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Cancer remains one of the main causes of death worldwide, making the search for new diagnostic and 
therapeutic tools urgent, to guarantee an early diagnosis and to improve the patients' prognosis. Nevertheless, 
most drugs that enter human clinical trials fail to be approved due to their lack of efficacy, which is partly due 
to the use of preclinical models with limited predictive value. The goal of the present work was to establish 
and characterize 3-Dimensional cultures of 3 prostate cancer (PCa) and 2 glioblastoma cell lines that more 
closely resembled in vivo tumors (spheroids). To characterize the spheroids, their growth behaviour, integrity 
and viability were studied. Furthermore, the populations of cancer stem cells (CSCs) present in the spheroids 
were also evaluated using two different markers (CD44 and CD117). Finally, to analyse the potential of the 
models developed in the preclinical evaluation of metal-based compounds of clinical interest, the effects of 
exposure to 64CuCl2 and metallacarboranes were assessed. As expected, the results highlighted the higher 
resistance of the spheroids to both families of compounds when compared with monolayer-cultured cells. 
Interestingly, resistance to 64CuCl2 treatment was found to be higher in the cells that had a bigger population 
of CSCs, known to be important for cancer resistance and relapse. For metallacarboranes, which had been 
described as potential radiosensitizers, the preliminary results obtained showed no synergy between cyto- and 
radiotoxic effects, proving that these models can provide important indications regarding potential advantages 
or shortcomings of the drugs under evaluation in the clinical setting. 
 

Introduction 

Cancer is the second leading cause of death 
worldwide. [1] In particular, prostate cancer (PCa) 
occupies the fourth place in the list of most 
common cancers, affecting approximately 1.3 
million men worldwide and being responsible for 
3.8% of the total deaths caused by cancer in 2018. 
In parallel, cancers from the central nervous system 
are less frequent (only 297 thousand new cases 
were detected in 2018), but cause a significant 
number of deaths (2.5 %). [2], [3] 

PCa can be divided into two types: androgen 
dependent (AD) or independent (AI). AD tumors 
can be managed with androgen deprivation therapy, 
while AI don't respond to this kind of therapy, 
having a higher mortality rate. [4] Glioblastoma 
multiforme (GBM) is considered the most 
malignant, invasive and undifferentiated type of 
brain cancer, presenting a poor prognosis after 
diagnosis (14 to 15 months). [5], [6] The standard 
therapeutic approach for GBM includes surgery 
alongside with chemo- and radiotherapy, even 
though total resection of the tumor, in most cases, 
is impossible due to its infiltrating nature, leading 
to high chances of relapse. [5], [7] 

Clinical resistance of tumors to treatment has 
been linked to the existence of a particular 

population of cells with a special behavior, the 
cancer stem cells (CSCs) population. CSCs are able 
to self-renew and proliferate, also being highly 
tumorigenic. [8], [9] CSCs can be identified by the 
expression of certain markers [8], such as CD44 
and CD117. CD44 is a "stemness" marker in 
several cancer types, including PCa and GBM, 
[10], [11] being involved in cell-to-cell 
interactions, cell adhesion and migration. [12] 
CD117 is also expressed by both cancer types, 
being a receptor for the stem cell factor (SCF) that 
is involved in proliferation and survival of 
pluripotent progenitor cells. [13], [14] 

In vivo, solid tumors grow in a 3D conformation 
being subjected to hypoxia and low nutrient levels 
and under the influence of cell-to-cell interactions 
and signals coming from the surrounding tumor 
and non-tumor cells as well as from extracellular 
matrix (ECM) components. [15] However, 
conventional monolayer cultures fail to recapitulate 
most of those features, forcing cells to adapt to an 
unnatural growth conformation [16], and, most of 
the times, influencing drug evaluation assays that 
yield misleading results. [15] In fact, 3D culture 
systems are more refractory to anti-cancer 
treatments due to limited drug penetration and 
activation of several resistance mechanisms. [17] In 
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order to surpass these drawbacks, several 3D 
culture models have been under investigation, 
including multicellular tumor spheroids, or for 
simplicity spheroids. [18] Spheroids are formed 
using cells from already established cancer cell 
lines that grow as spheres, promoting cell-to-cell 
and cell-to-ECM interactions that are lacking in 
monolayer culture.[18] Due to their conformation, 
spheroids are able to recapitulate the multicellular 
chemoresistance and genotypic and phenotypic 
heterogeneity of in vivo tumors, having 
proliferation and metabolic gradients of oxygen, 
nutrients and essential metabolites [19], being an 
appropriate model for studying penetration 
properties of compounds. [20] 

Metals have been used in medicine for several 
years, remaining the focus of research of many 
investigators for the development of new 
pharmaceutical agents that involve metal-
dependent processes. [27] Among them, there is a 
family of metal-based compounds, the 
metallacarboranes, composed of a sandwich of two 
dicarbollide ([C2B9H11]2-) clusters with a metal ion 
on the center, which due to their composition might 
be used as agents for boron neutron capture therapy 
(BNCT). [28] BNCT make use of boron (10B) 
carriers that are irradiated with low-energy 
neutrons, originating high-direct energy α particles 
with therapeutic potential, especially if 10B atoms 
are located close to the cell nucleus. The potential 
of this therapy has been studied for the treatment of 
high-grade glioma, cerebral metastases and 
melanoma. [29] In particular, for this work, two 
families of metallacarboranes, in which the central 
metal ion, CoIII (cobaltabisdicarbollide, COSAN) 
or FeIII (ferrabisdicarbollide, FESAN), is bonded to 
two dicarbollide moieties, were developed and 
evaluated for their therapeutic potential. [30] 

Another metal-based compound that has been 
gathering a lot of interest over the last years is 
64CuCl2. 64Cu decays through the emission of β+ 
particles with 0.655 MeV (17 %), β- particles with 
0.573 MeV (39 %) and EC (44 %), which leads to 
the release of Auger electrons, [31]–[33], making it 
suitable to be used both for diagnosis (β+) and 
therapy (β- and Auger electrons), that is, as an 
appropriate agent for theranostic applications [34] 
The effects of 64Cu had been previously 
investigated in PCa, considering that the human 
copper transporter 1 (hCTR1) was found to be 
overexpressed in this type of tumor. [32], [33]     

In the present study, spheroid models of 3 PCa 
and 2 GBM cell lines were established and 
thoroughly characterized, and their potential for the 
preclinical evaluation of metal-based compounds of 
clinical interest was investigated.  

Methods 

Cell lines and media  

PCa cell lines - 22RV1, DU145 and LNCaP were kindly 
provided by the Portuguese Institute of Oncology–Porto, 
Portugal. GBM cell lines (T98G and U87) were obtained 
from the American Type Culture Collection (ATCC). 
PCa and GBM cell lines were cultured, respectively, in 
RPMI-1640 or minimal essential medium (MEM) with 
Glutamax supplemented with 10% fetal bovine serum 
(FBS). All cell lines were grown at 37 ºC in a 
humidified atmosphere of 5% CO2. and tested for 
mycoplasma using the LookOut® mycoplasma PCR 
Detection Kit. 
 
Spheroids culture  

Spheroids were obtained for all the cancer cell lines. 
Cells were cultured in monolayer in T25 or T75 culture 
flasks and when were reaching 80-90 % of confluence, 
they suspensions with the desired cell concentration 
were prepared (table 1). Two-hundred μl of cell 
suspension were seeded in each well of a Nunclon™ 
Sphera™ ultra-low attachment (ULA) 96U-well plate. 
The plate was centrifuged at 1500 rpm for 5 minutes and 
incubated at 37 ºC in a humidified atmosphere of 5 % 
CO2. 

Table 1: Conditions used for each cell line to obtain spheroids 
with a mean diameter of 350-400 µm at day 3. 

 

 

 

 

 

Image acquisition and processing 

To monitor the spheroids' growth, images were acquired 
daily using a Primovert Inverted ZEISS Microscope 
(objective 4x), with an integrated HDcam camera, 
connected to a Computer with the ZEN 2 (blue edition) 
software. The spheroids' major and minor axial lengths, 
area and perimeter were calculated using SpheroidSizer, 
a software available online [35], that was modified to 
allow perimeter calculation. Spheroids' circularity was 
determined according to (1). 

Cir =
4π × Area

Perimeter
 

Viability Assays 

The spheroids were grown for at least 3 days before the 
acid phosphatase (APH) assay was performed. The 
spheroids were washed through partial medium removal,  
before 100 μl of APH buffer (0.1 M sodium acetate, 0.1 
% (vol/vol)triton X-100, distilled water and p-
nitrophenylphosphate pH 4.8 2mg/ml) were added to the 
wells. After an incubation period of 90 minutes at 37, 10 
μl of NaOH 1M were added to each well, and the 
absorbance was measured at 405 nm using a microplate 

Cell 
line 

Cell concentration 
(cells/ml) 

Number of 
cells per well 

22RV1 12500 2500 
DU145 17500 3500 
LNCaP 4500 900 
T98G 20000 4000 
U87 5000 1000 

(1) 
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reader (Power Wave Xs, Bio-Tek). Empty wells were 
used as controls. 
 
Flow cytometry 

Spheroids grown for 3 days were pooled together, 
dissociated with tryple (Gibco) for 5 minutes at 37 ºC, 
resuspended in fluorescence-activated cell sorting 
(FACS) buffer (PBS supplemented with 2% FBS) and 
counted. The suspension was centrifuged at 1500 rpm 
for 5 minutes, and the cell pellet was resuspended in 
FACS buffer before being aliquoted to a concentration 
of ~1x105 cells in 100 μl per vial. All subsequential 
steps were performed in the dark. First, 5 μl of 
LIVE/DEAD (Fixable Far Red Dead Cell Stain Kit, 
ThermoFisher) were added to each tube, except to the 
tube containing the unstained control cells. After 15 
minutes of incubation at room temperature (RT), cells 
were washed with 2 ml of FACS buffer, centrifuged, and 
the cell pellet resuspended in 100 μl of FACS buffer. 
Then, antibodies were added: 2 μl of CD44-FITC (clone 
BJ18, Biolegend) or 5 μl of CD117-FITC (clone 104D2, 
Biolegend); the cells were incubated at RT for 15 
minutes, washed and cells were fixed in 100 μl of 2 % 
formaldehyde at 4 ºC for 15 minutes. After washing, 
cells were resuspended in 200 μl of FACS buffer and 
flow cytometry was performed on a FACSCalibur 
cytometer (BD Biosciences). 
 
64CuCl2 solution preparation 

Copper-64 was produced in a medical cyclotron by 
irradiation of the 64Ni target [36], and delivered as a 
solution of 64CuCl2 in 0.1 M HCl. Prior to the biological 
studies, the pH of the solution was adjusted to ~7 by 
adding appropriate volumes of 10 M NaOH, and 1 M 
phosphate buffer, to avoid drastic changes in the culture 
medium pH. 
    
64CuCl2 cellular uptake assay 

Three-days old PCa spheroids (22RV1, DU145 and 
LNCaP) were used. A solution of 25-50 μCi/ml of 
64CuCl2 was prepared in RPMI-1640 supplemented with 
FBS. One hundred μl of culture medium were removed 
from each well, and 100 μl of 64CuCl2 solution were 
added to the spheroids which were incubated for 1, 2 
and 3 hours at  37 ºC. After each time point, 7 spheroids 
of each cell line were pooled in a microtube, centrifuged 
at 1500 rpm for 3 minutes and the supernatant collected. 
The cell pellet was washed with 500 μl of PBS, 
centrifuged and the supernatant again collected to 
another tube. Cells were lysed by adding 500 μl of 1 M 
NaOH and incubating for 10 min at 37 ºC. The activity 
present in the cells, and in the recovered supernatants 
(initial media and PBS) was measured using a gamma 
counter (CRC®-55t, Capintec). As a control of the total 
activity applied per well, a sample containing 700 μl (7 
× 100 μl per spheroid) of the media containing  64CuCl2 
solution was measured. Three independent assays were 
performed. 
 
 

Colony formation assay 

Solutions of 150 and 750 μCi/ml of 64CuCl2 were 
prepared in RPMI-1640 supplemented with FBS. One 
hundred μl of culture medium were removed from each 
well and 100 μl of the  64CuCl2 solution were added to 3-
days old spheroids. As a control (spheroids with 0 μCi) 
wells with 100 μl of RPMI-1640 were prepared. After 3 
hours at 37 ºC, spheroids incubated with each activity 
(0, 15 and 75 μCi) were collected, dissociated with 
tryple and counted. Then, cells were seeded in T25 
flasks (200 cells for 22RV1 and DU145 in control 
conditions, 600 cells for LNCaP in control conditions 
and for 22RV1 and DU145 64CuCl2 exposure, and 800 
cell for LNCaP 64CuCl2 exposure). When visible 
colonies were detected, cells were fixed with a solution 
of 3:1 methanol: acetic acid at -20 ºC, washed, and then 
stained with 4% Giemsa in phosphate buffer pH 6.8, for 
8 minutes. Colonies with more than 50 cells were 
counted. Two independent assays were performed, with 
2 replicas of each condition per assay. 
 
Spheroids' growth and viability after exposure to 
64CuCl2 

Spheroids were exposed to 0, 15, 30 and 75 μCi of 
64CuCl2 as previously described, grown for 8 days and 
images were taken daily to follow their growth. At the 
8th day after compound administration, the APH assay 
was performed to assess the spheroids' viability. Two to 
three replicas of each condition were made in each 
independent experiment. 
 
Metallacarboranes preparation  

Fresh stock solutions (1 mM) of the compounds 
([COSAN]-1, [COSAN]-2, [COSAN]-3, [FESAN]-1, 
[FESAN]-2 and [FESAN]-3) were prepared in ultra-pure 
water. Serial dilutions from the stock were prepared in 
MEM with Glutamax supplemented with 10% FBS. 
 
Effect of metallacarboranes on the spheroids' 
viability 

 U87 cells were seeded as a monolayer in a regular 96-
well plate for 24 hours or cultured as spheroids for 3 
days. One-hundred μl of culture medium were removed 
from each well and 100 μl of each compound were 
added. The concentrations tested for each compound, 
represented in table 2, were based on a previous assay 
done for IC50 determination at 72 h (Fernanda Marques 
personal communication, June 2019). As a control, wells 
with just medium were used. After 72 hours of 
incubation, viability was determined using the APH 
assay as described above. One replica of the experiment 
was performed, using at least 5 spheroids per condition. 
 

Irradiation assays 

U87 cells were cultured as spheroids for 3 days. One-
hundred μl of culture medium were removed from each 
well and 100 μl of each compound were added (or not, 
as a control). Concentrations tested for [COSAN]-1, 



 

4 
 

Figure 1: Physical characterization of PCa and GBM 
spheroids. Representative microscope images of the growth of 
a (a) 22RV1, (d) DU145, (g) LNCaP, (j) T98G and (m) U87 
spheroids. Growth curve of (b) 22RV1, (e) DU145, (h) 
LNCaP, (k) T98G and (n) U87 spheroids represented by the 
mean spheroid diameter (in μm) as a function of the number of 
days in culture. (d) Mean circularity of the (c) 22RV1, (f) 
DU145, (i) LNCaP, (l) T98G and (o) U87 spheroids 
represented as a function of the number of days in culture. 
 

(a) 

(b) (c) 

(d) 

(e) 

(f) 

(g) 

(h) (i) 

(j) 

(k) (l) 

(m) 

(n) (o) 

[COSAN]-3, [FESAN]-1 and [FESAN]-3 are 
represented in table 2 (based on a previous assay for IC50 
determination at 24h - Fernanda Marques personal 
communication, June 2019). After 24 h of incubation, 
the plate was irradiated for 1 hour with γ-rays (total dose 
of 2 Gy). After irradiation, the medium was replaced 
with 200 μl of fresh medium. After 72 hours, the APH 
assay was performed to determine the cells' viability. 
The same protocol was performed with non-irradiated 
plates. 
 
Table 2: Concentrations of metallacarborane tested. 

 

Results 

Characterization of PCa and GBM spheroids 

Several cell lines can be used to model PCa and 
GBM. To study PCa, we selected 3 cell lines based 
on their androgen receptor status: 22RV1 and 
LNCaP are AD, while DU145 is AI. [37]–[39] 
GBM cell lines were chosen based on 
aggressiveness: U87 are much more tumorigenic 
than T98G cells. [40], [41] According to what had 
been previously described in the literature on the 
ability of these cell lines to form MCTS [42]–[44], 
all the PCa and GBM cell lines tested were 
successfully cultured as 3D spheroids (figure 1). 
Spheroids were considered completely formed 
when they exhibited a compact profile (U87 – day 
1, 22RV1 and T98G – day 2, DU145 and LNCaP – 
day 3). Since at day 3 the spheroids from all cell 
lines were completely formed, all further studies 
were started at this day. In general, DU145 and 
T98G formed more compact and smaller spheroids 
than the other cell lines. 
Figure 1 (b), (e), (h), (k) and (n) represent the 
spheroids' growth over time. All spheroids have a 
mean diameter between 350 and 400 µm at day 3, 
making them a suitable model to perform 
comparative studies of drug screening using the 
different cell lines. The mean diameter range was 
chosen considering that, with this size, spheroids 
are expected to have a hypoxic core [23], while still 
not having a necrotic core. [42] Overall, 22RV1, 
LNCaP and U87 spheroids grew with time, while 
DU145 and T98G spheroids decreased their size 
until the 8th/9th day of culture, having a small 
growth from these days onwards. In terms of 
circularity (figure 1 (c), (f), (i), (l), (o)), there was a 
higher variability and values were found to be 

Compound 
IC50  
(µM) 
(24 h) 

> IC50 
(µM) 
(24 h) 

< IC50 

(µM) 
(72 h) 

IC50 

(µM) 
(72 h) 

> IC50 

(µM) 
(72 h) 

[COSAN]-1 150 250 40 80 100 
[COSAN]-2 - - 35 70 100 
[COSAN]-3 100 150 35 50 100 
[FESAN]-1 200 250 25 50 75 
[FESAN]-2 - - 7.5 15 30 
[FESAN]-3 25 40 3 6 28 
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farther from 1 in the first days of culture. LNCaP 
spheroids were the ones that presented a more 
irregular shape through a longer culture period, 
while U87 spheroids were the more regular and the 
ones that presented the biggest growth. 
 
Viability of PCa and GBM spheroids 

The analysis of the spheroids' viability is an 
important measure to study the effect of therapeutic 
compounds on spheroids. Furthermore, it allows to 
better understand the growth behavior of the 
spheroids. To study the viability of the spheroids, 
the APH assay was adopted since, theoretically, it 
has a big range of sensitivity (1000 to 100000 cells 
[45]). The spheroids' viability was studied in 
different days using spheroids cultured with 
different cell densities. 

In the case of 22RV1 spheroids (figure 2 (a)), it 
was possible to see that for spheroids cultured with 
a smaller number of cells, the APH assay didn't 
have enough sensitivity. For spheroids cultured 
with 2500 cells (the same as the ones from the 
growth curve) there was a clear increase of 
absorbance, reflecting an increase in the spheroids' 
viability, in accordance to the spheroids' growth 
behavior previously observed. The viability of 
DU145 spheroids (figure 2 (b)) cultured with 3500 
initial cells is also in agreement with their growth 
behavior. The spheroids' size decreased from day 4 
to day 9, while, in parallel, their viability seemed to 
remain stable from day 4 to day 7, suggesting  that 
the spheroids' growth pattern might be resulting 
from further spheroids compaction. This is 
followed by a small period of growth until day 11 
that seems to be due to an increase in viability. 
LNCaP and U87 spheroids (figure 2 (c) and (e)) 
have similar behaviors in what concerns their 
viability, showing increasing absorbance values as 
the number of days in culture increased, which is in 
accordance with the growth pattern exhibited by 
both these cell lines. The viability of T98G 
spheroids (figure 2 (d)) cultured with 4000 cells 
seemed to remain constant from day 3 to 8. Since 
this cell line has a similar growth behavior to 
DU145, it might also be the case of the viability 
behavior reflecting an increased compaction, 
instead of a real decrease in viability.  

 
Identification of CD44+ and CD117+ populations 
in PCa and GBM spheroids 

In the present work, in order to investigate if the 
population of CSCs was enriched in spheroids in 
comparison to the monolayer culture as suggested 
before in the literature [15], flow cytometry was 
performed. CSCs markers (CD44 and CD117) were 

chosen based on what had been previously 
described in the literature for both pathologies. 
[10], [11], [13], [14] The results obtained are 
represented in table 3. LIVE/DEAD is a marker 
that allows to identify the population of live cells. 
In this case, it is possible to see that the percentage 
of live cells is generally higher in monolayer 
cultures, which can be due to decreased viability of 
the cells from the spheroids' core, but also be 
related with the disaggregation process that might 
be harsher on the spheroids due to their tightly 
aggregated state. The population of live cells is 
lower in DU145 and T98G spheroids, suggesting 
that their growth pattern may also be caused by 
increased cell death.  

Figure 2: APH viability results of (a) 22RV1, (b) DU145, (c) 
LNCaP, (d) T98G and (e) U87 spheroids, represented by the 
mean absorbance (a. u.) as a function of number of days in 
culture. Data are presented as average +/- Sd of 1 to 6 
independent assays. 

(a) 

(b) 

(c) 

(d) 

(e) 
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In terms of the expression of CSCs markers, it 
was possible to see that in LNCaP cells (AD) there 
was no CSCs population stained with the markers 
selected. Furthermore, since spheroids from this 
cell line were the easiest to disaggregate, we can 
predict that cell-to-cell and cell-to-ECM 
interactions were weaker, explaining the low 
expression of CD44, since this marker is related to 
interactions between cells and ECM. DU145 and 
22RV1 both expressed CD44+, being the 
expression higher for DU145 (AI), not only in 
monolayer-cultured cells but also in spheroids, 
which can be related to their higher compaction. In 
both GBM cell lines, the CD44 receptor was 
expressed by 100% of the live cells within the 
monolayer cultures and in the spheroid cultures, the 
expression was higher in U87 than in T98G cells, 
still being very high in both cases. In all cases, it 
was possible to see that CD44+ populations were 
higher in monolayer cultures than in spheroids, 
unlike what was expected. 

CD117 expression was only detected in DU145 
spheroids and in T98G cells (being higher in 
spheroids), indicating that these have a higher 
"stemness" potential. 
 

Table 3: Populations of live cells used to analyze CD44+ and 
CD117+ cells and populations of CD44+

 and CD117+ cells in 
monolayer (2D) and spheroid (3D) cultures in PCa (22RV1, 
DU145 and LNCaP) and GBM (T98G and U87). CD44 and 
CD133 expression is shown gated on LIVE cell population. 
Values with * were considered 0. 

 
Evaluation of the effect of a theranostic 
compound – 64CuCl2 – in PCa spheroids 

Exposure of PCa monolayer-cultured cells to 
64CuCl2 had already been studied in the 
Radiopharmaceutical Sciences Group. [34] In the 
present study, we decided to evaluate the effects of 
exposure to this compound with theranostic 
potential in more advanced preclinical models. 
First, we evaluated the effects of exposure to 
different dosages of 64CuCl2 on the spheroids' 
growth (figure 3) and viability (figure 4). The 
growth of all PCa spheroids was clearly affected by 
the exposure to this radionuclide, in most cases in a 

dose dependent manner, being possible to see that 
spheroids' growth was halted or even decreased in 
some cases. In terms of circularity (results not 
shown), in most cases there wasn't an evident 
relation between the dose administered and a 
decrease in circularity.  

The viability of the spheroids (figure 4) was 
determined at the 8th day of exposure to allow 64Cu 
to decay and to establish a comparison  to the 
results previously obtained. In general, the viability 
of 64CuCl2-exposed spheroids was decreased when 
compared with the non-exposed control spheroids, 
although it was not significantly different between 
the different cell lines, not varying much between 
dosages. DU145 spheroids were the ones that had 
higher viabilities in relation to the control (between 
60-80 %) and LNCaP spheroids were the ones 
presenting the lowest viabilities (30-20 %). 
 
 
 
 
 
 
 
 
 
 
 

 

In order to investigate if the viability results                                                                                                
could be correlated with the amount of 64CuCl2 

present in the spheroids, cellular uptake studies                        

Cell Line 
Culture 
method 

Live 
cells 
(%) 

CD44+ 
cells 
(%) 

Live 
cells 
(%) 

CD117+ 
cells 
(%) 

22RV1 
2D 
3D 

97.10 
95.80 

40.70 
16.70 

94.50 
98.60 

0.082* 
0.075* 

DU145 
2D 
3D 

94.50 
63.80 

97.00 
60.90 

94.70 
57.10 

0.002* 
0.50 

LNCaP 
2D 
3D 

96.60 
90.00 

0.018* 

0.009* 
96.80 
92.10 

0.003* 
0.016* 

T98G 
2D 
3D 

97.10 
89.30 

100.00 
94.90 

97.30 
83.50 

7.46 
10.90 

U87 
2D 
3D 

99.60 
95.20 

100.00 
99.60 

99.80 
83.80 

0.028* 
0.010* 

(b) 

(a) 

(c) 

Figure 3: Effect of exposure to 64CuCl2 on PCa spheroids. 
Representative microscopic images of spheroids at day 11 
and growth curves after exposure to 0, 15, 30 and 75 µCi of 
64CuCl2 of (a) 22RV1, (b) DU145 and (c) LNCaP represented 
by the mean spheroids' diameter (in µm) as a function of the 
number of days in culture. 
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Figure 4: Viability of spheroids from 22RV1, DU145 and 
LNCaP cell lines, at day 11 of culture, after exposure to 0, 15, 
30 and 75 µCi of 64CuCl2. Data are presented as average +/-
Sf of 2 to 3 independent assays. 

 
 
 
 
 
 
 
 
 
 
 
were performed at 1, 2 and 3 h after exposure to 
2.5/5 µCi of 64CuCl2. The results obtained (figure 
5) revealed that LNCaP spheroids, the ones with 
the lowest viability in the previous tests, were also 
the ones that had higher 64Cu uptake, which 
increased over time. DU145 spheroids were the 
ones that had the lowest uptake, having similar 
values at 1 and 2 h and exhibiting a slight decrease 
in the uptake measured at 3 h. 22RV1 spheroids 
presented an increase in uptake from 1 to 2 h, that 
remained stable at 3 h. 

To further evaluate the cytotoxic effects of 
64CuCl2 on spheroids,  a clonogenic assay was 
performed (figure 6), enabling the evaluation of the 
proliferation capacity of the cells. LNCaP were 
found to have a low proliferation capacity, even in 

control conditions, being unable to form colonies                          
when exposed to the radionuclide. DU145 cells 
were the most unaffected (when exposed to 15 µCi) 
ones, being able to form more colonies than the 
other cell lines. 

 
Evaluation of the effect of metallacarboranes in 
GBM spheroids 

Two families of metallacarborane compounds 
(COSAN and FESAN) have been in study in the 
Radiopharmaceutical Sciences Group in monolayer 
cultures of a GBM cell line. These novel 
compounds have been developed by the group of 
Prof Clara Vinãs, from the Institut de Ciência de 
Materials in Barcelona, and were made available 
via a collaborative project with Fernanda Marques 
(C2TN). Since the experimental results of Prof 
Vinas are still unpublished, and for simplicity sake, 
the compounds used will be identified as 
[COSAN]-1, [COSAN]-2, [COSAN]-3, [FESAN]-
1, [FESAN]-2 and [FESAN]-3. 

First, the effect of these compounds on the 
spheroids' growth and viability was determined, in 
parallel with a viability study in monolayer-
cultured cells. Doses of each compound were 
chosen based on the IC50 values previously 
determined for the monolayer culture of this cell 
line  at 72 h, using the MTT assay (table 2) 
(Fernanda Marques, personal communication). 

Analysing the growth behavior of the spheroids 
exposed to the different compounds (figure 7), it 
was possible to see that [COSAN] compounds and 
[FESAN]-1 affected the growth of the U87 
spheroids in a dose-dependent manner. Regarding 
[FESAN]-2, none of the 3 different concentrations 
tested affected the spheroids' growth, while 
[FESAN]-3 only seemed to affect spheroids' 
growth at the highest concentration used. 
Circularity measures (results not shown) were not 
severely affected by the administration of the 
compounds, presenting values very close to 1. The 
viability results (figure 8) reflected the growth 
behavior observed: for all the [COSAN] 
compounds and [FESAN]-1 there was a decrease in 
viability as the concentration of the compound 
increased, while [FESAN]-2 didn't cause a 
decrease in viability, and [FESAN]-3 was only 
toxic at higher concentrations. In monolayer 
cultured cells it was possible to observe a dose-
dependent decrease in viability, except in 
[FESAN]-2 where no toxicity was detected. 
Overall, it is possible to conclude that U87 cells 
grown as a monolayer are more sensitive to the 
compounds tested than U87 spheroids. 

Figure 6: Inhibitory effect of 64CuCl2 exposure on 
proliferation in human PCa cells from spheroids evaluated by 
the clonogenic assay. Quantification of the survival fractions 
of 22RV1, DU145 and LNCaP spheroids' cells after 3 h of 
exposure to 15 and 75 µCi of 64CuCl2, represented as a 
percentage of the non-incubated control. Data are presented 
as average +/- Sd of 2 independent assays. 

Figure 5: Cellular uptake of 64CuCl2 in spheroids, at day 3 
of culture, from PCa cell lines. The cellular uptake of a pool 
of 7 spheroids was determined at 1, 2 and 3 h after the 
administration of 2.5/5 µCi of 64CuCl2. Uptake values were 
normalized to the mean area of spheroids of each cell line at 
the 3rd day of culture and to the maximum uptake measured 
at 1h (in LNCaP spheroids). Data are presented as average 
+/- Sd of 2 independent assays. 
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(a) 

(b) 

Figure 8: (a) Viability results of U87 spheroids and (b) 
monolayer-cultured cells upon 72 h of exposure to 3 different 
concentrations of [COSAN]-1, [COSAN]-2, [COSAN]-3, 
[FESAN]-1, [FESAN]-2 and [FESAN]-3. Data are presented 
as average +/- Sd of 1 assay. 

A second assay was performed in order to 

evaluate the potential radiosensitizing effect of two 
compounds ([COSAN]-3 and [FESAN]-3). For 
that, spheroids were exposed to [COSAN]-1, 
[COSAN]-3, [FESAN]-1 and [FESAN]-3 during 
24 h (table 2), irradiated and left to recover during 
72 h, when their viability was determined. As 
[COSAN]-1 and [FESAN]-1 are expected not to be 
responsive to radiation, they were also tested as 
controls. In general, irradiation did not cause a 
significant decrease in the spheroids' viability 
(results not shown). However, unexpectedly, there 
is a decrease in viability in the spheroids' exposed 
to [FESAN]-1, a compound that was not expected 
to have a radiosensitizing effect higher than the 
other compounds. In the irradiated samples, it is 
also possible to see that the viability of the 
spheroids exposed to higher concentrations of 
metallacarboranes was lower, with the exception of 
[FESAN]-3, in which it was similar, and 
[COSAN]-3, in which it was higher.      
 
Discussion 

The development of new diagnostic and therapeutic 
tools that guarantee an early diagnosis and 
overcome cancer's chemoresistance is of the utmost 
importance considering that cancer remains one the 
main causes of death worldwide. The goal of the 
current project was thus to establish and 
characterize more advanced preclinical 3D culture 
models of PCa and GBM that could be used in the 
preclinical evaluation of compounds. In fact, while 
spheroids from the cell lines in study had already 
been successfully used [42]–[44], the conditions 
described for their culture are rather diverse, 
leading to poor standardization and reproducibility 
of the results obtained. [17], [46] While in this 
work, in order to obtain spheroids of approximately 
the same size, we had to use different initial cell 
densities for each cell lines, this actually allowed us 
to extract some information from such an 
experimental approach. For instance, it was 
interesting to notice that the fact that the spheroids 
that required a higher cell density (DU145 and 
T98G) had a growth behaviour that differed from 
the other cell lines, exhibiting a decrease in size 
until the 9th day of culture, similarly to what has 
been described in other studies. [21], [46], [49] 
This might reflect important properties of the 
spheroids such as different cells size or more 
interestingly differences in cell-to-cell and cell-to-
ECM interactions established [47], which would be 
interesting to study by the evaluation of  the 
expression of cadherins and integrins. [48]  

The results obtained also evidenced a clear 
correlation between the spheroids' viability and 
their growth behavior. In fact, the spheroids that 

(a) (b) 

(c) (d) 

(e) (f) 

Figure 7: Effects of the administration of 3 different doses of 
metallacarboranes on U87 spheroids at day 3 of growth. 
Growth curves of U87 spheroids exposed to control 
conditions, < IC50, IC50 and > IC50 of (a) [COSAN]-1, (b) 
[COSAN]-2, (c) [COSAN]-3, (d) [FESAN]-1, (e) [FESAN]-2 
and (f) [FESAN]-3 represented by the mean spheroids 
diameter (in µm) as a function of the number of days in 
culture. Data are presented as average +/- Sd of 1 assay. 
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presented a bigger growth (22RV1, LNCaP and 
U87) also had an increased cellular viability 
throughout time, indicating that the size is a good 
indicator of a spheroid's viability. However, the 
spheroids that presented a decrease in their sizes 
exhibited no significant decrease in viability at 
longer culture periods, suggesting that, in this case, 
other mechanisms such as further spheroids' 
compaction, part of the natural process of spheroid 
formation, might play a role. In addition, it would 
be important to test a more robust and reproducible 
assay (based on intracellular ATP quantification) 
[17], [50] to understand if the relation to growth 
behavior is also verified in these cell lines.  

The CSCs populations detected by the two 
markers were clearly distinct, being significantly 
bigger when detected with CD44 in most of the cell 
lines. It has been suggested that CD44+ cells 
represent an heterogeneous population of cells with 
progenitor properties [10], which seems to be the 
case in this study given the percentages of 
positively stained cells. The CD44 receptor is 
related to ECM molecules, important to cell 
proliferation, being this an explanation for its 
higher expression also in monolayer cultures. 
Furthermore, CD44 expression was higher in 
DU145 in comparison to the other PCa cell lines 
which might explain its more compact behavior. 
LNCaP cells that formed less compact spheroids, 
had already been described to be negative for this 
cell marker as also found in this work. [52]       

Contrasting to the CD44 populations detected, 
CD117 populations were only seen in two cell 
lines, DU145 and T98G, unlike what had been 
reported in the literature [14], [53]–[55]. 
Nevertheless, the percentage of CD117+ cells 
detected were higher in the spheroid cultures. In the 
future, in order to more correctly determine which 
are the cells with a higher "stemness" behaviour, 
other CSCs markers should be tested, such as the 
combination of CD44, α2β1 and CD133. [56] 
Besides, it would be interesting to understand if 
positive populations for CSCs markers exhibit 
characteristic behaviour of CSCs such as self-
renewal and tumorigenic capacity. 

In order to make use of the models developed, 
they were applied to the study of two different 
compound families that are under evaluation in the 
Radiopharmaceutical Sciences Group, namely a 
radionuclide with a theranostic potential and a 
family of metal-based compounds with therapeutic 
potential.  

The potential of 64CuCl2 as a theranostic agent 
for PCa had already been studied in monolayer-
cultured cells. [34] In the present work it was 
demonstrated that exposure to 64Cu caused a 

decrease in the growth and viability also on 
spheroids, being LNCaP spheroids the most affect 
and DU145 the least affected, reflecting the uptake 
results that were similar to what was seen in 
monolayer cells. [34] Establishing a relation to 
what was seen, LNCaP cells didn’t express any of 
the CSCs markers, while DU145 expressed both, 
suggesting that the presence of a CSC population 
might contribute to increase the spheroids 
resistance' to treatment. The reason to the 
differences in uptake is unclear at this point but 
might also be related with the different level of 
compactness of the spheroids, which is higher in 
DU145 cells.  

The effect of several metallacarboranes was 
assessed in U87 spheroids. Administration of these 
compounds in spheroids caused, in most cases, a 
decrease in the spheroids' growth and viability that 
was, however, not as evident as in monolayer-
cultured cells. The interaction of 4 of the 
compounds with radiation was also tested, since 
COSAN-3 and FESAN-3 could have an increased 
radiosensitizing effect. However, while irradiation 
of the spheroids had a slight deleterious effect on 
the spheroids, the results obtained do not confirm 
what was theoretically predicted that irradiation 
would significantly increase these compounds' 
toxicity. Nevertheless, the results obtained here are 
an example of the need to perform studies in 
models that are as close to in vivo as possible.      

 
Conclusion 

In this work, spheroids from 5 different human 
cancer cell lines were successfully established and 
characterized. Furthermore, the populations of 
CSCs present in those spheroids were also 
evaluated, and found to be higher in spheroids that 
exhibited a more compact behavior, conferring 
these spheroids increased resistance to treatment. In 
addition, the preclinical models established 
highlighted the increased resistance exhibited by 
3D models in comparison to monolayer culture, 
confirming the need to move forward to more 
relevant preclinical models in order to achieve 
better clinical translatability.     
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