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Optical imaging of combined fluorescent cellular spheroids and study of
their growth under the influence of chemotherapy
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The development of new drugs for cancer treatment requires a deeper understanding of carcinogenesis
mechanisms and their more accurate reproduction. The creation of 3D cell models was an important step in
the study of tumor stroma and the reconstruction of a relevant cancer model. Using 3D-printing and micromolding,
we obtained polymer molds for the rapid formation of cellular spheroids, their long-term incubation and microscopy.
The molds were used to create spheroids from cancer, stromal cells, and their combinations. In order to distinguish
tumor and stromal cells during co-cultivation, they were transduced with genes of fluorescent proteins in different
regions of the visible spectrum. Fluorescence microscopy allowed not only to observe the dynamics of spheroid
growth, but also to evaluate separately the sensitivity of cancer and stromal cells to cytostatic therapy. The developed
form simplifies the reconstruction of a relevant 3D cancer model and testing of cytotoxic drugs. The results obtained
demonstrate the importance of optical methods in studying the antitumor efficiency of drugs.
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Introduction

Efficient cancer control involves both the study of
fundamental carcinogenesis mechanisms and the develop-
ment and testing of drugs that inhibit tumor growth and
development [1]. Immortalized human and mammalian
cell lines (including cancer ones) have long been used in
biology to study the vital processes of cells and characterize
their properties, behavior, and, most importantly, the
mechanisms underlying them. Cancer cells are studied in
two-dimensional systems that have become classical in vitro
models of behavior of adherent cell cultures [2].

Drugs undergoing preclinical trials must first be tested
in vitro in cellular models. Having passed this initial
experimental screening, candidates may then be tested
in vivo [3]. This approach allows one to save time and
resources by discarding ineffective drugs early on; and is
also more ethical in relation to experimental animals. At
the same time, the complexity of animal models often
leads to ambiguous results and problems in their interpreta-
tion [4]. In comparison with the organismic level, three-
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dimensional cellular systems are much simpler in terms
of design and organization of various biological processes,
but, owing to the formation of a more complex archi-
tecture and the emerging diffusion restrictions, they also
model the studied processes better than two-dimensional
ones [3].

Cellular spheroids allow one to model the three-
dimensional structure of a tumor along with intercellular
junctions [6]. Instead of being attached to hard plastic,
cells start to bind with each other and form an extracellular
matrix, which may exert a significant influence on their
behavior [7,8]. In addition, spheroids are characterized
by a greater heterogeneity than two-dimensional models
(the presence of gradients of nutrients, oxygen, and other
molecules); as a result, a hypoxic region characteristic
of many tumors is reproduced in the dense core of a
spheroid [5,8,9]. Cellular spheroids are more resistant to
chemotherapy than two-dimensional cultures [10]. Thus, test
models of this kind make it possible to determine the ability
of drugs to penetrate deep into a tumor and estimate more
accurately the concentrations required for therapy.
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However, three-dimensional systems of monocultures of
cancer cells still cannot reproduce the structure of a tumor
formed in combination with endothelial cells, fibroblasts,
and immune cells [11]. Tt is known that co-culturing
with stromal cells has a significant influence on invasion
and proliferation [12,13], gene expression [14], and cell
behavior [15].

Distinct labels need to be used in order to monitor
different cell types in three-dimensional structures. Flu-
orescent labels are used widely in biological research as
a simple tool for non-invasive monitoring [16].  Since
different fluorescent labels feature absorption and emission
in different ranges of the optical spectrum, they may be
used for simultaneous visualization and differentiation of
the objects under study [17]. Fluorescence microscopy is
well-suited for monitoring of cellular spheroids expressing
fluorescent proteins, since their fluorescence intensity allows
one to assess cell viability and may be used for testing of
anticancer drugs in vitro [18|.

In the present study, we designed a 3D model of a
photopolymer printing mold that is filled with agarose
to create an optically transparent form in which cellular
spheroids may be mass-cultured, tested, and monitored
by fluorescence microscopy in a rapid and cost-effective
manner. The developed molds were tested by producing
spheroids from monocultures of EA hy926 human endothe-
lial cells, SKOVip-kat human ovarian cancer cells, EMT6/p
mouse mammary cancer cells, 1.929 mouse fibroblasts,
and their combinations. Fluorescence of the TurboFP635
(Katushka) red fluorescent protein expressed in tumor cells
allowed us to assess the growth and viability of a spheroid
over time. The effect of cisplatin on tumor and combined
spheroids was studied. Fluorescence of cells at different
wavelengths made it possible to monitor separately the
effects of a model cytotoxic agent on cancer cells and
fibroblasts inside a combined spheroid and revealed that
fibroblasts in the outer part of the spheroid are the ones
most affected by the chemotherapy drug, whereas tumor
cells in the center of the spheroid are fairly resistant to it.

Materials and methods

Cell lines

SKOVip-kat (human ovarian carcinoma with stable ex-
pression of the TurboFP635 (Katushka) red fluorescent
protein), EMT6/p (mouse mammary cancer), EAhy926
(immortalized human umbilical vein endothelial cells), and
1929 (mouse fibroblasts) cell lines were taken from the
collection of the Laboratory of Molecular Immunology
(Institute of Bioorganic Chemistry, Russian Academy of
Sciences). Cells were cultured in DMEM (Dulbecco’s
modified Eagle medium) containing 10% FBS (fetal bovine
serum) (HyClone, United States), 2 mM of L-glutamine
(PanEco, Russia), and 50 units/ml/50 mkg/ml of penicillin-
streptomycin (PanEco, Russia). Spheroids were cultured
in colorless DMEM without phenol red (Gibco, UK)
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containing 10% bovine fetal serum (HyClone, United
States), 2 mM of L-glutamine (PanEco, Russia), and
50 units/ml/50 mkg/ml of penicillin-streptomycin (PanEco,
Russia). Cells and spheroids were incubated at 37°C
and 5% CO..

Production of fluorescent cell lines

Fluorescent cell lines were obtained by transduction with
lentiviral particles (LVT-TurboFP635 (Evrogen, Russia) for
EMTG6/p and LVT-TagGFP2 (Evrogen, Russia) for EA.hy926
and 1929). To this end, 10* cells were seeded onto 6-
well plates, and 100ul of lentiviral particles with a titer
of 0.5-10° TE./ml were added. Cells with particles were
incubated at 37°C and 5% CO,, and the medium was
replaced after 24 h. The efficiency of transduction was
verified by flow cytometry and fluorescence microscopy.
Transduced cells were reseeded onto culture flasks and
cultured until they reached the exponential growth phase.
Fluorescent cells were sorted using an S3e Cell Sorter (Bio-
Rad Laboratories, United States). Following sorting, cells
were expanded, cryopreserved, and stored at —150°C until
experimentation.

Design of polymer molds

Autodesk Fusion 360 was used to model 81-well mold
designed to be filled with agarose. Molds were printed
using a FormLabs Form3 3D printer (United States) and the
Formlabs Clear Resin photopolymer. Printed molds were
cleaned of unpolymerized resin residues with ethanol in an
ultrasonic bath, dried, and blown through. The molds were
then irradiated by a 120 W UV diode lamp for 20 min to
complete the polymerization process.

Production of spheroids

Polymer molds were filled with 900 ul of hot 1% agarose
(PanEco, Russia) in colorless DMEM (Gibco, UK) without
serum. Solidified agarose forms were transferred to 12-
well plates (Corning, United States), and different numbers
of cells (2000 or 3000 cells per well of an agarose form)
in 190 ul of colorless DMEM were introduced into them.
The plates remained at rest until the cells settled to the
bottom of agarose forms. Following that, 1 ml of colorless
DMEM with 10% FBS was introduced into the wells, and
the plates were transferred carefully into an incubator with
a humid environment, 37°C, and 5% CO, for the formation
and growth of spheroids.

Cytotoxicity assessment

Resazurin test. The toxicity of cisplatin (antitumor drug)
was assessed using the resazurin test. Spheroids were grown
for 3 days in agarose forms at 37°C and 5% CO,, and then
the cytotoxic agent was added in various concentrations.
On the 7th day, the medium was removed and 1ml of a
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Figure 1. Formation of spheroids with the use of the designed mold: @ — 3D model of the mold; » — mold printed by a 3D printer;
¢ — solidified agarose form in a 12-well plate; and d — spheroid formed in a well of the agarose mold.

resazurin solution (13 mg/l) in the culture medium was
added. This was followed by 24 h of incubation at 37°C and
5% CO;. Next, the medium in the wells was then mixed
by pipetting, and 100 ul of the medium were transferred to
a 96-well plate (in triplicate). Fluorescence of a resazurin
solution incubated under the same conditions in the wells
of a plate with agarose forms without cells was used as
the baseline. Measurements were carried out using an
Infinite M100 Pro spectrophotometer (Tecan, Austria) at
an excitation/emission wavelength of 570/595 nm. The
concentration of cisplatin causing a 50% inhibition of cell
growth (IC50) was determined with the use of GraphPad
Prism 9.5.1.

Fluorescence of spheroids. The toxicity of the antitumor
drug was assessed by detecting the fluorescence of Katushka
TurboFP635 (hereinafter referred to as RFP) and GFP
proteins. Spheroids were grown for 3 days in agarose forms
at 37°C and 5% CO,. Following that, cisplatin was added
in various concentrations, and fluorescence of living cells
in spheroids was assessed on the 7th day with the use
of excitation and emission filters (545/30 and 610/75nm
for the red channel and 470/40 and 525/50 nm for the
green channel). Fluorescence was detected with a Leica
DMI6000B fluorescence microscope (Leica Microsystems,
Germany). The fluorescence intensity of spheroids minus
the background fluorescence was evaluated using Imagel
1.51j8 in accordance with the following formula:

CTCF = Integral density — (The area of the selected
spheroid x Average background fluorescence).

Growth of spheroids. The dynamics of spheroid growth
was assessed within the interval of 1-8 days after the
introduction of cells into agarose forms. The needed
transmission images of spheroids were obtained using a
Leica DMI6000B microscope and the LAS AF 2.7.712402
software. The diameter of spheroids was measured in
ImageJ 1.51j8.

Statistical analysis

All experiments were repeated at least six times. Results
are presented as a mean =+ standard deviation. The statistical
significance between two groups was determined using the

Welch’s t-test for unequal variances. P < 0.05 and < 0.01
values were denoted with * and **, respectively.

Results and discussion

A 3D model (Fig. 1,a+stl file) of a container with a
flat bottom and an inclined wall for photopolymer printing
on a 3D printer (Fig. 1,b) was developed for quick and
easy culturing of spheroids. When the mold was filled
with molten agarose, a pedestal with a large number
of protrusions within the container formed low-adhesive
wells in solidified agarose for the formation of spheroids
(Fig. 1,¢). The size of the resulting agarose forms is
optimized for the well of a 12-well culture plate and contains
a square of 9 x 9 wells for spheroids. The flat bottom of the
3D model makes it easy to print directly on the 3D printer
platform. The inclined wall allows one to pry and detach
printed products from the printer platform and pry and pull
out a solidified agarose form from this mold. The depth of
wells is optimized so that spheroids remain securely within
them when an agarose form is moved. The bottom of
wells is made hemispherical so that settling cells form a
single spherical conglomerate at the bottom of a well. The
wells are 800 um in diameter and allow for the formation of
spheroids in a wide range of sizes (starting from ~ 200 um).

The pedestal in the mold forms wells in an agarose form
that are filled with a cell-containing liquid. The pedestal
surface is shaped in such a way (see Fig. S1) that cells settle
precisely to the bottom of wells. Thus, with one movement
of a pipette one may form a total of 81 spheroids containing
approximately equal numbers of cells. The resulting agarose
form is quite thin and transparent in the optical range, which
makes it possible to monitor the formation of spheroids in
a microscope directly in the agarose form in a 12-well plate
(Fig.1,d).

The developed mold was used to form spheroids from
various cell lines and their combinations. At the first
stage, we studied the formation of multicellular spheroids
from EA hy926 human endothelial cells, SKOVip-kat human
ovarian adenocarcinoma cells, and their mixture (Fig. 2).
SKOVip-kat cells were chosen for the fact that our earlier
studies [18] have demonstrated their efficiency in production
of three-dimensional cellular models and drug screening.

Optics and Spectroscopy, 2024, Vol. 132, No. 3



Optical imaging of combined fluorescent cellular spheroids and study of their growth under the influence 233

650

— SKOVip-kat + EA .hy926
— SKOVip-kat
— EA hy926

600 -

Diameter, pm
N
(] W S W
S & & o

T T T T T T

W

D

=
T

300

250 |

Time, days

Figure 2. Size dynamics of forming spheroids. A total of

3000 cells per well.

Culturing SKOVip-kat and EA hy926 cells in agarose forms,
we observed a reduction in size and an increase in density of
spheroids due to the formation of intercellular junctions and
reorganization of the extracellular matrix [19]. As a result,
spheroids of endothelial cells shrank from 516 + 86 nm on
the first day to 268 £ 12nm on the eighth day, spheroids
of ovarian cancer cells shrank from 413 £ 26nm on the
second day to 303 & 42nm on the fifth day, and spheroids
formed from a mixture of cells contracted from 483 £ 22 nm
on the second day to 362 £ 32nm on the fifth day. The
obtained spheroids of ovarian cancer cells had a fairly
uniform spherical shape (see Fig. 2) and could be classified
as dense spheroids [20]. Endothelial cells initially formed a
looser structure than the one produced by ovarian cancer
cells, but gradually contracted and compressed the spheroid.
Similar behavior was noted in experiments on co-culturing
of MDA-MB-231 metastatic breast cancer cells and MCF-
10A non-tumorigenic epithelial cells [21].

Owing to the expression of RFP with an absorp-
tion/emission peak at a wavelength of 588/635 nm,
spheroids of ovarian adenocarcinoma cells may be charac-
terized not only by size (Fig. 2), but also by fluorescence
intensity, which correlates with cell viability. We have
demonstrated earlier that measurements of the spheroid
fluorescence intensity may be an efficient method for
assessing cell viability on a level with traditional colorimetric
tests and flow cytometry [22]. Tt turned out that the
fluorescence intensity of spheroids of SKOVip-kat cells
and of their mixture with non-fluorescent endothelial cells
changed slightly in the process of spheroid formation from
day 2 to day 5 (see Fig. S3). Notably, the fluorescence of
spheroids within one group varied much more significantly
than their physical size, which translated into large standard
deviations. It may be concluded that the number of cells
varied insignificantly during the formation of a spheroid
from SKOVip-kat cells, the formation of intercellular junc-
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tions, and its compaction. The lack of proliferation is
also observed, e.g., in the case of formation of spheroids
from MCF-7 breast cancer cells, hFIB fibroblasts, and their
combination [23]. In addition, the difference in dynamics of
changes in the physical size of a spheroid and the intensity
of its fluorescence emphasizes that the physical size of
a spheroid should not be regarded as an indicator of its
viability.

A fluorescent model of mouse mammary cancer was
developed to monitor tumor and stromal cells within a
multicellular spheroid. =~ We transduced EMT6/p mouse
mammary cancer cells and L929 mouse fibroblast cells
with red (RFP) and green (GFP) fluorescent proteins,
respectively. Fluorescence at different wavelengths made
it possible to distinguish cells in their mixture (see Fig. S4).
It is evident that mammary cancer cells together with
fibroblasts formed a fairly dense spheroid core, while only
fibroblasts were found in the outer layer.

The resulting spheroids were used to test chemotherapy
drugs. Cisplatin is a widely used drug for treatment of
various types of cancer. Its primary mode of action involves
binding to heterocyclic DNA bases and disrupting the
replication process [24]. We studied the effect of different
concentrations of cisplatin on spheroids of mouse mammary
cancer cells by monitoring changes in the physical size of
spheroids and their fluorescence intensity and assessing their
viability using the resazurin test (Fig. 3).

In contrast to spheroids of SKOVip-kat and EA.hy926,
spheroids of EMT6/p-RFP mouse mammary cancer cells
initially formed a very dense conglomerate and did not
shrink afterward; on the contrary, these spheroids increased
in size, as is evident from a comparison of ,day zero“and
reference bars in the diagram in Fig. 3,d. At the same time,
cisplatin in doses up to 10u M did not affect the size of a
spheroid, while the doses of 100 and 1000 uM had almost
the same effect, inhibiting its growth and reducing the
diameter from 371 £+ 28 nm to almost 300 nm (compared
to 264 + 18nm on day zero). Fluorescence microscopy
yielded similar results at doses up to 10 uM. However, at
higher concentrations, the fluorescence intensity dropped
to 330 &+ 33 arb.units (a.u.) and 433 £ 53 a.u., respectively,
which is significantly lower than the fluorescence intensity
of the reference spheroid (1642 +418a.u.) and even the in-
tensity on day zero (570 + 88 a.u., Fig. 3,¢). Thus, cisplatin
had a significant effect at these doses, but fluorescence was
not quenched completely, which may be attributed to the
resistance of cells in the spheroid core or to residual protein
fluorescence after cell death. In turn, the resazurin test,
which is based on the reduction of resazurin into fluorescent
resorufin due to intracellular enzymes and characterizes the
metabolic activity of cells, revealed a significant effect even
at small doses of the drug and complete suppression of
metabolism at the maximum concentration (Fig. 3,5). For
comparison, a cisplatin concentration of ~ 3 uM induces an
almost complete suppression of EMT6/p cell viability in a
two-dimensional model [25].
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Figure 3. Effect of cisplatin on EMT6/p-RFP (mouse mammary cancer) spheroids. 2000 cells per well, day 7. a — Microscopic
transmission images of spheroids, green and red fluorescence, overlay; b — resazurin test; ¢ — fluorescence of spheroids in the red
channel; and d — diameter of spheroids. The scale bar is 250 um. ** — P < 0.01, Welch’s t-test. Yellow * and black * denote the
comparison with the ,,day zero and zero-concentration bars, respectively.

The difference between the results of the resazurin test
and fluorescence microscopy is probably attributable to the
mode of action of cisplatin, which first inhibits metabolic
activity and only then induces cell death [24]. In addition,
the effect of cisplatin is due in part to the production of
reactive oxygen species and, consequently, depends on the
oxygen concentration [24], and the diffusion of oxygen,
as well as that of resazurin and resorufin molecules, is
constrained inside a spheroid. This confines the cytotoxic
effect of cisplatin and the sensitivity of the resazurin test to
the outer region of the spheroid, while fluorescent analysis
is not subject to such restrictions.

No significant inhibition of spheroid growth was observed
at cisplatin concentrations up to 10uM in experiments
with spheroids of L929-GFP mouse fibroblasts (Fig. 4).
An increase in the drug dose led to a reduction in cell
viability, a drop in fluorescence intensity to the zero-
day level, and an almost complete cessation of physical
growth (the resulting size was close to the zero-day level).
However, a concentration increase to 1000uM led to
loosening of the spheroid and a significant growth of its

diameter (compared to day zero), although metabolism was
suppressed completely. This behavior, which differs from
the one observed in experiments with spheroids of breast
cancer cells, is probably attributable to the fact that the
process of spheroid formation remains incomplete at the
moment when the cytostatic is added: fibroblasts grow
relatively slow, while proliferation in a spheroid of cancer
cells already gives way to reorganization of the extracellular
matrix. In addition, the lack of strict diffusion restrictions
in fibroblast spheroids is evidenced by the fact that the
cytotoxicity data turned out to be close to the results
reported for a two-dimensional model [26].

At the next stage, we studied the effect of cisplatin on
mixed spheroids of tumor and stromal cells (Fig. 5). The
results of comparison of sizes of red and green regions
of reference and zero-day spheroids suggested that the
red core of a spheroid of breast cancer cells did not
grow in size, although the fluorescence intensity increased,
indicating cell proliferation. At the same time, green
fibroblasts grew rapidly, reaching a diameter of 586 4+ 26 um
(compared to 286+ 14um on day zero) and raising
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the fluorescence intensity from 221 £ 48 to 1061 £ 58 a.u.
Exposure to cisplatin in a concentration of 10uM led to
growth inhibition and a reduction in the size of the green
region to 467 + 28 um; when the dose was increased, the
size returned to zero-day levels. The diameter of the
red region consisting of cancer cells changed only slightly
depending on the concentration of the drug. The results
of fluorescence analysis revealed a gradual reduction of
green fluorescence intensity with an increase in cisplatin
concentration (through to zero-day fluorescence values at
the highest dose). Notably, the effect on breast cancer cells
turned out to be significant only at a dose of 100 uM, which
reduced the fluorescence intensity straight to 335 £+ 63 a.u.
(compared to 573 +£91au. in control and 460 + 55a.u.
on day zero). However, a 10-fold dose increase did
not lead to a reduction in fluorescence intensity. This
probably provides evidence of the influence of residual
fluorescence on analysis and the resistance of cells in the
center of a spheroid. At the same time, the resazurin test,
which characterizes the overall viability of the cell mixture,
revealed a gradual reduction in viability with increasing
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dose (through to complete suppression of metabolism at
the maximum concentration). Although the resazurin test
is highly sensitive, it, just like other colorimetric tests,
does not allow one to assess the effect of a drug on
individual cells in a mixed spheroid or assess cell viability
over time. Fluorescence revealed that fibroblasts were
the cells primarily affected by cisplatin, while the drug in
concentrations below 10 uM had no effect on breast cancer
cells in the spheroid core.

A comparison of the effect of cisplatin on spheroids of
different cell lines demonstrated that spheroids formed from
a mixture of cells were more resistant to the chemotherapeu-
tic agent than spheroids of monocultures (Fig. 6). The IC50
dose for spheroids of fibroblasts, breast cancer cells, and
their mixture was 9 £ 5, 8 &4, and 17 £ 5uM, respectively.
Slight differences in sensitivity to antitumor therapy are
likely related to the modulation of cell behavior in different
three-dimensional models [27].

Thus, the assessment of viability of a spheroid by its
physical size via transmission microscopy turned out to be
inefficient and applicable only to spheroids of fibroblasts that
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grow rapidly under control conditions and, consequently, viability of cells expressing fluorescent proteins over time,
change in size significantly under the influence of cyto- although residual fluorescence makes it hard to perform
statics. Fluorescence microscopy allows one to assess the accurate analysis when cells are almost completely dead.

Optics and Spectroscopy, 2024, Vol. 132, No. 3



Optical imaging of combined fluorescent cellular spheroids and study of their growth under the influence

237

The resazurin test has the capacity to distinguish the effects
of even low concentrations of cytostatics, since changes
in the metabolic activity of cells are manifested somewhat
prior to their death. In addition, the lack of background
activity of resazurin-reducing enzymes in dead cells allows
one to use this method to study the effects of chemotherapy
drugs in high concentrations. However, owing to hindered
penetration of molecules deep into the aging and necrotic
core of a spheroid and back, diffusion restrictions may affect
the resazurin test results. Fluorescence microscopy is not
subject to this limitation and also provides an opportunity to
isolate the effects on different types of cells in a mixture and
study them separately, provided that these cells are labeled
with markers of different colors. Thus, each method has
its own advantages and disadvantages; combining them, one
may obtain a more complete picture of the phenomenon
under study.

Conclusion

Using 3D printing technology, we developed a model that
allows one to form and culture cellular spheroids en masse;
monitor the morphology, behavior, and distribution of cells
in a spheroid; and evaluate cell viability directly in the wells
of a polymer mold.

The obtained model was tested by creating spheroids
of different types of cells: ovarian and breast cancer
cells, stromal cells (endothelium and fibroblasts), and
their combinations. Having monitored their growth, we
identified certain differences in the behavior of cells in
the process of formation of spheroids. In addition, the
sensitivity of spheroids formed from cancer and stromal
cells and their mixture to cisplatin was tested, and IC50 was
determined. Mixed spheroids and cancer cells in them were
demonstrated to be highly resistant to cytostatics during
co-culturing. Two methods for cell viability assessment
(namely, fluorescence microscopy and the resazurin test)
were compared. The obtained results provide a deeper
insight into the methods for assessing the viability of
spheroids and allow one to conduct studies on three-
dimensional tumor models with minimum financial and
labor costs.
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