
on-chip using ratios forming highly asymmetric subpopulations. We performed a 3D proliferation assay on 
each cell population forming the spheroids that matched the 2D growth behaviour. Response assays to 
PARP inhibitors and platinum-based drugs were also performed to follow the clonal evolution of mixed 
populations. Our experiments show that hyperspectral imaging can detect spheroid response before 
observing a decrease in spheroid diameter. Hyperspectral imaging and microfluidic-based spheroid assays 
provide a versatile solution to study clonal heterogeneity, able to measure response in subpopulations 
presenting as little as 10% of the initial spheroid. 

INSIGHT BOX 

Microfluidic chips are known to be able to form and culture hundreds of tumour spheroids easily. 

However, measurement techniques routinely used, such as confocal microscopy, light sheet 

microscopy, or flow cytometry, are not adapted for the in situ analysis of this massive number of 

samples. This work reports how wide-field hyperspectral imaging can be used to follow the 

treatment response of individual fluorescent cell populations in spheroids non-destructively and in 

a high-throughput manner. The method described here further reveals the onset of clonal takeover 

in 3D co-cultures with similar drug resistance. This work represents the first step towards using 
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hyperspectral imaging to analyse spheroids in microfluidic chips, opening the possibilities of 

future chip-based spheroid research. 

Introduction 

Many types of cancer, including ovarian cancer, are characterised by the presence of clonal 

heterogeneity, where tumours are composed of multiple populations of malignant subclones with 

different genetic mutations. These subclones can then each evolve differently over time and in 

response to treatments. Treatment affecting one subclone can lead to tumour repopulation by a 

different and possibly more resistant subclone. Cancers with high levels of clonal heterogeneity 

are thus associated with poor prognosis, treatment resistance, and an increased difficulty to develop 

biomarkers of prognosis or treatment response [1]–[3]. To study clonal heterogeneity, monolayer 

co-culture of cancer cells can be used as an in vitro cancer model. However, there is now evidence 

that 3D cellular models, such as spheroids, are more relevant than 2D cell culture as in vitro cancer 

models for drug discovery [4]. Spheroids are 3D cell aggregates that better reproduce cell-cell and 

cell-matrix interactions [5]–[7]. They also incorporate fundamental mass transfer limitations 

important in most cellular response to drugs [8]. By mixing two or more cell lines in a single 

spheroid, researchers can improve their relevance and include clonal heterogeneity in their studies. 

Informative assays include mixing epithelial and stromal cells, resistant and sensitive cells, or 

cancer and immune cells.  

The microfluidics community has provided numerous tools that can easily perform assays on 

3D tissue models such as spheroids, organoids [9], and micro-dissected tissues [10]. Researchers 

have developed chips that can form up to thousands of spheroids in one step and expose them to 

external stimuli [11]–[17]. Chips are especially useful to hold or trap spheroids in place during 

medium changes or when adding drugs of interest without the risk of pipetting them out of plate 

wells [18]–[20]. However, there remains important challenges including methods that analyse 

sample dynamics, including tracking cell populations in co-culture spheroids. 

To study these co-culture spheroids in terms of proliferation, response to treatment, or 

invasion, each cell population composing the spheroids must be studied independently rather than 

measuring whole spheroid response [21] as cell populations can compete or co-operate for survival 

against a drug within a spheroid [22]. These constraints greatly restrict the number of methods that 

can be employed to analyse this response. For example, diameter or volume measurements, often 

reported in the literature as a metric of spheroid response [23]–[25], can no longer be applied to 

determine cell population-specific responses. 

Over the years, several methods have been developed to distinguish subclonal population 

growth within a multicellular system whether spheroids were formed in microfluidic chips or using 

conventional methods. Techniques are either based on cell morphology [26], colorimetric or 

fluorescent antigen stains [23], genetic modifications to inherently express different fluorescent 

markers, or viability dyes [23]. When these markers are used in 2D monolayer culture, 

conventional microscopes can distinguish individual cells. Cells can then be counted visually 

according to whether they present the markers or not. However, the same technique cannot be 

applied to 3D tissue analysis unless spheroids are first digested into a single cell suspension. 

In response, a lot of effort has been applied to adapting fluorescence-based methods to 

correctly quantify cell populations in 3D cultures using either fluorescent proteins [27], fluorescent 
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trackers or viability dyes [28], [29]. A conventional optical fluorescence microscope can quantify 

spheroid fluorescence intensity if parameters during the image acquisition are known and 

controlled [23], [30]. However, most optical microscopes are designed to image cell monolayers 

using a depth of field corresponding to the size of a cell. If used to image 3D cultures, a slightly 

out of focus sample can drastically affect the measured fluorescence intensity [31], [32]. This 

hinders precisely quantifying spheroid fluorescence using conventional optical microscopes and 

limits their usefulness. Confocal microscopy was developed to image virtual optical sections of 

3D samples individually using pinholes to reject light from out of focus planes of the sample. 

Fluorescent cells can then be counted on each slice. However, this optical sectioning is done at the 

cost of lower signal intensity and, coupled with tissue absorption and scattering, limits light 

penetration in the centre of a biological sample. Samples thicker than 70-100 μm are thus more 

difficult to image [23], [33], [34], or need to be optically cleared [35], [36]. Multiphoton 

microscopy can circumvent this by taking advantage of the near-infrared optical window, a range 

of wavelengths between 650 and 1 300 nm where light penetration depth is the highest in tissues. 

However, to achieve multiphoton excitation of fluorophores, objectives with high numerical 

apertures and shorter working distances are needed, rendering imaging thick (> 5 mm) microfluidic 

chips difficult [37]. For all three types of microscopy, the typical filter cubes used reduce their 

spectral resolution and increases cross-talk between fluorescence channels, limiting which and 

how many fluorophores can be imaged, especially when large spectral overlaps exist [30]. Flow 

cytometry or fluorescence activated cell sorting (FACS) can resolve a large number of fluorescent 

markers but require spheroid digestion into individual cells before analysis [38]. Studying the same 

sample over time is impossible using this type of destructive technique. Finally, 

immunohistochemistry and immunofluorescence performed on tissue slices (paraffin embedded 

or cryosections) are also used but present the same drawback as FACS as they are destructive 

techniques [23]. 

In this paper, we describe a method using hyperspectral imaging (HSI) to quantify cell 

populations over time in co-culture spheroids in response to external stimuli. The HSI system was 

optimised to analyse multiple spheroids on-chip in a single acquisition. Co-culture spheroids 

expressing two fluorescent proteins were formed directly on-chip and their growth was followed 

over time as a function of the initial cell seeding ratio. Based on the different proliferation rates 

for each fluorescent subclone, we hypothesised that hyperspectral imaging could also be used to 

study the dynamic effect of chemotherapy drugs affecting DNA such as PARP inhibitors [39] and 

platinum-based drugs [40] in cell populations with distinct growth properties. We then studied 

spheroid response to different chemotherapy drug concentrations and measured each fluorescent 

population’s dynamic response to the drug over time. Our method has the advantage of being non-

destructive: the dynamic response of each cell population in the spheroids can be followed at 

multiple time-points over time and large numbers of spheroids can easily be measured. Three sets 

of experiments are described in this work illustrating the potential of hyperspectral imaging for 

spheroid-based research. 
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Results 

Hyperspectral imaging workflow to quantify cell populations in co-culture 
spheroids 

Fig. 1 introduces the workflow presented in this article. We first produced fluorescent subclones 

of the ovarian cancer cell line OV1946 [41]. This cell line, established from patient ascites, can 

form spheroids in a low attachment environment. In a previous study [42] we observed that 

subclones made from two different parental cell lines did not mix homogeneously in spheroids and 

remained as distinct aggregates. As cell-cell interactions are an important factor in studying cancer 

and drug resistance [43], we chose to use a single ovarian cancer cell line to make two fluorescent 

subclones with the hypothesis that the two cell populations would mix homogeneously. The two 

fluorescent populations were produced by transfecting OV1946 cells with enhanced Green 

Fluorescent Protein (eGFP) (eGFP-OV1946) and mCherry (mCherry-OV1946) plasmids. Two 

subclones from the transfected populations were selected by limited dilution to obtain cells 

expressing each fluorescent protein at similar intensity for a specific subclone, as illustrated in 

step 1 of Fig. 1. 

The two fluorescent subclones were then mixed at different ratios to form co-culture spheroids 

on-chip. Various cell seeding ratios were studied: 100:0, 90:10, 75:25, 50:50, 25:75, 10:90, and 

0:100 (eGFP:mCherry). The microfluidic chip used to form these spheroids is based on Patra et 

al. [14] and is composed of a main channel with groups of 24 wells placed underneath. Cells 

sediment in the wells and form one spheroid per well in 24 h. Their compactness depends on the 

cell line used. Spheroids were then cultured on-chip up to nine days after formation. Medium was 

changed every 24 h to replenish the nutrients available to the spheroids and remove their waste, in 

compliance with previously published on-chip 3D cell culture guidelines [44]. 

Hyperspectral imaging was used to image one group of 24 spheroids trapped on-chip in a single 

hyperspectral acquisition. HSI images were acquired with the system illustrated in Fig. 1 and 

calibrated using the image analysis steps described in detail previously [42] to extract the true 

fluorescence intensity emitted by the sample from the system response. These steps are also 

detailed in the Materials and Methods section. As both fluorescent subclones emit the same 

fluorescence intensity for all their cells, and that intensity is not the same for both subclones, both 

proteins’ intensities were normalised before calculating the proportion of each cell population in 

the spheroids. An average intensity of the fluorescence in regions of interest corresponding to each 

spheroid at day 0 was used as a reference. 

2D proliferation assay on cell populations 

While creating the eGFP and mCherry subclones by transfection, we selected clones with different 

proliferation rates to see if HSI is able to measure this difference while forming co-culture 

spheroids. Fig. 2 shows the standard 2D proliferation assay performed to measure the proliferation 

rate of each subclone. Fig. 2A-C shows the proliferation of each subclone cultured independently, 

where eGFP-OV1946 cells doubling time is 1.5 times faster than mCherry-OV1946. When eGFP 

cells were mixed at different ratio with mCherry cells, they again proliferated faster than mCherry 

cells (Fig. 2D-F). 
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FACS validation 

Before using hyperspectral imaging to quantify spheroid composition, we first validated that 

spheroid composition measurements obtained by HSI were similar to those obtained by FACS. 

Spheroids were made on-chip according to the same initial seeding ratios described previously. 

They were then cultured on-chip for 3 to 6 days, depending on the experiment (n = 3). Medium 

was changed daily. For this validation, 3 groups of 24 wells per chip were first imaged individually 

using HSI and the same spheroids were then pooled and analysed by FACS (Fig. 3A). Fig. 3B 

shows that HSI has an absolute error in spheroid composition percentage of at most 5% when 

compared to FACS. 

3D proliferation assay on cell populations 

Using our HSI system and its image analysis algorithm, we validated that similar trends in the 

proliferation of both subclones in 2D could be observed in a 3D spheroid. The 3D proliferation 

assay timeline on cell populations is detailed in Fig. 4A. Spheroids were formed on-chip at various 

initial seeding ratios (100:0, 90:10, 75:25, 50:50, 25:75, 10:90, and 0:100) and 24 spheroids per 

ratio were imaged daily until day 9. The experiment was repeated three times. Step 7 of Fig. 1 

presents representative fluorescence and brightfield images of a co-culture spheroid made with 

subclone of the same parental cell line, confirming our hypothesis that the two subclones would 

mix homogeneously. Fig. 4B shows the brightfield images of one representative spheroid per ratio 

over time. We observed that compact spheroids were formed on day 2 and individual spheroid 

diameter then increases over time as cells proliferate. However, brightfield images alone cannot 

distinguish the individual growth rate of eGFP or mCherry cells. We tested the ability of 

fluorescence measurements by HSI to track cell population growth over time. Fig. 4C i and iii 

show the spheroid composition in eGFP and mCherry cells for each initial seeding ratio. The same 

curves normalised to day 1 are shown in Fig. 4C ii, iv, and v. We noted that eGFP cells first 

experience a rapid proliferation from day 0 up to day 5, doubling their fluorescence intensity. Their 

proliferation then decreased until day 9. Shaded areas represent error bars (standard error of the 

mean, n = 3) and illustrate how eGFP cells’ behaviour varies between the experimental repetitions. 

Noteworthy, even if the total number of cells in each spheroid at day 0 was the same, eGFP cells 

in spheroids composed mainly of mCherry cells grew more than in those made only of eGFP cells 

(Fig. 4C ii). In contrast, as highlighted by the smaller error bars, mCherry cells proliferation 

remains constant from experiment to experiment. Their proliferation is slower than eGFP cells, 

but continues until day 9, where their fluorescence intensity was doubled compared to day 0. Also, 

we did not observe a dependence on the initial number of mCherry cells as mCherry cells in all 

spheroids grew at the same rate (Fig. 4C iv). Importantly, when comparing subclones proliferation 

up to day 5 (Fig. 4C v), we can see that eGFP cells grew faster than mCherry cells in earlier days, 

replicating the biological characteristics observed in 2D cultures. 

In addition to following each cell population’s fluorescence intensity over time, we also 

calculated the proportion occupied by each population in the spheroids. eGFP and mCherry 

fluorescence intensities were first normalised to a reference intensity so that both intensities could 

be compared, and the spheroid composition was calculated with equation 1 (see Materials and 

Methods). Fig. 4D utilises a stacked area chart to represent the spheroid composition over time as 

a function of the initial seeding ratio. The proportion occupied by eGFP cells is represented by the 

bottom (green) area while the top (red) area represents the proportion occupied by mCherry cells. 

In the first 5 days, we can see a slight increase of the percentage of eGFP cells, correlating to their 



 

Page 6 of 22 

 

higher proliferation rate of the first days. At day 9, the spheroid composition then returns around 

the initial composition of day 0. This contrasts with results from 2D culture, where eGFP cells 

continued to proportionally occupy more space than mCherry cells (Fig. 2D-F). This could be 

explained by effects unique to spheroids, such as competition for space within the 3D volume. 

Treatment response assay on cell populations 

Clonogenic assays were performed to assess each subclone’s response to the PARP inhibitor 

talazoparib. Fig. S1 shows that the eGFP subclone is slightly more resistant than the mCherry 

subclone, although this difference is not statistically significant: eGFP cells have a 2D 

concentration at which 50% of colony formation is inhibited (IC50) of 27.7 ± 2.0 nM and mCherry 

cells, of 21.2 ± 6.0 nM. Knowing that 2D and 3D culture can have different responses to 

treatment [8], [45], we hypothesised that HSI could follow each cell population response 

independently and observe differences in response. A treatment response assay was performed by 

exposing the same co-culture spheroids, made at the same seeding ratio as previously, to three 

concentrations of drug from day 2 to day 9 (Fig. 5A). The experiment was repeated three times. 

Fig. 5B shows brightfield images of representative spheroids at day 8, depending on the treatment 

concentration, while Fig. 5C shows brightfield images of spheroids over time as they are exposed 

to the highest talazoparib concentration (50 μM). For a specific seeding ratio, the evolution of the 

same spheroid over time is shown. The fluorescence intensity of each cell population measured by 

HSI is shown in Fig. 5D-E. Each graph presents the response of 24 spheroids made at a specific 

seeding ratio to the three talazoparib concentrations and the talazoparib vehicle (medium and 

DSMO). In each graph, we observed a dose-response effect, where fluorescence intensity (both 

eGFP and mCherry) decreases after exposure to the drug starting at day 2. For both cell lines, 5 nM 

is too low to elicit a response, as the curves are similar to those of the control with no drug. 

However, for the highest concentration, we can clearly see fluorescence decreases sharply for both 

cell populations, indicating that cells are affected by the treatment between day 3 and 4 (after 24-

48 h of treatment), which is consistent with the subclones doubling time. Using the HSI, the 

treatment effect was detected earlier, as spheroid diameters at day 8 (Fig. 5B) are just starting to 

diminish at the highest concentration. While curves for spheroid with low starting number of cells 

are noisier due to a lower signal intensity (Fig. 5D i and 5E vi, for example), they still demonstrate 

that our method can measure treatment response of cell populations occupying as little as 10% of 

the spheroid. 

Fig. 6 presents the spheroid composition as a response to the three talazoparib concentrations. 

At 5 nM (Fig. 6A), both cell populations react similarly to the control (Fig. 4D). At the intermediate 

concentration of 500 nM (Fig. 6B), the eGFP percentage seems to increase very slightly over time. 

At the highest concentration of 50 μM, we can observe that the spheroids experience a clonal 

takeover by mCherry cells. Both cell populations die from talazoparib, as illustrated by Fig. 5D-E, 

but mCherry-OV1946 cells seem more resistant and die less, proportionally. Independent of the 

initial cell seeding ratio, this takeover starts consistently at day 4, after 48h of treatment. While 

Fig. 5D-E present how each subclone responds to treatment, Fig. 6 reveals the behaviour 

differences between the two subclones.  

As a proof of concept that HSI can also measure treatment response of spheroids exposed to 

platinum-based drugs, we formed co-culture spheroids using the following seeding ratios: 100:0, 

50:50, and 0:100, and exposed them to carboplatin from day 1 to day 3 (Fig. 7A). The experiment 

was performed once (n = 1) on 24 spheroids per condition (ratio and drug concentration). Fig. 7B 
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shows that, similar to the treatment response assay to talazoparib, spheroid diameters as a metric 

to measure treatment response is not always appropriate. Fluorescence intensities over time 

(Fig. 7C) show a dose-dependent decrease in day 1 fluorescence intensities for both subclones. At 

the two highest carboplatin concentrations (300 μM and 3 mM), both subclones start to die 

between day 1 and day 3. At the low concentration of 30 μM, the fluorescence intensities do not 

immediately decrease from day 1 to day 3, but instead, the decrease starts after the chemotherapy 

is removed: mCherry intensity starts to decrease 24 h after eGFP intensity. This difference can 

also be observed on the corresponding spheroid composition graph and is highlighted by arrows. 

From day 0 to day 3, the spheroid composition in eGFP-OV1946 cells increases consistently. 

Between day 3 and day 4, eGFP-OV1946 cells are more affected by the treatment than mCherry-

OV1946 cells, resulting in a steep decrease in eGFP spheroid composition. From day 4 to the end 

of the experiment, mCherry-OV1946 cell death reaches similar rates as eGFP-OV1946 cells and 

the spheroid composition stabilises. 

Discussion and Conclusion 

Many research groups have developed methods using various combinations techniques to study 

co-culture spheroids and follow their cell populations over time. Several of these methods are 

either based on destructive techniques such as digesting spheroids prior to analysis [21], [28], [29], 

cryosections [27], [28], or flow cytometry [28], [29], or on confocal microscopy [27]. These 

methods cannot achieve long term repeated analyses of the same spheroids over time while also 

sampling the centre of larger spheroids (> 70-100 μm). Our method, based on forming and treating 

spheroids on-chip, and following their fluorescence over time using wide-field hyperspectral 

imaging, has the advantages of being rapid, precise, and versatile. Multiple samples can be imaged 

in the wide field of view. We were able to measure 24 spheroids for 28 conditions each (7 ratios x 

4 drug concentrations) in a single experimental run, taking approximately 4 hours to perform. If 

confocal or multiphoton imaging were to be done in 30 seconds for each spheroid, as it is 

customary, 5.6 hours would have been required just to perform the imaging step. The hyperspectral 

capabilities of the system can distinguish fluorophores with close emission peaks or fluorophores 

of low intensity overshadowed by a fluorophore of higher intensity, as demonstrated in our 

previous work [42]. Finally, since the excitation wavelength of the HSI system can be chosen 

between 400 and 700 nm and the emitted fluorescence can be measured from 450 to 720 nm, the 

system is highly versatile in terms of which fluorophores can be imaged. Overall, our microfluidic 

chip and our hyperspectral imaging system can generate and treat spheroids rapidly with an 

absolute error of less than 5% in spheroid composition compared to FACS analysis.  

The 2D proliferation assay showed that one subclone, eGFP-OV1946, has a doubling time 

1.5-times faster than the mCherry subclone when cultured separately. Cultured together at different 

seeding ratios, eGFP-OV1946 also proliferated faster than mCherry-OV1946 cells. This trend was 

also observed in spheroids using the HSI system, although eGFP-OV1946 cell proliferation 

decreased starting at day 5 of spheroid culture. Our method to assess treatment response on ovarian 

cancer spheroids also illustrates how, depending on the cell line and drug studied, using 

fluorescence can detect treatment response earlier than the spheroid diameter. 

We observed that a concentration as high as 50 μM was necessary to illicit a clear decrease in 

fluorescence, especially for eGFP cells, even if the 2D IC50 of both subclones is between 20 and 

30 nM. At the 500 nM drug concentration (around 20X of the 2D IC50 for both cell lines), a slight 
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decrease in fluorescence compared to the control and the 5 nM concentration was observed 

(Fig. 5D-E). This result is typical of treatment response in 3D cultures, as the drug concentrations 

necessary to elicit a drug response are normally higher in 3D than in 2D [46]. Other experimental 

work in our laboratory also indicate that drug concentrations around 100X the 2D IC50 are 

necessary to elicit a response in ovarian cancer spheroids [8], [45]. 

One advantage of using HSI to follow cell populations over time is that we were able to 

measure treatment response of a cell population representing only 10% of the spheroid 

composition (Fig. 5D i and 5E iv). Typical studies on clonal population either can detect subclones 

of 10% but are destructive, or cannot follow over time such a low population [21], [29]. Our HSI 

system offers advantages in terms of imaging highly asymmetrical populations compared to 

conventional fluorescence microscopy where crosstalk can cause inaccuracy when measuring each 

population fluorescence intensity [30]. Finally, using the carboplatin treatment response results, 

we showed how breaks in the spheroid composition curve over time (Fig. 7D ii-iii) can highlight 

changes in the cell populations response to treatment and indicate periods of interest to study 

treatment response. 

In conclusion, this work introduces a novel method to rapidly and dynamically analyse the 

response to external stimuli of highly asymmetrical co-culture spheroids formed in microfluidic 

chips. As HSI has demonstrated it can image and quantify three or more fluorophores without 

increasing experimental time [42], mixing more than two types of cells, such as epithelial and 

stromal cells, resistant and sensitive cells, or cancer and immune cells could be done. Our work 

could be applied to other types of assays, such as drug penetration in tissue studies, invasion assay, 

or angiogenesis studies and could find applications in high throughput/high content drug screens 

on spheroids to test new or known drugs on co-culture spheroids. HSI is also compatible with 

recently emerging ex vivo tumour on a chip models [47]. 

Materials and methods 

Microfluidic chip 

Spheroids were formed directly inside a microfluidic chip using a design and technique described 

previously [42]. The chip consists of a main channel of 2.5 mm in width and 500 μm in height 

with wells of 500 x 500 x 500 μm3 placed underneath. 120 wells are placed in 5 groups of 24 to 

form spheroids using a single cell suspension. Spheroids stay trapped in the wells when the 

medium (containing drugs or not) in the main channel is changed using a low flow rate [44]. 

Photographs of the chip are presented in Fig 1. 

Two poly(methyl methacrylate) (PMMA) moulds were micromachined using a computerised 

numerical control (CNC) machine (EMCO PC Mill 55, EMCO GmbH, Austria); one for the layer 

containing the main channel and inlets/outlets, and one for the layer containing the wells. Degassed 

poly(dimethylsiloxane) (PDMS, Sylgard® 184 silicone elastomer kit, Dow Corning, USA) mixed 

at a 10:1 ratio was then poured onto each PMMA mould and cured in an oven at 80 °C for 1 h. 

Both PDMS layers were exposed 30 s to an atmospheric plasma (Dyn-A-Mite, Enercon, USA) and 

bonded together to form the microfluidic chip. Hollow nylon cylinders (91145A138, McMaster-

Carr, USA) were then introduced in the inlets and outlets. 

Microfluidic chips were prepared for cell culture by first removing any bubbles in the channels 

using 100% ethanol followed by a 70% ethanol incubation for 10 minutes to sterilise the chip. 
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Channel walls were then passivated to prevent cell adhesion to the PDMS by introducing a solution 

of triblock copolymer block (10 mg/mL, Pluronic® F-108, 542342, Sigma-Aldrich, USA) in the 

channels. Chips were put in a sterile humidity chamber (plastic box with a tissue moistened with 

sterile water) to prevent evaporation and incubated with the passivating solution for at least 1 h or 

overnight at 37 °C and 5% CO2. A final sterilisation step of ethanol 70% for 10 minutes was 

followed by a rinsing of the channel with sterile Hank's Balanced Salt Solution (HBSS, 311-516-

CL, Wisent Inc., Canada) supplemented with 600 µg/L amphotericin B (450-105-QL, Wisent Inc.) 

and 55 mg/L gentamicin (450-135-XL, Wisent Inc.). Chips could then be stored at 4 °C or used 

immediately to form spheroids on-chip. 

Co-culture spheroids 

The ovarian cancer cell line OV1946 was previously established from patient ascites [41]. OV1946 

cells possess the ability to form spheroids in low attachment conditions. Two fluorescent subclones 

were produced by transiently transfecting OV1946 cells with an eGFP plasmid (pEGFP-N1, 

6085-1, Clontech Laboratories Inc., USA) and a mCherry plasmid (mCherry2-N1, #54517, 

Addgene, USA). Plasmid mCherry2-N1 was a gift from Michael Davidson. Successfully 

transfected cells were selected using G418 (500 µg/mL, Geneticin®, 10131-035, Thermo Fisher 

Scientific, USA). Single clones from each transfection were finally produced by limited dilution 

to obtain two OV1946 subclones expressing each fluorophore at the same level for all cells within 

a subclone. 

Co-culture spheroids were formed on-chip by first mixing eGFP-OV1946 and mCherry-

OV1946 cells at the following initial seeding ratios: 100:0, 90:10, 75:25, 50:50, 25:75, 10:90, and 

0:100 (eGFP:mCherry). The total number of cells for all cell suspensions was 9 x 105 cells per 

millilitre of OSE medium without phenol red (316-031-CL, Wisent Inc.) supplemented with 10% 

foetal bovine serum (FBS, 080-150, Wisent Inc.), 55 mg/L gentamicin, 600 μg/L amphotericin B, 

and 500 µg/mL G418. Complete OSE medium supplemented with G418 is referenced throughout 

this work as “medium”, except where specified. 

Spheroids were formed on-chip on day 0 by introducing 100 μL of cell suspension in the plastic 

cylinder of the inlet and quickly removing 100 μL of liquid from the outlet. This step was repeated 

6 times to ensure a uniform distribution of cells in the chip. 24 h later, one spheroid per well was 

visibly formed. Experiments were started on day 2. To remove cell wastes and replenish nutrients, 

medium was changed every 24 h by adding 70 μL of new medium in the inlet and removing 3 x 

20 μL from the outlet, 3 times to prevent ejecting spheroids from their well. Throughout the 

experiment, chips were incubated at 37 °C and 5% CO2 while placed in a humidity chamber to 

prevent medium evaporation. 

To perform a drug response assay using PARP inhibitors, talazoparib (HY-16106, 

MedChemExpress, USA) was first solubilised in dimethyl sulfoxide (DMSO) (D8418, Sigma-

Aldrich) at 20 mM. This solution was then diluted to 5 nM, 500 nM, and 50 μM in medium. DMSO 

was added to each solution, including the control, to match the final DMSO concentration of 

0.25% (v/v) in the 50 μM solution. To perform a drug response assay using a chemotherapy drug, 

carboplatin (10 mg/mL, Omega Laboratories Limited, Canada) was diluted to 30, 300, and 

3 000 μM in medium. 
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Hyperspectral imaging system 

A custom-built hyperspectral imaging system was previously developed [42] to acquire 

fluorescence hyperspectral data cubes (pixel x pixel x nm) of multiple spheroids trapped in a 

microfluidic chip with a 22.6 line-pairs per millimetre spatial resolution and a 7 nm spectral 

resolution. The HSI system has a field of view of 7.25 mm in diameter and can image 

24 wells/spheroids of the microfluidic chip described earlier. Briefly, the HSI system is composed 

of two illumination branches: a halogen white light (HL-2000, Ocean Optics, USA) is used for 

brightfield illumination and a supercontinuum laser (Fianium, NKT Photonics, Denmark) coupled 

to a laser line tuneable filter (LLTF, Photon etc, Canada) is used for fluorescence excitation at 

various wavelengths. The illuminations are combined using a 50:50 beamsplitter (BS013, 

Thorlabs, USA) towards the sample. A fixed focal length objective (59-871, Edmund Optics, 

USA), a longpass filter (FELH0500 or FELH0550, Thorlabs), a relay lens (67-422, Edmund 

Optics) and a liquid crystal tuneable filter (LCTF, VariSpec VIS, Perkin-Elmer, USA) form the 

sample image on an electron multiplying charged-coupled device (EMCCD) camera (HNü 512, 

Nüvü Caméras, Canada). A custom LabVIEW 2014 (National Instruments, USA) software sweeps 

the tuneable liquid crystal filter to acquire images at every 5 nm and measure the sample’s 

fluorescence emission spectrum or transmittance. 

In this work, excitation wavelengths used were 480 nm for eGFP and 530 nm for mCherry. 

The fluorescence emission spectra were acquired from 400 to 720 nm or 550 to 720 nm, depending 

on the excitation wavelength used. Typical acquisition time for an image at one wavelength was 

500 to 1000 ms and gain was set at 500. For each microfluidic chip, the middle group of wells was 

imaged, resulting in 24 spheroids imaged per condition. For the comparison with flow cytometry, 

3 groups of 24 spheroids were imaged per chip (72 spheroids in total).  

Brightfield and fluorescence hyperspectral data cubes of each chip imaged were analysed with 

a series of steps described in detail in our previous study [42]. Briefly, each data cube was first 

divided by its acquisition time and gain. Dark noise acquired when closing the camera shutter was 

then subtracted. A shading correction was then applied to compensate for uneven illumination and 

detection. 

Fluorescence image analysis 

Hyperspectral data cubes were processed using MATLAB R2015a (The MathWorks, Inc., USA) 

to extract the fluorescence intensity emitted by each spheroid. Since the exact positioning of the 

chip in the field of view of the HSI system is different for each day and chip, regions of interest 

(ROI) corresponding to each well of the chip were determined by registering each image with a 

reference image, where well positions are known. Spectral unmixing is then performed on each 

selected ROI to separate each spectral entity contribution using a library of previously acquired 

fluorescence spectrum of the fluorophores of interest. The coefficients obtained for eGFP and 

mCherry were used as the fluorescence intensity emitted by each fluorescent protein. This is more 

precise than using the fluorescence intensity at the emission peak, especially in the case of 

overlapping fluorophores spectra. 

Because of the limited dilution performed to select one clone after transfection, all the eGFP-

OV1946 (or mCherry-OV1946) cells express the eGFP (or mCherry) protein at a very similar 

level. However, that intensity level is not the same for both fluorescent subclones. To be able to 

compare eGFP and mCherry intensities, both intensities need to be normalised. Fluorescence 
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intensities at day 0 were averaged for all spheroids that had the same initial seeding ratio (all 

spheroids made at 25:75 were averaged at day 0 and fluorescence values were reported for eGFP 

25% and mCherry 75%, regardless of the drug concentration tested after). A linear fit was 

performed, and the fit was then used to obtain an intensity for a spheroid made at 100% of each 

subclone. An example of this linear fit is presented in Fig. S2. These reference intensities were 

used to normalise all acquired data. Spheroid composition was then calculated as follows: 

%𝐴 =
𝐼𝐴

𝐼𝐴 + 𝐼𝐵
× 100 (1) 

where %A is the percentage of the spheroid composed of subclone A, IA/B is subclone A/B 

normalised intensity for this spheroid. 

FACS validation 

Co-culture spheroids at various seeding ratios were formed on-chip according to the method 

described above. Spheroids were cultured on-chip and medium, supplemented with 0.25% (v/v) 

DMSO, was changed every day. The experiment was repeated three times and depending on the 

experiment repetition, spheroids were cultured 3, 4, or 6 days on-chip. Three groups of 

24 spheroids were imaged by HSI per chip and their composition in eGFP and mCherry cells was 

calculated and averaged. On the same day, the chips were cut to separate the same three groups of 

24 spheroids which were imaged. These spheroids were harvested from the chip by peeling apart 

the two layers of PDMS and collecting them in a 1.5 ml tube with 100 µl of phosphate buffered 

saline (PBS, 311-012-LL, Wisent Inc.). The spheroids were digested by adding 100 µl of trypsin 

0.05% (325-041, Wisent Inc.) for 30 seconds. Trypsin was then neutralised by the addition of 

200 µl of FBS. The single cell suspension obtained was centrifuged at 1 200 rpm for 10 minutes 

at 4 ºC, washed with PBS, and the pellet was reconstituted in FACS buffer [PBS supplemented 

with 2% FBS, 1 mM EDTA (EDT001, Bioshop, Canada), and 0.1% sodium azide (V015-05, JT 

Baker, USA)]. The samples were read in a BD LSRFortessa (BD Biosciences, Canada) cell 

analyser. Results were analysed with FlowJo v10 (FlowJo, LLC, USA). 

2D proliferation assay 

A 2D proliferation assay was performed to determine fluorescent subclone proliferation rates. A 

total of 750 cells from both subclones were seeded in 96-well plates in OSE medium. Cells were 

imaged using phase contrast and fluorescence imaging by the IncuCyte® S3 live-cell analysis 

system (Essen BioScience, USA). Frames were captured at 4-hour intervals in two separate regions 

per well using a 10X objective. Acquisition times were 350 ms for eGFP and 500 ms for mCherry. 

Proliferation data were calculated from phase contrast images and fluorescence confluence 

measurements using the IncuCyte® S3 software. Curves were constructed using Prism 6 (GraphPad 

Software, USA). Each experiment was performed in triplicate and repeated three times. 

2D clonogenic assay 

eGFP-OV1946 and mCherry-OV1946 cells were plated at 2 000 cells per well in distinct 6-well 

plates. The next day, talazoparib diluted in medium was added to the cells at several concentrations 

from 0 to 4 000 nM and cells were incubated for 7 days. Colonies were stained with methylene 

blue 0.5% dissolved in methanol (41424, ThermoFisher Scientific) and counted under a stereo 

microscope. IC50 values were calculated using Prism 6 (GraphPad Software). Each experiment 

was performed at least three times in duplicate. 
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Figures 

 

 

Figure 1. Co-culture spheroid assay using hyperspectral imaging workflow. A) Fluorescent 

subclones of the same parental cell line were first generated by transfecting OV1946 cells. For one 

subclone, all cells express the fluorescent protein (eGFP or mCherry) at similar levels due to a 

limited dilution selection. Co-culture spheroids are then formed on-chip by introducing a cell 

suspension containing both subclones in the main channel of the microfluidic chip. Cells sediment 

into the wells and form spheroids in 24 h. Scale bars in 2 represent 6 and 1 mm and scale bar in 3 

represents 250 μm. B) Spheroids are cultured in the microfluidic chip and medium, in which drugs 

can be added, is changed daily. A custom-built HSI system [42] was then used to image and 

quantify the spheroids’ fluorescence at multiple time-points. C) HSI images were processed to 

remove any system response. Regions of interest (ROI) corresponding to each well of the 

microfluidic chip were determined and spectral unmixing was performed to separate the spectral 

entities. Fluorescence intensities from each fluorescent protein were normalised to the reference 

intensity and the spheroid composition, a percentage of each subclone, was calculated. Using the 

fluorescent protein intensity and the spheroid compositions over time, the co-culture spheroid 

response to external stimuli could be analysed. Scale bar in 7 represents 250 μm and other scale 

bars not specified represent 1 mm. 
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Figure 2. 2D cell population proliferation in monolayer culture. A) Representative example of the 

cell growth over time. B) Fluorescence images at 96 h, and C) average doubling time (n = 3) of 

each subclone cultured separately. D-F) Representative example (n = 1) of the proliferation over 

time of each subclone cultured together at various ratios: 75:25 (D), 50:50 (E, inset shows a 

fluorescence image at 96 h), and 25:75 (F). Grey curves show the fold change (normalised to 1) of 

the ratio between eGFP and mCherry fluorescence. Scale bars = 300 μm. 

 

 

Figure 3. FACS validation of HSI measurements. A) Comparison of spheroid composition 

measurements obtained by HSI and by FACS (representative example of n = 1). B) Absolute error 

of HSI measurements compared to FACS. Shaded regions indicate the standard deviation of the 

calculated error (n = 3). 
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Figure 4. Cell population proliferation in co-culture spheroids. A) Experiment timeline. 

B) Brightfield images of spheroids over time. For a specific seeding ratio, the same spheroid is 

shown over time. C i-ii) eGFP-OV1946 and C iii-iv) mCherry-OV1946 proliferation according to 

the initial cell seeding ratio. In C ii and iv, curves from i and iii are normalised to day 1. 

C v) Comparison of the proliferation rates normalised to day 1 of both fluorescent clones (same 

data as in C ii and iv). D i-v) Evolution over time of spheroid composition according to initial 

seeding ratio (bottom/green: eGFP; top/red: mCherry). Shaded regions or error bars represent the 

standard error of the mean (n = 3). 
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Figure 5. Treatment response assay using talazoparib. A) Experiment timeline. B) Brightfield 

images of spheroids at day 8, relevant to the drug concentration. C) Brightfield images of spheroids 

over time, for a talazoparib concentration of 50 μM. For a specific seeding ratio, the same spheroid 

is shown over time to observe its response to the drug. D i-vi) Day 1-normalised mCherry-OV1946 

response to different concentrations of talazoparib, according to the initial seeding ratio. E i-vi) 

Day 1-normalised eGFP-OV1946 response to different concentrations of talazoparib, according to 

the initial seeding ratio. Shaded regions represent the standard error of the mean (n = 3). 
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Figure 6. Spheroid composition as a response to talazoparib applied from day 2 to day 9. Spheroid 

composition over time, according to the initial seeding ratio for a talazoparib concentration of 

A) 5 nM, B) 500 nM, and C) 50 μM. Control data (for a talazoparib concentration of 0 nM) is 

shown in Fig. 4D. For all graphs, bottom/green represent eGFP and top/red, mCherry. Arrows 

indicate clonal takeover onset. Error bars represent the standard error of the mean (n = 3). 
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Figure 7. Treatment response assay using carboplatin. A) Experiment timeline. B) Brightfield 

images of spheroids over time, for a carboplatin concentration of 3 mM. For a specific seeding 

ratio, the same spheroid is shown over time to observe its response to the drug. Brightfield images 

could not be acquired for 100:0-day 6 and 50:50-day 3. C i-ii) Day 1-normalised eGFP-OV1946 

response to different concentrations of carboplatin, according to the initial seeding ratio. C iii-

iv) Day 1-normalised mCherry-OV1946 response to different concentrations of carboplatin, 

according to the initial seeding ratio. D) Spheroid composition over time (bottom/green: eGFP; 

top/red: mCherry). Each curve represents the average of 24 spheroids (n = 1). Arrows indicate 

differences in behaviour of the two subclones. 
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Supplementary material 

 

 

Figure S1. Determination of the 2D IC50 by clonogenic assay for both subclones. A) Average 

dose-response curves for both subclones. B) Talazoparib IC50 for eGFP-OV1946 and mCherry-

OV1946, p = 0.655. Error bars represent the standard deviation (n = 3). 

 

Figure S2. Reference intensity linear fitting for eGFP and mCherry fluorescence comparison. 
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