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Purpose: Silver nanoparticles (AgNPs) have shown great potential as anticancer agents, namely in therapies’ resistant forms of 
cancer. The progression of prostate cancer (PCa) to resistant forms of the disease (castration-resistant PCa, CRPC) is associated with 
poor prognosis and life quality, with current limited therapeutic options. CRPC is characterized by a high glucose consumption, which 
poses as an opportunity to direct AgNPs to these cancer cells. Thus, this study explores the effect of glucose functionalization of 
AgNPs in PCa and CRPC cell lines (LNCaP, Du-145 and PC-3).
Methods: AgNPs were synthesized, further functionalized, and their physical and chemical composition was characterized both in 
water and in culture medium, through UV-visible spectrum, dynamic light scattering (DLS), transmission electron microscopy (TEM) 
and Fourier-transform infrared spectroscopy (FTIR). Their effect was assessed in the cell lines regarding AgNPs’ entering pathway, 
cellular proliferation capacity, ROS production, mitochondrial membrane depolarization, cell cycle analysis and apoptosis evaluation.
Results: AgNPs displayed an average size of 61nm and moderate monodispersity with a slight increase after functionalization, and 
a round shape. These characteristics remained stable when redispersed in culture medium. Both AgNPs and G-AgNPs were cytotoxic 
only to CRPC cells and not to hormone-sensitive ones and their effect was higher after functionalization showing the potential of 
glucose to favor AgNPs’ uptake by cancer cells. Entering through endocytosis and being encapsulated in lysosomes, the NPs 
increased the ROS, inducing mitochondrial damage, and arresting cell cycle in S Phase, therefore blocking proliferation, and inducing 
apoptosis.
Conclusion: The nanoparticles synthesized in the present study revealed good characteristics and stability for administration to cancer 
cells. Their uptake through endocytosis leads to promising cytotoxic effects towards CRPC cells, revealing the potential of G-AgNPs 
as a future therapeutic approach to improve the management of patients with PCa resistant to hormone therapy or metastatic disease.
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Plain Language Summary
Prostate cancer (PCa) is the second most frequent and the fifth cause of cancer-related death in men worldwide. When patients stop 
responding to androgen deprivation therapy, they progress to castration-resistant prostate cancer (CRPC), which is associated with 
poor prognosis and limited therapeutic options. Thus, the present study evaluated the cytotoxic potential of silver nanoparticles 
(AgNPs) functionalized with glucosamine in PCa cell lines, since in the last years, several researchers have shown that AgNPs can be 
useful as anticancer drugs. In our study, we successfully synthesized and functionalized AgNPs and we proved them to be stable in cell 
culture medium, which is important because they can remain in circulation intact until they get to tumor location. We observed that 
AgNPs were cytotoxic to CRPC cell lines and not to the sensitive ones and that glucosamine functionalization increased their cytotoxic 
capacity. With this study, we showed that the nanoparticles enter the cells through endocytosis and increase the production of reactive 
oxygen species, inducing damage in mitochondria. The damage induced by the nanoparticles lead to a blockage of cell cycle and, 
consequently, of cell proliferation inducing apoptosis. These results reveal the potential of glucosamine functionalized AgNPs as 
a future therapeutic approach to improve the management of patients with CRPC or metastatic disease.

Introduction
Prostate cancer (PCa) is the second most frequent and the fifth cause of cancer-related death in men worldwide.1,2 Nearly 
79% of the patients are diagnosed at an early and localized stage but, 35–60% of these patients experience disease 
recurrence.3 In cases of advanced disease, androgen deprivation therapy (ADT) is the first-line treatment, suppressing AR 
signalling and inhibiting PCa cells’ proliferation.4 Despite the high early response rates, the heterogeneity of PCa cells 
ultimately leads to their adaptation to androgen deprivation and reactivation of AR signalling even under a low level of 
serum androgen with patients progressing to castration-resistant prostate cancer (CRPC) within 2 to 3 years.5 Progression 
to CRPC is burdened with poor prognosis and impaired quality of life, being the estimated mean survival of these 
patients 15–36 months.6,7 In the last years, the upcoming of second-generation antiandrogens (such as enzalutamide and 
abiraterone), chemotherapy (such as docetaxel and cabazitaxel) and radionuclide therapy (radium-223) have improved 
overall survival (OS).8 Nevertheless, the increase in the median PCa-specific survival in mCRPC with the introduction of 
the novel therapies only increases 2.8–4.8 months, making overcoming resistance one of the major challenges in these 
patients’ management.9–11

There are different molecular mechanisms behind the acquisition of resistance to ADT.6 Among them is the 
disruption of glucose metabolism, since AR regulates genes related to glucose consumption and increases the activity 
of several glycolytic enzymes. One example of such is GLUT1ʹs expression, which is associated with poor prognosis and 
whose gene promotor directly binds to AR.12–15 Prostate cells show, indeed, a distinctive metabolism, with unique 
alterations during tumor development and progression.16 Due to the prostate epithelial cells’ function of producing and 
secreting citrate that will be part of the seminal fluid, in normal conditions, Krebs cycle is interrupted and cells produce 
energy mostly through a glycolytic pathway.17 During tumor development, Krebs cycle is reactivated in consequence of 
the cancer cells higher energetic demands.18 In the most advanced stages of the disease, there is a preference for cancer 
cells to metabolize glucose through glycolysis and lactate fermentation instead of Krebs cycle and oxidative phosphor-
ylation, also called the Warburg Effect.19 This is a faster method to obtain energy and acidifies the microenvironment of 
the tumor; however, it is energetically inefficient. Therefore, it is normally followed by an increase in glucose 
consumption by cancer cells.20 This increased glucose uptake poses as an opportunity of targeting CRPC cells in the 
development of new therapy approaches.

The steady development of nanotechnology and nanoscience in the last years has brought up a particular interest in 
the development of metallic nanoparticles directed to biotechnology and biomedicine in different medical fields, 
including oncology, with various nanoparticles (NPs) having been approved for clinical use, either by the Food and 
Drug Administration in the United States or the European Medicines Agency (EMA) in the European Union.21–23 Due to 
their nanoscale size, high surface-to-volume ratio, different chemical composition and the ability to attach different 
targeting ligands to their surfaces, silver nanoparticles (AgNPs), which are small, organized structures ranging from 1 to 
100 nm in size with about 20–15,000 atoms, have been emerging as a potential strategy to improve treatment in different 
tumor models, including the overcome of therapy-resistant cancer phenotypes.24,25 In fact, AgNPs nanoscale size allows 
them to cross tissue barriers since the tissue junction between capillaries ranges from 150 to 200 μM. Moreover, while 
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larger particles (>200 nm) accumulate in the liver and spleen, being quickly removed from the bloodstream by 
macrophages of the reticuloendothelial system, smaller AgNPs are limited to tissue extravasation and renal 
clearance.23 When inside the tumor cells, they trigger different processes that result in the activation of signaling 
pathways that lead to apoptosis.25,26 These characteristics show AgNPs’ potential as anticancer agents, for example, in 
therapies’ resistant forms of cancer. Their long-term toxicity is yet not fully understood, with contradictory data having 
been presented throughout the years. Nevertheless, in a recent review, Ivlieva and collaborators concluded that the 
toxicity is mostly due to the liberation of Ag+ and not from the nanoparticle itself, showing the importance of a good 
stability of the AgNPs for its safety.27 Additionally, Maziero and her team have shown that AgNPs stabilized with Gum 
Arabic Protein revealed adverse effects in zebrafish species but not in Sprague Dawley rats for 28 days in doses up to 
10.0 mg/kg which shows the potential of their usage and the importance of their study.28 Thus, the purpose of this study 
was to synthesize and characterize AgNPs functionalized with glucose (G-AgNPs) and further study their cytotoxic and 
cellular effect in PCa cells resistant to ADT.

Materials and Methods
Materials
Silver nitrate ≥99% (AgNO3), sodium citrate dihydrate, tannic acid, and D-(+)-glucosamine hydrochloride were purchased in 
Sigma-Aldrich. Roswell Park Memorial Institute-1640 medium (RPMI-1640), fetal bovine serum (FBS), penicillin–streptomycin 
and trypsin-EDTA were purchased from Gibco®. Trypan Blue, which allows for the evaluation of cytoplasmic membrane damage, 
was purchased from VWRTM. Resazurin, which allows for the evaluation of cell viability and IC50 determination was purchased 
from ACROS Organic™ – Fisher Scientific®. Bromodeoxyuridine (BrdU), which allows for the evaluation of cell proliferation 
capacity, was purchased from ROCHE®. Propidium iodide (PI), which allows for the evaluation of cell cycle, was purchased from 
Sigma-Aldrich®. Tetramethylrhodamine (TMRE) kit, which allows for the evaluation of mitochondrial membrane potential, was 
purchased from Abcam®. The 2’,7’-dichlorodihydrofluorescein diacetate (H2DCFDA), which allows to quantitatively assess 
reactive oxygen species, was purchased from Millipore®.

Synthesis of AgNPs
An aqueous solution containing 5 mM sodium citrate and 5 mM tannic acid at final volume of 100 mL was mixed and 
heated at 100 °C, for 15 min under vigorous stirring, as described by Bastus et al.29 After starting to boil, 1 mL of 25 mM 
AgNO3 was added into this solution. The resulting AgNPs were purified by centrifugation at 20,000 g for 15 min and 
further redispersed in MilliQ (MQ) water.

Functionalization of AgNPs with Glucosamine
After synthesis, the functionalization of AgNPs with glucosamine was done by ligand exchange.29 For that, 1 mg of AgNPs 
was redispersed with 2 mL of 2 mM sodium citrate containing 5 mM glucosamine hydrochloride, and the solution was stirred 
for 24 h at room temperature. Finally, the resulting G-AgNPs were washed, redispersed in MQ-water, and stored at 4 °C.

Characterization of AgNPs
The average hydrodynamic diameter, polydispersity index, and ζ-potential of the AgNPs were measured by dynamic light 
scattering (DLS), using a Malvern Zetasizer Nano ZS instrument (Malvern Instruments Ltd, UK). For this, the samples 
were diluted in MilliQ-water at concentration of 100 µg/mL. The morphology of AgNPs was confirmed by transmission 
electron microscopy (TEM, Jeol JEM-1400, Jeol Ltd., Tokyo, Japan), using an acceleration voltage of 80 kV. For the 
sample preparation, a droplet of AgNPs’ suspension was placed on a carbon-coated copper grid, blotted using a filter 
paper, and then air-dried before analysis. To acquire the UV–visible spectra, AgNP dispersions at concentration of 15 µg/ 
mL were placed in a cell, and the analysis was performed in the 300–700 nm range at room temperature, using an UV- 
visible spectrophotometer (UV-1800 Shimadzu) with the UV probe 2.70 software. Additionally, the AgNPs were 
characterized using a Fourier transform infrared spectroscopy (FTIR) instrument (SpectrumOne, PerkinElmer, Turku, 
Finland), equipped with a universal attenuated total reflectance (ATR) accessory. The ATR-FTIR spectra were recorded at 
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room temperature between 4000 and 600 cm−1 with a resolution of 4 cm−1 and number of 64 scans, and the baseline was 
corrected using the built-in software. The stability of AgNPs was evaluated after incubation of 500 μg/mL of AgNPs with 
RPMI supplemented with 10% fetal bovine serum (FBS), at 37 °C for 2 h. For this, 200 μL were withdrawn at 5, 15, 30, 
60, 90 and 120 min, and diluted in water to evaluate changes on the size, PDI and ζ-potential of AgNPs over time. All the 
experiments were performed in triplicates.

Cell Culture and Treatments Conditions
PC-3 and LNCaP cells (ATCC® CRL-1435™ RRID:CVCL 0035 and ATCC® CRL-1740™ RRID:CVCL_1379, 
respectively) were obtained from ATCC and Du-145 cells (ATCC® HTB-81: RRID:CVCL_0105) were kindly granted 
by Professor Cármen Jerónimo from IPO-Porto Research Center (Portugal). Cells 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 tissue culture flasks and harvested with 
a solution of trypsin-EDTA 0.05% (Gibco®, Gaithersburg, MD, USA), while in a logarithmic growth phase. When cells 
had reached 80–90% confluence, cells were trypsinized with trypsin-EDTA 0.05% (Gibco®, Gaithersburg, MD, USA). 
The cell pellets were resuspended in growth media, and cells were counted using trypan blue solution (VWRTM) and an 
automatic cell counter (EVETM – NanoEntek). All cell lines were routinely tested, each 2 weeks, for mycoplasma 
presence and were found to be free from contamination.

AgNPs and G-AgNPs IC25 and IC50 Determination by Resazurin Assay
Cells were cultured in 96-multi-well plates at a density of 2×105 cells per mL and treated with increasing concentrations 
of AgNPs and G-AgNPs, ranging from 600 to 3000µg/mL for 24h. Then, cells’ viability was determined by a cell 
viability assay using Resazurin sodium salt (ACROS Organic™ – Fisher Scientific®, MA, USA). Two biological 
replicates were made for all the conditions, with seven technical replicates each. The IC50 of both AgNPs and 
G-AgNPs was determined using The Quest Graph™ IC50 Calculator, with a four-parameter logistic regression model, 
using the seven replicates and the average of the IC50 was calculated. The same was done for the IC25 determination, 
using the following equation: IC25 ¼ 25

100� 25

� � 1
Hill Slope � IC50. The following assays were made using the IC25 and IC50 

values determined for each cell line.

Determination of Cellular Localization of AgNPs and G-AgNPs by Transmission 
Electron Microscopy (TEM)
Cells were cultured in 6-multi-well plates at a density of 2×105 cells per mL and treated with the determined IC25 for 24 
hours. Then, cells were harvested with a solution of trypsin-EDTA and fixated. Cells were then further processed, and 
TEM images were collected by the Histology and Electron Microscopy platform from I3S Porto using a Jeol JEM 1400 
Transmission Electron Microscope.

Cell Proliferation Assay – BrdU
BrdU assay was performed to evaluate cell proliferation. During the assay, BrdU, which is an analog of the nucleoside 
thymidine, is incorporated into replicating DNA, thus being an indicator of cellular proliferation. BrdU assay was 
performed using the Cell Proliferation ELISA, BrdU kit, according to the manufacturer instructions (Roche Diagnostics®, 
Germany). Briefly, cells were grown overnight in 96-well microplates and incubated with either AgNPs or G-AgNPs and 
5’-bromodeoxyuridine (BrdU) solution at a final concentration of 0.01 mM for 24 h. The optical density of proliferating 
cells (positive for BrdU) after ELISA assay using anti-BrdU-specific antibodies was evaluated at the microplate reader 
(FLUOstar Omega, BMG Labtech, Ortenberg Germany). Results were expressed as percentage of control (100%). Two 
biological replicates and five technical replicates were performed for each condition.
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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. Briefly, cells were grown in 6-well plates (2 wells per condition) and incubated with 
AgNPs and G-AgNPs for 24 hours. Then, culture medium was collected, and the cells detached with trypsin/EDTA and 
centrifuged at 160 g for 3 minutes. The pellet was washed with PBS 1× (Gibco®, Gaithersburg, MD, USA) and fixed by 
slowly adding 3 mL of cold 70% (v/v) ethanol for 15 minutes 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 and 100 μg/mL, respectively) in PBS. The cell cycle analysis was made using the Cytomics FC500 
flow cytometer (Beckman Coulter) and the CXP software. 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 the percentage of cells in G0/G1, S and G2/M phases 
was calculated from the total cells excluding the sub-G1 cells. Three technical replicates were performed for each 
condition.

Cell Apoptosis Assay – FITC Annexin V and PI
Apoptosis was evaluated through the Annexin V-FITC Apoptosis Detection kit (Abcam) according to manufacturer’s 
protocol. Briefly, cells were grown in 6-well plates (2 wells per condition) and incubated with AgNPs and G-AgNPs 
for 24 hours. Then, cells were detached using Accutase enzyme cell detachment medium (Thermo Fisher Scientific) 
and stained with both recombinant annexin V conjugated to fluorescein (FITC annexin V) and red-fluorescent 
propidium iodide (PI) nucleic acid binding dye. Data analysis was performed through CXP Software in a FC500 
Beckman Coulter flow cytometer.

Detection of Intracellular Reactive Oxygen Species – DCFH2-DA Assay
Intracellular ROS formation was assessed by measuring the fluorescence of DCF, the oxidation product of the non-fluorescent 
probe 2’,7’-dichlorodihydrofluorescein diacetate (DCFH2-DA). Briefly, cells were grown in 96-well plates at a density of 2.0×105 

cells per mL were treated with the IC25 and IC50 of AgNPs and G-AgNPs for 24h. Three hours prior to completion of treatment, 
150 µM tert-butyl hydrogen peroxide (Sigma-Aldrich®, USA) was used as positive control. Then, cells were incubated with 10 
µM DCFH2-DA (Merck Millipore®, USA) for 30 minutes at 37 °C, in the dark. Live cells were then imaged with filter set 
appropriate for fluorescein (FITC) using a fluorescence microscope OLYMPUS IX51 (Tokyo, Japan). The oxidation of DCFH2- 
DA was detected by the increase in fluorescence which is proportional to the amount of intracellular ROS generated. The 
intracellular mean fluorescence intensity was quantified using the ImageJ software (National Institutes of Health, USA).

Mitochondrial Membrane Potential Assay (TMRE)
To assess the alterations on mitochondrial membrane potential, an important parameter of mitochondrial function 
used as an indicator of cell death, active mitochondria were labeled with tetramethylrhodamine, ethyl ester (TMRE) 
(Abcam, Cambridge, UK) according to the manufacturer’s instructions. Cells were plated in 96-well plates with 
clear flat bottom and black sides at a density of 2.0×105 cells per mL and treated with the IC25 and IC50 of AgNPs 
and G-AgNPs for 24h. A positive control, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), an uncou-
pler of mitochondrial oxidative phosphorylation, was used at the concentration of 100 µM for 10 minutes. After that, 
the cells were incubated with 500 nM of TMRE for 20 minutes at 37 °C, 5% CO2, followed by one washing step 
with 100 µL of PBS containing 0.2% bovine serum albumin (BSA). A volume of 100 µL of PBS/0.2% BSA was 
added to each well, and the fluorescence was measured in a microplate fluorescence reader (Flx 800, Biotek) with 
excitation/emission: 549/575 nm. After background subtraction, the results were expressed as percentage of control 
(100%). Additionally, live cells were imaged with filter set appropriate for tetramethylrhodamine (TRITC) using 
a fluorescence microscope OLYMPUS IX51 (Tokyo, Japan). Two biological replicates and five technical replicates 
were performed for each condition.
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Statistical Analysis
Using the sample t-test, the Mann–Whitney and the Kruskal–Wallis tests (depending on whether the results followed or 
not a normal distribution), the results were analyzed using SPSS26 software (release 26, SPSS Inc., Chicago, IL/USA) 
and their graphical representation was constructed using GraphPad Prism 6 software. p-values <0.05 were considered 
statistically significant.

Results
Synthesis and Characterization of AgNPs
To synthesize the AgNPs, sodium citrate and tannic acid were used as reducing agents, as previously done by Bastús 
et al.29 After adding the aqueous solution of silver nitrate (AgNO3) into the previous mixture, the solution changed its 
color from light yellow to dark brown within minutes, indicating the presence of AgNPs. The AgNPs were centrifuged 
and washed with MQ water before redispersing them with MilliQ (MQ) water. The ligand exchange of the resulting 
AgNPs with the amino-terminated glucose molecule (glucosamine) was performed in order to functionalize the AgNPs 
with glucose (G-AgNPs).29 For that, the as-prepared AgNPs were mixed with glucosamine in a sodium citrate solution 
under vigorous stirring, and further centrifuged and washed to remove the excess of glucosamine. This ligand exchange 
is a spontaneous reaction that occurs due to the strong bonds formed between the amino groups on the glucosamine and 
the COOH/OH groups in the citrate/tannic molecules on the AgNP surface.29 In addition, the plain AgNPs were also 
incubated in sodium citrate as control. The resulting AgNPs were further characterized by dynamic light scattering 
(DLS), transmission electron microscopy (TEM), UV–Vis spectroscopy, and Fourier transform infrared spectroscopy 
(FTIR) (Figure 1).

The molar ratio of tannic acid and sodium citrate (1:1) used in the AgNP synthesis was chosen to obtain AgNPs with 
an average size of 61 ± 10 nm and moderate monodispersity (Figure 1A), given by their PDI values lower than 0.25. The 
surface charge of plain AgNPs was highly negative (–59 ± 6 mV), mainly due to the free COOH/OH groups of tannic 
acid and sodium citrate on the AgNP surface (Figure 1B). After functionalization with glucosamine, the size of G-AgNPs 
(64 ± 11 nm) and PDI did not change significantly. However, the ζ-potential of G-AgNPs slightly increased (–50 ± 4 
mV), which indicates some replacement of sodium citrate/tannic acid by glucosamine. The optical characterization of the 
AgNPs (Figure 1C) showed a maximum UV-Vis absorption at around 412 nm due to the surface plasmon resonance.30 

Moreover, the G-AgNPs presented a red-shift in surface plasmon resonance band at 563 nm, suggesting a small increase 
in the size and polydispersity of the functionalized AgNPs.29,30 Besides the effect on reducing the polydispersity of 
AgNPs, the addition of high molar amount of tannic acid also influences the morphology of the resulting AgNPs. The 
TEM images showed that AgNPs presented roughly round shape (Figure 1D), because of the high amount of tannic acid 
added to the reaction mixture for the AgNP synthesis.29 The FTIR analysis was also conducted in order to determine the 
functional groups present on the surface of the AgNPs and evaluate the differences between the plain AgNPs and the 
glucosamine-functionalized AgNPs (Figure 1E). The G-AgNPs spectrum showed stretching vibrations of C–H bonds 
from CH2 groups at 2980 and 2900 cm–1, C–N stretch on aromatic amines at 1390 cm–1, stretching of the glycosidic 
linkage (C–O–C) and C–OH in the sugar ring at 1245 cm–1, and deformation vibrations of C–O bonds in secondary 
alcohols at 1065 cm–1.31,32 Therefore, these results suggested that the functionalization of AgNPs with glucosamine was 
successful.

Evaluation of the AgNP Stability
The synthesized NPs are known to remain stable dispersed in water for over a month. However, the magnitude and 
specificity of protein adsorption onto the surface of NPs in physiological environment can be influenced by the 
composition, size, shape and surface charge of the particles, which will ultimately affect their cellular uptake and 
biodistribution.33,34 Therefore, it is important to study its stability in these conditions. Since adsorption of proteins of 
nanoparticles usually happens in the first minutes of incubation, we performed a stability test of AgNPs and G-AgNPs for 
up to 2 hours. In this way, the stability of the AgNPs was evaluated in relevant biological media by measuring the 
changes on the size, PDI and ζ-potential of the NPs. For that, the AgNPs were incubated in RPMI, supplemented with 
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10% of FBS at 37 °C, for 2 h (Figure 2). In the first 30 min of incubation, a slight increase in the NP size from ca. 60 nm 
to 110 and 100 nm for AgNPs and G-AgNPs, respectively, indicating some protein adsorption onto the NPs’ surface due 
to the FBS proteins (Figure 2A). Furthermore, the size of the AgNPs kept constant over time, along with steady PDI 
values (Figure 2B), suggesting that the AgNPs remained monodispersed after incubation with the FBS containing cell 
culture medium. In addition, the surface charge of the NPs shifted to about –17 mV after the first 5 min of incubation, due 
to the protein adsorption on their surface. Overall, the stability of AgNPs can be ascribed to the presence of FBS in cell 
culture medium that can improve the colloidal stability of NPs.34,35

IC25 and IC50 Determination
To perform the in vitro study, three cell lines were used: one hormone-sensitive cell line, LNCaP and two AR- and 
hormone-resistant cell lines Du-145 and PC-3. The cytotoxic effect of both AgNPs and G-AgNPs in the three cell lines 
used in the study was determined using the resazurin assay, and IC25 and IC50 were calculated. Regarding the LNCaP cell 
line, it was not possible to determine the IC25 and IC50 since there was no consistent effect of both AgNPs and G-AgNPs 
in these cells (Figure 3A). Regarding Du-145 and PC-3 cell lines, one can see that the viability of both cell lines 
decreases with the increase in both AgNPs’ and G-AgNPs’ concentration (Figure 3B and C), thus allowing the 
determination of the IC25 and IC50 (Table 1).

Figure 1 Characterization of AgNPs and G-AgNPs by means of (A) Size and PDI; (B) ζ-potential, and (C) UV-Vis spectra. (D) TEM images of AgNPs and G-AgNPs (Scale 
bars = 100 nm). (E) ATR-FTIR spectra of AgNPs and G-AgNPs. Error bars represent mean ± SD (n ≥ 3).
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It is important to note that for both cell lines, the IC25 and IC50 are lower for G-AgNPs than AgNPs, suggesting an 
increased cytotoxic effect of the AgNPs after functionalization (Table 1). Moreover, both IC25 and IC50 in AgNPs and 
G-AgNPs are lower in PC-3 cell line when compared to Du-145. The determined values of IC25 and IC50 were then used 
in the following phenotypic assays.

AgNPs and G-AgNPs Intracellular Localization
To further confirm AgNPs and G-AgNPs internalization by both Du-145 and PC-3 cells, we performed a TEM analysis 
after administration of AgNPs (Figure 4A–C and H–J) and G-AgNPs (Figure 4D–G and K–M) at IC25, to Du-145 and 
PC-3, respectively (Figure 4). One can observe that nanoparticles enter the cells through endocytosis (Figure 4J-1) and 
are trapped in lysosomes (Figure 4J-2). Inside the cell, they seem to be dispersed, since they can be observed in the 

Figure 2 Stability of AgNPs in RPMI supplemented with 10% of FBS after 2 h incubation, at 37 °C: effect on the size (A), PDI (B) and ζ-potential (C) of AgNPs. Errors bars 
represent mean ± SD (n = 3).

Figure 3 Evaluation of cell viability, by Resazurin Assay, upon treatment with AgNPs and G-AgNPs for 24 hours in LNCaP cell line (A) Du-145 cell line (B) and PC-3 cell line 
(C). Results are expressed as percentage of control (untreated cells), as mean ± SEM.

Table 1 IC25 and IC50 of AgNPs and G-AgNPs in Du-145 and PC-3 Cell Lines

Cell Line Silver Nanoparticles IC25 (µg/mL) IC50 (µg/mL)

Du-145 AgNPs 919 1579

G-AgNPs 753 1528

PC-3 AgNPs 511 911

G-AGNPs 499 860
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cytoplasm (Figure 4B-3), close to the nucleus (Figure 4E-4) and close to mitochondria (Figure 4M-5). It is important to 
observe that both nanoparticles remain monodispersed inside the cell, even if highly concentrated in the lysosomes 
(Figure 4A-6, F-7 and I-8). Additionally, in both cells, there is evidence of membrane blebbing, a known apoptotic 
feature (Figure 4B-9, D-10 and M-11).

AgNPs and G-AgNPs’ Effect in Cellular Proliferation
To analyze the cellular proliferation after administration of the NPs, the BrdU assay was performed. In the Du-145 cell 
line, the IC25 and IC50 of AgNPs were able to inhibit the proliferation of the cells to 33.05% and 27.21%, respectively 
(Figure 5A and B). Regarding G-AgNPs, the IC25 and IC50 were able to inhibit proliferation of the cells to 27.21% and 
14.12%, respectively (Figure 5A and B). In the PC-3 cell line, the IC25 and IC50 of AgNPs were able to inhibit the 
proliferation of the cells to 43.65% and 25.68%, respectively (Figure 5C and D). Regarding G-AgNPs, the IC25 and IC50 

were able to inhibit proliferation of the cells to 34.84% and 19.21%, respectively (Figure 5C and D). Interestingly, for 
both IC25 and IC50, G-AgNPs had a significantly higher power of cellular proliferation inhibition when compared to 

Figure 4 TEM images of Du-145 cells treated with IC25 of AgNPs (A–C) or G-AgNPs (D–G) and of PC-3 cells treated with IC25 of AgNPs (H–J) and G-AgNPs (K–M). 
From each sample, three pictures were taken with different ampliations. Thus, scale bars in B and D are 2μm, in H, K and M are 1μm, in G, I and J are 0.5 μm, in A, C, E and 
L are 200 nm and in F is 100 nm. 1 – Nanoparticles entering the cells through endocitosis; 2 – Nanoparticles trapped in lysosomes; 3 – Nanoparticles dispersed throughout 
the cytoplasm; 4 – Nanoparticles localized in the nucleus; 5 – Nanoparticles localized in the mitochondria; 6–8 – Nanoparticles maintain the monodispersed nature inside 
the cell; 9–11 – Membrane blebbing of the cells.
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AgNPs (24.85% vs 33.05%, p = 0.009 for IC25 and 14.12% vs 27.21%, p<0.001 in Du-145 cell line and 34.84% vs 
43.65%, p=0.125 and 19.21% vs 25.68%, p<0.001 in PC-3 cell line).

AgNPs and G-AgNPs’ Effect in Cell Cycle
To analyze possible cell cycle disruption following AgNPs or G-AgNPs administration, propidium iodide (PI) staining 
analysis by flow cytometry was used and further evaluation of the apoptosis status of the cells was performed (Figure 6).

In the Du-145 cell line, the IC25 of AgNPs and G-AgNPs increased the number of cells in the S phase (28.62% vs 
18.94% and 24.93% vs 18.94%, respectively) and subsequently decreased the number of cells in G2/M (10.1% vs 
14.61% and 9.27% vs 14.61%, respectively). Additionally, there was a significant increase in the number of cells in 
subG0 phase for both IC25 of AgNPs and G-AgNPs (4.23% vs 0.89% and 3.19% vs 0.89%). This effect was also 
observed for the IC50 of AgNPs and G-AgNPs, with more accentuated differences. There was an increase in the number 
of cells in the S phase (40.51% vs 18.94% and 32.02% vs 18.94%, respectively) and subsequent decrease the number of 
cells in G2/M phase (5.28% vs 14.61% and 6.21% vs 14.61%, respectively). The number of cells in subG0 phase for both 
AgNPs and in G-AgNPs was significantly higher (43.23% vs 0.89% and 53.09% vs 0.89%). Regarding the PC-3 cell 
lines, the same effect was observed: the IC25 of AgNPs and G-AgNPs increased the number of cells in the S phase 
(33.26% vs 12.65% and 38.21% vs 12.65%, respectively) and subsequently decreased the number of cells in G2/M 
(14.53% vs 26.53% and 11.08% vs 26.53%, respectively). This trend was also observed for the IC50 of AgNPs and 
G-AgNPs, with more accentuated differences. There was an increase in the number of cells in the S phase (42.06% vs 

Figure 5 Evaluation of cell proliferation, by BrDu Assay, upon treatment with AgNPs and G-AgNPs in the Du-145 cell line using the determined IC25 (A) and the 
determined IC50 (B); and in the PC-3 cell line using the determined IC25 (C) and the determined IC50 (D). Results are expressed as percentage of control (untreated cells), 
as mean ± SEM.
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10.30% and 42.89% vs 10.30%, respectively) and subsequently decrease in the number of cells in G2/M phase (9.17% vs 
22.39% and 5.78% vs 22.39%, respectively). Furthermore, when the apoptotic state of the cells was assessed one can see 
that most cells marked positive for Annexin and PI confirming their apoptotic state after administration of both AgNPs 
and G-AgNPs.

AgNPs and G-AgNPs’ Increase Cells’ ROS Production
To analyze ability of the NPs to induce reactive oxygen species (ROS) production by cells, the DCFH2-DA assay was 
performed. In the Du-145 cell line, the IC25 and IC50 of AgNPs were able to induce about 2.1- and 2.8-fold increase in the 
cell mean fluorescence compared to control, respectively (Figure 7A and B). Regarding G-AgNPs, they have a similar 
effect when compared to AgNPs, with a fold increase in the cell mean fluorescence related to control of about 2.0 and 2.7, 
for the IC25 and the IC50, respectively (Figure 7C and D). In the PC-3 cell line, the IC25 and IC50 of AgNPs were able to 
increase the cell mean fluorescence to 2.2- and 2.8-fold increase compared to control cells, respectively (Figure 7E and F). 
Regarding G-AgNPs, the IC25 have a similar effect of AgNPs IC25 (2.2-fold increase) and the IC50 were able to increase the 
cell mean fluorescence of 2.3-fold increase when compared to control (Figure 7G and H).

AgNPs and G-AgNPs’ Effect in Mitochondria Depolarization
To analyze the mitochondria membrane damage after administration of the NPs, the TMRE assay was performed. Since this 
dye is positively charged, it accumulates in the negatively charged mitochondria. When mitochondria is depolarized, its 
membrane potential decreases and it does not incorporate the dye (Figure 8C and F). In the Du-145 cell line, the IC25 and 

Figure 6 (A) Representative DNA histograms of cell cycle analysis assessed using a PI stain and flow cytometry of Du-145 cells treated with AgNPs and G-AgNPs in the 
determined IC25 and IC50; (B) quantitative analysis of cell cycle disruptions of Du-145 cells treated with AgNPs and G-AgNPs in the determined IC25 and IC50; (C) 
Representative DNA histograms of cell cycle analysis assessed using a PI stain and flow cytometry of PC-3 cells treated with AgNPs and G-AgNPs in the determined IC25 
and IC50; (D) Quantitative analysis of cell cycle disruptions of PC-3 cells treated with AgNPs and G-AgNPs in the determined IC25 and IC50; (E) Representative flow 
cytometry images of apoptosis evaluation in Du-145 cells treated with AgNPs and G-AgNPs in the determined IC25 and IC50; (F) Quantitative analysis of live, early apoptotic 
and dead cells of Du-145 cells treated with AgNPs and G-AgNPs in the determined IC25 and IC50; (G) Representative flow cytometry images of apoptosis evaluation in PC-3 
cells treated with AgNPs and G-AgNPs in the determined IC25 and IC50; (H) Quantitative analysis of live, early apoptotic and dead cells of PC-3 cells treated with AgNPs and 
G-AgNPs in the determined IC25 and IC50. Data are expressed as mean ± SEM.
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IC50 of AgNPs were able to depolarize the cells’ mitochondria to 32.74% and 10.36%, respectively (Figure 8A and B). 
Regarding G-AgNPs, the IC25 and the IC50 were able to depolarize the cells’ mitochondria to 30.13% and 6.96%, 
respectively (Figure 8A and B). In the PC-3 cell line, the IC25 and IC50 of AgNPs were able to depolarize the cells’ 
mitochondria to 49.54% and 49.39%, respectively (Figure 8D and E). Regarding G-AgNPs, the IC25 and IC50 were able to 
depolarize the mitochondria of the cells to 47.45% and 38.13, respectively (Figure 8D and E). Interestingly, for IC50, after 
G-AgNPs administration, there were significantly less cells with polarized mitochondria than after AgNPs administration in 
the PC-3 cell line (38.13% vs 49.39%, p = 0.012).

Discussion
The poor prognosis, short overall survival, and the low quality of life of CRPC patients added to the limited therapeutic 
options available are major concerns in PCa management and make the development of new therapeutic strategies 
imperative.6 The mechanism behind the acquisition of resistance to hormone therapy in patients that progress to CRPC is 
complex and not completely understood, but the importance of glucose metabolism deregulation has already been shown, 
and can be used as an advantage for the development of new therapeutic approaches.16 In the last years, the development 
of metallic nanoparticles has raised increased interest in the scientific community and AgNPs, specifically, have already 
shown cytotoxic potential in different tumor models.25,36–38 The increased glucose consumption in more advanced forms 
of PCa can be an opportunity to design AgNPs that specifically target cancer cells, through a glucose functionalization.

In the present study, AgNPs were successfully synthesized and further functionalized with glucosamine, showing 
physical and chemical characteristics that optimize their uptake by cancer cells and, consequently, their cytotoxic 
capacity. The small size, spherical shape and monodisperse nature of these NPs promotes their internalization and 
intracellular bioavailability. In fact, spherical NPs have been shown to have a higher internalization than asymmetrically 

Figure 7 Evaluation of ROS production, by DCFH2-DA Assay, in the Du-145 cell line upon treatment with the determined IC25 and IC50 AgNPs (A and B) and upon 
treatment with the determined IC25 and IC50 G-AgNPs (C and D); and in the PC-3 cell line upon treatment with the determined IC25 and IC50 AgNPs (E and F) and upon 
treatment with the determined IC25 and IC50 G-AgNPs (G and H). (A, C, E and G) Representative images (10×) of DCFH2-DA labeled mitochondria (Photographs taken 
using an Olympus IX51 microscope). (B, D, F and H) Graphical representation of the DCFH2-DA fluorescence signal intensity in the different tested conditions. T-bhp is 
used as positive control. Results are expressed as percentage of control (untreated cells), as mean ± SEM.
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shaped ones, and smaller-sized AgNPs have shown a higher uptake and cytotoxicity because of their increased surface 
area and particle number for the same mass/volume dose.39 Additionally, the demonstrated stability of these NPs in cell 
culture medium is of great advantage because, contrary to small-molecule drugs, nanoscale drugs slowly leak from blood 
vessels after intravenous induction, thus their accumulation into the tumor would not be efficient if they were unstable in 
serum.40

Both AgNPs and G-AgNPs had cytotoxic effects only on the hormone-resistant cells Du-145 and PC-3 and not to the 
hormone-sensitive cell line LNCaP, even when high concentrations of the NPs were administered. The different 
molecular profile of these cell lines apart from the absence of AR signal in both Du-145 and PC-3 can be the explanation 
behind this selective effect. Interestingly, Alvin Y. Liu has shown that the LNCaP cell line displays a very different cell 

Figure 8 Evaluation of mitochondria membrane depolarization, by TMRE Assay, upon treatment with AgNPs and G-AgNPs in the Du-145 cell line (C) using the determined 
IC25 (A) and the determined IC50 (B); and in the PC-3 cell line (F) using the determined IC25 (D) and the determined IC50 (E). Representative images (10×) of TMRE labeled 
mitochondria (Photographs taken using an Olympus IX51 microscope). Results are expressed as percentage of control (untreated cells), as mean ± SEM.
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surface molecule profile from Du-145 and PC-3 cells (which are much more similar between them), which may lead to 
different internalization of the AgNPs.41 In fact, LNCaP cells do not express both caveolin-1 and caveolin-2, contrarily to 
Du-145 and PC-3.42 These molecules mediate the independent-clathrin pathway of endocytosis via caveolae, a ligand- 
triggered mechanism that leads to a more selective uptake and that may be behind the uptake of the synthesized 
nanoparticles and the absence of effect in the LNCaP cell line.43

We also reported a higher cytotoxic effect and proliferation blockage of G-AgNPs in both PC-3 and Du-145, which 
show a lower IC25 and IC50 when compared with AgNPs. This higher effect can be explained by the different metabolic 
nature of hormone-resistant cells (Du-145 and PC-3). Previous studies have shown that these two cell lines show 
a metabolic shift towards the Warburg Effect, displaying lower consumption of O2, higher rates of lactate production and 
higher glucose consumption rates which may favor the uptake of the NPs.44,45 In fact, Effert et al have already shown 
that GLUT-1ʹs mRNA expression is higher in Du-145 and PC3, when compared with LNCaP cell line.46 Interestingly, 
calveolin-1 has been shown to be involved in glucose metabolism, namely in the Warburg Effect and to enhance glucose 
uptake in prostate cancer cells.47 This can explain the higher effect of G-AgNPs and may suggest that they are preferably 
uptaked by cells with high glucose consumption and calveolin expression. This would be an advantage in a systemic 
administration of the nanoparticles such as the CRPC context, since they would be preferably uptaked by these cells, 
which can allow a more directed effect.

To date, there are several studies reporting the effect of AgNPs synthesized by different methods and with a variety of 
cappings and their cytotoxic effect in PCa cell lines.48–63 Among these studies, the mechanism of action is, most of the 
times, common to the one we found in the present study, with an increase in ROS production, mitochondrial damage, 
nuclear fragmentation and cell apoptosis.50,52,60,62,63 However, most of them do not compare AgNPs’ effect in hormone- 
sensitive and hormone-resistant cell lines and, to the best of our knowledge, the present study is the first one reporting the 
effect of AgNPs with a glucose functionalization in PCa and with a selective effect towards hormone resistance in this 
tumor model.

To better understand the observed cytotoxic effect, we performed a TEM analysis of the NPs location in the cells and 
several phenotypic assays. Firstly, we confirmed that the NPs enter the cells through endocytosis and targeted to 
lysosomes. In fact, lysosomes have in their composition a variety of hydrolytic enzymes and an acidic environment 
which will degrade AgNPs capping and release Ag+, a mechanism called “lysosome-enhanced Trojan horse effect”.64 

Moreover, it was already reported that AgNPs, when interacting with the acidic lysosomal compartment, induce the 
production of several ROS (superoxide anions (O2

−), hydroxyl radicals (•OH), and hydrogen peroxide (H2O2), which 
explains the increase in ROS production observed after treatment with NPs.39 The diffusion of these ROS into cytoplasm 
leads to oxidative damage in different organelles such as mitochondria. In the present study, a depolarization of the 
mitochondrial membrane of Du-145 and PC-3 was observed when treated with both NPs. We have also observed 
a S-Phase cell cycle arrest after treatment with AgNPs and G-AgNPs. The successful progression through cell cycle is 
mediated by different proteins, cyclins, cyclin-dependent kinases and their inhibitors, being this strict regulation 
responsible for guaranteeing the safe progression through DNA replication and division.65 The S-phase checkpoint 
checks the fidelity of DNA replication confirming there are no areas of unrepaired DNA damage from earlier cell cycle 
points.66 Thus, the S-phase arrest shown in our study can be indicative of DNA damage and, along with the increased 
ROS production and mitochondrial damage can support the blockage of cellular proliferation observed and lead to the 
apoptotic state of the cells which we observed through FITC annexin V and PI staining.

Conclusions
In this study, we successfully designed AgNPs with a glucose functionalization that selectively induce damage in CRPC 
cells (as opposed to hormone-sensitive ones). The effect of the NPs was higher after functionalization, showing the 
potential of glucose to favor the uptake of the AgNPs by cancer cells. To the best of our knowledge, this was the first 
study reporting a selective effect of AgNPs directed to CRPC and the effect of glucose functionalization of AgNPs in 
PCa. This study shows the potential of these AgNPs as a new therapeutic approach to castration-resistant prostate cancer 
that needs to be validated in 3D cell cultures to understand the penetration ability of the NPs and in vivo to confirm the 
results and study the delivery and excretion pathways’ safety. Additionally, exploring the molecular profile, including the 
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expression of calveolins, of the three cell lines could be of use to explain the differences of AgNP’s effect. Nevertheless, 
the present results are very promising and these NPs could be a potential therapeutic strategy and improve the manage-
ment of patients with PCa resistant to hormone therapy or with the presence of metastasis.
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