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ABSTRACT 

 
Spheroids cell culture is a useful technique for tissue engineering or regenerative medicine re-search, 

pharmacological and toxicological studies, and fundamental studies in cell biology. In this study, we 

investigated Zn distribution in cell spheroids in benign prostate hyperplasia (BPH) and prostate cancer (DU145) 

and analyzed the differences in the response to Zinc (0–150 μM) treatment. The measurements were performed 

in standard geometry of 45° 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 non-uniform distribution of Zn in all the spheroids analyzed. The differential response to 
zinc of DU145 and BPH cell spheroids suggests that zinc may have an important role in prostate cancer and 

BPH diagnosis. 
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1. INTRODUCTION 

 

 

Diseases of the prostate gland such as Prostate Cancer (PCa) and Benign Prostate 

Hyperplasia (BPH) are the most frequent health problems in men after middle age. PCa is the 

most prevalent type of cancer in men and BPH is the most prevalent urological disease in 

men aged over 50 years. Several factors such as the late and doubtful diagnosis of PCa, high 

incidence of PCa and BPH and the increase of the mortality rate in the world due to prostate 

cancer have made the prostate gland the object of study of many researchers with the 

objective of developing methods of prevention, new diagnostic techniques and treatments. 

 

 

Zinc is an essential trace element that serves as a cofactor of various enzymes involved in 

either macro molecule synthesis or protein metabolism. [1]. The role of zinc in cancer has 

received increasing attention, with a link between zinc deficiency and cancer having been 

established in human, animal and cell culture studies [2]. Prostate cells exhibit a very specific 

interaction between their metabolism and zinc concentration. Prostate epithelial cells have a 

unique capability of accumulating high levels of zinc, up to three-to tenfold higher than other 

mammalian cells [3]. Previous studies indicate that zinc may have a protective effect by 

inhibiting prostate tumor cell growth and inducing apoptosis [4 – 6]. 

 

 

Micro X-Ray Fluorescence (µXRF) is a non-destructive technique very often used in 

biological investigations to obtain information regarding the distribution of elements in tissue 

and cell samples. µXRF investigates sample regions with a micrometer-scale spatial 

resolution. It allows the determination of element concentration and their distribution [7]. 

When X-ray fluorescence is associated with a synchrotron radiation (SR) source, many 

advantages, such as high energy, tunability and polarization of the X-rays can be achieved 

with respect to the usual X-ray source [8]. 

 

 

In this study, we investigated Zn distribution in cell spheroids in BPH and DU145 and 

analyzed the differences in the response to treatment with Zn using X-Ray Microfluorescence 

with Synchrotron Radiation (SRµXRF). This 3D in vitro model (cell spheroids) that truly 

mimics the in vivo physiological/pathological conditions provides tractable information 

concerning structural architecture and metastatic behavior of the in vivo tumor cell [9]. 

 

 

2. MATERIALS AND METHODS 

 

 

2.1. Cell Culture and spheroids 

 

 

The BPH primary cell line was obtained and maintained as described [10]. DU145 cell line 

was obtained from the American Type Tissue Collection (Manassa, VA) and maintained 

routinely in RPMI 1640 (Gibco) culture medium supplemented with 10% fetal bovine serum 
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(FBS), fetal bovine serum (FBS) plus antibiotic/antimycotic mixture Penicillin 100 U/mL, 

Streptomycin 100 µg/mL and Fungizone 25 µg/mL (Gibco). 

 

 

Prostate spheroid cultures were generated as previously described [10]. Following 10 days 

incubation, cell spheroids were treated with 0, 75 µM, 100 µM and 150 µM zinc (as zinc 

chloride dissolved in deionized water) for 24h. After treatment, the spheroids were fixed with 

4.0% paraformaldehyde for 20 min. Following three washes with 0.1 M phosphate buffer 

solution (PBS), the spheroids were placed in PBS solution, pH 7.4 at 4°C until analysis. 

Before analysis, the spheroids were repeatedly washed in MILLI-Q water. Finally, with a 

micropipette (100–1000 µL) they were taken and deposited on ultralene film (4 µm) fixed in 

a sample holder and dried in air at room temperature. Two spheroids were analyzed for each 

treatment. 

 

 

2.2. Experimental conditions 

 

 

The measurements were carried out using X-ray microfluorescence with synchrotron 

radiation (SRµXRF) 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 a Si(Li) detector with a resolution of 165 eV at 5.9 keV. The 

experiment was performed in standard geometry (45° x 45°), exciting with a white beam and 

using a 20 μm diameter optical capillary collimation. The X-ray fluorescence spectra 

obtained were evaluated by the QXAS software distributed by the International Atomic 

Energy Agency [11]. The two-dimensional maps were obtained after normalization of the 

intensities of characteristic X-ray lines to the value of the ionization chamber which measure 

the photon flux of the incident beam in the sample. The counting live time for each pixel was 

of 20 s/step and the step size was of 30 μm/step in both directions. A schematic drawing of 

the experimental setup for an X-ray microfluorescence is shown in Figure 1. The elemental 

mapping was obtained using PyMCA software developed at the ESRF synchrotron [12]. 

 

 

 
Figure 1:  The experimental arrangement for X-ray microfluorescence measurements. 
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3. RESULTS AND DISCUSSION 

 

 

The Zn mappings of DU145 and BPH spheroids treated with 0 (control), 75 µM, 100 µM and 

150 µM zinc are shown in figures 2 and 3. The relative fluorescence intensities were 

normalized using the maximum value found for each sample. Figure 4 shows the Zn intensity 

for each treatment. 

 

 

 
Figure 2:  Image of Zn mapping of DU 145 spheroids treated with 0, 75 µM, 100 µM 

and 150 µM Zn. 

 

 

 
Figure 3:  Image of Zn mapping of BPH spheroids treated with 0, 75 µM, 100 µM and 

150 µM Zn. 

 

 

Figure 2 shows that Zn mapping presents a heterogeneous distribution in all DU145 

spheroids analyzed. In addition, Zn distribution was more intense in the control spheroids. 
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Analyzing figure 3 it can be seen that Zn was present heterogeneously along the full extent of 

the BPH spheroids analyzed. Moreover, it can be observed that the spheroids with 100 µM 

and 150 µM treatment presented more extensive high intensity areas than the other treatment. 

 

 

 
Figure 4:  Zn intensity distribution in cellular spheroids Du 145 (a) and BPH (b) for Zn 

treatments: 0, 75 µM, 100 µM and 150 µM Zn. 
 

 

Figure 4 (a) shows an increase in Zn intensity in treatment with 75 µM and a decrease in 

treatments with 100 µM and 150 µM as compared to control (0 µM). This reduction may be 

due to the capacity to accumulate high levels of Zn of non-malignant epithelial cells. Figure 4 

(b) shows an increase in Zn intensity of all treatments when compared to control (0 µM). In 

addition there is a small decrease in the Zn intensity in the treatment with 100 µM as 

compared to the other treatments. 

 

 

Mann–Whitney U test was applied to verify if there were statistical differences between the 

treatments. A level of significance of 5 % was used in all tests. Mann–Whitney U test showed 

that zinc distribution in DU145 spheroids was significantly different in all treatments. The 

test also showed that zinc distribution in BPH spheroids was significantly different when 

compared to control (0 µM) but there was not a significant difference among treatments, only 

between 75 µM and 150 µM. 

 

 

The normal secretory epithelial cells are highly specialized cells that synthesize, accumulate 

and secrete enormous high levels of citrate into the prostatic fluid; which is a major function 

of the prostate gland [13]. The highest levels of zinc are found in the mitochondria and 

prevent citrate oxidation by Krebs cycle. The decrease in citrate oxidation represents 65 % of 

the ATP efficiency [14, 15]. In prostate cancer, the malignant cells undergo a metabolic 

transformation from citrate-producing to citrate oxidizing cells. This occurred due to the loss 

of the ability of the malignant cells to accumulate zinc. The absence of high mitochondrial 

zinc levels removes the inhibition of m-aconitase activity. Citrate is then oxidized and the 

typical complete oxidation of glucose restores the efficient ATP production [15, 16]. This 

metabolic transformation creates an ideal environment for the uncontrolled proliferation and 
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decreased apoptosis. Therefore, reestablishing high zinc levels in cancer cells may restore 

normal cellular conditions and possibly control proliferation and induce apoptosis [17]. 

 

 

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 

treated with Zn may help clarifying the relationship between Zn and prostate cancer. These 

results suggest that Zn treatment can play an important role in the prevention or treatment of 

prostate diseases. 

 

 

3. CONCLUSIONS 

 

 

SRµXRF 2D proved to be a powerful technique to investigate Zn distribution in cellular 

spheroids. All spheroids analyzed presented non-homogeneous Zn distribution. Zn treatment 

showed a decrease in Zn intensity with the increase of its concentration in DU145 spheroids. 

BPH spheroid analysis showed that there was an increase in Zn intensity but increasing Zn 

concentration had no influence. The relationship between the function of zinc in the secretory 

epithelial cells and the carcinogenic process suggests that further studies on elemental 

mapping in spheroids treated with Zn are necessary. 
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