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ABSTRACT: Cytometry of Reaction Rate Constant (CRRC) uses time-lapse 
fluorescence microscopy to measure a rate constant of a catalytic reaction in 
individual cells and, thus, facilitate accurate size determination for cell 
subpopulations with distinct efficiencies of this reaction. Practical CRRC 
requires that a tissue sample be disintegrated into a suspension of dispersed 
cells and these cells settle on the support surface before being analyzed by 
CRRC. We call such cells “dispersed-settled” to distinguish them from cells 
cultured as a monolayer. Studies of the dispersed-settled cells can be tissue-relevant only if the cells maintain their 3D tissue state during 
the multi-hour CRRC procedure. Here we propose an approach for assessing tissue relevance of the CRRC-based analysis of the dispersed-
settled cells. Our approach utilizes cultured multicellular spheroids as a 3D cell model and cultured cell monolayers as a 2D cell model. 
The CRRC results of the dispersed-settled cells derived from spheroids are compared to those of spheroids and monolayers in order to find 
if the dispersed-settled cells are representative of the spheroids. To demonstrate its practical use, we applied this approach to a cellular 
reaction of multi-drug-resistance (MRD) transport which was followed by extrusion of a fluorescent substrate from the cells. The approach 
proved to be reliable and revealed long-term maintenance of MDR transport in the dispersed-settled cells obtained from cultured ovarian 
cancer spheroids. Accordingly, CRRC can be used to determine accurately the size of a cell subpopulation with an elevated level of MDR 
transport in tumor samples, which makes CRRC a suitable method for the development of MDR-based predictors of chemoresistance. The 
proposed spheroid-based approach for validation of CRRC is applicable to other types of cellular reactions, and, thus, will be an 
indispensable tool for transforming CRRC from an experimental technique into practical analytical tool. 

It is well known that cell populations within the same tissue 
are inherently heterogeneous.1 Differences between the cells may 
be so large that distinct subpopulations become identifiable within 
a heterogeneous cell population.2 For instance, populations of 
cancer cells typically consist of at least two functionally-distinct 
subpopulations. Bulk tumor cells constitute the majority of cells 
in a tumour, and they are often sensitive to chemotherapy.3 
Tumor-initiating cells, in contrast, establish a relatively small 
subpopulation that is often resistant to cytotoxic drugs and 
believed to be responsible for clinical chemoresistance.4 

It is obvious that cell-population heterogeneity is caused by 
differences in molecular reactions between the cells, and thus, 
must be studied by advanced methods of analytical chemistry. 
When cell-population heterogeneity is associated with a specific 
cellular reaction, this reaction can serve as a foundation for 
characterizing the associated cell-population heterogeneity.5 
Further, if a kinetic mechanism of this reaction is known and 
proven to be correct in the cellular context, then a reaction rate 
constant can serve as a parameter that most accurately 
characterizes the efficiency of the reaction in a cell. Cytometry of 
Reaction Rate Constant (CRRC) is a general approach in which 
measuring a reaction rate constant in individual cells is utilized to 
characterize cell population heterogeneity.6 

CRRC is still in its infancy. The general concept of CRRC is 
illustrated in Figure 1.6 The cells are loaded with a reaction 
substrate, which is fluorogenic for chemical reactions and 
fluorescent for transport processes. Substrate conversion into a 
product (for transport processes, the product is simply a displaced 
substrate) is followed by time-lapse fluorescence microscopy at 
the single-cell level. The dependence of intracellular fluorescence 
intensity on time is used to build kinetic traces characterizing the 
reaction in individual cells. A reaction rate constant is determined 
for every cell from these kinetic traces by using a known kinetic 
mechanism of the reaction. A kinetic histogram “number of cells 
vs rate constant” is built and used to determine parameters of cell-
population heterogeneity, such as the sizes of cell subpopulations 
with distinct efficiencies of the cellular reaction studied. 

The measurement and analysis procedures involved in CRRC 
are relatively elaborate and raise a question of benefits that CRRC 
can provide in exchange for the cost of complexity. The non-
arbitrary nature of the rate constant as a measure of cellular 
reaction efficiency suggests a priori that CRRC should be 
accurate and robust, and recent experiments proved this 
hypothesis. It was demonstrated that CRRC can provide accurate 
and robust characterization of heterogeneous cell populations, 
while the non-kinetic characterization (utilizing classical non-
kinetic cytometry histograms “number of cells vs fluorescence 
intensity”) is both inaccurate and non-robust.6 The accuracy and 
robustness of CRRC suggest it as a potential tool for development 
of reliable predictive biomarkers of cancer outcomes based, for 
example, on the correlation between a clinical endpoint, such as 
time to tumor progression, and the size of the drug-resistant 
subpopulation in a tumour sample.7 

Although many studies have identified numerous genomic, 
proteomic, and metabolomics alterations in cancer cells, only a 
few of such alterations led to FDA-approved predictive 
biomarkers of cancer outcomes.8-10 The lack of robust and rugged 
analytical techniques is among the major reasons for the alarming 
disagreement between the numbers of putative and approved 
biomarkers.11 

The application of CRRC to cancer biomarker development 
requires the analysis of samples of tumor tissues and casts doubt 
on the technical implementation of such analyses. To be accurate 
and robust, CRRC requires (i) uniform delivery of an exogenous 
substrate to all cells, (ii) negligible optical interference between 
the cells, and (iii) stability of cells’ positions during relatively-
long time-lapse imaging. The first two requirements are obviously 
difficult to satisfy for tightly-organized multilayered cellular 
structures, such as samples of solid tissues. In contrast, dispersed 
tissue cells which are allowed to settle on a surface (which we 
will term, dispersed-settled cells) satisfy all three requirements 
and suit CRRC. Evidently, the results of studying a disintegrated 
tissue sample will only be tissue-relevant if the dispersed-settled 
cells maintain their 3D state (with regards to the reaction of 
interest) during the entire CRRC procedure. 
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Using CRRC for the analysis of disintegrated tissue samples 
requires that cell’s long-term maintenance of the 3D state be 
demonstrated or at least justifiably assumed. It should be noted 
that this requirement is not unique to CRRC, as analyses of 
disintegrated tissue samples by flow cytometry also assume such 
long-term maintenance.12,13 Tissue disintegration into a single-cell 
suspension followed by cells’ attachment to the surface drastically 
change the cells’ environment. In response to this change the 
cells’ phenotype transitions from the 3D state to the 2D state.14 
The long-term maintenance, thus, refers to the case when the 
characteristic transition time from the 3D state to the 2D state is 
much longer than the time required for tissue disintegration, cells’ 
settling on the surface, and time-lapse imaging. Different cellular 
phenotypes have different transition times, and, accordingly, the 
long-term maintenance should be demonstrated for every 
phenotype individually.15,16 

This work focuses on a phenotype that is associated with 
cross-membrane transport of xenobiotics (e.g. chemotherapeutic 
agents) which is catalyzed by membrane proteins known as ATP-
binding cassette (ABC) transporters.17 This transport contributes 
to clinical multi-drug resistance (MDR) in cancer patients, and is 
viewed as a potential foundation for the development of 
chemoresistance predictors.18 The MDR-transport reaction has a 
known “intermediate-complex” mechanism, and, thus, can be 
used as a basis for the population-heterogeneity analysis by 
CRRC.19 Our group extensively studied MDR transport by 
CRRC.6,20-25 We confirmed that this reaction followed the 
Michaelis-Menten kinetics, and we concluded that a pseudo-first 
order rate constant kMDR = Vmax/KM (where Vmax is the maximum 
velocity, and KM is the Michaelis constant) was the most 
convenient measure for building kinetic cytometry histograms 
“number of cells vs rate constant” for MDR transport.23,25 Recent 
experiments demonstrated that CRRC could accurately and 
robustly distinguish two cell subpopulations with different values 
of kMDR.6 

With the above background on MDR transport in mind, we 
can now formulate the main question of this work: “Can CRRC 
analysis of MDR transport in a disintegrated tissue sample reveal 
tissue-relevant characteristics of cell-population heterogeneity?” 
Of course, this question can be extended to any other cellular 
reaction suitable for CRRC. To answer this question one needs to 
compare CRRC-measured heterogeneity of an intact tissue to that 
of the dispersed-settled cells. As we explained above, CRRC can 
hardly be reliably and routinely applied to intact tissue samples; 
CRRC of an intact tissue sample has not been demonstrated. 
However, nothing prevents us from an attempt to demonstrate 
such application for a sole purpose of comparing CRRC of an 
intact tissue sample with CRRC of dispersed-settled cells and 
answering our major question. 

Such an attempt requires working with a well-controlled 
sample. Tissue samples from patients do not provide the required 

level of control. Therefore, we decided to work with cultured 
multicellular spheroids which are widely accepted as an adequate 
3D model of solid tissues.26 The spheroids can be reproducibly 
cultured under controlled conditions.27 Further, the same type of 
immortalized cells often can be cultured both as multicellular 
spheroids and classical cell monolayers,28,29 allowing for the 
comparison of the dispersed-settled sells derived from the 
spheroids not only to the spheroids but also to the monolayers. 
Cultured monolayers can serve as a reference standard for the 2D 
state to which the dispersed-settled cells are expected to transition 
after spheroid disintegration. In essence, our spheroid-based 
approach for proving tissue relevance of the CRRC-based analysis 
requires comparing kinetic cytometry histograms of the dispersed-
settled cells obtained by disintegrating cultured spheroids to those 
of the intact cultured spheroids (3D state) and cultured 
monolayers (2D state). 

It is instructive to establish initially whether the histograms of 
intact spheroids and monolayers differ from each other. Finding a 
clear difference between them has two implied advantages. First, 
the ability to register this difference would indicate that CRRC is 
sufficiently precise for obtaining kinetic histograms. Second, the 
span of this difference constitutes a range within which the 
histogram of dispersed-settled cells can vary; the larger range 
facilitates better placement of this histogram between the 3D and 
2D states. The histogram of the dispersed-settled cells is expected 
to change with time from that of the intact spheroids to that of the 
monolayers. If the histogram of the dispersed-settled cells is close 
to that of the intact spheroids during the entire CRRC procedure, 
then CRRC analysis of the dispersed-settled cells is tissue-
relevant. If the histograms of the intact spheroids and monolayers 
are found to be similar, and CCRC is proven by another means to 
be precise, a conclusion can be made that the reaction of interest 
has similar efficiency in 3D and 2D states. In such a case, we can 
argue that the results of CRRC analysis of the dispersed-settled 
cells are tissue-relevant without any further proof. 

We developed the following method for CRRC of intact 
cultured small multicellular spheroids (Figure 2), which is a 
modification of the general approach shown in Figure 1. The 
spheroids are allowed to settle on the surface support, a reaction 
substrate is added to the media, and the cellular reaction is 
followed with Z-stack fluorescence confocal imaging covering the 
entire height of the spheroids. Images of every individual cell are 
identified in every X-Y plane, integral fluorescence for every cell 
is determined as a function of time, and kinetic traces of the 
reaction are built for every cell. Finally, the reaction rate constant 
is determined from the kinetic traces for every cell, and the kinetic 
cytometry histogram “number of cells vs rate constant” is built.  

For consistency, we used confocal-microscopy-based CRRC 
not only for spheroids but also for dispersed-settled cells and 
monolayers. This approach revealed drastic differences between 
the kinetic histograms of the intact spheroids and the monolayers. 

 

Figure 1. Schematic depiction of CRRC. A fluorescent (or fluorogenic) substrate of the reaction of interest is added to the cells (1). Kinetics of fluorescence 
intensity is measured microscopically — sequential images of individual cells are taken over a period of time (2). Values of the reaction rate constant are 
determined for each cell (3 and 4). These values are used for a “rate constant value vs. number of cells” histogram (5). The heterogeneity of the population 
can be characterized accurately using this robust histogram. Adapted from Koshkin et al. 2019 [6]. 
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The kinetic histograms of the dispersed-settled cells were similar 
to those of the intact spheroids, and this similarity remained for as 
long as 24 h after spheroid disintegration. With regards to MDR 
transport, these results imply that MDR can be reliably studied by 
CRRC using dispersed-settled cells obtained by disintegrating a 
tissue sample. This conclusion is expected to have important 
implications in the field of chemoresistance prediction. On a more 
general scale, our results indicate that the spheroid-based 
approach is practical for assessing tissue relevance of CRRC 
analysis of the dispersed-settled cells for other types of cells and 
cellular reactions. 

■EXPERIMENTAL SECTION 

Monolayer and Spheroid Cell Cultures. Monolayers of 
human ovarian carcinoma cells A278030 were grown under 
standard cell culture conditions in Dulbecco’s Modified Eagle’s 
medium (DMEM, containing 4.5 g/L glucose, 1.5 g/L sodium 
bicarbonate, 1 mM sodium pyruvate, and 4 mM L-glutamine) at 
37°C in a humidified atmosphere of 5% CO2. DMEM produced 
by ATCC (ATCC®30-2002™) was purchased from Cedarlane 
(Burlington, Ontario, Canada). Cell culture medium contained 
conventional supplements (100 IU/mL penicillin, 100 μg/mL 
streptomycin, and 10% fetal bovine serum) purchased from 
Invitrogen (Burlington, Ontario, Canada). 

The culturing of small multicellular spheroids was based on 
the liquid overlay approach,31 adapted for ovarian cells.32 Briefly, 
96 well plates were treated with 100 L of 10% agarose per well 
to create a concave non-adhesive surface. After the solidification 
of agarose, the wells were filled with 100 L of cell suspension 
(5 × 103 cells/mL) in DMEM and allowed spheroids to form for 
2–3 days before their collection. For imaging, spheroids were 
placed onto coverslips and allowed to settle and attach to the 
surface for 5 h.33 For studying dispersed-settled cells, the 
spheroids were disintegrated with trypsin/EDTA treatment into a 
single-cell suspension,34 and the resulting cells were allowed to 
attach to the plate surface during 5 h (by default) or 24 h.35 

Image Acquisition. Imaging of MDR transport (efflux of a 
fluorescent substrate from the cells) was performed using an 
FV300 confocal cell imager (Olympus) in the time-lapse mode. 
Fluorescein (substrate of MDR transport) and glyburide (also 
known as glibenclamide, inhibitor of MDR transport) were added 
to the cell media to final concentrations of 1.5 and 10 μM, 
respectively. Reagents were obtained from Sigma-Aldrich 
(Oakville, Ontario, Canada), Fluka AG (Buchs, Switzerland), and 
BDH ChemicalsLtd. (Poole, England). Loading cells with 
fluorescein was stopped by removing the extracellular substrate 
— the cell support medium was gently replaced (with a single 
wash) with Krebs-Ringer bicarbonate (KRB) buffer supplemented 
with 10 μM glyburide but not with fluorescein. This media 
replacement initiated passive substrate leakage through the 
membrane which was monitored for 4–5 microscopy scans. 

Finally, MDR-mediated substrate efflux was initiated by replacing 
the cell support medium with the KRB buffer free of both 
glyburide and fluorescein. The fluorescence intensity decrease 
(caused by the MDR transport of fluorescein from the cells) was 
further monitored in a series of consecutive microscopy scans. 

Image acquisition was performed in a time lapse Z-stack 
mode using a single optical section for dispersed-settled cells or a 
cell monolayer or with multiple optical sections for intact 
spheroids. In the latter case, according to conventional practice,36 
for small spheroids (diameter ≤ 100 m) 5–7 sections were taken 
at 15-m steps (Figure 2 and Figure S1). An argon-ion laser 
(Melles Griot; λexc = 488 nm; maximum power of 100 mW, 10% 
power output) was used for fluorescence excitation. An Omega 
Optical XF75 filter set was used to decouple excitation light from 
fluorescence light. Imaging scans were done with a 10× lens; each 
full image scan took 1.69 s. The dynamic range of imaging was 
adjusted to prevent signal saturation, and the majority of images 
were taken with a 600−700 V photomultiplier (PMT) voltage, 
1.0×gain, and 10% offset. After completion of MDR-mediated 
substrate efflux imaging, the identification of individual cells was 
performed using their treatment with propidium iodide and 
saponin.37 

Extraction and Analysis of Kinetic Traces. Kinetic traces 
from in-plane cells (dispersed-settled cells or cultured-monolayer 
cells) and peripheral spheroid cells were extracted using ImageJ 
software with the TimeSeries Analyzer V3 plugin (see Note S1 
for more details). Traces were then transferred to OriginPro 
software for kinetic analysis. Passive substrate leakage (in the 
presence of glyburide in the cell media) was found to be below 
10% of the total substrate efflux (in the absence of glyburide in 
the cell media), which is characteristic for A2780 cells and some 
other cell types,6,38,39 and was neglected. Thus, the first order rate 
constant of MDR transport (kMDR) was determined simply from an 
exponential fit of the main segment of the kinetic trace (Figure 3f, 
after the arrow mark). 

Cell Population Analysis. MDR transport of entire cell 
populations was characterized by kinetic cytometry histograms 
“number of cells vs kMDR“. Histograms were plotted in OriginPro 
software using the Automatic Binning mode. The histograms were 
first characterized qualitatively by their modality: unimodal with a 
single peak or bimodal with two peaks. The histograms were then 
characterized quantitatively by finding kMDR values for peak 
maxima as well as the relative size of a cell subpopulation with a 
greater value kMDR and a relative MDR-transport activity of this 
subpopulation (see section “Relative Size and Relative Activity of 
the MDR-Active (Drug-Resistant) Cell Subpopulation” in Results 
and Discussion for more details). 

■RESULTS AND DISCUSSION 

Methodology for CRRC of Intact Multicellular Spheroids. 
Our first task was to identify a suitable microscopy mode. CRRC 

 

Figure 2. Schematic depiction of CRRC of intact spheroids. The cells are loaded with a fluorogenic (or fluorescent) substrate for the cellular reaction of 
interest (1). Sequential images of fluorescence intensity from the cells are recorded by time-lapse confocal microscopically in multiple horizontal sections 
with a 15-μm vertical distance between the adjacent horizontal planes (2a). Only cells located in the outer layer of spheroids (outer cells) are analyzed (2b). 
The subsequent steps (3–5) remain the same as in Figure 1. 
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of spheroids requires the non-interfering imaging of individual 
cells in every spheroid. Spheroids are not planar and, therefore, 
cannot be analyzed at the single-cell level with regular widefield 
fluorescence microscopy. Therefore, our choice was confocal 
microscopy, which allows collecting fluorescence information 
from every cell in every spheroid positioned within the vertical 
range of scanning. The spheroids must be allowed to settle on the 
support surface to ensure that all spheroids are imaged within the 
chosen vertical range of confocal scanning. The settled spheroids 
also keep their position during the manipulations and long-term 
imaging, which is necessary in CRRC. 

Our second task was to choose a cell model for this work 
having in mind the main goal of comparing the results for 
disintegrated spheroids to those of intact spheroids (3D state) and 
cultured monolayers (2D state). Thus, the ideal choice of a cell 
model for us was a cell line that could be easily grown either as a 
monolayer or as spheroids depending on the growth conditions. 
Such cell lines exist, and, advantageously, one of them, A2780 
ovarian cancer cells, is also one of the most studied cellular 
models for MDR.40,41 Thus, we chose A2780 ovarian cancer cells 
as a cell model for this work. 

The choice of the cellular reaction was easy: (i) MDR 
transport has been well studied in A2780 ovarian cancer cells, 
(ii) much of recent CRRC advance was done using this reaction, 

and (iii) CRRC of MDR transport has an immediate practical 
application in the development of chemoresistance predictors. 
Fluorescein and glyburide were employed as known MDR-
transport substrate and inhibitor, respectively, for A2780 cells.42,43 
Fluorescein concentration (1.5 μM) below the KM value was used 
to ensure the first-order regime of the MDR transport process; 
satisfying this condition allowed us to fit kinetic traces with the 
exponential-decay equation.44 

After choosing the microscopy mode, the cell model, and the 
cellular reaction, we performed CRRC of MDR transport in intact 
cultured spheroids. Figure 3 demonstrates typical confocal images 
of spheroids (Figure 3a–e) and representative individual-cell 
kinetic traces derived from these images (Figure 3f). Activities of 
MDR transport in individual cells were characterized by values of 
the first order rate constant (kMDR). The values of kMDR were then 
assembled into kinetic cytometry histograms showing the 
distribution of kMDR over cell populations (discussed in the next 
section). 

An essential feature of spheroids is the suppression of 
substrate efflux from the inner cells by substrate accumulation in 
the intercellular space. The substrate accumulates in the 
intercellular space because it diffuses slowly within the spheroid; 
diffusivity within a spheroid is only 5–10% of that in the cell 
medium.45 Compared to substrate efflux from the outer cells, there 
was sluggishness of substrate efflux from the inner cells: poor 
response of substrate efflux to MDR-transport initiation (through 
removal of the MDR inhibitor) is clearly illustrated in Figure 3f. 
Thus, studying MDR efflux from the entire population of cells 
within intact spheroids would cause an underestimation of MDR 
capacity. Such underestimation could lead to misinterpretation of 
our study results. Thus, in our methodology for CRRC of intact 
spheroids, the inner cells were excluded from the analysis. 
Instead, only the outer cells, which were exposed to the bulk 
medium and showed the full capacity of substrate efflux, were 
used to define MDR transport in the 3D state. 

Influence of Cell-Culture Dimensionally on MDR-Transport 
Kinetics. Here, we will be comparing the entire cell population of 
the disintegrated spheroids to the outer-cell subpopulation from 
the intact spheroids. The following is the justification for this 
approach. First, a distinctive feature of small spheroids (with a 
diameter of below 200 μm) is low cell heterogeneity caused by 
the lack of significant intra-spheroidal gradients of metabolites.46 
Second, decreasing spheroid size leads to increasing fraction of 
the outer cells in the spheroid cell population. Specifically, the 
ratio between the number of outer cells and the total number of 
cells is close to the ratio between the volume of the surface cell 
layer and the total volume of the spheroid. The latter ratio is equal 
to 1 – (R – r)3/R3, where R is the spheroid radius and r is the 
thickness of the outer cell layer. Based on this formula, for a 
typical spheroid of 100 m in diameter with a 15-m thickness of 
the outer cell layer,47 the outer cells constitute approximately 70% 
of the entire cell population in the spheroid. Third, comparing all 
dispersed spheroidal cells (which include inner and outer cells) to 
the outer cells in the intact spheroids can reveal the reason for the 
observed sluggishness of substrate efflux from the inner cells 
(Figure 3f). If the histogram of all dispersed-settled cells is similar 
to that of the outer intact-spheroid cells, we can conclude that the 
slow efflux from the inner cells is associated solely with the slow 
substrate diffusivity in the intercellular space and not with the 
difference in MDR status between the outer and inner cells. 

Figure 4 shows kinetic cytometry histograms for outer cells in 
intact spheroids (3D state), cultured cell monolayers (2D state), 
and dispersed-settled cells obtained by disintegration of spheroids 
(to be assigned to 3D or 2D states). All experiments shown in this 
figure were performed at the same time point after plating the 
cells. The same set of experiments was also repeated at another 
time point and the results were similar to the one depicted in 
Figure 4. 

Figure 3. Kinetics of MDR efflux in ovarian-cancer cell spheroids.
Representative images of spheroids: a) bright-field; b–d) time-lapse 
fluorescent scans of the equatorial spheroid plane; e) identification of cells 
in the equatorial spheroid plane after the completion of acquisition of all 
kinetic data followed by separation of outer (yellow) and inner (blue) 
cells; f) typical kinetic traces of fluorescent signal from the outer and inner
cells. Start time of MDR-efflux initiation is marked with an arrow; this 
initiation is achieved through removal of the MDR inhibitor. 
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The monolayer revealed a unimodal histogram (black line) 
with a peak maximum at kMDR  0.6  10−3 s−1. In contrast, the 
outer cells in intact spheroids (blue line) and the dispersed-settled 
cells derived from such spheroids (red line) have a bimodal 
distribution with the first peak being also at kMDR  0.6  10−3 s−1 
and the second peak at kMDR  1.6  10−3 s−1.  

The observed difference between the 2D state (monolayers) 
and 3D state (intact spheroids) is qualitative; these histograms can 
serve as reference standards for determining the dimensionality of 
the dispersed-settled cells. The difference between the outers cells 
in intact spheroids and dispersed-settled cells is minor quantitative 
clearly showing that the dispersed-settled cells maintain MDR 
transport of the 3D state for at least 5 h that passed between 
spheroid disintegration and microscopy measurements. Thus, the 
dispersed-settled cells can be unambiguously assigned to the 3D 
state. Moreover, since the histogram of all dispersed-settled cells 
is similar to that of the outer intact-spheroid cells, we can 
conclude that the observed slow efflux from the inner cells 
(Figure 3f) is solely due to the slow substrate diffusivity in the 
intercellular space and not due to the difference in MDR status 
between the outer and inner cells. 

The highly pronounced bimodal nature of the spheroidal-cell 
histograms was somewhat unexpected. It suggests that the 
spheroidal cells have a significant subpopulation of cells with an 
elevated level of MDR-transport activity. Importantly, this 
heterogeneity cannot be ascribed to the difference in cell’s 
location in the spheroids as we considered only the outer cells. 
This heterogeneity is likely associated with the general increase of 
cellular heterogeneity in spheroids. For instance, it is known that 
3D culturing causes enrichment of subpopulation of tumor-
initiating cells.48 It is worth mentioning that when comparing our 
results with the literature data, we found that the range of kMDR 
variation observed by us in A2780 cells, (0.5–2.5)  10−3 s−1, was 
close to those reported for other cell types.38,49,50 

The revealed difference between MDR-transport kinetics in 
the spheroidal cells and cultured cell monolayers confirms that 
cell-population dimensionality plays an important role in MDR 
transport. Overall, spheroidal cells show a greater median kMDR 
value than the monolayers indicating that MDR transport may be 
a major contributor to the increased cumulative drug resistance in 
the 3D state.51,52 In addition, the revealed difference between the 
intact spheroids and cell monolayers is qualitative. It provides a 
perfect means for comparative phenotype assessment of the 
dispersed-settled cells. This comparison is the basis for a 
conclusion on the span of MDR-transport maintenance in the 
dispersed-settled cells and, thus, for assessing tissue relevance of 
CRRC analysis of such cells. 

The demonstrated long-term maintenance of the 3D state by 
the dispersed cells may help to create hybrid assay systems 
combining higher physiological relevance of 3D cellular 
aggregates with the significant practical advantages of 2D-based 
assays.53 From the theoretical standpoint, knowing the span of the 

phenotype maintenance in the dispersed cells may help to better 
understand the modulation of cellular state in 3D cell culture.54 
Our next goal was to conduct detailed statistical analysis of kMDR 
distributions upon cells’ transition from 3D to 2D states. 

Relative Size and Relative Activity of the MDR-Active 
(Drug-Resistant) Cell Subpopulation. Experimental and 
modeling studies showed that drug resistance in cell populations 
correlates with the ratio between drug-resistant and drug-sensitive 
subpopulations.55 Accordingly, our recent work on the application 
of CRRC to MDR transport focused on accurately finding relative 
size (RS) and relative activity (RA) of the MDR-active (drug-
resistant) cell subpopulation. RS was previously defined as a ratio 
between cell numbers in the drug-resistant and drug-sensitive 
(main) subpopulations.6 Here, we redefine RS as a fraction of the 
drug-resistant subpopulation, e.g. the ratio between the number of 
cells in the drug-resistant subpopulation and the total number of 
cells in the population. The new definition of RS is less prone to 
errors since the denominator is a constant; further, it allows us to 
characterize more than two sub-populations of cells in terms of 
their fractions within the total population. RA was defined as a 
ratio between the median kMDR values in the drug-resistant and 
drug-sensitive subpopulations.6 We keep this definition as kMDR is 
not an additive parameter, unlike the number of cells. Both drug-
sensitive and drug-resistant subpopulations were clearly visible in 
the spheroidal cells, while the drug-sensitive subpopulation 
completely dominated the cell monolayers (Figure 4). 

Figure 5 provides a statistical analysis of 3D and 2D MDR 
measurements depicted in Figure 4 in terms of RS (left panel) and 
RA (right panel) using a t-test. The histograms in Figure 4 and the 
data for RS and RA in Figure 5 clearly demonstrate the 
preservation of the main 3D-related feature of the MDR-activity 
distribution — bimodality — in the dispersed-settled spheroidal 
cells. A slight trend for increase in RS and RA for dispersed-
settled cells after 5 h may reflect the buffering effect of the 
spheroid interior on the probe efflux from its surface. However, 
the extension of the post-dispersion period to 24 h leads to some 
progression of RS and RA towards those of the 2D-state. 

Potential Mechanism and Consequences of the Formation 
of MDR-Active Subpopulation in the 3D State. Kinetics of 
MDR transport within spheroids has thus far been examined 
twice. In one case,56 the study measured changes of fluorescent-
substrate signal inside large spheroid (60–80 m under the 
surface) where the cells have no contact with bulk medium and 
substrate diffusivity is reduced. Therefore, the observed substrate 
efflux should have been an underestimation of the full 3D MDR-

Figure 5. Effect of cell culture dimensionality on the heterogeneity of 
MDR-transport activity with respect to relative size (RS, left panel) and 
relative activity (RA, right panel) in A2780 ovarian cancer cells.
Abbreviations used are: mono, monolayers; sphero, spheroids; sphero disp 
5 h, dispersed-settled cells 5 h after spheroid disintegration; sphero disp 
24 h, dispersed-settled cells 24 h after spheroid disintegration. The 
asterisks denote statistical significance (at the P < 0.05 level) of the 
difference between parameters of spheroidal and monolayer cells.
Statistical significance was not available (N/A) for the RA right panel as 
the drug-sensitive subpopulaton dominated the cell monolayers. 

 

Figure 4. Distribution of kMDR values for cells within cultured monolayers 
(black line), the outer cells in cultured spheroids (blue line), and 
dispersed-settled cells obtained by disintegrating the spheroids and 
allowing the cells to settle on the surface during a 5-h incubation period 
(red line). All the cells were from the A2780 ovarian cancer cell line. 
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transport capacity. In the second case, Z confocal stacks were 
analysed using a maximal intensity projection, i.e. fluorescence 
intensity of entire spheroid was measured rather than that of 
individual spheroid cells.57 Our current work provides analysis of 
MDR transport under 3D conditions performed at the single-cell 
level and with minimal optical and diffusional obstacles, and, 
thus, it overcomes the limitations of the previous measurements. 

Tumor cell spheroids are gaining popularity as a tool for 
designing and testing chemotherapeutic protocols.58 Features 
specific for 3D-grown cells and distinguishing these cells from the 
monolayer cells originate from two sources: (i) cell-cell and cell-
intercellular matrix interactions and (ii) gradients of oxygen and 
metabolites along the spheroid radius. Our data obtained with 
small spheroids indicate that cell-cell and cell-intercellular matrix 
interactions are sufficient to stimulate MDR activity and 
heterogeneity. Induction of MDR bimodality by 3D culturing is in 
line with a well-known increase of heterogeneity in 3D cellular 
aggregates, specifically, increasing the size of the subpopulation 
of tumor-initiating cells.59 

Spheroids formed by the clonal cancer cells and used in this 
work are the most widely used and studied 3D model of cancer. 
The subpopulation of cells with the basal level of MDR-transport 
activity dominates these spheroids, making them relevant to 
clinical samples in which moderate expression of MDR 
transporters have been found.60,61 On one hand, these spheroids 
can be considered as a general model of any multicellular 
malignancy.62 On the other hand, they can model well ascitic 
spheroids in ovarian cancer metastases, pleural spheroids in lung 
cancer, and circulating spheroids in other cancer types.63-65 In 
particular, ascites containing a mixture of spheroids and 
individual cancer cells are present in almost all patients with the 
recurrent disease and represent a major pathway of cancer 
dissemination.66 In this light, the formation of a drug-resistant 
subpopulation within spheroids is a clinically important event, 
which can be determined by CRRC but cannot be detected by 
currently used assays based on whole spheroids.67 

■CONCLUDING REMARKS 

To summarize, we introduced a methodology for studying 
intact cultured spheroids by CRRC. This allowed us to compare 
MDR transport in three cellular models: (i) intact cultured 
spheroids, (ii) dispersed-settled cells obtained by disintegrating 
the spheroids, and (iii) cultured cell monolayers. 

This comparison revealed a number of biologically important 
findings. When cultured as a monolayer, A2780 ovarian cancer 
cells show a unimodal distribution of MDR-transport activity at 
the basal level. When cultured as spheroids, these cells reveal a 
bimodal distribution of MDR activity due to the formation of an 
additional cell subpopulation which has a higher level of MDR-
transport activity. The small size of the spheroids used in this 
study allows us to ascribe all differences seen between the 
monolayers and spheroids to cell-cell interactions and not to the 
intraspheroidal heterogeneity. 

Our further comparison of cultured spheroids and dispersed-
settled cells prepared from the spheroids showed that the 
dispersed-settled cells maintained their 3D state of intact 
spheroids for as long as 24 h. This finding confirms that CRRC 
can be applied reliably to dispersed-settled cells for studying 
MDR transport. This conclusion will likely be valid for other 
types of cellular reactions; however, it cannot be automatically 
transferred to them. Instead, a similar study needs to be performed 
for other reactions and cell types in order to prove tissue relevance 
of CRRC analysis of dispersed-settled cells. Among such other 
reactions of interest are metabolic degradation of xenobiotics and 
repair of DNA damage caused by xenobiotics; both reactions are 
involved in additional mechanisms of chemoresistance (other than 
MDR).68 Proving the applicability of CRRC to measuring rate 
constants of these reactions in the dispersed cells would create 

additional means for developing reliable predictors of clinical 
chemoresistance. 

Moreover, our results suggest that CRRC may be applied to 
clinical samples after tumor tissue dispersion into a single-cell 
suspension in order to assess tumor heterogeneity with regards to 
MDR transport. The evaluation of patient samples by accurately 
determining the sizes of cell subpopulations with different levels 
of MDR activity will be a further step in transforming CRRC 
from an experimental technique into a practical tool for the 
development of clinically-applicable chemoresistance predictors. 
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File Name Description 
ImageStacks.zip 
 
 

T image stacks of monolayer cells (T stacks 1, 2) and dispersed-settled spheroidal cells 
(T stacks 3, 4) as well as ZT image stacks of intact spheroids (ZT stacks 1–6) which 
were used for extraction of kinetic traces utilized an subsequently building kinetic 
cytometry histograms. Different T stacks and different ZT stack correspond to 
experiments performed on different days with new samples.  
Each T stack contains 60 images spaced 3 min in time; recording one image took 1.69 s. 
ZT stacks contain different numbers of images as spheroids varied in size and required 
different numbers of horizontal sections with different Z positions for every time point. 
Accordingly ZT stacks 1–6 contain for every time point 8, 10, 7, 6, 9, and 5 images 
respectively. The numbers of time points in ZT stacks 1–6 are 13, 14, 8, 10, 10, and 10, 
respectively. Totals numbers of images in ZT stacks 1–6 are 104, 140, 56, 60, 90, and 
50, respectively. Completion of single Z stack took approximately 10 s and one Z stack 
was done every 3 min. The start of every next cycle of images with varying Z can be 
identified by taking into account the number of images in a Z stack. For example, for 
ZT stack 1, a Z stack for every time point contain 8 images, accordingly the first Z stack 
will start with image 1, the second Z stack will start with image 9 and so on. Similarly, 
for ZT stack 2, a Z stack for every time point contain 10 images, accordingly the first Z 
stack will start with image 1, the second Z stack will start with image 11 and so on. 

 
KineticTraces.zip 
 
 

 
Kinetic traces of individual spheroid cells, dispersed-settled spheroidal cells and 
monolayer cells obtained from time dependence of fluorescence intensity calculated 
from the image stacks. Column A(X) shows image number in a sequence of consecutive 
images separated by 3 min; accordingly, this column can be considered as time if the 
number is multiplied by 3 min. Each column to the right of column A(X) contains data 
on time dependence of relative fluorescence intensity from a single cell. 
 

KineticHistograms.zip Kinetic cytometry histograms: kMDR distributions in populations of outer cells in intact 
spheroids, dispersed-settled spheroidal cells, and monolayer cells. The number of cells 
in each histogram is 347.  
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Note S1: Extraction of kinetic traces from spheroid ZT stacks 

Spheroid ZT stacks (archived in ZTseries.zip), were evaluated as specified below: 

 

 

a b c d e 

Figure S1. Sequential fluorescence images of a multicellular spheroid (A2780 ovarian cancer cells) in horizontal 
planes spaced vertically. The distance between the adjacent planes was 15 μm. Images were taken from the top 
to the bottom of the spheroid: a–b) images above the equatorial plane; c) image in the equatorial plane; d–
e) images below the equatorial plane. Cells’ boundaries were identified with propidium iodide staining. 

1. To facilitate cell identification, Z stacks of spheroids treated with PI/saponin (after the kinetic MDR assay) 
were open in ImageJ. Thresholds were adjusted for matching manual cell identification (“gold standard”) and 
applied to individual Z sections (a typical equatorial section is shown). Oouter cell contours were selected and 
saved as ROIs (regions of interest) in ROI Manager. 

2. ROIs determined in Step 1 were applied to ZT stacks acquired in the process of kinetic MDR assay. Time 
Series Analyser plugin was used to form time lapse (T) sequence of images for each Z section. Analysis of these 
sequences produced individual cell (ROI) kinetics in a tabular form and averaged cell population kinetics in a 
graphical form. 


