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Abstract

:

Prostate cancer treatment poses significant challenges due to its varying aggressiveness, potential for metastasis, and the complexity of treatment options. Balancing the effectiveness of therapies, minimizing side effects, and personalizing treatment strategies are ongoing challenges in managing this disease. Significant advances in the use of nanotechnology for the treatment of prostate cancer with high specificity, sensitivity, and efficacy have recently been made. This study aimed to synthesize and characterize a novel Cu/Fe layer double hydroxide (LDH) nanocomposite for use as an anticancer agent to treat prostate cancer. Cu/Fe LDH nanocomposites with a molar ratio of 5:1 were developed using a simple co-precipitation approach. FT-IR, XRD, SEM, TEM, TGA, and zeta potential analyses confirmed the nanocomposite. Moreover, the MTT cell viability assay, scratch assay, and flow cytometry were utilized to examine the prospective anticancer potential of Cu/Fe LDH on a prostate cancer (PC-3) cell line. We found that Cu/Fe LDH reduced cell viability, inhibited cell migration, induced G1/S phase cell cycle arrest, and triggered apoptotic effect in prostate cancer cells. The findings also indicated that generating reactive oxygen species (ROS) formation could improve the biological activity of Cu/Fe LDH. Additionally, Cu/Fe LDH showed a good safety impact on the normal lung fibroblast cell line (WI-38). Collectively, these findings demonstrate that the Cu/Fe LDH nanocomposite exhibited significant anticancer activities against PC-3 cells and, hence, could be used as a promising strategy in prostate cancer treatment.
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1. Introduction


Prostate cancer is the most frequently diagnosed form of cancer for men in the US and Europe [1,2]. Prostate, colon, and lung cancer represent approximately 42% of the overall new cases reported in men, with prostate cancer reporting alone one out of every five new diagnoses [3]. Since the number of patients suffering from prostate cancer is increasing alarmingly, finding a sure-shot remedy to help increase life expectancy as well as reduce mortality rates is extremely crucial. Several cancer therapies, such as surgery, chemotherapy, radiotherapy, gene therapy, and immunotherapy, have emerged over the years [4]. Each of these methods has its own set of drawbacks, including ineffective tumor removal, poor target specificity, and severe side effects [5]. Hence, providing innovative cancer therapeutic approaches has become a global priority.



The development of modern curative nanomedicine has fueled research efforts to investigate and develop multifunctional biomaterial nanosystems that meet the strict requirements of clinical medicine [6,7,8]. This interdisciplinary field has also enabled innovative therapeutic modalities for cancer, wherein the rapid evolution of nanomaterials is the vital foundation and prerequisite for assessing the final therapeutic effect [9,10].



Organic-based nanostructures have thoroughly been studied in nanomedicine, with clinically significant family members approaching the clinical stage. Inorganic nanomaterials, on the other side, have primarily been developed over the past decade, with remarkable advances in recent years. Such inorganic nanomaterials possess desired and specific structures, compositions, morphologies, and characteristics that conventional organic nanosystems lack [11,12,13,14]. Two-dimensional (2D) nanoparticles are a commonly used type of nanomaterials with distinctive characteristics, including a large surface area and particular physical–chemical features resulting from their two-dimensional morphologies and ultra-thin thickness [15]. These characteristics endorse their application as effective components in the treatment of cancer.



Layered double hydroxides (LDHs) have received significant attention in the two-dimensional nanosheet family. LDHs are anionic clays that resemble brucite and have the chemical formula [M(II)(1−x) M(III)x− (OH)2]x+ (An−)x/n.yH2O [16]. M (II) is a divalent cation, similar to Ni, Zn, or Cu. M (III) is a trivalent cation, similar to Al, Fe, or Ga.; An− is an LDH composed of an upper shell of positively charged metal hydroxide and an inner part of negatively charged inorganic or organic ionic species to balance the overall charge [17]. Owing to their good biocompatibility, biodegradability, ion exchange capacities, ease of surface treatment, as well as their chemical stability, LDH-based nanomaterials have attracted the attention of many researchers in the medical research field [18,19,20]. These features qualify the use of LDH for countering microbes [21], inflammation, fungi [22], wound healing [23], drug delivery, drug release [24], and cancer treatment [25]. LDHs react with H2O2 in the hypoxic environment of the tumor, which changes their structure and causes the drug to be released, increasing therapeutic efficacy. In the future, LDHs augmented with nanoparticles might be utilized in a lower pH medium for quick and precise cancer target medication delivery [26]. Even though excellent work has been undertaken, only a few efforts have promoted the further advance of LDH-based nanocomposites in prostate cancer therapy.



Many biomedical researchers are interested in copper-based nanomaterials (Cu-based NMs), due to their excellent biocompatibility and distinctive characteristics. One of the materials in cancer treatment that has been investigated the most is cu-based NMs. Biomedicine has advanced significantly in recent years, particularly in the treatment and diagnosis of cancers [27]. Cu-based NMs have received excessive interest in the nanomedicine field owing to their distinct physical–chemical characteristics and good biocompatibility. Furthermore, compared to other nanomaterials, they are easier to tune their features such as structure, surface characteristics, and size during the preparation process, lending themselves to diverse biomedical applications [28]. Most Cu-based materials have been researched, under the hypothesis that Cu ions are less toxic to healthy cells than they are to cancer cells [29]. The antitumor activity of Cu/Fe LDH nanocomposites in prostate cancer has not been extensively studied. Hence, this study aimed to examine the anticancer properties of the developed Cu/Fe LDH nanocomposite against PC-3 cells in an effort to advance an effective chemotherapeutic agent.




2. Materials and Methods


2.1. Chemicals


For the synthesis of LDH, copper nitrate (Cu (NO3)2.3H2O) and iron nitrate (Fe (NO3)3.9H2O) from WINLAB and ALPHA CHEMIKA, India, respectively, were used. Hydrochloric acid and sodium hydroxide were obtained from Biochem-Egypt. Double-distilled water was used to make all of the solutions.




2.2. Synthesis of the Binary Cu/Fe LDH


Cu/Fe LDH was synthesized as follows: 100 mL aqueous solution containing Cu2+: Fe3+ in a molar ratio of 5:1 was placed in a beaker with vigorous stirring. A 2 M solution of NaOH was added dropwise until the value of pH reached 10. The formed precipitates were left during 24 h at 70 °C. The precipitates obtained were repeatedly filtered as well as thoroughly washed with distilled water. Finally, the wet precipitates formed were allowed to dry overnight at 80 °C. To attain a homogeneous particle size, the LDH was then ground.




2.3. Characterization of the Prepared LDH


Different tools were applied to characterize the prepared nanocomposite. The crystallinity and structural composition of the obtained Cu/Fe LDH were examined using XRD with Cu-Kα radiation (wavelength is 0.154 nm) at a current and voltage of 35 mA and 40 kV, respectively; the rate of scanning was 8° min−1 from 5° to 80° (2θ). The prepared material (0.50 mg) was homogenized with about 300 mg optically high-purity KBr and vacuumed for 5 min, then hard-pressed for 15 min at pressure of about 10 ton.cm−2 until the area of KBr pellet reached 1.13 cm2 (Zeiss standard). The infrared spectra of a light-grey transparent pellet with no visible grains were noted on a spectrometer (Bruker Vertex 70, Germany); the range of wave numbers was between 400 and 4000 cm−1. To examine the morphological characteristics of Cu/Fe LDH, a high-resolution transmission electron microscope (HR-TEM) (JEM2100/Japan) and a field-emission scanning electron microscope (SEM) (JSM5610LA/Japan) were used. TGA/DTA was applied with SDT Q600 V20.9 Build 20 under N2 gas and at 10 °C/min rate of heating. The zeta potential of dispersed Cu/Fe LDH was measured using dynamic light scattering (Malvern, UK) to assess colloidal stability. Variations in the surface charge have been monitored in water dispersant with an index of refraction of 1.330.




2.4. Cell Culture


The Holding Company for Biological Products and Vaccines (VACSERA), which is located in Egypt, provided the human prostate cancer cell line PC-3 and the human normal lung fibroblast cell line (WI-38) to the research. PC-3 cell line was cultured in RPMI 1640 medium (Gibco; San Jose, CA, USA), while WI-38 was cultured in DMEM medium (Gibco; San Jose, CA, USA), supplemented with 10% fetal bovine serum. The cells were incubated at 37 °C in a 5% CO2 humidified incubator. Upon reaching confluency, the cells were detached using trypsin-EDTA (Invitrogen, Thermo Fisher Scientific, Inc., Waltham, MA, USA). Trypan blue dye, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), as well as dimethyl sulfoxide (DMSO) were all purchased from Sigma (St. Louis, MO, USA). All of the following were purchased from Lonza, Belgium: foetal bovine serum, buffer solution (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), L-glutamine, gentamicin, 0.25% trypsin–ethylenediaminetetraacetic acid, osmium tetroxide, phosphate-buffered saline (PBS), sodium cacodylate buffer, uranyl acetate stain, lead citrate, acetone, 4% glutaraldehyde, and 10% formalin.




2.5. MTT Assay


PC-3 and WI-38 cells were cultured in 96-well plates at 2 × 106 cells/well. After 24 h, they were treated with Cu/Fe LDH at different concentrations: 500, 250, 125, 62.5, 31.25, 15.8, 7.9, 3.9, 2, and 1 μg/mL. Control cells were treated with DMSO. MTT was provided to each well after 48 h of drug treatment for another 2 h of incubation. The formazan created was dissolved in DMSO, and the optical density (OD) at 590 nm was used to calculate the percentage viability (Sunrise, TECAN, Inc., Morrisville, NC, USA). The viability percentage was determined as [1 − (ODt/ODc)] × 100%, where ODt is the mean optical density of test sample-treated wells and ODc is the mean optical density of untreated cells. GraphPad Prism software (San Diego, CA, USA), Version 5, was used to estimate the IC50% for each conc. using dose response curve graphic plots [30].




2.6. Scratch Assay


In 6-well plates, PC-3 cells were grown to full confluence before being gently scratched by drawing a straight line on the surface of the well with a sterile 200-μL pipette tip. To eliminate exfoliated cells, the cells were washed with PBS. Cu/Fe LDH (33.39 μg/mL) was applied to adherent cells and cultured for 0, 24, or 48 h. Cell migration during recovery was monitored under a microscope (Olympus, Tokyo, Japan).




2.7. Cell Cycle and Apoptosis Assay


Cu/Fe LDH-treated PC-3 cells were washed, fixed in 70% ethanol overnight at 4 °C, collected and centrifuged, and subjected to flow cytometry analysis (BD FACSCalibur, Eysins, Switzerland) on a FACSCalibur system [31]. Approximately 1 million cells/mL were stained with propidium iodide (PI) to determine the cell cycle distribution. Cells were stained with Annexin V-FITC and labeled with PI to determine apoptotic cell populations, as the manufacturer had instructed.




2.8. ROS Production Assay


In the PC-3 control wells, 0.1 mL of sample/standard dilution buffer was introduced. The Cu/Fe LDH treated wells received 0.1 mL of diluted sample each, followed by adding 0.1 mL of the detection antibody working solution. These wells were then covered with a new adhesive strip and incubated at 37 °C for 2 h with shaking at 400 rpm. Afterward, the plate was kept at 37 °C for 90 m under a cover. A sheet of absorbent filter paper was positioned on top of the plate. Subsequently, the wells were loaded with 0.1 mL of biotin detection antibody working solution. The plate was again covered and incubated at 37 °C for 60 m and then washed thrice with wash buffer. Next, each well received 0.1 mL of streptavidin-biotin complex working solution and was covered for a 30 m incubation at 37 °C. After removing the cover, the plate was thoroughly washed with the wash buffer. Following this, each well was treated with 90 mL of 3,3,5,5-tetramethylbenzidine substrate, and the plate was incubated in darkness at 37 °C for 15–30 mi. The first few wells displayed blue shades, while the remaining wells remained colorless. To complete the procedure, 50 mL of stop solution was added to each well, inducing a color change from blue to yellow. The optical density (OD) was then measured at 450 nm using a microplate reader [32].




2.9. Statistics


All results were displayed as mean ± standard error of the mean (SEM) with three biological repetitive experiments. GraphPad Prism software (version 5.01) was used to perform two Student’s t-tests, with p values less than 0.05 indicating significant differences.





3. Results and Discussion


3.1. Cu/Fe LDH Characterization


The FT-IR spectrum of Cu/Fe LDH exhibited a prominent wide band at 3422 cm−1, that may have been caused mostly by O–H stretching vibration modes of the water molecules physically adsorbed in addition to the hydrogen bonding –OH present in the interlamellar groups. (Figure 1). At 1617 cm−1, the bending vibration was observed. The peak band observed at 1373.37 cm−1, corresponding to the NO3 group’s stretching vibration in the LDH interlayer [33,34]. The peak bands from 469.48–860.85 cm−1 could be attributed to asymmetric stretching in M–O as well as M–O–H bonds, in accordance with a recent study [22].



The crystalline structure and configuration of the obtained nanocomposites were interpreted using XRD analysis (Figure 2). The XRD patterns of the obtained materials were compared to those of hydrotalcite-like LDH materials. The XRD pattern of the prepared material showed a series of peaks at regular intervals, corresponding to the stacking periodicity of a layered structure [35]. The presence of the distinctive reflections of LDHs, with basal planes of (003), (006) peaks at low 2θ angles, and other peaks for (009), (015), (018), (110), (113), which correspond to planes at high 2θ angles 7.61°, 25.33°, 32.32°, 40.23°, 43.89°, 50.55°, and 57.63°, were observed, along with a rhombohedral structure (JCPDS card No. 50-0235) [30,36]. According to the XRD analysis, the basal spacing is 11.61 Å for the highest peak intensity at 2θ = 7.61° [37].



With the aid of a high-resolution transmission electron microscopy (HR-TEM), we thoroughly checked the microstructure as well as morphology of the produced LDHs, and the captured images of the Cu/Fe LDH sample are shown here (Figure 3). This microscopic method showed the formation of nanosheets with regular shapes (Figure 3A,B). The HR-TEM images revealed well-crystallized particles, with sizes ranging from 33 to 91 nm and a hierarchical plate-like structure with the typical features of an LDH crystallite.



A scanning electron microscope (SEM) was applied to study particles’ morphology. The presented images of Cu/Fe LDH were captured at various magnifications, 1 µm, 500 nm, as well as at 200 nm (Figure 4). These images revealed a highly homogeneous/rough surface with several layers of the synthesized Cu/Fe LDH (Figure 4A–D). Obviously, all designed LDHs were agglomerated and possessed a flower-like morphology located on top of one another [38].



The values of zeta potential could provide information about the stability of the produced nanoparticles [39]. A zeta potential at ±30 mV is considered optimum for good stabilization of a nanodispersion [40]. The value of the zeta potential of the prepared particles was found to be −25.4 mV, indicating greater stability in aqueous solutions (Figure 5). This also implies that the nanoparticles repelled each other and did not flocculate [41,42].



A TGA of the Cu/Fe LDH was applied to investigate the thermal behavior of these nanoparticles (Figure 6). The thermal stability of the prepared LDH was determined using TGA/DTA. We found that the dehydration step occurred within the 80–250 °C temperature range. Moreover, mass changes were negligible between 400 °C and 800 °C for the hybrid material. The dehydroxylation of the LDH was completed as the temperature of the analysis increased, and an amorphous oxide phase was formed, followed by the formation of crystalline oxide phases. The final weight loss stage was caused by anionic nitrate decomposition within the layers and brucite dehydration [43].




3.2. Effect of the Cu/Fe LDH on PC-3 and WI-38 Cell Viability


The MTT assay was employed to assess cell viability after 48 h of treatment with Cu/Fe LDH in PC-3 and WI-38 cell lines (Figure 7A). In general, the vitality of PC3 cells decreased as the Cu/Fe LDH concentration increased, and it decreased sharply at high concentrations. The half-maximal inhibitory concentration (IC50%) against PC-3 was 33.39 μg/mL, which shows that the Cu/Fe LDH nanocomposite has a strong cytotoxic effect against PC-3 cells. Moreover, to investigate the potential safety of the Cu/Fe LDH nanocomposite towards normal cells, the cytotoxic activity of the Cu/Fe LDH towards the human normal lung fibroblast cell line (WI-38) was investigated. The results showed that Cu/Fe LDH exhibited a good safety impact on WI-38 normal cells. The nanocomposite’s IC50% against WI-38 was 222.7 μg/mL, indicating that it has an excellent safety impact as an anticancer agent. Thus, we established that the Cu/Fe LDH nanocomposite exhibits anticancer activity against PC-3 cells by inhibiting their growth, which is in line with previous reports [25,44]. LDH offers many distinct advantages as an anticancer agent due to its uniform distribution of metal ions and the facile exchangeability of intercalated anions. LDH, and its nanocomposites can be promising candidates for prostate cancer therapy.




3.3. Effect of the Cu/Fe LDH on PC-3 Migration


Using a scratch assay, we investigated the effect of Cu/Fe LDH on PC-3 cell migration. DMSO-treated control PC-3 cells recovered by 48% and 82%, on average, after 24 and 48 h, respectively, whereas cells treated with Cu/Fe LDH recovered by 26% and 42%, on average, after the same time points (Figure 7B,C). Further, we assessed the influence of the nanocomposite on the morphology of PC-3 cells after treating them with 33.39 µg/mL of Cu/Fe LDH for 24 h. DMSO-treated cells appeared normal and were well adhered to the surface. However, Cu/Fe LDH-treated cells exhibited significantly reduced adhesion capacity, cell size, and cell density (Figure 7D), suggesting that the Cu/Fe LDH nanocomposite exerts potent anticancer activity against PC-3 cells by inhibiting their migration and altering their morphology.




3.4. Effect of the Cu/Fe LDH on PC-3 Cell Cycle Arrest and Apoptosis


To investigate the antiproliferative effect of Cu/Fe LDH, we conducted a cell cycle arrest analysis after treating PC-3 cells with the nanocomposite for 24 h. Cell cycle progression is closely related to cancer development. In the control group, 38.52% of the cells were distributed in the G1 phase, whereas this proportion increased significantly to 57.51% in the Cu/Fe LDH-treated group (Figure 8A,B). Similarly, the proportion of PC-3 cells in the S phase significantly increased from 32.12% in the control group to 48.32% in the Cu/Fe LDH-treated group. The major checkpoints in the cell cycle are in the G1 and G2 phases, and they crucially regulate the progression of the cell cycle [45]. Based on our findings, we speculated that Cu/Fe LDH induced G1/S cell cycle arrest, which led to its potent antiproliferative effect against PC-3 cells. The Annexin V-FITC/PI was also used to assess the percentage of apoptosis in PC-3 cells prompted by Cu/Fe LDH. Our Results showed that Cu/Fe LDH at 33.39 µg/mL increased apoptosis by 36.91% (Figure 8C,D), confirming the proapoptotic effect of Cu/Fe LDH on PC-3 cells. Apoptosis is an essential homeostatic system in the body that sustains a specific balance between cell division and cell death as well as adequate cell numbers [46]. Reactive oxygen species, which produce undesirable redox reactions and interfere with protein and DNA functions, may be responsible for Cu/Fe LDH-mediated cytotoxicity, G1/S cell cycle arrest, and apoptosis. Overall, our findings show that Cu/Fe LDH exhibits antiproliferative and proapoptotic activities against PC-3 cells.




3.5. Effect of the Cu/Fe LDH on ROS Production


ROS functions as a secondary messenger in cell signaling, regulating various biological processes in both healthy and cancerous cells [47]. Chemotherapeutics induce ROS production to trigger cell death, akin to its natural role [48]. To manage ROS fluctuations during cancer treatment, drugs enhancing apoptosis are employed [49,50]. Our study demonstrates that treating PC-3 cells with Cu/Fe LDH effectively elevates ROS levels (Figure 9), inducing apoptosis and confirming its anti-proliferative and pro-apoptotic effects. While moderate ROS production maintains cell viability, excessive ROS impairs antioxidant defenses, potentially causing oxidative stress, DNA damage, and apoptosis [51,52,53]. Thus, our study underscores ROS’s importance in PC-3 inducing apoptosis.





4. Conclusions


In this study, a Cu/Fe LDH nanocomposite was synthesized. The obtained nanocomposite was tested and characterized using both microscopic and spectroscopic methods. We verified the potency of this nanocomposite as an anticancer agent against the prostate cancer cell line PC-3. Cell viability sharply decreased when cells were treated with a high concentration of LDH, indicating its significant cytotoxic impact on PC-3 cells. Additionally, Cu/Fe LDH showed a good safety impact on the normal lung fibroblast cell line (WI-38). Cu/Fe LDH also reduced cell migration and altered cell morphology. Furthermore, these findings offer innovative insights into how CuFe/LDH induces apoptosis in PC-3 cells. It establishes a relation between inhibiting cell growth and triggering apoptosis, and it highlights that cell death resulted from the generation of ROS and cell cycle arrest. The developed nanocomposite formula displayed antiproliferative and proapoptotic activities against PC-3 cells (Figure 10). Overall, the synthesized Cu/Fe LDH nanocomposite exhibited substantial anticancer activities against PC-3 cells and may be exploited as a promising strategy in prostate cancer treatment.
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Figure 1. Fourier transform infrared spectrum of Cu/Fe LDH. 
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Figure 2. X-ray diffraction spectra of the prepared Cu/Fe LDH. 
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Figure 3. Transmission electron micrographs (A,B) of Cu/Fe LDH. 
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Figure 4. Scanning electron micrographs (A–D) of the prepared Cu/Fe LDH. 
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Figure 5. Zeta potential of Cu/Fe LDH nanoparticle suspension. 
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Figure 6. Thermogravimetric data of the synthesized Cu/Fe LDH. 
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Figure 7. (A) PC-3 and WI-38 cells were treated with Cu/Fe LDH (500, 250, 125, 62.5, 31.25, 15.8, 7.9, 3.9, 2, and 1 μg/mL) for 48 h before MTT assay was conducted to estimate the cell viability. (B,C) Scratch assays were performed, wherein PC-3 cells were treated with Cu/Fe LDH (33.39 μg/mL) or with DMSO (control). The wound area’s demonstrative micrographs were collected at the indicated time points and are presented now with scale bars of 50 µm. The average distance migrated by PC-3 cells is depicted in column charts. (D) Morphological changes in PC-3 cells after Cu/Fe LDH treatment. Data are presented as mean ± standard error of the mean, with * and ** indicating p < 0.05 and p < 0.01, respectively. 
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Figure 8. (A) The cell cycle distribution of PC-3 cells using flow cytometry. (B) Column charts show the G1, S, and G2/M PC-3 cell stages. PC-3 cells were treated with Cu/Fe LDH (33.39 μg/mL), and the control group was treated with DMSO for 24 h. (C) PC-3 cells were treated with Cu/Fe LDH (33.39 μg/mL) for 24 h, and the control group was treated with DMSO. (D) The column charts quantify the percentage of apoptotic PC-3 cells. Data are presented as mean ± SEM, with * and ** indicating p < 0.05 and p < 0.01, respectively. 
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Figure 9. ROS production levels in PC-3 cells. PC-3 cells were treated with Cu/Fe LDH (33.39 μg/mL), and the control group was treated with DMSO for 24 h. The control group was treated with DMSO. Data are presented as mean ± SEM, with ** indicating p < 0.01. 
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Figure 10. Schematic depicting the syntheses, characterizations, and anticancer activity of a novel Cu/Fe LDH nanocomposite. 
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