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ABSTRACT 
 
The formation of three-dimensional cell microspheres such as spheroids has attracted attention as a useful 
culture technique. In this study, we investigated the trace elemental distribution (mapping) in spheroids derived 
from tissue prostate cancer (PCa). The measurements were performed in standard geometry of 45o incidence, 
exciting with a white beam and using an optical capillary with 20 µm diameter collimation in the XRF beam 
line at the Synchrotron Light National Laboratory (Campinas, Brazil). The results showed that most elements 
analyzed presented non-uniform distribution.  P, S and Cl showed similar elemental distribution in all the 
samples analyzed. K, Ca, Fe, and Cu showed different elemental distribution for the spheroids analyzed. Zinc 
presented more intense distributions in the spheroid central region for all spheroids analyzed. 
 
 

1. INTRODUCTION 
 
Prostate cancer (PCa) is the most frequently diagnosed form of noncutaneous cancer in men 
and the second leading cause of their cancer death in many countries [1]. The prevalence of 
PCa is high, occurring in 42% of men aged 50 years or older, but the risk of dying of this 
disease is only 3.6% [2]. PCa tends to occur more commonly in older men, suggesting that 
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ageing is possibly one of the contributing factors. Genetic predisposition and numerous 
environmental factors, including diet and hormonal changes, play important roles in the 
pathogenesis of the disease [3]. 
 
Recently, three-dimensional multicellular aggregates of various animal cells have attracted 
attention as a useful culture technique for tissue engineering or regenerative medicine 
research, pharmacological and toxicological studies, and fundamental studies in cell biology 
[4]. Unlike classical monolayer-based models, spheroids strikingly mirror the 3D cellular 
context and therapeutically relevant pathophysiological gradients of in vivo tumors [5]. 
Spheroids are sphere-shaped cell colonies formed by self-assembly that allow various growth 
and functional studies of diverse tissues. Spheroids serve as excellent physiologic tumor 
models as they mimic avascular tumors and micrometastases and are known to provide more 
reliable and meaningful therapeutic readouts [6]. 
 
The distribution and local chemical environment of metals and non-metals in tissues and cells 
is the most fundamental knowledge of any kind of organism. To obtain information 
concerning the chemical species, as well as their concentrations and locations is crucial for 
understanding their biological functions and metabolic process [7]. Micro X-Ray 
Fluorescence (µXRF) has been used for more than 30 years to obtain information regarding 
the distribution of elements in cells and tissues [8]. Along with the construction of more 
power-ful synchrotron radiation facilities around the world, µXRF has become a popular 
trend in X-ray spectroscopic analysis of small areas [7]. Synchrotron-based X-ray 
fluorescence is a power-ful technique for the mapping of elemental distributions at a 
subcellular level. Sub-micron spatial resolutions can be achieved in two-dimensional scans by 
an appropriate focusing of the incident high energy X-ray beam produced by a third-
generation synchrotron source [9]. An inherent advantage of this method is its multielement 
detection capability, which enables the detection of different elements simultaneously. A 
further advantage of this method is that it is non-destructive, allowing staining and 
histopathological examination of the measured samples after the elemental analyses. The 
improvement of the lateral resolution of brilliant X-ray microbeams induced numerous 
applications of µXRF in biomedical and environmental studies [10]. All these advantages 
make the µXRF widely used in biological investigations when two-dimensional elemental 
imaging of tissues and cells at the micrometer or even submicrometer scale is necessary [11]. 
 
In this work, Synchrotron Radiation X-Ray Fluorescence was used to measure the elemental 
distributions in spheroids derived from tissue prostate cancer (PCa), which may help 
elucidate the mechanisms and effects of trace elements on prostate functions. 
 

2. MATERIAIS E MÉTODOS 
 

2.1. Population Characteristics 
 
This study was conducted following approval by the Internal Review Board of the 
Clementino Fraga Filho Teaching Hospital of the Federal University of Rio de Janeiro, 
Brazil. The prostate samples were collected from 3 patients submitted to surgery at the 
Andarai Hospital in Rio de Janeiro city - Brazil. The age-range of the patients was 40 – 85 
years old. 
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2.2. Cell Culture and spheroids 
 
The specimens were collected under sterile conditions in flask-contained culture medium 
“Dulbecco’s Modified Eagle’s Medium – DMEM, Sigma Chemical Co.” and Penicillin-
Streptomycin solution (P-0906, Sigma) supplemented with 5% fetal bovine serum (FBS). To 
isolate prostate cells, specimens of malign tissue were diced into approximately 1 mm3 pieces 
using forceps and scissors with a solution of enzymatic solution 0.1% collagenase 
(Worthington Biochemicals, Lakewood, NY, USA) prepared in culture medium DMEM 
(Sigma) without serum and incubated at 37°C and atmosphere of 5% CO2 for 1 hour. At the 
end of dissociation, the cell homogenate was centrifuged; the cell pellet was resuspended in 1 
ml of culture medium supplemented with 10% fetal bovine serum (FBS) (GIBCO). Cells 
were seeded in 25 mm3 flasks and left to allow attachment in a defined medium composed of 
DMEM supplemented with 10% FBS plus antibiotic/antimycotic mixture Penicillin 100 
U/mL, Streptomycin 100 µg/ml and Fungizone 25 µg/mL (Gibco) and placed in a tissue 
culture incubator at 370C in humidified air containing 5% CO2. Cells were fed 3 times a week 
and at confluence, cells were detached with 0.25% trypsin/EDTA (Sigma) and replated in a 
ratio of 1:3 into new flasks. After one or two weeks, the same procedure was realized and 
establishment of prostate cells primary cultures (PHP-1); the cells were detached and 
replated. 
 
To obtain the three-dimensional structures (the spheroids) PHP-1 cells were cultured in the 
proportion of 1:1 (1.5 × 104 cells), in tissue 96-well culture plate previously covered with 1% 
agarose gel, containing DMEM culture medium with 10% FBS. After 72 h, the 
prostatospheres were formed, characterized and monitored daily. Each 48 h, approximately 
90% of the total culture medium volume were changed by fresh medium. For all studies, 
prostatospheres were cultured for at least 7 days prior to their use. 
 
The spheroids were fixed after an incubation of 10 days with 4.0% paraformaldehyde for 20 
min. After three washes with PBS, spheroids were placed in a phosphate buffer solution 
(PBS) 0.1 M, pH 7.4 at 4°C until analysis. Before analysis, spheroids were washed in MILLI-
Q water. Finally, they were deposited on ultralene film (4 µm) and dried in air at room 
temperature. Figure 1 shows spheroids PCa 1, PCa 2 and PCa 3. 
 
 
 

 
Figure 1. Photo of spheroids: (a) PCa 1, (b) PCa 2 and (c) PCa 3. 
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2.3. Experimental Organization 
 
The measurements were carried out using X-ray microfluorescence with synchrotron 
radiation (µSRXRF) technique in the XRF beam line at the Synchrotron Light National 
Laboratory, in Campinas, São Paulo, using a polychromatic beam with maximum energy of 
20 keV for excitation and an Si(Li) detector with resolution of 165 eV at 5.9 keV. The 
experiment was performed in standard geometry (450 x 450), exciting with a white beam and 
using an optical capillary with 20 µm diameter collimation. The obtained X-ray fluorescence 
spectra were evaluated by the QXAS software distributed by the International Atomic Energy 
Agency [12]. The two-dimensional maps were obtained after normalization of the intensities 
of characteristic X-ray lines to the value of ionization chamber. The counting live time for 
each pixel was 20 s/step and the step size was 20 µm/step in both directions. XRF spectra 
were quantitatively analyzed with the PyMCA software developed at the ESRF synchrotron 
[13]. 
 

3. RESULTS AND DISCUSSIONS 
 
The distribution of the elements P, S, Cl, K, Ca, Fe, Cu and Zn were determined using the 
µSRXRF technique. Figure 2 shows a typical X Ray fluorescence spectrum of a sample of 
PCa spheroids. The X-Ray fluorescence mapping of spheroids PCa1, PCa 2 and PCa 3 are 
shown in figures 3-10 for elements P, S, Cl, K, Ca, Fe, Zn, respectively. 
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Figure 2. The X-ray fluorescence spectra of a sample of PCa spheroids. 
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Figures 3 - 5 show that P, S and Cl, although suffering absorption effect, presented similar 
elemental distribution (outer region). In these figures are evident the absorption effects in the 
upper part of images because the low energy K-lines for P, S and Cl (images should have a 
circular shape). Images of K (figure 6) show its concentration in a particular region of 
spheroids. The samples PCa 1 and PCa 2 presented the same distribution pattern. Figures 7 
and 8 indicate very small regions where the distributions of Ca and Fe were more intense  for 
all spheroids analyzed. Figure 9 shows that Cu is distributed throughout the whole spheroid, 
although with more intensity in some areas. Moreover, the spheroids PCa 1 and PCa 2 
presented the same distribution pattern for this element. Figure 10 shows Zn distribution 
more intense in the central region of spheroid for all spheroids analyzed. Analyzing the 
spheroids PCa 1 and PCa 3, one notices that the elements K and Fe are distributed more 
intensely in similar  regions of the spheroid. 
 
 
 

 
Figure 3. Image of phosphorus mapping the spheroids of: 

(a) PCa 1, (b) PCa 2 and (c) PCa 3. 
 
 
 

 
Figure 4. Image of sulfur mapping the spheroids of: 

(a) PCa 1, (b) PCa 2 and (c) PCa 3. 
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Figure 5. Image of chlorine mapping the spheroids of: 

(b) PCa 1, (b) PCa 2 and (c) PCa 3. 
 
 
 

 
Figure 6. Image of potassium mapping the spheroids of: 

PCa 1, (b) PCa 2 and (c) PCa 3. 
 
 
 

 
Figure 7. Image of calcium mapping the spheroids of: 

PCa 1, (b) PCa 2 and (c) PCa 3. 
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Figure 8. Image of iron mapping the spheroids of: 

PCa 1, (b) PCa 2 and (c) PCa 3. 
 
 
 

 
Figure 9. Image of copper mapping the spheroids of: 

PCa 1, (b) PCa 2 and (c) PCa 3. 
 
 
 

 
Figure 10. Image of zinc mapping the spheroids of: 

PCa 1, (b) PCa 2 and (c) PCa 3. 
 
 
 
The elements P, S. Cl, K, Ca, Fe, Cu and Zn studied are important cell building blocks and 
play important roles in cell and tissue physiology. Zinc is one of these elements, it is involved 
in many cellular processes as a cofactor of enzymes, nuclear factors, and hormones, and 
hence, it is an important component of cell viability. Intracellular zinc concentration is 
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correlated with cell fate, proliferation, differentiation, or apoptosis [14]. In the case of 
prostate tissues, one of their characteristic is their ability to accumulate uniquely high 
concentration of zinc, which is toxic to tissues elsewhere in the body [3]. Previous studies 
have demonstrated that the normal secretory epithelial cells are highly specialized cells that 
synthesize, accumulate and secrete enormously high levels of citrate into the prostatic fluid, 
which is a major function of the prostate gland. This is achieved by the ability of these cells 
to accumulate high cellular and mitochondrial levels of zinc [15]. Other studies indicate that 
the loss of zinc from prostate cells alters their metabolic function, resulting in increased m-
aconitase activity, oxidation of citrate and increased production of adenosine triphosphate 
(ATP). Studies suggest that the loss of zinc and citrate is an important metabolic change that 
occurs with prostate cancer development, creating an optimal environment for uncontrolled 
proliferation, impaired apoptosis, cancer progression and metastasis [16]. However, to date, 
whether the malignancy causes the disruption of zinc accumulation or vice versa remains 
unknown [17]. This study indicates that the distribution of zinc is more intense in the central 
region, suggesting that in this region there is an accumulation of epithelial cells. It is known 
that the epithelial cells of secretory glands are zinc accumulating. Thus, a histomorphological 
study is necessary to evaluate how the different cell types are distributed in spheroids and the 
formation of different tissues in spheroids. 
 
 

4. CONCLUSIONS 
 
Using the µSRXRF technique we were able to determine the distribution of 8 elements: P, S, 
Cl, K, Ca, Fe, Cu and Zn in spheroid samples. All the elements were heterogeneously 
distributed in different areas of the spheroids analyzed. P, S and Cl showed similar elemental 
distribution. Elemental mapping of K showed particular region more intense. Ca and Fe 
showed very small more intense distribution regions. Elemental distribution of Cu was more 
intense in some areas. In all spheroids analyzed, zinc presented more intense distributions in 
the central region of spheroid. The particular function of zinc in the normal secretory 
epithelial cells and its relationship to the carcinogenic process suggests that further studies on 
elemental mapping in spheroids may help clarify the relationship between zinc and PCa. 
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