Micron 137 (2020) 102917

Contents lists available at ScienceDirect

micron

Micron

journal homepage: www.elsevier.com/locate/micron

X-ray microtomography as a new approach for imaging and analysis of R

Check for

tumor spheroids

Hanieh Karimi®™', Bartosz Leszczynski®*', Tomasz Kotodziej”, Ewelina Kubicz®,
Matgorzata Przybyto”, Ewa Stepiei’

2 Department of Medical Physics, M. Smoluchowski Institute of Physics, Faculty of Physics, Astronomy and Applied Computer Science, Jagiellonian University, Krakéw,
Poland

Y Department of Molecular and Interfacial Biophysics, M. Smoluchowski Institute of Physics, Faculty of Physics, Astronomy and Applied Computer Science, Jagiellonian
University, Krakéw, Poland

© Department of Experimental Particle Physics and Applications, M. Smoluchowski Institute of Physics, Faculty of Physics, Astronomy and Applied Computer Science,
Jagiellonian University, Krakéw, Poland

d Department of Glycoconjugate Biochemistry, Institute of Zoology and Biomedical Research, Faculty of Biology, Jagiellonian University, Krakéw, Poland

ARTICLE INFO ABSTRACT

Keywords: Three-dimensional (3D) spheroids mimic important properties of tumors and may soon become a reasonable
Spheroids substitute for animal models and human tissue, eliminating numerous problems related to in vivo and ex vivo
Cellular experiments and pre-clinical drug trials. Currently, various imaging methods including X-ray microtomography
Micro-CT (micro-CT), exist but their spatial resolution is limited. Here, we visualized and provided a morphological
xi::;f:y analysis of spheroid cell cultures using micro-CT and compared it to that of confocal microscopy. An approach is
Cell line proposed that can potentially open new diagnostic opportunities to determine the morphology of cancer cells

cultured in 3D structures instead of using actual tumors.

Spheroids were formed from human melanoma cell lines WM266-4 and WM115 seeded at different cell
densities using the hanging drop method. Micro-CT analysis of spheroid showed that spheroid size and shape
differed depending on the cell line, initial cell number, and duration of culture.

The melanoma cell lines used in this study can successfully be cultured as 3D spheroids and used to substitute
human and animal models in pre-clinical studies. The micro-CT allows for high-resolution visualization of the
spheroids structure.

Cell culture techniques

1. Introduction For decades, animal models and 2D in vitro cultures have been the

standard approaches for determining the effects that biological mole-

Melanoma is the most dangerous type of skin cancer and remains
the main cause of skin cancer-related deaths even though it is re-
sponsible for only about 1% of all skin cancer cases (Society, 2018).
Melanoma is a multifactorial disease in which both genetic suscept-
ibility and environmental exposure, predominantly to ultraviolet light,
play important roles (Wrébel et al., 2019). The incidence of melanoma
is rapidly increasing with approximately 350,000 new cases reported
worldwide each year (Karimkhani et al., 2017). As the effectiveness of
melanoma treatment at advanced stages is low, there is a constant need
for the development of new, targeted therapies, immunotherapy, and
combination therapies.
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cules and therapeutic drugs have on different types of diseases, in-
cluding cancer. Over the past two decades, however, several new
methods such as nanobiosensors, multicellular 3D spheroids, and
radioactive carries have been developed to evaluate and treat different
types of cancers (Stepieni et al., 2020). One of the most promising pre-
clinical in vitro methods is 3D spheroids as they can mimic the structure
of tumors under physiological conditions. The morphology and cell-cell
interactions in 3D spheroids are completely different from monolayer
cell culture. Tumor 3D spheroids hold certain advantages over standard
research methods, including low cost of use, high reproducibility and
time-saving, and reduces the need for laboratory animal models (Costa
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Fig. 1. A graphical illustration of the formation of three-dimensional (3D) spheroids in Petri dishes using a hanging drop method.

et al., 2016; Pampaloni et al., 2013). The unique properties of 3D tumor
spheroids make them invaluable for biological experiments and drug
tests in a variety of experimental studies focused on chemotherapy and
radiotherapy (Hirschhaeuser et al., 2010).

A typical spheroid is a three-layered structure and each cell layer
has a different proliferation rate, reminiscent of solid tumors, especially
in terms of internal and external structure, proliferation, and gene ex-
pression (Costa et al., 2016; Milotti et al., 2012, 2014). The deepest
layer forms a core of necrotic cells, the middle layer contains quiescent
cells, and the external layer is composed of proliferating cells. The
specificity of layers is explained by the disparate access to oxygen and
nutrients as well as the removal of metabolic waste due to different
diffusion rates within specific layers (Costa et al., 2016; Milotti et al.,
2012, 2014). The proliferation rate of spheroids varies at different de-
velopmental stages just as observed in solid tumors. Several methods
can be used to produce 3D spheroids such as liquid overlay, hanging
drop, rotary vessel bioreactors, and spinner flask methods (Raghavan
et al., 2015; Shi et al., 2018). Compared to other methods, the hanging
drop cell culture is the most common as it does not require any special
equipment, and is easy to perform (Miiller and Kulms, 2018).

X-ray microtomography (micro-CT) is a nondestructive method that
provides spatial resolution at the micron level and is well-suited for the
visualization of internal structures and the analysis of small samples.
Over the last decade, micro-CT has become a gold standard in pre-
clinical imaging and has been particularly useful in the pre-clinical
investigation of calcified tissues such as bones and teeth (Bouxsein
et al., 2010; Rosenhain et al., 2018). These tissues contain elements
with high atomic numbers which attenuate X-rays very well, thereby
producing good image contrast. Conversely, differences in X-ray at-
tenuation between soft tissues are minimal and the overall attenuation
effect is similar to that observed for water, creating a very weak con-
trast of soft tissue images. However, the image quality can be sig-
nificantly improved using several staining methods. Although the idea
of staining originated from histological studies, micro-CT requires a lot
more of the staining solution because of high sample volumes. The
success of micro-CT visualization depends on molecular diffusion of
contrast agent into the tissue. The staining time is also longer and can
even take up to weeks for large samples. The most common staining
protocols used are Lugol solution (I5/KI), osmium tetroxide (OsO,4), or
phosphotungstic acid (PTA) (Metscher, 2009; Leszczynski et al., 2018).

In the present study, the ability of two human melanoma cell lines
WM266-4 and WM115 to form 3D spheroids was compared and micro-
CT was used as a new approach to studying spheroid morphology.

2. Material and methods
2.1. Cell culture

Two cutaneous melanoma cell lines were obtained from the ESTDAB

Melanoma Cell Bank (Tiibingen, Germany). The WM115 (primary) and
WM266-4 (metastatic) cell lines originated from the same individual
and represented radial/vertical growth phase and lymph node metas-
tasis, respectively (Herlyn et al., 1985). These cells were cultured in
non-treated cell culture flasks (GenoPlast. Biochemicals, cat. no
708011, Rokocin, Poland) and maintained in an incubator at 37 °C and
5% CO, with humidity. Both cell lines were cultured in complete cul-
ture media, which consisted of RPMI 1640 (Gibco, cat. no 21875091,
Waltham, MA USA) supplemented with 10 % fetal bovine serum (FBS)
(Gibco, cat. no 10500064, Waltham, MA USA) and 1% penicillin-
streptomycin (Gibco, cat. no 15140122, Waltham, MA USA). Cells from
passage 19-23 with the number of living cells higher than 90 % in total
cells were used to generate spheroids. A trypan blue assay with a Luna-
II TM automated cell counter was used to perform cell counts and a
viability test prior to seeding cells.

2.2. Formation of melanoma spheroids

Each cell line was seeded at a different cell density (500, 1000, or
1500 cells) in drops of 15 pL of RPMI. Drops were formed on the lids of
6 mL Petri dishes and the culture medium of each drop was changed
every 48 h. The bottom of each Petri dish was filled with 5 mL of PBS
(Gibco, cat. no 10010056, Waltham, MA USA) to prevent drops from
drying out and to provide humidity (Fig. 1). Petri dishes were subse-
quently placed in an incubator and maintained under standard cell
culture conditions to allow for spheroid formation. Spheroids were
formed after 24-48 h of incubation depending on the cell line. The
morphology and growth of spheroids were assessed after 2, 5, and 7
days of spheroid growth. Spheroid structure was determined by optical
microscopy (Olympus, IX-LWPO, T2, Japan).

2.3. Proliferation and evaluation of cell viability

Cell viability during spheroid formation was determined using
standard fluorescence dyes: propidium iodide (PI) (SIGMA, cat. no P-
4170), fluorescein diacetate (FDA) (SIGMA, cat. no F-7378), and calcein
staining (Thermo Fisher Scientific, cat. no C1430). To evaluate the rate
of living cells in WM266-4 spheroids, FDA (5 mg/mL) and calcein (1
mg/mL) was used, while PI (0.4 mg/mL) was used to evaluate the rate
of dead cells. To stain spheroids, a single spheroid was transferred to a
glass-bottom dish and 100 pL of staining solution was added. The
stained spheroid was subsequently incubated at 37 °C for 10 min and
gently washed twice with PBS (Fig. 2). Thereafter, 100 uL of complete
culture media was added to the spheroid before observation under an
epifluorescence microscope. Since FDA and calcein can cross the
membrane of living cells, whereas PI can only enter dead cells, cells that
fluoresced green were considered viable, while cells with red fluores-
cence were considered non-viable. The percentage of death cells has
been calculated as a percentage of red fluorescence area. This staining
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Fig. 2. A schematic representation of the fluorescence microscopy staining protocol. Step 1: Preparation of the fluorescence staining solution. Step 2: Staining of a

single spheroid.

allowed for the evaluation of the spatial distribution of dead and living
cells in spheroids.

2.4. Micro-CT protocol and image processing

Micro-CT analysis was carried out with a Bruker SkyScan 1172
scanner (Bruker microCT, Kontich, Belgium) and scanning parameters
were set to 40 keV without physical filtration. Images were captured
with a spatial resolution of 1 —2 pum per pixel. To enhance the signal-to-
noise ratio, each projection image was taken as the average of 10
frames.

Optimization of micro-CT staining included samples that were not
fixed and samples that were fixed with 4% formaldehyde for 15 min.
Standard micro-CT staining solutions, Lugol solution (SIGMA, cat. no
62,650) and 10 % PTA (SIGMA, cat. no P4006), were used and the
incubation period for staining was experimentally optimized for be-
tween 30 min and 24 h. After staining, samples were washed with PBS
and scanned (Fig. 3). Captured data was reconstructed and processed
with Bruker software (Bruker microCT, Kontich, Belgium) Nrecon (v.
1.7.3.1) and CTanalyzer (v. 1.18.8.0+), respectively. An anisotropic
diffusion filter was applied to reduce image noise and images were
binarized by histogram-based global thresholding. Afterwards, the 3D
watershed separation algorithm was used to separate individual clusters
of the spheroid.

2.5. Data analysis

Spheroid growth rate was analyzed with ImageJ (v 1.52n) software
according to the morphological parameters circular equivalent dia-
meter, circularity, and roundness. Appropriate optical microscopy
images were selected to perform this analysis for both melanoma cell
lines (Fig. 4a, b). Spheroids were manually isolated as individual re-
gions of interest (ROIs) and the above-mentioned morphological para-
meters were calculated after 2, 5 and 7 days of spheroid growth. The
ImageJ software was also used to calculate the percentage of dead cell
area as the red color area in the whole spheroid in fluorescence images
(Fig. 5).

3. Results
3.1. Size of spheroids

The size of spheroids significantly increased along with the length of

the culture. Spheroid size depended on the number of cells seeded at the
start of culture. In general, WM115 spheroids exhibited an rapid growth
rate (Fig. 4c). After 48 h, WM115 spheroids formed from 500 cells grew
to a diameter of 310 pum and reached a diameter of 470 pm in one week,
exhibiting a growth rate of 32 pm/day. WM115 spheroids formed from
1000 cells grew to a diameter of 360 pum after 48 h and reached 470 um
in diameter after one week, exhibiting a growth rate of 22 pm/day. In
48 h, WM115 spheroids formed from 1500 cells grew to a diameter of
390 pm and, after one week, grew to 480 um in diameter, exhibiting a
growth rate of 18 um/day.

Overall, WM266-4 spheroids demonstrated a stable growth rate
(Fig. 4f). The growth rate of WM266-4 spheroids seeded at 500 cells
was the highest and grew 10 pm/day, while spheroids seeded at 1500
cells grew at 9 um/day. The lowest growth rate observed was of
WM266-4 spheroids seeded at 1000 cells, which grew at 8 pm/day.
WM266-4 spheroids formed from 500 cells had a diameter of 380 pm
after 48 h and grew to 430 pum in diameter after one week. WM266-4
spheroids formed from 1000 cells reached a diameter of 430 pm after
48 h and reached a diameter of 470 pm after one week. WM266-4
spheroids formed from 1500 cells grew to a diameter of 480 pum after 48
h and reached 525 pm in diameter after one week.

As the number of seeded cells increased, the growth rate con-
comitantly decreased likely due to the competition for oxygen and
nutrients, especially in the case of WM115 spheroids. The growth rate
also gradually decreased as the length of culturing increased. This is
particularly evident in spheroids seeded at higher cell densities and
could be attributed to a lack of sufficient nutrition and oxygen due to
competition (compare in Fig. 4).

3.2. Shape analysis

Over the course of one week, WM266-4 spheroids showed a clear
increase in both circularity and roundness for all initial cell densities
(Fig. 4g, h). This means that spheroids became rounder and more
symmetric with a smoother surface. The WM115 spheroids, however,
did not demonstrate such a clear correlation between circularity or
roundness and time (Fig. 4d, e).

3.3. Spheroid characteristics

The growth rate of spheroids formed by both melanoma cell lines
showed continuous growth over the course of one week. The viability of
cells in the different zones of a single spheroid was evaluated 5 and 7
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Fig. 3. A schematic representation of the micro-CT process.

days after seeding. The viability of spheroids were classified by fluor-
escence microscopy: green fluorescence indicated viable cells and red
indicated dead cells. Viable cells were found mostly on the surface and
the edge of the spheroid, whereas dead cells were located pre-
dominantly in the center of the spheroid. Interestingly, inside the
spheroids different internal layers did not exhibit fluorescence and
some contained a small number of dead cells. Furthermore, with the
progression of time the red core increased in size from 0% to about 29
% of dead cell area, demonstrating how the spheroid grew and that cells
in the central zone gradually died due to lack of oxygen and nutrients
(Fig. 5).

3.4. Micro-CT

Optimization of micro-CT procedure proved challenging as the re-
sults were highly variable, demonstrating sensitivity to even subtle
changes in the contrasting and fixation protocols. The spheroids were
found to be highly sensitive to some of the staining and/or fixation
methods used, which can cause deformation or even death of the
spheroids. The most suitable image was obtained after staining for 1.5 h
with Lugol solution, without fixation. After applying a combination of
image denoising and Otsu thresholding it was possible to perform a 3D
watershed separation to analyze individual spheroid and final visuali-
zations of spheroids were obtained using volume rendering in CTVox
software (v. 3.3.0 r.1403, Bruker micro-CT, Kontich, Belgium) (Fig. 6).
More detailed explanation about a scale translation is available in Suppl
1. Spheroids from both cell lines grew and, over time, developed into
more dense structures. However, WM266-4 cells produced a single,
well-defined spheroid with a smooth surface (Fig. 6¢, d), while WM115
cells were scattered and produced clusters of low-diameter spheroids
instead (Fig. 6a, b). Technical details about Fig. 6 are described in the
supplementary (Suppl 1).

4. Discussion

Over the past decade, many efforts have been made to improve drug
tests and therapeutic methods. One of the new approaches in the field
of tumor and chemotherapy research is the use of 3D spheroids which
can potentially be a good replacement for using animal models and
patient tissues because of their 3D architecture and establishment of
cell-cell contacts (Torisawa et al., 2007). An important aspect of med-
ical and pharmacology studies is the need to comply with ethical
guidelines and regulations. However, working with 3D spheroids es-
tablished from cell lines can eliminate these and other limitations. 3D
spheroids are spherical cellular aggregates in which the cells are in
close contact with each other, mimicking in vivo conditions. Because of
this similarity, spheroids can be used reliably to determine gene ex-
pression and cell biological characteristics (Torisawa et al., 2007; Koide
et al., 1990).

Since tumors start as a low density of cells, which then grow and
proliferate, studies investigating the behavior of low cell densities in
response to chemical and pharmaceutical stimulation can use spheroids
as a convenient model to find more precise and reliable diagnostic and
therapeutic approaches. In this study, spheroids were cultured at dif-
ferent cell densities and their growth rate and size was assessed over the
period of culture. Studies conducted on 3D cell culture enable us to
control the size and volume of spheroids as a tumor model, as well as
evaluate cancer cell behavior at different stages and under different
conditions, which reflects their behavior of the real tumor.

In our study, we noticed that necrotic area increased with time of
culturing. That necrosis was more significant in bigger spheroids with
one exception for 7 day old spheroid from WM266-4 cell line with 1500
initial cells. This discrepancy was probably due to reaching the max-
imum size of the necrotic core (Fig. 5b). We observed cells which were
neither green (alive) or red (dying) in fluorescence (Fig. 5). There are at
least two explanations of this phenomenon: (1) fluorescence
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Fig. 4. Optical microscopy images of melanoma cell lines WM115 (a), WM266-4 (b). The growth rate, circularity, and roundness of spheroids formed by melanoma

cell lines WM115 (c-e) and WM266-4 (f-h), respectively.

attenuation by melanin/eumelanin and (2) poor fluorescent dye diffu-
sion. Firstly, melanoma cells are originated from melanocytes - neural-
crest derived cells that contain a black pigment (melanin) or a red
pigment (eumelanin). EPR (electron paramagnetic resonance) spectro-
scopy confirmed (data not shown) that both (WM266-4 and WM115)
cell lines have eumelanin and pheomelanin pigment which can absorb
light in the spectra by calcein and fluorescein emission: 515 and 525
nm, respectively (Nofsinger et al., 1999). Secondly, calcein and fluor-
escein diacetate are water soluble dyes and their diffuse is limited to
solvent penetration. Moreover, fluorescein emission signal is quenching
on conjugation to biopolymers and it is sensitive to pH changes: the
strongest signal is observed at base pH (9.0) and the lowest at acidic
conditions (5.0), which is expected in the inner compartments
(Doughty, 2010).

Usually, common fluorescent microscopy techniques are sufficient

for most of experiments using spheroids as a model, especially those
from a single cell line. Currently, other methods have been applied to
bring more insight about multicellular spheroid structure e. g. optical
coherence tomography (OCT), as refractive index (RI) has the potential
to be used as a marker for spheroid growth phase (Hari et al., 2019).

Micro-CT has already been successfully used for imaging animal
tissues and biological samples but, in this study, we showed that micro-
CT can also be used to visualize and analyze spheroids in 3D. In contrast
to microscopy methods, micro-CT allows for the reconstruction of the
shape, surface, and internal structure of the spheroids in 3D. We hope
that similarly to OCT, micro-CT will become a complimentary method
for spheroid imaging.

Spheroids are very sensitive to the fixative and staining solutions
and the best results were obtained after staining for 90 min with Lugol
solution without fixation. In this study, the comparisons between
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Fig. 5. Fluorescence images of WM115 (a) and WM266-4 (b) spheroids taken 5 and 7 days after seeding. In the top-right corner there is a death (red) cells percentage.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 6. Three-dimensional (3D) micro-CT models of spheroids formed by WM115 cells after 5 days (a), 7 days (b) and WM266-4 cells after 5 days (c), 7 days (d). Scale

indicates the diameter of formed spheroids (Suppl 1).

confocal and micro-CT model were not fully displayed, especially in
terms of necrotic zone determination. For the more adequate necrotic
core visualization, the more adequate contracting agent should be used.
Presently, there is no such agent for necrotic cell visualization and there
is a need for developing such a lipid-specific contrasting agent. Micro-
CT is capable to visualize any type of spheroid, including mixed-cell,
but such visualizations still has not been performed. Mixed-cell spher-
oids, mimic major features of in vivo tumors, especially cell-to-cell in-
teractions and can model tumor environments (Khawar et al., 2018).
Tissue differentiation and angiogenesis, for example in cardiac
(Pitaktong et al., 2020) or cancer spheroids (Shah et al., 2019) can be
visualized by means of micro-CT technique, and this approach would be
helpful to observe vessel formation and structure. Moreover, multiple
object analysis is possible and very convenient. It speeds up the
workflow.

Concluding, micro-CT is a complimentary method for common op-
tical technique to visualize spheroid morphology, however the staining
protocol still needs to be optimized to avoid spheroid destruction and
new contrasting agents dedicated to visualize a necrotic zone are
needed.
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