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Highlights

What are the main findings?

e  A375and IGR39 spheroids showed similar growth regardless of the formation method,
while smaller spheroids grew faster.

e  A375 spheroids formed on non-adhesive surfaces were more sensitive to doxorubicin,
whereas IGR39 spheroids showed only minor method-dependent differences.

What are the implications of the main findings?

e  Spheroid formation method can influence drug response in melanoma models.
e  Standardization of spheroid generation may improve the reproducibility of drug-testing
studies in 3D cultures.

Abstract

In this study, we evaluated the impact of different in vitro 3D culture modelling meth-
ods on the activity of doxorubicin (DOX) and 5-fluorouracil (5-FU) in human melanoma
spheroids. Human melanoma A375 and IGR39 spheroids were generated using the hanging
drop and non-adhesive surface methods. Spheroid growth dynamics were assessed by
measuring changes in spheroid diameter. To compare the effects of anticancer drugs in
spheroids of different sizes, spheroids of approximately 200 and 400 pm were formed. Drug
activity was evaluated based on spheroid growth and cell viability using the MTT assay.
A375 spheroids formed using the non-adhesive surface method were more sensitive to
DOX than spheroids formed using the hanging drop method. In smaller A375 spheroids,
10 uM 5-FU reduced cell viability more effectively in spheroids formed using the hanging
drop method. In contrast, IGR39 spheroids formed by the hanging drop method were
more resistant than those formed on a non-adhesive surface. However, in IGR39 spheroids,
the effects of DOX and 5-FU on growth and viability did not significantly differ between
formation methods. In conclusion, A375 spheroid growth was not significantly influenced
by the formation method, whereas IGR39 spheroid growth depended on the method used.
A375 spheroids formed on non-adhesive surfaces were more sensitive to DOX, whereas
5-FU activity depended on drug concentration and spheroid size. In IGR39 spheroids, the
effects of DOX and 5-FU on growth and viability were largely independent of the spheroid
formation method.

Keywords: melanoma; cell spheroids; hanging drop; non-adhesive surface; doxorubicin;
5-fluorouracil; cell viability
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1. Introduction

Recently, studies using three-dimensional (3D) cell culture models have gained in-
creasing attention compared to traditional two-dimensional (2D) cultures, as they better
mimic the tumour microenvironment and in vivo conditions [1-3]. Before initiating clinical
studies, preclinical studies are conducted to evaluate the effects of the developed phar-
maceutical substances using in vitro models and animal experiments. However, animal
models are expensive and do not always yield successful results [4]. In addition, the 3R
principle (replacement, reduction, refinement) promotes reducing animal use in research
and improving animal welfare. As a result, in vitro models are increasingly applied in
research [5].

In vitro models are generally divided into 2D and 3D cell culture models. Conventional
2D culture models are unable to reproduce the heterogeneous properties characteristic of
the tumour microenvironment [2]. In contrast, 3D cell culture models more closely resemble
real tissues and are therefore used to create more accurate and complex tumour models [1].
Cells in 2D cultures are often more sensitive to drugs than cells in 3D cultures because they
grow in a flat plane, lose their natural spatial structure and may gradually die. In contrast,
cells in 3D cultures maintain their interconnections, spatial structure, and viability [3].

Among 3D cultures, spheroids are one of the simplest and most widely used models.
Spheroids contain multiple zones with different conditions, replicating in vivo tumour char-
acteristics such as cell hypoxia, nutrient gradients, growth kinetics, and gene expression [6].
Spheroids are usually round, with surface points equidistant from the center, allowing for
the understanding of the concentration gradients of oxygen, nutrients, and metabolites in
tumours. Based on cell composition, spheroids are classified as homotypic (composed of
tumour cells) or heterotypic spheroids (containing fibroblasts, immune cells and cancer
cells) [6]. Due to these properties, spheroids are valuable tools for studying cancer biology
and anticancer drug activity [2,7].

Various spheroid formation techniques have been developed [8]. However, comparing
results between studies remains challenging because different methods often generate
spheroids with distinct morphological and physiological properties [2,3]. One of the most
important characteristics is spheroid size. Spheroids larger than 400 pm develop a hypoxic
core that resembles conditions found in tumours [9,10]. Hypoxia activates signalling path-
ways that maintain cell viability and promote stable expression of hypoxia-inducible factors
(HIFs), which stimulate angiogenesis, glycolysis, and pH regulation changes. Consequently,
spheroids of different sizes exhibit differences in hypoxia, nutrient gradients, and drug
penetration, which may influence experimental outcomes and complicate comparisons
between studies [2]. Nevertheless, insufficient attention is often paid to the spheroid forma-
tion method itself when interpreting or comparing published data. Importantly, several
studies have demonstrated that melanoma spheroids and melanosphere models retain sen-
sitivity to clinically relevant targeted therapies. BRAFV600E-mutant melanoma spheroids
have been shown to respond to selective BRAF inhibitors such as dabrafenib, resulting
in reduced cell proliferation and viability [11]. Similarly, vemurafenib has been reported
to decrease proliferation and viability in BRAFV600-mutant melanoma spheroids [12],
although activation of compensatory signalling pathways associated with drug resistance
has also been observed under 3D culture conditions. In addition, MEK1 /2 inhibitors such
as trametinib and binimetinib have been shown to reduce spheroid growth and cell viability,
as well as modulate signalling pathways associated with proliferation, including decreased
EGEFR expression [13]. These findings indicate that melanoma spheroids represent a rele-
vant in vitro model for evaluating MAPK-targeted therapies, while also capturing aspects
of therapy-induced adaptive resistance observed in vivo. However, despite these observa-
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tions, systematic comparisons of how different spheroid formation methods influence drug
responses, including sensitivity to targeted MAPK inhibitors, remain limited.

Therefore, in this study, we aimed to evaluate how different 3D spheroid formation
methods influence melanoma spheroid growth and sensitivity to anticancer drugs. Human
melanoma was selected as the experimental model because melanoma is a highly aggressive
skin cancer with a strong tendency to metastasise to the lymphatic system [14]. According to
the European Cancer Information System (ECIS), melanoma affected approximately 30 out
of 100,000 people in Europe in 2022 [15]. Furthermore, melanoma Incidence and mortality
rates continue to increase worldwide, highlighting the need for improved experimental
models and more effective therapeutic strategies [15]. Previous studies have shown that
melanospheres maintained in stem cell medium better preserve melanoma heterogeneity
and stem-like properties than conventional cultures [16]. However, prolonged culturing and
differences in spheroid phenotype may substantially influence melanoma cell behaviour
and drug response, emphasising the importance of appropriate 3D model selection.

Two commonly used spheroid formation models were selected: the hanging drop
method and the non-adhesive surface method [17]. The hanging drop method is one of
the oldest and most frequently used techniques due to its simplicity and the possibility of
selective monitoring [3]. Through the combined effects of surface tension and gravitational
force, cells aggregate and form spheroids. This method enables the generation of uniformly
sized spheroids and allows precise control of environmental conditions [18]. The non-
adhesive surface method is also often used because of its simplicity. Non-adhesive surfaces
prevent cell adhesion, thereby promoting cell—cell interactions and facilitating spheroid
formation. In addition, spheroid size can be regulated by adjusting the initial cell seeding
density [19]. However, despite their widespread use, both spheroid formation methods
have limitations. The hanging drop method is labour-intensive, has limited scalability,
and may be challenging for long-term culture maintenance due to constraints on medium
exchange. The non-adhesive surface method often results in greater variability in spheroid
size and morphology, depending on seeding density and cell type [20]. These method-
ological differences may influence spheroid reproducibility and experimental outcomes,
including drug response, and should therefore be considered when comparing results
across studies.

Two melanoma cell lines, IGR39 and A375, were used in this study. Both cell lines
carry the BRAFV600E mutation, which promotes cell proliferation and increases resistance
to apoptosis [21]. However, these cell lines differ in their expression of estrogen receptor
B (ERP). Estrogen receptors are divided into ERc, associated with proliferative activity, and
ERp, which is linked to anticancer effects. Therefore, the influence of estrogen receptors on
tumour behaviour may depend on their relative expression in a specific tumour site in the
body. ER is virtually undetectable in IGR39 cells, whereas A375 cells express this receptor,
suggesting potential differences in sensitivity to anticancer drugs [22].

The study focused on the effects of doxorubicin (DOX) and 5-fluorouracil (FU),
which exhibit different mechanisms of anticancer activity. DOX is a widely used cyto-
toxic chemotherapeutic agent that induces cell death mainly through DNA intercalation
and topoisomerase II inhibition [23-25]. In contrast, 5-FU is a cytostatic drug that interferes
with DNA and RNA synthesis by inhibiting thymidylate synthase [26,27]. It is noted that
these drugs are not part of the current standard-of-care for metastatic melanoma, but they
were selected as well-established cytotoxic agents with distinct mechanisms of action to
serve as benchmark compounds in this proof-of-concept study. Their inclusion allows
evaluation of melanoma spheroid models under different types of chemotherapeutic stress.
This initial approach provides a general assessment of model sensitivity before the use
of melanoma-specific targeted therapies. Future studies will focus on clinically relevant
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melanoma treatments, including immune checkpoint inhibitors (e.g., nivolumab, pem-
brolizumab, ipilimumab) and MAPK pathway inhibitors (e.g., vemurafenib, dabrafenib,
trametinib, cobimetinib), as well as deeper molecular analyses at the protein signaling level.

2. Materials and Methods
2.1. Cell Culture Cultivation

IGR39 cell line was obtained from DSMZ-German Collection of Microorganisms and
Cell Cultures GmbH (Leibniz Institute, Braunschweig, Germany), and the A375 cell line was
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA). Both are
human melanoma cell lines derived from metastatic lesions and originate from female pa-
tients. Cell lines were cultured at 37 °C in a 5% CO; atmosphere in Dulbecco’s Modified Ea-
gle GlutaMAX cell culture medium (DMEM GlutaMAX, Gibco, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (FBS, Gibco) and 1% antibiotic solution (10,000 IU/mL
penicillin and 10 mg/mg streptomycin, Gibco), and routinely tested for Mycoplasma con-
tamination. They were grown until 70% confluence. The cell medium was then aspirated,
and the cells were washed with phosphate-buffered saline (PBS, pH 7.4, Gibco). After
aspirating the PBS solution, cells were trypsinised using TrypLE Express (Gibco). Detached
cells were resuspended in cell culture medium and centrifuged at 1000 rpm for 4 min. After
discarding the supernatant, the cells were resuspended in fresh medium. Cell lines were
cultured until passage 20.

2.2. Spheroid Formation Using the Hanging Drop Method

To form spheroids by the hanging drop technique, a cell suspension was prepared
as described in Section 2.1. Cells were counted using a Neubauer chamber (Sigma-
Aldrich Co., St. Louis, MO, USA). Then, serial dilutions of cell suspension were prepared
(1 x 10° cells/mL, 5 x 10* cells/mL, 2.5 x 10* cells/mL, and 1.25 x 10* cells/mL) in a
medium containing 0.024% methylcellulose (MC, 4000 cP, Sigma-Aldrich). The drops of
prepared cell suspension were placed on the inverted plate lid. Then, the lid was quickly
flipped back to its normal position and placed on the bottom lid of the plate with 3 mL of
sterile water. The plates were incubated until spheroids were formed, and throughout the
whole experiment at 37 °C in a 5% CO, atmosphere.

2.3. Formation of Spheroids on a Non-Adhesive Surface

The 96-well plate was coated with a 2% agarose (molecular biology grade, Carl Roth
GmbH + Co. KG, Karlsruhe, Germany). Then, 100 uL of the cell suspension at serial
dilutions (2 x 104 cells/mL, 1 x 10* cells/mL, 5 x 10° cells/mL, 2.5 x 10° cells/ mL)
was added into each well. The plates were incubated until spheroids were formed, and
throughout the whole experiment at 37 °C in a 5% CO, atmosphere.

2.4. Investigation of Spheroid Growth

Photos of the spheroids formed were captured at 10x magnification using a phase-
contrast regimen by an inverted microscope Olympus IX73 (Olympus Corporation,
Tokyo, Japan). Eight spheroids were used in each group (eight technical repetitions in one
biological experiment). The spheroids were photographed every other day for 10 days.
The medium was changed every 4 days. The images obtained were analysed using Im-
ageJ 1.53t (National Institutes of Health, Bethesda, MD, USA). The diameter of the spheroid
was calculated from the spheroid area. The analysis was performed using Microsoft Office
Excel 2024 (Microsoft Corporation) software.
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2.5. Determination of the Effect of Doxorubicin and 5-Fluorouracil on Spheroid Growth
and Viability

The effects of DOX (98%, Abcam) and 5-FU (>98%, Abcam) were studied on spheroids
formed using previously described techniques. For these experiments, spheroids of two dif-
ferent diameters were selected: 200 pm and 400 um, in order to compare the activity of
anticancer drugs depending on the hypoxia present in them. Before adding the tested
drugs, spheroids formed by the hanging drop technique were transferred to an agarose-
coated plate. Then, 100 pL of 2 and 10 uM DOX and 2 and 10 uM 5-FU solutions were
added to the wells with spheroids. A medium containing 0.2% DMSO (>99%, ChemLab
NV, Zedelgem, Belgium) was added to the control wells to maintain the same DMSO
concentration in all wells, as it was in the groups with tested drugs. Eight spheroids were
used in each group (eight technical repetitions in one biological experiment). The spheroids
were incubated at 37 °C in a 5% CO; environment. The medium was changed every 4 days,
and the photos of spheroids were captured every other day for 8 days.

After 8 days of incubation with anticancer drugs, viability was assessed using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. On the last day
of the experiment, the medium with drugs was carefully aspirated and replaced with a fresh
medium containing 0.5 mg/mL MTT (97%, Sigma-Aldrich). After 12-14 h, the spheroids
were transferred to a new 96-well plate and washed with PBS. Then, the formazan crystals
were dissolved in DMSO. The absorbance of the solution was measured by a Multiskan
GO Microplate spectrophotometer (Thermo Fisher Scientific Oy, Ratastie, Finland) at wave-
lengths of 570 nm and 630 nm. The analysis was performed using Microsoft Office Excel
2024 software.

Spheroid size changes were calculated as a percentage change relative to the vehicle

control using the formula:
Dr —Dc

Dc 100

D(%) =

where
D(%)—mean spheroid size change in percentage after the treatment with the drug,
Dr—mean diameter of the treated spheroids,
Dc—mean diameter of the control spheroids.
The spheroid cell viability was calculated using the following formula:
Ar—A
Relative viability (%) = ﬁ x 100
where
Ar—mean absorbance of treated spheroids,
Ac—mean absorbance of vehicle-treated control spheroids,
Ap—mean absorbance of medium-only wells.

2.6. Statistical Data Evaluation

The research data were analysed using Microsoft Office Excel 2024 software, evaluating
averages and relative standard deviations from three independent biological experiments.
The averages were compared using Student’s ¢-test. Differences were considered statistically
significant when the significance level was p < 0.05.

3. Results and Discussion

3.1. Comparison of the Growth Dynamics of Human Melanoma Spheroids Formed Using
Different Methods

A375 cells, by both spheroid formation techniques, on the second day formed compact
and round structures (Figure 1A,B). At the beginning of the experiment, the spheroids
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formed using the hanging drop technique were 1.2-1.3 times smaller than those formed
using the non-adhesive surface technique (p < 0.05) (Figure 1C-F).
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Figure 1. Growth of A375 spheroids for 10 days. Photos of A375 spheroids formed using the non-adhesive
surface (A) and hanging drop (B) techniques. Diameter of A375 spheroids formed from 250 (C), 500 (D),
1000 (E), and 2000 (F) cells. Scale bar 200 pm. All images within each panel were acquired at identical
magnification; therefore, a single scale bar is representative for the entire mosaic. * p < 0.05, statistically
significant when comparing spheroids formed by different methods. Each experimental condition
consisted of eight spheroids per group (1 = 8 technical replicates per biological experiment), and the
results shown are representative of three independent biological experiments (1 = 3).

The diameter of A375 spheroids formed by the hanging drop technique ranged from
137.0 £ 6.4 um (on the second day of incubation) to 486.4 £ 31.7 um (on the tenth day
of incubation). On the second day of incubation, the diameter of the spheroids was
approximately 140 pm when formed from 250 cells; 170 pm from 500 cells; 220 um from
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1000 cells, and 260 pm from 2000 cells. Spheroids formed from 250 and 500 cells increased
by 2.5-fold after ten days of incubation (Figure 1C,D). Spheroids formed from 1000 and
2000 cells grew more slowly and showed a 2-fold increase in diameter after ten days of
incubation (Figure 1E,F).

The size of A375 spheroids formed using the non-adherent plate method varied from
175.4 = 11.7 pm to 585.3 &+ 65.3 um throughout the experimental period. After two days
of incubation, compact spheroids developed a diameter of approximately 180 pm when
formed from 250 cells, 220 um from 500 cells, 270 um from 1000 cells, and 340 pm from
2000 cells. Spheroids formed from 250 and 500 cells increased approximately 2-fold after
ten days of incubation (Figure 1C,D). Spheroids formed from 1000 and 2000 cells grew
more slowly and increased by 1.8-fold after ten days of incubation (Figure 1E,F).

The results indicate that the A375 spheroids formed using both methods grew at a
similar rate, although the spheroids formed on a non-adhesive surface were larger at the
beginning. No significant differences were observed at later time points. Smaller spheroids
(250 and 500 cells) grew 2-2.5-fold faster, while larger spheroids (1000 and 2000 cells) grew
1.8-2-fold faster than spheroids formed by hanging drop.

For further studies of the activity and transport of anticancer drugs, different cell
concentrations were selected. After an appropriate incubation time, 200 pm and 400 pm
spheroids with different oxygen levels were produced.

IGR39 spheroids generated using the hanging drop and non-adhesive surface methods
were formed at different time points (Figure 2). On a non-adhesive surface, the spheroids
formed on the second day (Figure 2A), while in the hanging drops, spheroidal structures de-
veloped on the fourth day (Figure 2B). On the second day of incubation, the IGR39 spheroids
generated from 1000 and 2000 cells using the non-adhesive surface method were round,
compact, and retained this shape throughout the study. Meanwhile, the spheroids devel-
oped from a smaller number of cells on a non-adhesive surface method became round and
compact only on the sixth day of incubation (Figure 2A), while those formed using the
hanging drop method remained irregular in shape throughout the experiment (Figure 2B).

The diameter of IGR39 spheroids generated by the hanging drop method ranged from
189.3 £ 7.8 um to 421.3 £ 16.7 um throughout the experiment (Figure 2C-F). After four
days of incubation, compact spheroids developed with a diameter of approximately 190 pm
when formed from 250 cells; 220 um from 500 cells; 300 pm from 1000 cells, and 350 um
from 2000 cells. Spheroids formed by the hanging drop method from 250, 500, 1000, and
2000 cells showed an approximately 1.2-fold increase over ten days.

The size of IGR39 spheroids formed on a non-adhesive surface ranged from
152.6 & 21.3 pm to 368.7 £ 28.4 um (Figure 2C-F). On the second day, the spheroid di-
ameter was approximately 150 pm when formed from 250 cells; 185 um from 500 cells;
230 um from 1000 cells, and 300 um from 2000 cells.

Throughout the experiment duration, the diameter of IGR39 spheroids formed from
500 and 1000 cells on a non-adhesive surface was approximately 1.1-fold smaller than that
of spheroids generated by the hanging drop method (Figure 2D-F). However, statistically
significant differences between methods were observed in a group of spheroids formed from
500 cells after four, six, and eight days of incubation, and in a group of spheroids formed
from 1000 cells after four and ten days. In contrast, no significant size differences were
observed in spheroids generated from 250 or 2000 cells. For further studies of anticancer
drug activity and viability, two cell concentrations were selected to obtain spheroids of
the desired size: 250 and 2000 cells for the hanging drop technique, and 500 and 2000 cells
using a formation on a non-adhesive surface.

Comparing the formation and growth dynamics of A375 and IGR39 spheroids, it
was revealed that both cell lines formed spheroids on a non-adhesive surface by day two.
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IGR39 spheroids using the hanging drop technique were developed later (after four days)
(Figures 1 and 2). By day ten, A375 spheroids formed in hanging drops were approximately
1.4-fold larger than IGR39 spheroids when generated from 250 and 500 cells and about
1.1-fold larger when generated from 1000 and 2000 cells.
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Figure 2. Growth of IGR39 spheroids for 10 days. Photos of IGR39 spheroids formed using the
non-adhesive surface (A) and hanging drop (B) techniques. Diameter of IGR39 spheroids formed
from 250 (C), 500 (D), 1000 (E), and 2000 (F) cells. Scale bar 200 pm. All images within each panel
were acquired at identical magnification; therefore, a single scale bar is representative for the entire
mosaic. * p < 0.05, statistically significant when comparing spheroids formed by different methods.
Each experimental condition consisted of eight spheroids per group (n = 8 technical replicates per
biological experiment), and the results shown are representative of three independent biological
experiments (1 = 3).
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Raghavan et al. formed breast and ovarian cancer spheroids using the hanging drop
and non-adherent plate methods. Unlike in our study, the spheroids of both lines were
formed from a smaller number of cells and grown for seven days. However, similarly
to our study, at the end of the experiment, the spheroids of both lines formed using the
hanging drop method were about 3 times smaller than the spheroids formed using the
non-adherent plate method, regardless of the cell seeding density [1].

Jeong et al. formed colon cancer spheroids by the hanging drop technique and also
on a non-adhesive surface. By using both methods, spheroids were formed from 300 to
20,000 cells. Spheroids formed using the hanging drop technique were grown for 14 days,
while those formed on a plate were grown for 35 days. On the 14th day, the spheroids
formed on a non-adhesive surface were twice as large as those formed using the hanging
drop method. The size of the spheroids was determined by the formation method. It is
believed that by improving the hanging drop method, it is possible to grow spheroids with
a larger diameter and use them for a long time [28].

Generally, the growth dynamics of human melanoma A375 spheroids in our study
did not depend on the formation technique. The size of the spheroids differed only at
the beginning of the study, but in later periods, the size of the spheroids was similar.
Meanwhile, the size of the IGR39 line spheroids depended on the initial number of cells
used. When formed from 250 and 2000 cells, there was no difference in the size of the
spheroids after they had formed and during their growth until the tenth day. When IGR39
spheroids were formed from 500 and 1000 cells, the spheroids formed using the hanging
drop method remained larger than those formed on a non-adhesive surface over a period
of ten days.

3.2. The Influence of Spheroid Formation Technique on Their Sensitivity to DOX and 5-FU

Generally, the sensitivity of human melanoma spheroids exposed to cytotoxic (DOX)
and cytostatic (5-FU) compounds varied depending on the formation technique chosen, the
initial number of cells, and the concentration of the tested compound.

The concentrations of 2 and 10 uM for both drugs were selected based on experimen-
tally determined ECsj values by the MTT assay (Table 1 and Figure S1) and are also sup-
ported by previously published studies using DOX and 5-FU in cancer cell spheroid models.

Table 1. ECs values for anticancer compounds DOX and 5-FU in melanoma cell lines A375 and IGR39.
These values were established by the MTT method after cell incubation with tested compounds for 72 h.

ECs Value (nM) + SD

Compound
A375 IGR39
DOX 7026 19.7 £3.1
5-FU 970 £ 200 780 £+ 120

In the cell monolayer, DOX showed high potency in both melanoma cell lines with
ECsg values of 7.0 + 2.6 nM for A375 and 19.7 4+ 3.1 nM for IGR39, whereas 5-FU exhibited
significantly lower potency (ECsg values were 970 = 200 nM for A375 and 780 £ 120 nM for
IGR39). Based on these values, the selected concentration of 2 pM DOX corresponds to ap-
proximately 100-300-fold above the 2D ECs( range and was chosen to ensure a measurable
cytotoxic effect under the increased drug resistance typical of 3D cell cultures. For 5-FU,
2 uM corresponds to approximately 2-fold the 2D ECs, resulting in a relatively modest
effect in spheroids. Therefore, an additional higher concentration (10 uM) was included, cor-
responding to approximately 10-13-fold the 2D ECs, to evaluate concentration-dependent
responses in the 3D model.
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The use of these concentrations is also consistent with previously reported studies
applying different micromolar ranges of DOX and 5-FU in tumor spheroids, where in-
creased drug resistance and limited penetration require higher external exposure to achieve
biological effects. For example, Virgone-Carlotta et al. [29] used 2 and 10 uM 5-FU in
colorectal cancer 3D cultures together with lower and higher concentrations, up to 50 uM,
but their experiment lasted for 48 h only. In another study, 10 uM 5-FU reduced epidermoid
carcinoma 3D culture viability by 25% after 96 h of incubation, and in the case of higher
concentrations, viability was less than 50% after the same duration of incubation [30]. Also,
10 uM DOX was used in spheroid models formed from different cancer cell lines, when
incubating for 5 days [31] or 10 days [32]. Considering the increased resistance of 3D
cultures and the planned experimental duration of 8-10 days, 2 and 10 pM concentrations
were chosen in order to achieve measurable and concentration-dependent treatment re-
sponse, with viability at different levels up to the end of incubation. It should be noted that
these concentrations are substantially higher than the ECsy values obtained in monolayer
cultures, especially for DOX. Such differences are commonly observed in 3D spheroid
models due to limited compound penetration, proliferation gradients, hypoxic regions and
increased resistance mechanisms, which together reduce the drug sensitivity compared
with the 2D cultures.

A375 spheroids, regardless of the formation method and spheroid size, showed a
reduction in diameter after eight days of incubation with 2 uM and 10 pM DOX compared
to the control (Figure 3). Smaller (200 pm diameter) A375 spheroids formed by the hanging
drop technique were approximately 1.3-fold smaller after eight days of incubation with
10 pM DOX compared to the control. In contrast, spheroids produced on the non-adhesive
surface exhibited an approximately 2.3-fold reduction compared to the control (Figure 3A).
Similarly, smaller spheroids generated using the non-adhesive surface method and incu-
bated with 2 pM DOX had a diameter that was 2.3-fold smaller. Meanwhile, spheroids
formed using the hanging drop method did not show a statistically significant change
compared to the control (Figure 3A).

A similar trend was observed when smaller spheroids were incubated with 5-FU.
Spheroids formed on a non-adhesive surface and incubated with 10 uM 5-FU decreased
by approximately 1.5-fold, and those incubated with 2 uM 5-FU decreased by 1.1-fold
compared to the control (Figure 3B). Smaller spheroids formed using the hanging drop
technique and incubated with 10 pM 5-FU decreased by approximately 1.1-fold, while no
significant change in diameter was observed after incubation with 2 uM 5-FU (Figure 3B).

When comparing the effects of DOX and 5-FU on smaller spheroids formed using
different methods, it was found that, in spheroids formed by the non-adhesive surface
method, both DOX concentrations and 10 uM 5-FU inhibited growth 2 to 8 times more
strongly than in spheroids formed by the hanging drop method. Meanwhile, the effect of
2 uM 5-FU on spheroid growth did not differ.

Both drugs inhibited the growth of larger (400 pm diameter) A375 spheroids less than
that of smaller spheroids (Figure 3). None of the compounds tested statistically significantly
inhibited the growth of spheroids formed by the hanging drop technique compared to the
control. Also, both 5-FU concentrations had no significant effect on the growth of spheroids
formed by both methods (Figure 3D). Spheroids formed on the non-adhesive surface and
incubated for eight days with 2 uM and 10 uM DOX had a diameter approximately 1.4-fold
smaller than the control (Figure 3C).

When comparing the effects of DOX and 5-FU on the growth of larger spheroids
formed using different techniques, it was found that both DOX concentrations inhibited
the growth of spheroids formed on the non-adhesive surface by 9 to 22 times more than
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spheroids formed using the hanging drop technique. Meanwhile, the effect of 5-FU did not
differ significantly between spheroids formed by different methods.
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Figure 3. Change in diameter of 200 um (A,B) and 400 um (C,D) A375 spheroids after 8 days of
incubation with DOX and 5-FU. Spheroid size changes were calculated as a percentage change
relative to the vehicle control. * p < 0.05, statistically significant when comparing spheroids formed by
different methods, # p < 0.05, statistically significant when compared to the control. Representative
photos of A375 spheroids after 8 days of incubation with tested compounds are provided below each
graph; the scale bar corresponds to 200 um. All images within each panel were acquired at identical
magnification; therefore, a single scale bar is representative for the entire mosaic. Each experimental
condition consisted of eight spheroids per group (1 = 8 technical replicates per biological experiment),
and the results shown are representative of three independent biological experiments (1 = 3).

Control 10 pM

Non-adhesive
surface

Non-adhesive
surface

The photos show how the size of A375 spheroids changed after eight days of incuba-
tion with anticancer compounds compared to the control (Figure 3). Larger and smaller
spheroids incubated with DOX grew more slowly, lost their regular spheroid shape, and
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a layer of adherent cells was observed around the spheroids (Figure 3A,C). Larger and
smaller spheroids incubated with 10 uM 5-FU remained round in shape (Figure 3B,D).
After incubation with 2 uM 5-FU, the spheroids visually resembled the control.

The diameter of smaller IGR39 spheroids (200 pm in diameter) formed by both meth-
ods and incubated with both DOX concentrations was smaller than that of the control
(Figure 4A). Spheroids formed on the non-adhesive surface and incubated with 10 pM DOX
had a diameter approximately 1.5-fold smaller, while spheroids formed by the hanging
drop technique had a diameter 1.2-fold smaller compared to the control (Figure 4A). After
eight days of incubation with 2 uM DOX, smaller spheroids formed on the non-adhesive
surface decreased by approximately 1.3-fold, and those formed using the hanging drop
technique decreased by 1.2-fold compared to the control (Figure 4A). In summary, both
DOX concentrations inhibited the growth of IGR39 spheroids formed by both methods to a
similar extent.
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Figure 4. Change in the diameter of 200 um IGR39 spheroids after 8 days of incubation with DOX
(A) and 5-FU (B). Spheroid size changes were calculated as a percentage change relative to the vehicle

Hanging drop

control. # p < 0.05, statistically significant when compared to the control. Representative photos
of IGR39 spheroids after 8 days of incubation with tested compounds are provided below each
graph; the scale bar corresponds to 200 um. All images within each panel were acquired at identical
magnification; therefore, a single scale bar is representative for the entire mosaic. Each experimental
condition consisted of eight spheroids per group (1 = 8 technical replicates per biological experiment),
and the results shown are representative of three independent biological experiments (1 = 3).

Following incubation with 10 uM 5-FU, the diameter of smaller spheroids formed
on the non-adhesive surface decreased by about 1.4-fold, while incubation with 2 pM
5-FU increased it by about 1.2-fold compared to the control, but no statistically significant
differences were found (Figure 4B). A similar effect of 5-FU was observed in spheroids
generated by both methods.

Also, it was observed that spheroids formed by both techniques and incubated with
both DOX and 10 uM 5-FU concentrations lost their shape, grew more slowly, and a layer
of adherent cells was visible around the spheroids (Figure 4). Like the A375 spheroids, the
IGR39 spheroids formed by both methods and incubated with 2 uM 5-FU retained their
regular shape, and no visual differences were observed compared to the control (Figure 4B).

The effects of DOX and 5-FU on larger IGR39 spheroids (400 um) could not be assessed,
as these spheroids disintegrated within 2—4 days of incubation with the tested drugs.
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According to previous studies, changes in spheroid diameter do not necessarily in-
dicate the activity of the substances under investigation; cell viability must also be as-
sessed [33,34]. Thus, in addition to morphological changes, we also aimed to compare
effects on cell viability in spheroids.

The effect of the cytotoxic drug DOX and the cytostatic drug 5-FU on cell viability
was similar to their effects on growth when comparing spheroids generated using different
methods. When smaller and larger A375 spheroids with 10 uM DOX were examined,
their cell viability was extremely low, ranging from 2 to 2.5% compared to the control
(Figure 5A,C). In smaller (200 um diameter) A375 spheroids formed using the hanging drop
technique and incubated with 2 uM DOX, cell viability reached about 23% on day 8, while
in spheroids of the same size formed on the non-adhesive surface, viability was about 5%
(Figure 5A). Meanwhile, the viability of larger (400 um diameter) spheroids was affected
differently by 2 uM DOX, depending on the formation technique: the viability of spheroids
formed using the non-adhesive surface method was about 19%, while that of spheroids
formed using the hanging drop technique was about 9%. (Figure 5C). These results showed
that although the larger A375 spheroids formed by the hanging drop technique were larger,
their viability after incubation with 2 uM DOX was lower compared to that of the spheroids
formed on the non-adhesive surface.
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Figure 5. Viability of 200 um (A,B) and 400 um (C,D) A375 spheroids after 8 days of incubation
with DOX (A,C) and 5-FU (B,D). Cell viability % was calculated as the percentage of vehicle-treated
control (100% viability), as described in the Section 2. * p < 0.05, statistically significant when
comparing spheroids formed by different techniques. Each experimental condition consisted of
eight spheroids per group (1 = 8 technical replicates per biological experiment), and the results shown
are representative of three independent biological experiments (1 = 3).
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Incubation with 2 uM 5-FU did not result in a significant difference in viability between
smaller and larger spheroids generated by (Figure 5B,D). In smaller A375 spheroids formed
on a non-adhesive surface and incubated with 10 uM 5-FU, cell viability was approximately
72%, while in those formed using the hanging drop technique, it was approximately
25% (Figure 5B). In larger spheroids formed by both methods, cell viability was similar
(approximately 48%) when incubated with 10 uM 5-FU (Figure 5D).

IGR39 spheroids formed by different methods and incubated with both drug concen-
trations showed similar cell viability, except when incubated with 2 uM 5-FU (Figure 6).
Spheroids formed on the non-adhesive surface and incubated with 2 uM 5-FU retained
approximately 95% viability, while those formed by the hanging drop technique retained
approximately 64% viability. (Figure 6B). The viability of IGR39 spheroids formed by both
techniques was reduced by 10 uM DOX from 3 to 3.7% (Figure 6A) and by 2 uM DOX from
16 to 17% (Figure 6A). After incubation with 10 uM 5-FU, cell viability ranged from 11 to
22% (Figure 6B).

A 200 pm diameter B 200 pm diameter
B Non-adhesive surface @ Hanging drop B Non-adhesive surface @ Hanging drop
b3
100 100
) <
< 8of S gl
£ z
- 60 = 60
02 o
i 40 > 40+
Ko} o
) Il i X 20 _ I_[_I
0 |_I—| === 0
Control 2 10 Control 2 10
DOX concentration (UM) 5-FU concentration (pM)

Figure 6. Viability of 200 um IGR39 spheroids after 8 days of incubation with DOX (A) and 5-FU
(B). Cell viability % was calculated as the percentage of vehicle-treated control (100% viability), as
described in the Section 2. * p < 0.05, statistically significant when comparing spheroids formed
by different techniques. Each experimental condition consisted of eight spheroids per group (n =8
technical replicates per biological experiment), and the results shown are representative of three
independent biological experiments (1 = 3).

Other scientists have also studied and compared the effects of different compounds on
spheroid growth and viability, but we were unable to find any published studies comparing
the effects on spheroids formed using different techniques, which demonstrates the novelty
of our study.

Tayhan investigated how breast cancer spheroids change when incubated with the
anticancer drugs DOX and 5-FU and a combination of these drugs. It was found that
spheroids incubated with 7 uM DOX or 5 pM 5-FU were approximately 1.1 times smaller
than the control after only 24 h, and the effect of DOX was greater than that of 5-FU, as in
our study [35]. Bilgin incubated spheroids formed from different lines of colon cancer, using
the non-adhesive surface method, with 2 uM DOX, 200 uM 5-FU, and a combination of
these drugs. After 5 days of incubation with 200 uM 5-FU, the diameter of Caco-2 spheroids
decreased by 24%, while with 2 uM DOX, the diameter decreased by 21%. The diameter of
HT-29 cell spheroids decreased by about 22% after five days of incubation with DOX and
5-FU. Our study also found that after incubation with DOX, the diameter of the spheroids
was smaller compared to the control. In the experiment discussed, the researchers found
that spheroids incubated with 200 pM 5-FU grew more slowly than spheroids incubated
with 2 uM DOX [36].
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Valente et al. analysed the effect of DOX on the viability of colon cancer spheroids
of the same size (approximately 200 pm and 400 um) formed on a non-adhesive surface.
When these spheroids were incubated with 8 uM DOX, cell viability decreased 2-fold after
five days compared to the control [37]. In our study, cell viability was lower than in this
study when incubated with higher and lower DOX concentrations.

Mashinchian et al. investigated the effect of 5-FU on breast cancer spheroids formed
on a non-adhesive surface. It was found that 50 uM 5-FU reduced viability by approxi-
mately 40% after 3 days of incubation. The results of this study indicate that 5-FU has a
strong cytotoxic effect on 3D cancer models [38]. In our study, when incubated for longer
periods and at lower concentrations of 5-FU, spheroids of a certain size had higher viability
compared to those in this study.

Generally, it was found that when smaller and larger A375 spheroids were incubated
with 2 and 10 uM DOX, the effect of this drug on spheroid growth and viability depended
on the formation method. Spheroids formed on the non-adhesive surface were more
sensitive to DOX than spheroids formed using the hanging drop technique. The effect of
the cytostatic compound 5-FU on larger A375 spheroids did not depend on the formation
method. Smaller spheroids formed using the non-adhesive method became smaller when
incubated with 10 uM 5-FU but were more viable compared to spheroids formed by the
hanging drop technique. In IGR39 spheroids, the effect of DOX and 5-FU on their growth
did not depend on the formation technique, but 2 uM 5-FU inhibited the viability of
spheroids formed on the non-adhesive surface more than spheroids formed by the hanging
drop technique.

Summarising all the results of this work, it can be concluded that A375 spheroids
formed by the hanging drop and non-adhesive surface methods grew at a similar rate,
although at the beginning of the study, spheroids formed by the non-adhesive surface
method were larger (Table 2). Smaller spheroids grew faster than larger ones, regardless of
the formation method. IGR39 spheroids formed using the non-adhesive surface method
had a smaller diameter than those formed using the hanging drop method, but statistically
significant differences were only found during certain incubation periods and with 500 and
1000 cells.

Table 2. Summary of main findings when comparing the effects of the used spheroid formation
techniques: non-adhesive surface (NAS) and hanging drop (HD) methods.

Aspect A375 IGR39
Initial spheroid size Larger at early timepoints by NAS Larger by HD
Spheroid growth behavior Similar between methods Similar between methods

Mores sensitive when formed by NAS

Response to cytotoxic drug DOX than HD

No significant change

Mostly no effect (except smaller

Response to cytostatic drug 5-FU spheroids formed by NAS)

No significant change

When evaluating the effects of DOX and 5-FU, it was found that A375 spheroids
formed on the non-adhesive surface were more sensitive to DOX than spheroids formed
using the hanging drop technique. Meanwhile, the effect of 5-FU did not cause a statistically
significant change, except for smaller A375 spheroids formed using the non-adhesive
surface method. IGR39 spheroids did not show a statistically significant change in size
and viability when incubated with DOX and 5-FU, except for spheroids formed using
the hanging drop technique, incubated with 2 uM 5-FU, which had lower viability than
spheroids formed on the non-adhesive surface.

However, we acknowledge several limitations of this study. First, only two metastatic
melanoma cell lines were investigated, which may not fully capture the heterogeneity of
melanoma, including primary tumours and sex-based differences. This approach allowed
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us to perform a controlled comparison of spheroid formation methods under standardised
genetic and experimental conditions (both cell lines are BRAFV600E-mutant). Second, the
effects of DOX and 5-FU were evaluated using fixed concentrations (2 and 10 pM) selected
to provide measurable responses in 3D spheroids rather than concentrations normalized to
the respective ECs values of each drug. While this strategy enables a direct comparison
of the influence of spheroid methods of compound activity under identical exposure
conditions, it does not allow a direct comparison of the intrinsic pharmacological potency
of the tested compounds. Future studies should therefore include additional melanoma
subtypes and investigate treatment response using EC5p-normalised dosing regimens to
further validate and extend the present findings.

4. Conclusions

The growth dynamics of human melanoma A375 spheroids did not depend on the ini-
tial number of cells (from 250 to 2000 cells) or on the method used for their production: for-
mation in a hanging drop or on a non-adhesive surface. When melanoma IGR39 spheroids
were formed from 500 and 1000 cells, the spheroids in the hanging drops remained larger
than those formed on a non-adhesive surface over a period of ten days. A375 spheroids
formed on the non-adhesive surface were more sensitive to DOX than spheroids formed
using the hanging drop technique. The effect of 5-FU varied depending on the concen-
tration and size of the spheroids: for larger (400 um diameter) A375 spheroids, the effect
of 5-FU did not depend on the formation technique, while in smaller spheroids (200 um
diameter), 10 pM 5-FU reduced viability more when they were formed using the hanging
drop technique. In IGR39 spheroids, the effect of DOX and 5-FU on growth and viability
does not depend on the formation method. Based on these results, it can be concluded that
the researchers should carefully select the spheroid formation method for their studies, as
this may influence the results of the tested compound’s effect on their size and viability.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells15121069/s1, Figure S1: Representative dose-response curves
for anticancer compounds DOX and 5-FU in melanoma cell lines A375 and IGR39, after cell incubation
with tested compounds for 72 h. The dose-effect correlation has been calculated using the Hill
equation. Data points are experimental values (averages of three repeats), while the lines are a fit of
the standard inhibition model.
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Abbreviations

The following abbreviations are used in this manuscript:

2D Two-dimensional

3D Three-dimensional

3R Replacement, reduction, refinement

5-FU 5-fluorouracil

ATCC American Type Culture Collection

DMEM GlutaMAX  Dulbecco’s Modified Eagle GlutaMAX cell culture medium
DMSO Dimethylsulfoxide

DOX Doxorubicin

DSMZ Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH
ECIS European Cancer Information System

ER Estrogen receptors

FBS Fetal bovine serum

HIF Hypoxia inducible factor

MC Methylcellulose

MTT 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide
PBS Phosphate-buffered saline
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