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Abstract

:

One of the major therapeutic approaches of prostate cancer (PC) is androgen deprivation therapy (ADT), but patients develop resistance within 2–3 years, making the development of new therapeutic approaches of great importance. Silver nanoparticles (AgNPs) synthesized through green approaches have been studied as anticancer agents because of their physical-chemical properties. This study explored the cytotoxic capacity of starch-capped AgNPs, synthesized through green methods, in LNCaP and in PC-3 cells, a hormonal-sensitive and hormone-resistant PC cell line, respectively. These AgNPs were synthesized in a microwave pressurized synthesizer and characterized by ultraviolet-visible (UV-Vis) spectroscopy, transmission electron microscopy (TEM), and energy-dispersive X-ray spectroscopy (EDX). Their cytotoxicity was assessed regarding their ability to alter morphological aspect (optical microscopy), induce damage in cytoplasmic membrane (Trypan Blue Assay), mitochondria (WST-1 assay), cellular proliferation (BrdU assay), and cell cycle (Propidium iodide and flow-cytometry). AgNPs showed surface plasmon resonance (SPR) of approximately 408 nm and average size of 3 nm. The starch-capped AgNPs successfully induced damage in cytoplasmic membrane and mitochondria, at concentrations equal and above 20 ppm. These damages lead to cell cycle arrest in G0/G1 and G2/M, blockage of proliferation and death in LNCaP and PC-3 cells, respectively. This data shows these AgNPs’ potential as anticancer agents for the different stages of PC.






Keywords:


silver nanoparticles; prostate cancer; green synthesis; starch; cytotoxicity; anticancer agents












1. Introduction


Cancer is a major health problem worldwide with approximately 18.1 million new cancer cases and 9.6 million cancer deaths registered worldwide in 2018. Moreover, it is estimated that this incidence rate will double by 2035, implying an increase of the social and economic burden in the society [1].



Prostate cancer (PC) is the second most frequent cancer diagnosed in men and the fifth leading cause of death worldwide [1,2]. At the time of diagnosis, most men present localized disease, with only 5 to 10% of PC patients presenting metastatic disease. However, patients frequently recur after local treatment [3]. In fact, while five-year survival is almost 100% for patients with local and locally advanced disease, it drastically decreases for less than 30% in patients with metastatic disease [3]. Since these tumors are highly dependent of the androgen pathway, one of the major therapeutic approaches applied in advanced/metastatic PC is the androgen deprivation therapy (ADT) [4]. The Androgen receptor (AR) is a nuclear ligand transcription factor that is part of the steroid hormone nuclear receptor family and whose main ligands are the male sexual hormones, such as testosterone and dihydrotestosterone (DHT) [5]. Through ADT, the androgens levels are downregulated and consequently the cell proliferation decreases, and the apoptosis rate increases [6]. Despite the initial high response rates (from 80 to 90%) nearly all men develop resistance within 2 to 3 years, progressing to castration resistant PC (CRPC) [3]. In the last few years, new drugs with increased sensitivity or aiming to new targets have come up. However, they also showed limited benefits leading to patients’ relapse [7]. Thus, overcoming treatment resistance remains the major challenge in PC patients’ management.



In the last few years, silver nanoparticles (AgNPs) have been pointed out as potential therapeutic agents in cancer treatment, because of their specific chemical and physical properties [8]. Nanoparticles are small organized structures ranging in size between 1–100 nm [9]. Among them, AgNPs have specific physicochemical properties that grant their application in several biomedical fields, like cancer treatment [10]. Their synthesis through green approaches is very appealing because they use benign and renewable materials, are less expensive and faster, with single-step procedures and show better biocompatibility with healthy cells [11]. Their effects are highly dependent on their shape, size, and composition, as well as on the cell characteristics, suggesting a specific-cell type effect [12]. In fact, AgNPs with a spherical shape, when smaller than 100 nm, are uptaken more by cells. Also, smaller nanoparticles are uptaken more than larger ones and will interact more with the different biomolecules inside the cells. Moreover, the effect of AgNPs highly varies depending on the capping composition, even for the same cell line [13].



In this study, we intended to explore the cytotoxic capacity of AgNPs, synthesized through green methods, in PC management. Considering the Warburg effect that states the increased glucose consumption by cancer cells and which is already described in the more advanced stages of PC, AgNPs were synthesized using glucose as reducing agent and starch as carbohydrates-based capping and core stabilizer in order to favor their uptake by the cancer cells, and to be uptaken less by normal cells [14]. The cytotoxic capacity of AgNPs will be analyzed in a hormonal sensitive PC cell line (LNCaP) and in a hormone resistant cell line (PC-3).




2. Materials and Methods


2.1. Materials


The water used for the preparation of solutions was purified from a Milli-Q system (conductivity ≤ 0.1 µS cm−1) and the reagents of high analytical grade were used without any treatment process or further purification: silver nitrate (LabKem, Barcelona, Spain), D-glucose anhydrous (Fisher Chemical, Leicestershire, U.K.) and potato starch soluble (Merck, Darmstadt, Germany).



Roswell Park Memorial Institute-1640 medium (RPMI-1640), fetal bovine serum (FBS), penicillin-streptomycin and trypsin-EDTA were purchased from Gibco® (Gaithersburg, MD, USA). Trypan Blue, which allows for the evaluation of cytoplasmic membrane damage, was purchased from VWRTM (Radnor, PA, USA); WST-1, which allows for the evaluation of mitochondrial capacity, was purchased from abcam® (Cambridge, UK). BrdU, which allows for the evaluation of cell proliferation capacity, was purchased from ROCHE® (Basel, Switzerland). Propidium iodide (PI), which allows for the evaluation of cell cycle, was purchased from Sigma-Aldrich® (St. Louis, MO, USA).




2.2. Synthesis and Characterization of AgNPs


To synthesize the starch capped AgNPs, 5.000 mL of a glucose solution of 0.06 mol·L−1, 5.000 mL of AgNO3 0.04 mol·L−1 and 4.250 mL of potato starch solution (0.8% m/v) were mixed in a vial. The vial was placed in a microwave pressurized synthesizer (CEM® Discover SP, 2.5 GHz MW, 300 W, Matthews, North Carolina, USA) under the following conditions: 150 °C, 270 s and high stirring. The synthesized AgNPs were characterized using ultraviolet-visible (UV-Vis) spectroscopy (Jasco, model V-660, Easton, MD, USA), transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDX). The UV-Vis spectra between 300 and 700 nm was recorded using a Jasco V-660 spectrophotometer. The TEM and EDX analysis were performed using the electron microscope JEOL 2100 (JEOL Ltd., Tokyo, Japan), operating at 200 kV with a high brightness LaB6 electron gun, equipped with a fast-readout “OneView” 4 k × 4 k CCD camera and an energy dispersive X-ray spectrometer from Oxford Instruments with a solid angle of 0.13 sr. For this, the solution was previously shaken, then was dropped onto a 400 mesh carbon on copper grid from Ted Pella and the solution was dried over filter paper. Considering the number of cellular assays executed throughout the present work, it was necessary to prepare several suspensions of nanoparticles to guarantee the use of freshly prepared suspensions. The concentrations of the suspensions used in this work were the total silver content obtained by atomic absorption spectrometry (AAS), as already explored in other works which used non-purified suspensions [10,15,16,17]. The silver content in the nanoparticles suspensions was determined through flame atomic absorption spectrometry (AAS) in a Perkin Elmer AAnalyst 200 spectrometer.




2.3. Cell Culture and Treatments Conditions


PC-3 and LNCaP cells (ATCC® CRL-1435™ RRID:CVCL_0035 and ATCC® CRL-1740™ RRID:CVCL_1379, respectively), obtained from ATCC (Manassas, Virginia, USA) were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin and were maintained in a humidified incubator at 37 °C, 5% CO2, and 95% humidity. Cells were routinely grown in plastic tissue culture flasks and harvested with a solution of trypsin-EDTA, while in a logarithmic growth phase. All cells were routinely tested, each two weeks, for mycoplasma presence and were found to be free from contamination. Cells were used between passage numbers 16 and 23.



Cells were cultured in 6-multi-well plates at a density of 2 × 105 cells per mL and treated with increasing concentrations of AgNPs, ranging from 5 to 210 ppm for 24 h and 48 h. The influence of starch alone was evaluated. Incubation of cells with RPMI-1640 culture medium alone was used as negative control.




2.4. Trypan Blue Exclusion Assay


A trypan blue exclusion assay was performed according to the method described by Warren Strober [18]. After treatment with AgNPs, cells were trypsinized for 4 min at 37 °C, then neutralized with growth media and centrifuged at 1200 rpm for 3 min. The cell pellets were resuspended in growth media and 10 µL of cell suspension was added to 10 µL of trypan blue solution (VWRTM) in order to determine live cell numbers. The cells were counted in an automatic cell counter (EVETM-NanoEntek, VWRTM) and results were expressed as percentage of viability related to control cells. Each condition was performed in triplicated.




2.5. Cell Morphology


PC-3 and LNCaP cells were plated in 6-multi-well plates and the cell morphology was analyzed at 24 h and 48 h posttreatment. The cells were examined with an OLYMPUS IX51 microscope (Tokyo, Japan) using the appropriate filter sets, to identify the morphological changes compared with the untreated cells. Each condition was performed in triplicated.




2.6. WST-1 Viability Assay


Cellular viability was quantified in 96-well culture plates using the cell proliferation reagent WST-1 (Abcam, Cambridge, UK). At each time point, WST-1 reagent (10 µL) was added into each well and cells were incubated for an additional 2 h. Absorbance was measured with a spectrophotometer (FLUOstar Omega, BMG Labtech, Ortenberg Germany) at 450 nm with 650 nm as reference wavelength and was directly proportional to the viability of the cells. Each condition was performed eight times. The optical density (OD) value was used to calculate the percentage of cell viability by using the following formula:


  P e r c e n t a g e   o f   c e l l   v i a b i l i t y =   O D   v a l u e   o f   e x p e r i m e n t a l   A g N P s   t r e a t e d   s a m p l e   O D   v a l u e   o f   e x p e r i m e n t a l   u n t r e a t e d   s a m p l e   × 100  



(1)








2.7. Cell Proliferation Assay-BrdU


The cells were grown overnight in 96-well microplates and incubated with AgNPs at 10 to 210 ppm or control (vehicle alone) for 24 h and 48 h. Cells were also incubated with 5′-bromodeoxyuridine (BrdU) solution at a final concentration of 0.01 mM during the treatment period. Optical density of proliferating cells (positive for BrdU) after ELISA assay using anti-BrdU specific antibodies (Roche Diagnostics, Mannheim, Germany) was evaluated at the microplate reader according to the manufacturer’s instructions. Results were expressed as percentage of control (100%). Each condition was performed eight times.




2.8. Cell Cycle Analysis


Cell cycle analysis was performed by measuring the DNA content of the treated and untreated cells using Propidium Iodide (PI) by flow cytometry. PC-3 cells were grown in 6-well plates (2 wells per condition) and incubated with AgNPs as reported in the section entitled “Cell culture and treatment conditions”. At each time point, culture medium was collected, and the cells detached with trypsin/EDTA and centrifuged at 1200 rpm for 3 min. The pellet was washed with PBS and fixed by slowly adding 3 mL of cold 70% (v/v) ethanol for 15 min at 4 °C. Fixed cells were centrifuged and the pellet obtained was washed with cold PBS. Subsequently, the cells were stained with a solution containing Triton X-100 (1.1%, v/v), PI and RNase A (50 μg/mL and 100 μg/mL, respectively) in PBS. Analysis was performed using a flow cytometer (Cytomics FC500, Beckman Coulter Brea, Califórnia, EUA). The percentage of cells in the sub-G1 phase of the cell cycle was calculated from the total 10,000 cells (100%) in the assay, and that for cells in G0/G1, S and G2/M phases was calculated from the total cells excluding the sub-G1 cells. Each condition was performed in triplicated.




2.9. AgNPs Uptake Measurement


To infer the AgNPs uptake by LNCaP and PC-3 cells, these cells were cultured in 6-multi-well plates at a density of 2 × 105 cells per mL and treated with increasing concentrations of AgNPs, ranging from 5 to 100 ppm for 24 h and 48 h. After treatment with AgNPs, cells were trypsinized for 4 min at 37 °C, then neutralized with growth media and centrifuged at 1200 rpm for 3 min. The cells’ pellet was washed with PBS and then resuspended in NHO3 (5% v/v) solution and its silver content was determined through flame atomic absorption spectrometry (AAS).




2.10. Statistical Analysis


Using the sample T, the Mann-Whitney and the Kruskal Wallis test (depending whether the results followed or not a normal distribution), the results were analyzed via SPSS26 software (release 26, SPSS Inc., Chicago, IL, USA). p-Values less than <0.05 were regarded as statistically significant while all assays were repeated at least three times.





3. Results


3.1. AgNPs Synthesis and Characterization


The AgNPs were synthesized following a green approach using starch as capping and glucose as reducing agent, according to a procedure previously described by Kumar, S.V. et al. and adapted for this work [19]. Upon 270 s of reaction time at 150 °C in the microwave pressurized synthesizer, the mixture acquired a yellowish color typical of AgNPs colloids (Figure 1A). No sediment was observed, even after several weeks of storage (in the dark and at room temperature), indicating good stability of the nanoparticles in the suspension. The UV-Vis spectra between 300 and 700 nm showed an SPR peak with maximum at approximately 408 nm for the synthesized AgNPs (Figure 1A). The TEM observations displayed spherical, well-dispersed AgNPs with an average size of 3 nm (Figure 1B). The HRTEM shows the (111) and (200) spacing’s of silver (Figure 1C). Also, the EDX analysis showed the presence of only silver, with the additional peaks coming from the microscope’s column and the copper grid. The quantification by AAS of AgNPs suspensions revealed in average 1192 ± 157 ppm (11 ± 1, 45 mM). The tested nanoparticles concentrations were obtained by direct dilution.




3.2. AgNPs’ Cytotoxic Power and Impact on Cellular Morphology


A microscopic examination of the LNCaP cell line treated with AgNPs at the different concentrations for both 24 h and 48 h is displayed in Figure 2. Both at 24 h and 48 h there is an increase of detached cells after exposure to 20 ppm of AgNPs and a significative change in cellular morphology after exposure to both 80 and 100 ppm of AgNPs.



In Figure 3, one can observe the effect of the AgNPs in cellular morphology of PC-3 cells. Both at 24 and 48 h, for concentrations of 20 ppm or more it is possible to observe a shrinkage and detachment of the cells, suggesting cell death.




3.3. AgNPs’ Cytotoxic Power against Cytoplasmic Membrane


The trypan blue assay is based on the principle that live cells present intact cell membranes that exclude dyes such as trypan blue, in opposition to dead cells which do not. Thus, with this assay, one can assess cell viability, especially regarding the damage of AgNPs are able to induce in the cytoplasmic membrane of cancer cells.



Regarding the LNCaP cell line, considering the two time points tested, there was no significant differences in the damage induced after 24 and 48 h of AgNPs’ exposure (Figure 4C). However, considering the AgNPs concentration, there is a significant reduction of viable cells after treatment with AgNPs at concentrations of 20 ppm (86.27 ± 5.97 vs. 56.03 ± 9.65, p = 0.010), 80 ppm (86.27 ± 5.97 vs. 0.00 ± 0.00, p = 0.002) and 100 ppm (86.27 ± 5.97 vs. 0.00 ± 0.00, p = 0.002) at 24 h (Figure 4A) and 48 h for 20 ppm (83.83 ± 5.45 vs. 38.13 ± 12.82, p = 0.005), for 80 ppm (83.83 ± 5.45 vs. 1.83 ± 3.18, p = 0.0046), for 100 ppm (83.83 ± 5.45 vs. 2.07 ± 3.58, p = 0.0046) (Figure 4B).



Regarding the PC-3 cells, considering the two time points tested, there were no significant differences in the damage induced after 24 and 48 h of AgNPs’ exposure (Figure 5C). However, considering the AgNPs concentration, there is a significant reduction of viable cells after treatment with AgNPs at concentrations of 20 ppm (100.00 ± 0.58 vs. 61.83 ± 4.16, p = 0.011), 80 ppm (100.00 ± 0.58 vs. 48.80 ± 2.42, p < 0.001) and 100 ppm (100.00 ± 0.58 vs. 51.63 ± 4.28, p < 0.001) at 24 h (Figure 5A) and 48 h for 20 ppm (100.00 ± 0.70 vs. 66.23 ± 1.03, p = 0.011), for 80 ppm (100.00 ± 0.70 vs. 63.10 ± 3.61, p = 0.008), for 100 ppm (100.00 ± 0.70 vs. 71.37 ± 0.61, p < 0.001) (Figure 5B).



Considering the preliminary results obtained with the Trypan Blue test, one can observe that AgNPs at a concentration of 5 ppm do not show an effect in both LNCaP and PC-3 cells, at both time points. Thus, for the remaining assays, we adjusted the range of concentrations tested from 10 ppm to 210 ppm.




3.4. AgNPs’ Cytotoxic Power against Mitochondria


The WST-1 assay is based on the principle that tetrazolium salts are cleaved by cellular enzymes, such as mitochondrial dehydrogenases, to formazan, being an indicator of metabolic activity of cells, and thus, of their viability. Thus, with this assay, one can assess cell viability, especially regarding the damage AgNPs are able to induce in the cells’ mitochondria.



Regarding LNCaP cells, a significant reduction of viable cells after 24 h of treatment with AgNPs is observed at concentrations of 10 ppm (100.00 ± 7.16 vs. 68.30 ± 3.87, p < 0.001), 40 ppm (100.00 ± 7.16 vs. 6.95 ± 1.41, p < 0.001), 170 ppm (100.00 ± 7.16 vs. 12.42 ± 5.32, p < 0.001)) and 210 ppm (100.00 ± 7.16 vs. 13.18 ± 8.63, p < 0.001)) at 24 h (Figure 6A). After 48 h of exposure, a significant reduction of viable cells is observed at concentrations of 40 ppm (105.10 ± 9.41 vs. 5.15 ± 0.68, p < 0.001), 170 ppm (105.10 ± 9.41 vs. 5.97 ± 4.40, p < 0.001), and 210 ppm (105.10 ± 9.41 vs. 7.84 ± 5.31, p < 0.001),) (Figure 6B). Moreover, there was a significant reduction of viable cells after 48 h of exposure to AgNPs, when compared with 24 of exposure for 40 ppm (6.95 ± 1.41 vs. 5.14 ± 0.68, p = 0.018) and 170 ppm (12.42 ± 5.32 vs. 5.97 ± 4.40, p < 0.045) (Figure 6C).



Regarding PC-3 cells, a significant reduction of viable cells after 24 h of treatment with AgNPs is observed at concentrations of 40 ppm (100.00 ± 0.89 vs. 4.60 ± 1.22, p < 0.001), 170 ppm (100.00 ± 0.89 vs. 27.39 ± 0.71, p < 0.001) and 210 ppm (100.00 ± 0.89 vs. 29.1 ± 0.89, p = 0.009) at 24 h (Figure 7A). This effect is kept at 48 h for AgNPs’ concentration of 40 ppm (100.00 ± 2.20 vs. 5.60 ± 0.60, p < 0.001), 170 ppm (100.00 ± 2.20 vs. 14.81 ± 1.53, p < 0.001), and 210 ppm (100.00 ± 2.20 vs. 31.37 ± 1.38, p < 0.001) (Figure 7B). Thus, there were no significant differences in the damage induced after 24 and 48 h of exposure to AgNPs (Figure 7C).




3.5. AgNPs’ Cytotoxic Power against Cellular Proliferation


BrdU is an analog of the nucleoside thymidine. During the assay, BrdU is incorporated into replicating DNA, thus being an indicator of cellular proliferation.



Regarding LNCaP cells, as expected, the control group cells showed a normal proliferation rate (97.60 ± 11.25). The cellular proliferation of cancer cells abruptly decreases after 24 h of treatment, when treated with AgNPs in concentrations of 40 ppm (97.60 ± 11.25 vs. 10.23 ± 9.75, p < 0.001), 170 ppm (97.60 ± 11.25 vs. 8.97 ± 0.49, p < 0.001) and 210 ppm (97.60 ± 11.25 vs. 9.28 ± 0.49, p < 0.001) (Figure 8).



In PC-3 cells, the control group cells showed a normal proliferation rate as well. When treated with AgNPs in concentrations of 40 ppm or more, the cellular proliferation of cancer cells abruptly decreases to approximately 0% after 24 h of treatment. (Figure 9A) This effect is kept at 48 h (Figure 9B). Thus, there were no significant differences in the damage induced after 24 and 48 h of exposure to AgNPs (Figure 9C).




3.6. AgNPs’ Cytotoxic Power in the Cell Cycle


In order to analyze cell cycle disruptions following AgNPs treatment, PI staining analysis by flow cytometry was used (Figure 10A, Figure 11A, Figure 12A and Figure 13A).



Regarding LNCaP cells, after 24 h of treatment with AgNPs in concentrations of 20 ppm, 80 ppm and 100 ppm, a significant increase of the number of cells in G0/G1 phase was observed (72.30% ± 0.18 without treatment vs. 73.45 ± 0.53; 83.11 ± 0.59; 84.09 ± 0.39, respectively). Moreover, a subsequent decrease of cells in the G2/M phase was also observed for the same concentrations (19.10% ± 0.64 without treatment vs. 15.20 ± 0.37; 10.29 ± 0.39; 9.92 ± 0.24, respectively). Additionally, there was an increase of the number of cells in subG0 phase (3.20% ± 0.42 without treatment vs. 12.52 ± 0.35; 13.07 ± 2.49; 14.97 ± 0.32, respectively) (Figure 10B).



After 48 h of treatment in concentrations 80 ppm and 100 ppm, a significant increase of the number of cells in G0/G1 phase was observed (78.03 ± 0.53 without treatment vs. 80.13 ± 0.54; 81.12 ± 1.12, respectively). Moreover, a subsequent decrease of cells in the G2/M phase was also observed for the same concentrations (14.61 ± 0.41 without treatment vs. 7.11 ± 0.12; 6.95 ± 0.13, respectively). Additionally, there was an increase of the number of cells in subG0 phase (6.19 ± 0.88 without treatment vs. 60.13 ± 0.78; 63.15 ± 0.15, respectively) (Figure 11B).



However, in PC-3 cells, after 24 h of treatment with AgNPs in concentrations of 40 ppm, 170 ppm and 210 ppm, a significant decrease of the number of cells in G0/G1 phase was observed (68.53% ± 1.05 without treatment vs. 38.83 ± 0.58; 41.30 ± 0.55; 44.70 ± 0.70, respectively). Moreover, a subsequent increase of cells in the G2/M phase was also observed for the same concentrations (20.80% ± 1.19 without treatment vs. 42.80 ± 0.40; 40.03 ± 0.52; 35.87 ± 0.27, respectively) (Figure 12B).



The same can be observed after 48 h of treatment in concentrations of 40 ppm, 170 ppm and 210 ppm, for both the decrease of the number of cells in G0/G1 phase (70.77% ± 1.28 without treatment vs. 36.67 ± 0.12; 35.50 ± 0.17; 37.77 ± 0.18, respectively) and the increase of cells in G2/M phase (21.03% ± 1.52 without treatment vs. 44.77 ± 0.17; 41.93 ± 3.42; 43.57 ± 0.44, respectively) (Figure 13B).




3.7. AgNPs’ Cellular Uptake


In order to analyze the AgNPs’ uptake by LNCaP and PC-3 the Ag+ concentration present in cells after 24 and 48 h of AgNPs administration was quantified (Figure 14). Regarding the LNCaP cells, there is an increase in the uptake with the increased concentrations, for both 24 and 48 h of exposure (Figure 14A,B). However, regarding PC-3 cells, a peak of uptake is observed at 20 ppm for 24 h and 80 ppm for 48 h after which the uptake decreases (Figure 14C,D).





4. Discussion


In the last few years, there has been a wide scientific interest in the AgNPs’ potential as anticancer agents, more specifically in the mechanisms behind their damage induction in cancer cells [20]. In PC, AgNPs synthesized from several cappings showed cytotoxic power against both LNCaP and PC-3 cell lines suggesting their potential in PC management [21,22,23,24,25,26]. However, to date, no studies with potato starch capped AgNPs have been reported in PC. Moreover, Satapathy and coworkers have studied starch-capped AgNPs’ effect in colon cancer and showed that these AgNPs have less agglomeration when compared with other carbohydrate cappings [15]. A glucose-based capping can pose as an advantage because of cancer cells’ increased energetic demands and consequent increased glucose consumption. In fact, the prostate tissue’s metabolic activity is peculiar due to its organ’s function. In normal conditions, there is an inhibition of Krebs cycle due to the need for citrate which enters the composition of the seminal liquid [27]. However, as PC progresses and because of their increased energetic demands, there is a reactivation of Krebs cycle and, later, a metabolic switch to Warburg effect [28,29,30].



In this study, we successfully synthesized starch capped AgNPs with a spherical shape and a medium size of 3 nm-characteristics that favor their uptake and cytotoxicity induction capability since smaller nanoparticles are uptaken more than larger ones and, consequently, will interact more with the various biomolecules inside the cell [10,31]. Moreover, AgNPs with a spherical shape are the most common and there is evidence that this shape, in nanoparticles smaller than 100 nm, is the most favorable to the cellular uptake of the nanoparticle [32].



The green synthesized AgNPs were tested for their anticancer activity against both LNCaP and PC-3 cell lines, using several cytotoxicity, proliferation and morphological assays that evaluate cytoplasmic membrane, mitochondrial and DNA alterations. Starch-capped AgNPs’ cytotoxic capacity had already been studied by Satapathy and co-workers, who investigated their anticancer potential against HCT116 colon cancer cells. They showed that these AgNPs were able to decrease the growth and viability of HCT116 cells in a dose- and time-dependent manner, and that starch alone did not cause any significant growth inhibition in these cells at any concentration. Moreover, they described a decrease of G1 and consequent increase of S phase population, after treatment with starch-capped AgNPs, which is in accordance with what was observed in the present study for the PC-3 cell line [15]. In this study, the loss of normal cell morphology was observed in both cell lines treated with AgNPs after 24 h of exposure. The most recognizable morphological changes were the cell shrinkage and rounded morphology, with production of numerous irregular clusters and floating cells in contrast with the high confluence of monolayer cells observed in the untreated cell, which is consistent with previous studies showing that AgNPs cause morphological changes in a variety of cancer cells [16,33].



Starch-capped AgNPs successfully induced cell death in concentrations of 20 ppm and higher. Since no loss of viability was observed when cells were incubated with starch alone, we can assume that the toxicity observed is due to the AgNPs. Interestingly we observed a slight increase of viability of PC-3 cells treated with AgNPs in concentrations of 170 ppm and 210 ppm and at 48 h. This increase of viability may be explained by the decrease of AgNPs’ uptake for these concentrations at 48 h observed in the cells’ silver content measurement performed. It is also important to notice that LNCaP cells showed a consistent increase of uptake which can be responsible for the higher effect of AgNPs in these cells.



Several studies report that AgNPs exert their toxicity inside the cell in three main locations: Cytoplasmic membrane, mitochondria and nucleus [9]. In our study we observed that AgNPs induced cell death through cytoplasmic membrane disruption. In fact, several authors have reported the presence of membrane blebbing and an increase of the leakage of the cytosolic enzyme Lactate Dehydrogenase from cells treated with different AgNPs (common indicators of cytoplasmic membrane disruption) [34,35].



We also observed that these AgNPs reduced the metabolic capacity of cancer cells, indicating possible mitochondria damage. The main scientific evidence regarding mitochondria damage induced by AgNPs shows that this is caused by an increase in ROS production [9,36]. This increase may be due to nanoparticle surface chemistry, depletion of antioxidant molecules (such as glutathione) via binding Ag+ to thiol groups, altered enzymatic production of ROS, inhibition of electron transport chain and decrease of superoxide dismutase and catalase’s expression (enzymes that neutralize ROS) [37]. Another possibility, regarding mitochondria’s function impairment is the depolarization of the mitochondrial membrane or the direct inhibition of electron transport chain enzymes [38].



Our results show a stop in cellular proliferation of both LNCaP and PC-3 cells treated with AgNPs, which may come as an attempt of the cells to protect themselves from the damage induced by AgNPs. Because the cell cycle is a key regulator of cell proliferation and growth, we performed a cell cycle analysis that confirmed that these AgNPs hampered LNCaP and PC-3 cell cycle. Panzarini and coworkers, have already observed a cell cycle arrest in G2/M in HeLa cells treated with glucose capped AgNPs [39]. Curiously we observed an arrest in G0/G1 in LNCaP cells and an arrest in S and G2/M phases of PC-3 cells treated with AgNPs. The arrest of LNCaP cells has already been observed when treated with 3,6-diazabicyclo [3.3.1] heptane (an acetylcholine nicotinic receptors inhibitor) [40]. Moreover, peperomin E, a natural secolignan, was able to induce G2/M arrest in PC-3 cells, due to an increase of the Bax/Bcl-2 ratio and activation of caspases-3 [41]. The arrest in these different phases of the cell cycle may be due to the more aggressive phenotype of PC-3 cells which allows them to progress more in the cell cycle and may help to understand the lower effect of AgNPs in this cell line when compared to LNCaP cells. Nevertheless, their arrest in G2/M phase may indicate the presence of DNA damage in the PC-3 treated cells since this is known to be associated with the G2-M DNA damage checkpoint, which ensures that cells do not initiate mitosis until damaged or incompletely replicated DNA is sufficiently repaired [42].




5. Conclusions


In conclusion, the starch-capped AgNPs, synthesized through a green method, successfully induced damage in cytoplasmic membrane and mitochondria, leading to cell cycle arrest and consequent blockage of cell proliferation and death in both LNCaP and PC-3 cells. In the future, it would be interesting to further characterize their composition and stability. Moreover, to better understand their toxicity mechanisms, studies that directly evaluate ROS production and mitochondrial membrane polarization would be useful. These AgNPs cytotoxic potential could also be tested in concomitance with hormone therapy in LNCaP cells in an attempt to delay the hormone resistance acquisition and in PC-3 cells to revert the resistant phenotype. Thus, this data shows the potential of these AgNPs as anticancer agents for different stages of PC disease.
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Figure 1. (A) Photograph of starch capped AgNPs’ suspension; (B) UV-Vis spectrum of starch capped AgNPs’ suspension; (C) TEM image of AgNPs (20 nm resolution); (D) TEM image of AgNPs (5 nm resolution); (E) HRTEM image of AgNPs; (F) FFT from the blue box in Figure 1E showing spacings of ~2.3 and ~2.0 A. 
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Figure 2. Bright field microscopy images of LNCaP cell morphology after exposure to different concentrations of AgNPs ranging from 5 to 100 ppm, for 24 h and 48 h (20× OLYMPUS IX51 microscope). 
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Figure 3. Bright field microscopy images of PC-3 cell morphology after exposure to different concentrations of AgNPs ranging from 5 to 100 ppm, for 24 h and 48 h (20× OLYMPUS IX51 microscope). 
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Figure 4. LNCaP cells viability assessed by trypan blue exclusion method upon treatment with AgNPs for 24 h (A) and 48 h (B) and the comparison between their effect at the two time points (C). Results are expressed as percentage of control (untreated cells), as mean ± SEM. 
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Figure 5. PC-3 cells viability assessed by trypan blue exclusion method upon treatment with AgNPs for 24 h (A) and 48 h (B) and the comparison between their effect at the two time points (C). Results are expressed as percentage of control (untreated cells), as mean ± SEM. 
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Figure 6. Evaluation of cell viability, by WST-1 assay, upon LNCaP cells treatment with AgNPs at concentrations of 10–210 ppm for 24 h (A) and 48 h (B) and the comparison between their effect at the two time points (C). Results are expressed as percentage of control (untreated cells), as mean ± SEM. 
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Figure 7. Evaluation of cell viability, by WST-1 assay, upon PC-3 cells treatment with AgNPs at concentrations of 10–210 ppm for 24 h (A) and 48 h (B) and the comparison between their effect at the two time points (C). Results are expressed as percentage of control (untreated cells), as mean ± SEM. 
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Figure 8. Effect of AgNPs at concentrations of 10–210 ppm, on LNCaP cell proliferation assessed by BrdU incorporation assay after 24 h. Results are expressed as percentage of control (untreated cells) considered as 100%, as mean ± SEM. 
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Figure 9. Effect of AgNPs at concentrations of 10–210 ppm, on PC-3 cell proliferation assessed by BrdU incorporation assay after 24 h (A) and 48 of treatment (B). and the comparison between their effect at the two time points (C). Results are expressed as percentage of control (untreated cells) considered as 100%, as mean ± SEM. 
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Figure 10. Cell cycle analysis, of LNCaP cells treated with different concentrations of AgNPs for 24 h, assessed using a PI stain and flow cytometry. (A)—Representative DNA histograms. (B)—Quantitative analysis of PC-3 cells AgNPs treated. Data is expressed as mean ± SEM. 
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Figure 11. Cell cycle analysis, of LNCaP cells treated with different concentrations of AgNPs for 24 h, assessed using a PI stain and flow cytometry. (A)—Representative DNA histograms. (B)—Quantitative analysis of PC-3 cells AgNPs treated. Data is expressed as mean ± SEM. 
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Figure 12. Cell cycle analysis, of PC-3 cells treated with different concentrations of AgNPs for 24 h, assessed using a PI stain and flow cytometry. (A)—Representative DNA histograms. (B)—Quantitative analysis of PC-3 cells AgNPs treated. Data is expressed as mean ± SEM. 
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Figure 13. Cell cycle analysis, of PC-3 cells treated with different concentrations of AgNPs for 48 h, assessed using a PI stain and flow cytometry. (A)—Representative DNA histograms images. (B)—Quantitative analysis of PC-3 cells AgNPs treated. Data is expressed as mean ± SEM. 
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Figure 14. AgNPs’ cellular uptake quantification through Ag+ quantification by atomic absorption spectrometry (AAS) in LNCaP cells (A,B) and in PC-3 cells (C,D). 
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